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This version of the dissertation includes an analogue mafvilangmi’s lifecycle from tropical cyclogenesis over
reintensification, mature typhoon stage, landfall in Taiyextratropical transition to final decay. To watch the
movie take the printed version in your left hand, backcogeirfg up. With your right hand take all pages after page
20. Flip the pages and enjoy the movie. The movie shows twolh®MTSAT IR2 satellite imagery in a 2820°
frame centred on the surface position of Jangmi. The pagéauindicates the time in hours starting at 00 UTC
24 September 2008. Image courtesy: Digital Typhoon KITAMIDAsanobu at National Institute of Informatics,
Japan. Retrieved froittp://agora. ex.nii.ac.|p/digital-typhoon/sumrary/ wnp/s/200815. htni . en.

To watch the outflow-jet interaction during the ET of Jangtake the thesis in your right hand, title page facing
up. With your left hand, take all pages except the backcdvgr.the pages and enjoy the movie. The movie shows
200 hPa wind (shaded in m5as in Figur€4.34 and black vectors), in the domain 20N6A.10-160E and pmsl
(black contours every 5hPa). Time counts backward from 0C 3TOctober 2008 in 0:fpage number+1) hour
steps. Data is from the ECMWF analysis.


http://agora.ex.nii.ac.jp/digital-typhoon/summary/wnp/s/200815.html.en
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Kurzfassung

Die Umwandlung eines tropischen Wirbelsturms in ein auBpigches Tief und dessen Wech-
selwirkungen mit der Simung der mittleren Breiten bezeichnet man als “aul3ertcbpi&/m-
wandlung” (extratropical transition - ET). Die auf3ertrsghe Umwandlung kann Extremwetter-
ereignisse sowohl in derae des sich umwandelnden Tiefs als auch in Regionen stromab w
z.B. Europa oder Nordamerika verursachen. Die komplexerhgéwirkungen \ethrend der
aul3ertropischen Umwandlunghren zu grof3en Unsicherheiten in der numerischen Wettervo
hersage. Ein besseres Varstinis der beteiligten physikalischen Prozesse ist déinéfefrbes-
serungen der Vorhersage von ET unabdingbar.

In dieser Arbeit wird der stromal@wtige Einfluss von ET auf die $tmung der mittleren Brei-
ten und auf die Vorhersagbarkeit anhand viamffFallstudien untersucht und quantifiziert. Diese
Fallstudien sind Taifun Jangmi, welchealwrend der THORPEX-Messkampagne T-PARC im
Jahr 2008 im westlichen Nordpazifik aufgetreten ist, Hamildanna (2008) im Nordatlantik,
sowie die Taifune Choi-wan (2009), Lupit (2009) und Malak2@81() im westlichen Nordpa-
zifik. Das wichtigste Instrument in dieser Arbeit sind nuiselne Simulationen mit Hilfe des
mesoskaligen COSMO Modells. Die Beobachtungsdaten der T-PB$skampagne werden
verwendet, um die Modellanalyse zu validieren und um dieR&elwirkung von Jangmi mit der
Stromung der mittleren Breiten zu untersuchen. Es wurde weiter dethode entwickelt, die
es erlaubt einen tropischen Wirbelsturm aus einer Modalae zu entfernen. Diese Methode
basiert auf der Inversion der potentiellen Wirbaike (potential vorticity - PV) und erlaubt es
den Beitrag eines tropischen Wirbelsturms an der Fernwglder aul3ertropischen Umwand-
lung zu quantifizieren sowie die Bedeutung der relativen LaggeWirbelsturms zur Simung
der mittleren Breiten zu untersuchen. Mittels quasi-gepstischer Diagnostik kann der Beitrag
der Stbmung der mittleren Breiten quantifiziert werden.

Die austihrliche Fallstudie zu Jangmi (2008) zeigte den diabatieckfirkten Netto-Transport
von Luft niedriger PV aus unteren Schichten in die obere dsppare als den entscheidenden
physikalischen Prozess auf, welcher digcRenbildung direkt stromab des ET-Systems sowie
eine Hebung der Tropopause und eine Beschleunigung dedsBtals der mittleren Breiten
bewirkt. Die Hebung erfolgt dabéiber drei verschiedene Wege. Aahst erfahren Luftpakete
konvektiven Auftrieb im inneren Kern des tropischen Widbteims. Zu einem sieren Zeit-
punkt der au3ertropischen Umwandlung erfolgt weitereematsenkrechter Auftrieb innerhalb
neuer konvektiver Ereignisse vor der baroklinen Zone détleren Breiten. Schlie3lich wird
(sub-)tropische Luft beim Auftreffen auf die barokline Zomu einem dynamisch forciertem
schiagen Aufstieg entlang der geneigten (Feucht-)Isentropewgngen. In der bhe werden
die Luftpakete anschlieRend im Ausstrungsbereich des tropischen Wirbelsturms in Richtung
des Strahlstroms der mittleren Breiten advehiert. Sonhmittfdas Zusammenspiel der Zirkulati-
on in den unteren Schichten des tropischen Wirbelsturmdenibaroklinen Zone der mittleren
Breiten sowie die Wechselwirkung des Ausflusses des tropisé¥irbelsturms in der Bhe mit
dem Strahlstrom der mittleren Breiten zu einem Netto-Trartsgn Luft niedriger PV in die
obere Tropospdre. Dabei spielen diabatische ®¥aderungen der PV eine entscheidende Rolle.
Dieser physikalische Prozess trat in allen hier unterguchkil-Fallen auf und scheint somit ein
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gemeinsames Merkmal von aul3ertropischer Umwandlung nu sei

Weiter wurde die Anfangsposition von Jangmi in einer Reihe Jangmi-Szenarien \é@ndert.

Es zeigte sich, dasdidlich eines sich von Westen &admernden Troges ein kritischer Bifur-
kationspunkt @ir die Zugbahn von Jangmi existiert. Falls der tropischeb@lsturm eine kriti-
sche Linieliberschreitet, welche durch die Summe der trogrelativemdivergenten Windkom-
ponenten der Hintergrundstmung definiert ist, wird der Sturm pod#ts ziehen und sich sehr
wahrscheinlich wieder verstken. Andernfalls zieht er ziick in die Tropen und zeiflt. Die-

se kritische Linie teilt benachbarte Szenarien klar in 8zien mit polvarts ziehendem Sturm
und in Szenarien miquatorvarts ziehendem Sturm ein. In den Szenarien, in denen denStur
polwarts zieht, st Jangmi einen markanten Rossby-Wellenzug aus und hat somistarke
Fernwirkung in stromabuértigen Gebieten.

In allen Rallen, welche diese starke Fernwirkung aufweisen, befsidetdas ET-System vor ei-
nem ausgejd@gten Trog. Die Rckenbildung direkt stromab des ET-Systems behindeédaust
eine ostvartige Verlagerung des Troges und des sich bildendéck&s. Weiter bewirkt die
Ruckenbildung eine Veratkung des Rossby-Wellenzuges. Im Fall von Choi-wan (200 f
dies zu einer westlichen Verschiebung des Rossby-Wellenaog rund 10, was zu einem
frihen Kaltlufteinbruch im Westen Nordamerikas und zu eipéaten Hitzewelle in der Regi-
on um Vancouver Islandihrt. Im Fall von Malakas (2010) hat die \d#rderung der Sbmung
einen sehr schmalen statémen Trog an der Osfiste der USA zur Folge, welcher dort starke
Niederschhge verursacht. In dendken von Hanna (2008) und Lupit (2009) tritt eine starke
Ruckenbildung direkt stromab des ET-Systems auf. Allerslisgdie Fernwirkung jenseits des
ersten Ricken-Trog-Paares schwach. Die Wechselwirkung von Ha20@3) mit dem strom-
aufwartigen Trog @ihrt weiter zur Bildung einer Mittelmeerzyklone.

Schlief3lich wird der Einfluss der aul3ertropischen Umwamgllauf die Vorhersagbarkeit in
der numerischen Wettervorhersage quantifiziert. Gerniitedr alle Rlle ergibt sich aufgrund
von ET eine Reduktion der Vorhersagbarkeit um 2 Tage. DiesallRied ist vor allem der
anfanglichen Rickenbildung direkt stromab des ET-Systems zuzuschreibelen Fllen, wel-
che eine starke Vanderung der Sbmung der mittleren Breiten aufweisen, nimmt die Vorher-
sagbarkeit weiter ab.



Abstract

The transformation of a tropical cyclone (TC) into an extypical system and its interaction
with the midlatitude flow, referred to as extratropical s#ion (ET), has the potential to cause
high impact weather in the vicinity of the transforming ayoé as well as in downstream re-
gions such as Europe or North America. The complex intevastduring ET result in large
uncertainties in numerical weather prediction. A bettedarstanding of the physical processes
involved is needed for improvements of ET forecasts.

The downstream impact of ET in terms of the modification offidlatitude flow and of the
reduction in predictability is investigated and quantifiedive case studies of real ET events.
These are Typhoon Jangmi that occurred in the western NatHi®during the THORPEX
Pacific Asian Regional Campaign (T-PARC) in 2008, Hurricane Haf2908) in the North
Atlantic, and the western North Pacific Typhoons Choi-ward@0Lupit (2009), and Malakas
(2010). The main tool in this study are numerical simulagiaising the mesoscale COSMO
model. T-PARC observations are used to validate the modéysieand to investigate the
interaction of Jangmi with the midlatitude flow. A potentiarticity (PV) surgery technique
based on PV inversion is developed that allows the contabudf the TC to the downstream
iImpact of ET to be quantified and the role of the relative pasiof the TC and the midlatitude
flow to be investigated. Quasi-geostrophic diagnosticgestr quantify the contribution of the
midlatitude flow.

The detailed case study of Jangmi (2008) revealed the dtabigtenhanced net transport of
low PV air from the lower troposphere to jet level as the alphysical process governing
ridgebuilding directly downstream of the ET system, andiftiof the tropopause, and an accel-
eration of the upper-level jet streak. Thereby ascent acalang three distinct paths. Initially
air parcels experience convective buoyant ascent in then€ricore. During later stages of
ET air parcels rise in upright buoyant ascent within new eative bursts ahead of the midlatit-
ude baroclinic zone. Finally, (sub-)tropical air that imges on the baroclinic zone experiences
dynamically forced slantwise ascent along the tilted (tapgentropes. At upper-levels the air
parcels are advected by the TC outflow towards the midlaijatistream. Thus, the joint in-
teraction of the low-level TC circulation with the midlatde baroclinic zone as well as the
interaction of the upper-level TC outflow with the upperdemidlatitude jet stream results in a
net transport of low PV air to jet level. Thereby diabatic Pddification plays a crucial role.
This physical process occurred in all ET cases studied hetdlaus seems to be a common
feature of ET.

A set of Jangmi scenarios with relocated initial storm positevealed that a critical bifurcation
point for the track of Jangmi exists south of the approachiidjatitude trough. If the TC moves
beyond a critical line defined by the sum of trough-relatiea-divergent wind components of
the background flow, the storm will move poleward and reisifign Otherwise it will move
back to the tropics and decay. It is shown that this criticed kharply separates neighbour-
ing scenarios into reintensifiers and decayers. In theaesification scenarios Jangmi further
triggers a pronounced Rossby wave train and thus has a stoovigstteam impact.

In all cases that exhibit a strong downstream impact, the ystemn becomes located ahead
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of a pronounced midlatitude trough. The ridgebuilding diredownstream of the ET system
initially hinders an eastward propagation of the upstreamgh and triggers an amplification
of the Rossby wave train. In the case of Choi-wan (2009) thisltes a westward shift of
the the upper-level Rossby wave train by around, 1€ading to an early cold air outbreak in
western North America and a late autumn heat wave in the \(argcdsland region. In the case
of Malakas (2010) the modification of the downstream flow ltlesn a stationary PV streamer
at the US East coast leading to a heavy precipitation evehatrregion. In the cases of Hanna
(2008) and Lupit (2009) an intense ridgebuilding directhywthstream of the ET event occurs.
However, the downstream impact beyond the first downstredge4trough couplet is weak.
Furthermore, the interaction of Hanna (2008) with its ugestn trough has implications for the
formation of a Mediterranean cyclone.

Finally, the impact of ET on the predictability in numericaéather prediction is quantified.
On average over all cases ET leads to a reduction in preditadd 2 days. This reduction is

mainly due to the initial ridgebuilding directly downstraaf the ET system. The predictability
further decreases in the cases that exhibit a strong maibincaf the downstream flow.



1 Introduction

Tropical cyclones are some of the weather systems whichcaitery high public interest. This
is due to the fact that they are accompanied by extreme wieedspand high rainfall amounts
and thus have a large potential for damage to constructioddraman activities on land and
at sea. A recent tropical cyclone was Hurricane Irene at ideoé August 2011. For this par-
ticular case the forecast of the track with Irene recurvilumag the US East Coast was very
good. However, the intensity in terms of wind and rainfallvehifficult to predict several days
in advance. Despite the uncertainty in intensity a medisehgipout possible devastating im-
pacts started when Irene approached New Yorl@CiL)ess public attention is mostly paid for
a tropical cyclone after it has made landfall or weakens. éi@k a decaying tropical cyc-
lone often continues to move poleward, transforms into dragwpical system and undergoes
a complex interaction with the midlatitude flow. This is neé=l to as extratropical transition
(ET -lJones et al. 2003). During ET sustained strong windslamg rainfall amounts in the
ET system constitute a high potential for direct impact omhn activities and infrastructure.
Moreover, the interaction with the midlatitude flow can nfgdhe flow in downstream regions
which constitutes a remote impact of ET. In the case of Ireearhpacts of the landfall in New
York were less than expected, but severe flooding, powegestand destruction of infrastruc-
ture occurred in New England and Southeastern Canada dufingHe latter attracted much
less media attention. Nevertheless, public awarenessrtiatal cyclones may have a remote
impact on midlatitude weather has increased in recent YeagsFigure 1.11).

Ex-,.Irene* bringt bis zu 30 Grad

Meteorologischer Herbst beginnt warm / Der Sommer war zu triibe und zu nass

Offenbach/Karlsrnhe (dpa/BNN). Der me-
teorologische Herbst beginnt in Deutschland

der auch das tagliche BNN-Wetter liefert und
das Wetterportal www.wetter.net betreibt.

Bilanz des DWD fallt der Sommer unbestéin-
dig, triitb und bundesweit zu nass aus. An den

untet dem Einfluss von Ex-Irene. Der ehemali-
ge Hurrikan, der vor Tagen an der US-Ostkis-
te tobte, zieht itber den Atlantik und pumpt
Warmluft nach Europa. Das bringt laut Vor-
hersage des Deutschen Wetterdienstes (DWD)
ab heute steigende Temperaturen und schénes
Wetter, zumindest bis zum Wochenende.

Um etwa zwei Grad steigen die Temperatu-
ren nun taglich, bestitigt auch Dominik Jung,
Diplom-Meteorologe beim Wetterdienst g.met,

»Am Samstag kommen wir in Karlsruhe bis
knapp an die 30-Grad-Marke*“, kitndigt Jung
an. ,Bestes Grill- und Badewetter.” Erst am
Sonntagnachmitiag sei mit ersten Schauern
und Gewittern zu rechnen,

Viele vom Achterbahn-Wetter genervie
Menschen diirfte das spatsommerliche Hoch
kaum verséhnen. Die Bilanz von Tourismus-
Branche und Freibadern fiir diesen Sommer
fallt vielerorts durchwachsen aus. Auch in der

Kiisten litten diesen Sommer besonders Cam-
pingplatzbetreiber und Strandkorbvermieter.
Bundesweit blieben Freibider tagelang leer.
‘Wann nach dem heutigen Beginn des meteo-
rologischen Herbstes auch tatsiichlich mit
herbstlichem Wetter zu rechnen ist, kénnen
Meteorologen noch nicht sagen. Der Herbst,
der laut Kalender erst Ende des Monats be-
ginnt, umfasst fiir die Meteorologen die vollen
Monate September, Oktober und November.

Figure 1.1: “Up to 30 degrees (Celsius) in the aftermatherié¥’. Headline of an article in a local newspaper from
Karlsruhe, Germany (Badische Neueste Nachrichten, 1 Bdygtie2011, page 12).

When moving poleward, a tropical cyclone approaches theatiidéle baroclinic zone that is

a distinct temperature gradient separating moist warm-{guobpical air from drier cool midlat-

itude air. The tropical cyclone becomes more asymmetrictdube increasing shear and the
mixing-in of drier cooler air, and frontal structures ewolas a result of the interaction with the
baroclinic zone. This indicates the gradual transfornmtbthe tropical system into an ex-
tratropical cyclone. The transforming cyclone may reistBnand even reach higher intensity
in terms of wind, minimum pressure and rainfall amount tharirdy tropical stage. The ET

system may also cross an entire ocean basin. Thus an ET spst#&s a serious meteorolo-
gical hazard over land and ocean due taitect impactby heavy winds, ocean swell, and the
potential for severe floodin 003). Furtheenthe ET system interacts with the

1see media summarytal't p://fivethirtyelght. bl ogs. nytimes.conm 2011/ 08/ 29/ how- 1 rene- | 1ved- up-to-the-hypel/ ?enc=etal


http://fivethirtyeight.blogs.nytimes.com/2011/08/29/how-irene-lived-up-to-the-hype/?emc=eta1
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upper-level jet stream. Pole- and equatorward deflectibriseojet stream - so-called ridges
and troughs - play a crucial role in the formation of midladié weather systems. A ridge-
trough couplet can propagate along the jet stream whictesresl to as a upper-level Rossby
wave. The interaction of the ET system with the midlatituetenpay trigger upper-level Rossby
waves and thus may cause a seweraote impacte.g. extratropical cyclogenesis, in regions
downstream from the actual ET system such as Europe or Nontriga.

ET occurs in every ocean basin that exhibits recurving ta@pcyclones. The highest total
number of ETs is found in the western North Pacific where al2gg6 of the tropical cyc-
lones undergo ET (6 per yeé[_KEinﬁi[aL_ﬂOOO). In the Nortlatic generally less tropical
cyclones occur but about 46% of these transform into an eap@al cyclone (4-5 per year,
Hart and Evans 2001). The complex interactions betweerrdpical cyclone undergoing ET
and midlatitude weather systems and the various physioakgses involved make ET a severe
challenge for numerical weather prediction models. Duéé¢ceicceleration of the cyclone dur-
ing ET the correct track is difficult to predict. However, t6€ depends critically on the phasing
of the cyclone with the midlatitude flow. As a consequenceperational deterministic weather
prediction models ET is often poorly represented resulitmigrge forecast errors. In current
ensemble prediction systems ET is linked with large foreaasertainty in the area of the ET

system and in downstream regions (Harr et al. 2008; Anweeickii 2008).

Despite ongoing research many aspects of ET and detailedftisical processes involved
remain uncleaﬂ_LlQn_Qs_eﬁ bL_ZbOB). One of the major opertigosss about the relative con-
tribution of the midlatitude flow and of the tropical cyclotethe ET process and downstream
impact. From previous studies it emerged that the relatméribution often highly depends
upon the individual case. The reintensification of an ETeaysis favoured when the upper-
level tropical cyclone outflow enhances the equatorwardaene region of a midlatitude jet
streak and the interaction of the tropical cyclone low-l@neulation with the baroclinic zone
alters the region favourable for extratropical developt’rﬂsdﬂin_el_a.ﬂ.LZO_QlZ). This suggests
that ET is a dynamic process in which both the midlatitudes the tropical cyclone have a
contribution. However, other studies identified typicabhatitude flow configurations ahead
of a trough in which ET occurs and conclude that the primamytridoution is from the mid-
latitudes I(Harr et al. 2000; McTaggart-Cowan et al. 2001)beftiseveral ET case studies in-
dicated that the tropical cyclone remnants play a crucial irothe reintensification of the ET
system |(AgudtPanareda et al. 2004; McTaggart-Cowan et al. 2004). Alsa &t of ideal-
ised studies it emerged that the strength of the midlatitoolegh may be secondary for the
final intensity of the ET system compared to the crucial immddhe tropical cyclone rem-
nants [(,Rﬂghl_e_and_EJib_eHrv 2003). In some cases an extregitayclone would not be present
without ET Wﬁ%). However, ET may also diminish erpaal de-
velopment 3 MQDS). The foregoing case studies also mefgomteraction
of the tropical cyclone outflow with the midlatitude jet €tre. During ET a substantial pole-
ward advection of tropical air occurs which results in angtof the tropopause and associated
upper-level ridgebuilding directly downstream of the EEteyn (Atallah and Bosért 2003). The
variety of possible scenarios for the evolution of tHE system itselfjives reasons for the un-
certainty in the numerical prediction of ET. As a conseqaemven larger uncertainty for the
evolution of thedownstream flovexists.

In idealised studies quantifying the relative importanéeghe midlatitude flow and of the

tropical cyclone for the downstream impact of ET, Rigmgrbd@;oj%) and Riemer an es
) showed that ridgebuilding immediately downstredraroET system initially hinders

the eastward propagation of Rossby waves and that Rossby ameeggnificantly more amp-




lified in the presence of ET. They also showed that the phasitige tropical cyclone and the
midlatitude flow is crucial for the downstream impact of ETowever, only a few studies (e.g.
Cordeira and Bosart 2010; ArchambB&ult 2011) give evidencéhfese results in realistic case
studies. Thus, the relative importance of the midlatitude tind of the tropical cyclone for the
downstream impact of ET in realistic case studies remairgoan question.

The interaction of the low-level tropical cyclone circudat with the midlatitude baroclinic zone
plays a key role in the conceptual pictures of ET of Klein &(2000) and Agu$tPanareda et al.

). Ascent along the baroclinic zone is supposed tepan tropical air to upper-levels and
thus to enhance the upper-level ridgebuilding by lifting thopopause. Using idealised simu-
lations,| Ritchie and Elsbeiry (2001) demonstrated the iglif the conceptual ET picture of
Klein et al. (2000). However, they did not find clear evideficethe ascent along the baro-
clinic zone. Therefore more work is needed to give evidemckaabetter understanding of the
interaction with the baroclinic zone in real cases of ET.

The remote impact of ET is often described as an amplificaifatownstream Rossby waves,
e.g.LMaLthJs_eI_dIJ_(ZOJJB) postulate that ET may constitds apstream precursor triggering a
sequence of Rossby waves that lead to heavy precipitatitneiAlps. In predictability studies
it is argued that uncertainty in ensemble prediction systéspreads downstream” of an ET
event (Harr et al. 2008; Anwender etlal. 2008). However, is ¥ew it remains unclear what
would have happened if the ET system was not present, e.gharitbe Rossby wave train or
uncertainty are mainly forced from the midlatitudes and lddae present anyway.

Finally some idealised and real case studies suggest thgihtaising of the tropical cyclone
relative to the midlatitude flow is essential for the reirsiination and downstream impact dur-
ing ET (e.gLKlein et al. 2002; Ritchi . Ri : al.
Zgllﬂ)). Scheck et al. (Zleb) argue that the steering d&Tnig governed by the flow relative
to the Rossby wave propagation. In this Rossby wave relataradra critical bifurcation point
exists determining if a storm moves poleward or is repelladkito the tropics. However, if
such a bifurcation point exists in realistic case studidlgsimains unanswered.

This dissertation addresses the open questions aboutwhmstteam impact of ET, raised in the
foregoing discussion, by case studies of realistic ET evehpotential vorticity (PV) perspect-

ive is employed to investigate the physical processeswedoin ET. A PV surgery technique is
developed for removing and relocating a tropical cyclont@sallows for a quantification of the

tropical cyclone contribution to the downstream impact ®fi& realistic ET scenarios. Quasi-
geostrophic diagnostics help to assess the impact of thiatmudie flow. This quantification is

supplemented by a Lagrangian perspective on ET using toajecalculations.

A first major case study emerges from the THORBPAcific Asian Regional Campaign (T-
PARC) in the western North Pacific in 2008. Only very view sysiémobservations of ET

exist. Therefore, T-PARC aimed for investigating on whatd®ines the downstream impact
of ET in more detail. Data from an enhanced observationalort various research flights,
and supplementary numerical weather prediction providexaellent basis for the investiga-
tion of ET. In this study one of the two tropical cyclones thatlerwent ET during T-PARC,

Typhoon Jangmi at the end of September 2008, is investigatddtail. The recurvature and
ET of Jangmi was very uncertain in deterministic and in eriderweather prediction systems,
suggesting significant forecast challenges for this casgin® ET, Jangmi underwent marked

2The Observing System Research and Predictability ExpetifiBHORPEX) is a 10-year international research and devetop
programme to accelerate improvements in the accuracy of ondalaywo-week high impact weather forecasts for the bene-
fit of society, the economy and the environment. $geép://ww. wro. I nt/thorpex/| and the European science plan at
http:// www. wno. | nt/ pages/ prog/ ar ep/ wwr p/ new docunment s/ European Plan 5 July web. pdf|for more information.


http://www.wmo.int/thorpex/
http://www.wmo.int/pages/prog/arep/wwrp/new/documents/European_Plan_5_July_web.pdf
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structural changes when approaching the midlatitude barozone. A distinct outflow-jet
interaction occurred during which the jet core wind speeer @dapan increased. Model fore-
casts during T-PARC motivated research flights into the foansng typhoon and enabled to
collect observational data of this outflow-jet interactioAlthough Jangmi transformed into
an extratropical cyclone, the transition was not followgdelstratropical reintensification and
Jangmi decayed. Instead, a weak extratropical cyclonelaje»@ to its northeast. Thus al-
though undergoing a rather unusual ET, several aspectsyqdahgmi as a case for getting a
better general understanding of ET.

In the first half of this thesis, a detailed analysis of the EDangmi during T-PARC is given
addressing the following research questions.

e Which physical processes govern the structural changesglime ET of Jangmi from the
erosion of the tropical cyclone inner core to the interactiath a zonal jet stream?

e Which contribution did Jangmi have to the acceleration of jtestreak over Japan?
Which role did the interaction of Jangmi with the baroclinane play?

e What are the implications of the modified jet for the evolutadrthe downstream flow?
¢ Why did Jangmi decay and an extratropical cyclone develgxtyr downstream?

The knowledge gained from the detailed analysis of the ETanofti is broadened and more
general aspects are investigated with the help of Jangmasios with relocated initial storm
positions as well as four additional real ET case studies.

e Which role does the phasing of Jangmi and the midlatitude flewy for the uncertainty
in the track forecast prior to recurvature?

e Which role does the position of the tropical cyclone relatweéhe midlatitude flow play
for the reintensification of the ET system and its downstreéapact?

e What are the physical processes involved in the interactitim tive baroclinic zone and
what implications do they have for the modification of the laidude flow?

e Is an acceleration of the midlatitude jet streak a commotufeaf ET? What governs the
outflow-jet interaction? What are the implications for thevdstream flow?

e Which contribution does the tropical cyclone remnants havbe midlatitude flow evol-
ution beyond the ridgebuilding directly downstream of thHiedystem?

e Does a Rosshy wave train or uncertainty downstream of an B€maysriginate from ET
or is it preexistent in the midlatitude flow?

e To what extent does ET contribute to reduced predictakditg which are the physical
processes primarily involved?

The outline of this thesis is as follows. In Chapter 2 the metiegical background for the
weather systems involved in ET is given. The data and diagntmls are described along
with some theoretical background in Chapter 3. A detailedyaisof the ET of Jangmi along
with the quantification of its impact on the jet accelerat®presented in Chapter 4. A broader
view on ET is presented in Chapter5 by the investigation ofi@des in which the initial po-
sition of Jangmi has been relocated and of four other rea@scasgth a different midlatitude
flow configuration. Finally the findings of these case studiesbrought together and general
conclusions about the midlatitude impact of ET derived inf@@&6. The findings of this thesis
are summarised, directions for future work pointed out amelneers to the research questions
given in Chapterl7.



2 The path of tropical cyclones through
extratropical transition

As a tropical cyclone moves through ET, transforms into ama¢ropical cyclone, and causes
modifications of the downstream flow, complex interactionsun between different weather
systems involving various physical processes. Most applsrehe structure of the ET system
itself changes from an organised symmetrical tropicalayel(Figuré 2./1a) to an asymmetric
extratropical system (Figure 2.1b). However, ET has alsgligations for the environmental

and downstream flow evolution. In the following an overvieiattee current knowledge about
tropical cyclones and their transformation into extraitapcyclones is given along with a brief
introduction of other weather systems discussed in thsigshe

(a) Irene (2011) tropical stage (b) Irene (2011) undergoing ET

Figure 2.1: Visible GOES East imagery of Irene (a) at 17:4%\PH August 2011 during tropical stage in the
Caribbean and (b) at 17:45UTC 28 August 2011 undergoing E#&ge courtesy of NOAA-NASA GOES
Project available elitt p:// goes. gsfc. nasa. gov/ goeseast - [ zw/ tul I di sk/fulTres/vis/]retrieved, 30
August 2011. The two regions shown have the same spatiaitexte

2.1 Tropical cyclones

Tropical cyclones (TCs) are some of the most intense weattsteras on earth. With wind
speed in excess of 250 kmh heavy rain, and storm surge, TCs pose a severe threat to human
activities on land and at sea. Some of the most costly andyd&& occurred in recent years.

In 2008 Cyclone Nargis in the Indian Ocean devastated Burrtiagkthe unbelievable number

of more than 130.000 peo@leHurricane Katrina in 2005 destroyed New Orleans, USAIrgll

1800 people and causing damage at around 81 billion USD (tKeahl. 2005). Very recently
Hurricane Irene (2011 - Figure 2.1) recurved along the US Eaast killing at least 36 people
and causing an estimated economic loss of 10 billion USD.

lht tp://topics. nytinmes.conltopics/news/1nternational/countriesandterritories/ myanmar/cyclone nargis/index.htn


http://goes.gsfc.nasa.gov/goeseast-lzw/fulldisk/fullres/vis/
http://topics.nytimes.com/topics/news/international/countriesandterritories/myanmar/cyclone_nargis/index.html
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Figure 2.2: Tracks of all tropical cyclones which formed nfro1945 to 2006. The colours in-
dicate the intensity on the Saffir-Simpson Scale from tralpiclepression (dark blue), trop-
ical storm (light blue), category 1 (beige) to category 5 djre Image retrieved from
http://en.wkipedia.org/wmki/File:Tropical cyclones 1945 2006 w Kkicolor.png at 30 Au-
gust 2011

Tropical cyclones occur over all tropical oceans excepstheghern Atlantic (Figure 2.2). ATC
with wind speed of more than 17 mis called tropical storm. Depending on the ocean basin
different names for tropical storms with wind speed of mdr@nt33ms? are used. TCs are
called Hurricanes in the North Atlantic, Eastern and CerReadific and eastern South Pacific.
Typhoons occur in the western North Pacific. In all other adeasins TCs are simply called
Cyclones. Slightly different classifications are used ansonige institutions monitoring the
ocean basins. In this study we employ the classificationee@flapan Meteorological Agency
(JMA) for Typhoons in the western North Pacific, and of theidlzdl Hurricane Center (NHC)
for Atlantic Hurricanes. JMA uses the 10 minute mean of maxmsustained wind and four
typhoon categori@s A Typhoon has a maximum sustained wind of 18-33T s Strong
Typhoon of 33-43mst, a Very Strong Typhoon of 44-53 m§, and a Violent Typhoon of more
than 54 ms?. In international standard a Typhoon has a maximum sustaied of more than
33mst. NHC uses a 1 minute mean of sustained winds and five catsgac@rding to the
latest Saffir-Simpson Scéle A Hurricane of category 1 has sustained winds of 33-42t's
category 2 of 43-48 m&, category 3 of 49-58 ms, category 4 of 59-69 m'g, and category
5 of more than 70 m'<.,

A TC can form over the tropical ocean when the environmerdadtions are favourable. The
tropical cyclogenesis requires an initial atmospheri¢utizance, sea surface temperatures of
more than 26C in a water column of at least 50 m, high values of humidityhie low and mid
troposphere, and low vertical wind shear over the entirpasphere (TCs generally weaken
when shear is larger than 10 m'3. A 5-10° distance from the equator is needed so that Coriolis
force allows for an ambient rotation needed for the intecaiibn of the TC. A fully developed
TC is nearly axisymmetric and consists of a primary cyclasirculation extending through
almost the entire troposphere (Figure 2.3). The primagutation is approximately in gradient
wind balance and has a radius of 100-1000 km. However, thegaflmaximum wind speeds is
within 10-100 km. A secondary circulation establishes dumflow in the planetary boundary
that is deflected by surface friction. The surface inflowgeigs a process of energy conversion

2http://agora. ex.nii.ac.|p/digital-typhoon/hel p/unit.htnl . en# d2
Shtt p: /7 www. nhc. noaa. gov/ sshws. sht m
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Figure 2.3: Schematic cross section of a tropical cycloigure 2.1 0@7) adapted fr@OOZ).
The blue arrows indicate the primary TC circulation, thele@rrows the secondary TC circulation. The red
meandering arrows indicate latent and sensible heat flur tlee ocean surface into the troposphere. The
abscissa shows the distance (in km) from the centre of thetfeCordinate shows the height (in km) above
mean sea level (amsl).

similar to a heat engine. Sensible and latent heat fluxesfeaenergy from the warm sea
surface to the low-level inflow. Convergence near the TC eelairces the air to ascend in the
so called eyewall. Condensation occurs and the energy ssedidby latent heating. The strong
convection in the eyewall enhances the further ascent tisdpepause where divergence results
in a shallow layer of upper-level outflow. The outflow is defégtanticyclonically due to the
Coriolis force and extends over a much larger region than iinegpy cyclonic circulation.

The motion of a TC is governed predominantly by the enviromtaeflow. Usually a TC is
located equatorward or west of the subtropical anticycldmeng tropical stage and exhibits
an initially west- and slightly poleward track. However, & €an alter this steering flow and
thereby impact its own track. When a TC moves on the westeenddithe subtropical anticyc-
lone it recurves and starts moving into the midlatitudess T$favoured if a midlatitude trough
approaches from the west. A detailed review about the oeoaoe, structure and dynamics of
tropical cyclones is given by Emanulel (2003) and in Chaptet®fiChan and Kepert (2010).

2.2 Extratropical transition

Extratropical transition (ET) summarises the complexrextéons and transformations that oc-
cur when a TC moves into the midlatitudes (Jones et al.[2003).

A major motivation for ET research is the reduced prediditstin current numerical weather
prediction systems for the midlatitude flow evolution in theinity of the ET system and in
downstream regions (e.g. Anwender gt .al. 2008; Harrlet 41820 This uncertainty emerges
from the complex interaction of the various physical preessinvolved in ET and the crucial
dependence of the downstream flow evolution on the relatgdipn of the TC and the midlat-
itude flow (e.gl_Ritchie and Elsbeliry 2007; Riemer and Jbne6:28dheck et al. 2011b). These
studies underline that ET can have a severe impact in reragi@ns. However, only few studies
aimed to quantify the far downstream impact in realisticesas
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Conceptual pictures have been developed to give a more ¢erevaf ET. Early work by e.g.
IMatano and Sekioka (1971) classifies northwest Pacific Efoatplexwhen the TC interacts
with a preexistent surface baroclinic zone ancasipoundvhen interaction occurs with the
frontal system of a preexistent extratropical cyclone. idttype, in which the TC dissipates
after recurvature has been added by Brand and Guard (19 Tioe two stage picture of ET,
transformation stagand reintensification stage, introduce IM%?MM accepted.
As noted b)L]_Qnﬂs_eﬂa\JL_(ZEbO?;) the reintensification stagetter namee@xtratropical stages
a cyclone that does not reintensify after transformatianpase a severe hazard while dissip-
ating. [Klein et al.|(2000) identified a three-step evolutidithe transformation stage based on
IR satellite imagery and model analyses (Figuré 2.4), wisatefined in a PV perspective by
- [_(2004).
First, when the TC moves polewards the outer cyclonic TCQu&tton impinges on the midlat-
itude baroclinic zone. The baroclinic zone is a strong lawmiid-level temperature gradient
that separates warm, moist (sub-)tropical air from coaérdnidlatitude air. As a result colder,
drier air is advected equatorward on the western side whesp donvection decays, often seen
as a dry slot penetrating into the TC inner core (left pameBigure 2.4). On the southern and
eastern side the poleward flow of tropical air maintains demwection. Dynamically forced
ascent along the tilted isentropes of the baroclinic zowegcand a cirrus shield develops to the
north when the TC interacts with the polar jet. The slantwaiseent along the baroclinic zone
can be regarded as a so-called warm conveyor belt (WCB - Br || Eckhardt et al.
2004;| Grams et al. 2Qh1). Along this rapidly ascending r&esh latent heat release due to
condensational heating enhances the ageostrophic frantalation. This constitutes a pos-
itive feedback mechanism for the warm frontogenesis to thréheast of the ET system. The
diabatic heating likewise leads to diabatic productionaf¥-level PV. The cyclonic circula-
tion induced by this anomaly can trigger a rapid propagatilow-level PV anomalies along
the baroclinic zone. This process is referred to as dialfadgsby wave propagation (DRW -
PParker and Thorpe 1995) and is found to be a precursor andeséyere extratropical cyclones
(Bottcher and Wernli 2011; Moore and Montgomery 2004, 20050V the level of maximum
heating PV reduces within a WCB to lower tropospheric valudsetow. Thus a WCB trans-
ports low PV air to tropopause level which modifies the udpeel midlatitude wave guide.

Secondly, when the TC moves further poleward a cyclonidimtaf the baroclinic zone occurs
resulting in a frontal wave due to the low-level dipole ofcalr advection to the west and warm
air advection to the east (middle panels in Figure 2.4). @netlistern side the baroclinic zone
advances poleward and ascent along tilted isentropesncesti Some of the air parcels turn
anticyclonically to the northeast at upper levels due tabeolis force and due to vertical shear
associated with the baroclinic zone when moving in the megicthe upper-level westerlies. A
cirrus shield with a sharp cloud edge appears as the warnr-gppe TC outflow becomes
confluent with the polar jet (cf. Figure 2.1). Due to the \@atiwind shear the upper-level warm
core anomaly is also advected downstream. Some parcelummegytclonically and descend on
the western side. The dry slot subsequently expands in tith éof. Figure 2.1b), where weak
cold frontogenesis may occur. The subsidence in the westteracts the slantwise ascent in
the east. Deep buoyant convection is reduced on the eagtermst persists to the north where
multi-layer clouds indicate the formation of a warm secidre warm frontogenesis is typically

more vigorous than the cold frontogenesis (Harr and EISt2060).

Lastly, in the conceptual picture of Klein et all. (ZbOO) thé becomes embedded in the baro-
clinic zone and is tilted due to strongly increasing vettslaear (right panels in Figure 2.4).
As the TC becomes located over cooler sea surface the I@searm core erodes. A weaker
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2.2 Extratropical transition

Conceptual Model of Transformation Stage of ET in the Western North Pacific

(a) Infrared Imagery

e we = Polar Jet  Warm Core Shaded  vaersen = Bminic
STEP1 STEP 2 STEP 3

Figure 2.4: Figure 5 from Klein et Al, (2000): Conceptual miaaf transformation stage of ET in the western North
Pacific, with labelled areas as follows: 1) environmentalsgqrward flow of cooler, drier air (with correspond-
ing open cell cumulus); 2) decreased tropical cyclone coiwe in the western quadrant (with corresponding
dry slot) in step 1, which extends throughout the southeatloant in steps 2 and 3; 3) environmental poleward
flow of warm, moist air is ingested into tropical cyclone cilation, which maintains convection in the eastern
guadrant and results in an asymmetric distribution of céoartd precipitation in steps 1 and 2; steps 2 and 3 also
feature a southerly jet that ascends tilted isentropicased; 4) ascent of warm, moist inflow over tilted isen-
tropic surfaces associated with baroclinic zone (dasimej in middle and lower panels; 5) ascent (undercut by
dry-adiabatic descent) that produces cloudbands wrappésgward and equatorward around the storm centre;
dry-adiabatic descent occurs close enough to the cironlatntre to produce erosion of eyewall convection in
step 3; 6) cirrus shield with a sharp cloud edge if confluet wolar jet.

mid-level warm core persists. The dipole of cold and warmeaten and the interaction of the

outer circulation with the baroclinic zone results in thenfiation of a frontal system. Descend-
ing air west of the storm centre progressively weakens thenmé€r core convection, leading to

an erosion of the eyewall. Ascent along the baroclinic zam#ioues and joins the midlatitude

westerly jet. The transformed TC exhibits the characieasasymmetry, and frontal structures
of a baroclinic extratropical cyclone, marking the end & transformation stage.

The transformation of Hurricane Irene is clearly depictethie satellite imagery of 28 August
2011 (Figuré 2.1b). South of the inner core the eyewall esodke small rather meridionally

oriented cloud band shows the formation of a weak cold frBehind this front to the southwest
of the TC undergoing ET very dry air intrudes in Irene’s cenffo the north the cloud pattern
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2 The path of tropical cyclones through extratropical titors

reflects the forming warm sector. In the same region an easgtsteeared cirrus shield indicates
the interaction with the midlatitude jet.

If the ET system moves into a midlatitude environment faabtle for extratropical develop-
ment, a period of strong reintensification may follow. Harale (2000) identified two charac-
teristic midlatitude circulation patterns associatechwiestern North Pacific ET. In tHgorth-
westpattern the primary midlatitude circulation system is aigflo ahead of which a strong
reintensification occurs. These ET systems move more nadmartheastward and the coup-
ling with the baroclinic zone results in a favourable enmiment for extratropical development.
In the Northeastpattern the ET system moves into a strong zonal flow betweemery cyc-
lone to its northeast and the subtropical ridge. The cyclooges rapidly eastward without
significant intensification. The strong zonal flow preventiiract interaction between the TC
and the midlatitudes, Harr etlal. (2000) conclude that TCnamts have only little influence
on the intensification process, and that the midlatitude ftfowfiguration is most important.
Klein et al. {2002) describes the reintensification stageToby type-B extratropical cyclogen-
esis (Petterssen and Smebye 1971). In this framework, @guksis occurs when an upper-
level trough approaches a baroclinic zone and upper-lelvaaion of positive PV ahead of the
trough becomes vertically aligned with low-level warm achi@n at the baroclinic zone. The
reintensification is favoured when the upper-level outflowraaly enhances the divergence in
the equatorward entrance region of the downstream jetkstidee poleward advection of trop-
ical air results in a lifting of the tropopause and a polew@etiection of the midlatitude wave
guide (Atallah and Bosart 2003). This diabatically enhangednstream ridgebuilding leads
to an increase of the tropopause temperature gradient. Assequence, the jet core wind
speed must increase to restore thermal wind balance. Stigigepuilding can alter and amp-
lify the upstream trough and retard its eastward propagatiothat extratropical cyclogenesis
and precipitation ahead of the trough are enhanced signifjcgtallah and Bosart 2003). The
phasing of the ET system with the approaching upper-leweigin plays a crucial role. Also,
the interaction of the low-level circulation and the banaicl zone may alter the region favour-
able for extratropical development. Thus the interactibthe TC with the midlatitude flow
during ET is a dynamic process in which the TC as well as theatiidde flow contribute to a
possible reintensification of the ET system. As outlinechim introduction, various other case
studies investigated the role of the midlatitude flow andTlein the reintensification during
ET. The contribution of the TC remnants to the midlatitude/févolution was highly dependent
on the particular case. In some studies the TC remnants wecektfor the downstream de-

velopment|(AgustPanareda et &l. 20 004; AdRemareda et al.
@ﬂ in others they only played a minor r t al. 200cTaggart-Cowan et al. 2001)

or diminish extratropical development (Agi:ftanareda 2008). All of these studies found the
phasing between the TC and the midlatitude flow to be impoftaneintensification.

An objective classification of ET is given by the cyclone phapace or@bS). This
method allows ET systems to be distinguished based on thgimmaetry in the thermal and
frontal structure and the thermal anomaly in their inneedorarm core, cold core). Evans and Hart
(@) define the onset of ET in this cyclone phase space witert@n threshold of thermal
asymmetry is reached and ET is completed when the TC has aomd However not all ET
systems transform into a cold core system. Hurricane Dan(@998 1 McTaggart-Cowan etlal.

) and Hurricane Iris (199$ Thorncroft and Jones bOﬁéqurved their tropical inner core
when undergoing ET on the poleward jet exit region. TheeefdcTaggart-Cowan et al. (2003)
distinguish between thearoclinic modeand thetropical modeof ET. In the baroclinic mode of
reintensification the TC moves into the equatorward engaagion of a downstream midlatit-
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Figure 2.5: (a) Figure 2c of Riemer ef al. (2008). Potengaiperature (shaded in K) and wind speetb ms!
(thick contours every 5nTs) on the 2 PVU surface along with pressure at mean sea lewlk(sblid 995 hPa,
dashed< 995 hPa every 5 hPa). Tick marks every 600 km. (b) Figure 5 efier et all.[(2008). Longitude-time
diagram (Hovniller) of 200 hPa meridional wind (shaded, in m¥ Location of the initial TC vortex marked
by circles. Dotted grid lines in x-direction every 1000 km.

ude jet and becomes a cold core system similb.LtQ_HatLansdzEjJS@D_Qb)’s Northwest type. In
the tropical mode of reintensification the TC moves to thewakd exit region of a downstream

jet thereby encapsulating the tropical air in the inner @d thus conserving the warm core
structure. This is rather consistent with the Northeast tyfE T in Harr and Elsberry (2000).

Only a few studies have investigated the downstream img&€T ®eyond the direct interaction
of the ET system and the midlatitude flow. In their idealissaineworH_Bj_Qmﬂ_el_élL(ZQb8)
and Riemer and Jones (2010) showed that ET can trigger a Rossieytrain. The upper-level
midlatitude flow is characterised by a strong temperatuadignt at the tropopause step (or PV
gradient in a® framework) serving as a midlatitude wave guide. Equatadvesaflections of
cool air (with high PV values) are called troughs, and poleldeflections of warmer air (with
low PV values) ridges. A ridge-trough couplet forms a Rosshyav As shown bma.

) in strong ET cases the ridgebuilding directly doweet of an ET event results in an
amplification of a first downstream ridge-trough couplet.isTemplification leads to a faster
and stronger downstream cyclogenesis ahead of the firstddmam trougHﬂﬁmmMnes
) which triggers a second ridge-trough couplet furttmvnstream (Figure 2.5a). Thus the
Rossby wave can propagate downstream resulting in a secahthiath downstream Rossby
wave. This sequence of several Rossby waves is called Rossigytiaan. A longitude-time
(Hovmbller) diagram of the upper-level meridional wind compaitaghlights the Rossby wave
train emerging downstream of the ET event (Figurée 2.5b).eMatution of the third downstream
ridge is indicated by the southerly flow at 16000 km after dalgl8alised studies of ET showed
also that in the presence of an ET system the amplification Rbssby wave train extends
further downstream and is more pronounced (Riemer and|J@1€3.2

If a trough narrows it is often referred to as “PV streamerheTatter may cut off and form

an upper-level cut-off low, which usually conserves uplegel! cold air and is therefore a long-
lasting system. If a PV streamer extends far equatorwarait tmgger tropical cyclogenesis.
This is called tropical transition (TT). Such a PV streanaar tkewise cut off in (sub-)tropical

latitudes. Such a cut-off low is referred to as tropical uppepospheric trough (TUTT) cell.

TUTT cells are often precursors of tropical cyclogenesithenwestern Pacific.

A more detailed review on the current understanding of EsTjntplications for the down-
stream flow evolution and numerical weather predictionveiby Jones et al. (2003) and Harr

(2010).
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3 Data and Methods

3.1 Model and observational data

In this study ET is investigated based on model and obsenaltidata. The global analyses
of the European Centre for Medium-Range Weather Forecasts YilEHENrovide a model data

basis. This analysis data is used as the initial and bourtddayfor simulations with the regional
numerical weather prediction model COSMO. Various atmospmeeasurement data, mainly
collected during the T-PARC campaign, give observationalence for the model data and
deeper insight in some physical processes during ET.

3.1.1 ECMWF analyses

The ECMWEF is an independent intergovernmental organisatippated by 34 European
stated. The objectives of the ECMWEF are to develop and provide glolmehand data assim-
ilation systems for the medium to extended range weathecést, facilitate super computing
facilities for scientific research and to foster scientifitd@echnical collaboration within the
organisations and scientific community involved in nunmedngeather prediction.

The six-hourly analysis of ECMWF's Integrated Forecast SysiéS -) severe
as the basic model data set in this study. The global anahtgsisa T799 spectral resolution
and 91 vertical levels, and is interpolated to a regularzomtal grid with 0.25 horizontal
resolution. A research version of the ECMWEF analysis is usethi® case study of Typhoon
Jangmi during T-PARC (experiment DROP from Weissmannlet@l0p This analysis has
assimilated all quality controlled dropsonde data codldatiuring T-PARC. Weissmann et al.

) showed that typhoon track forecasts based on thedgsas were more accurate than
using the original analyses. The ECMWF analyses are inteégzblan a COSMO grid with
0.25 horizontal resolution and 79 vertical levels (see Sec¢ti@r#3 which enables us to use
the same diagnostic tools for ECMWF and COSMO data. In the casargmi short-range
COSMO simulations (forecast hour 1-5 h) are combined withstkéhourly ECMWF analysis
to provide a one-hourly ECMWF “pseudo-analysis”, neededfenerification against airborne
measurements (Section¥4.2). For all other ET case studiesitthourly operational ECMWF
analyses interpolated on the COSMO grid are used.

Inttp: /7 wwv. ecmwi . 1 nt/ about/ over vi ew | retrieved at 25 August 2011
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3 Data and Methods

3.1.2 COSMO model simulations

Several case studies of ET are investigated in this studgthas three-dimensional numerical
simulations with the COSMO model (Consortium for Small-sdataleling).

COSMO is a non-hydrostatic limited-area weather predictimpdel. It was originally de-
veloped at the Deutscher Wetterdienst (DWD) as “Lokal-MbgeM)” and has been used op-
erationally at DWD since December 1999. Over time the modehive a community model
and is today operationally run and further developed by #tteonal weather services and re-
search institutions of the consortium in more than sevemic@s. The design of the COSMO
model aims to resolving weather systems at the nfi&okm- 50 km) and mesg{500 m- 5 km)
scales in both operational forecasts and scientific agplicg In this study a horizontal res-
olution of 0.25 (approximately 28 km) is used due to the need for coveringelareas. The
model is based on the non-hydrostatic hydro-thermodyraraguations for fully compressible
flow. In the following the model implementation is summadd®iefly. A detailed descrip-
tion of COSMO is given by (Doms and Saftler 2002) and information on the Consortium for
Small-scale Modeling is available at the COSMO web4sitiep: / / ww. cosnp- nodel . or g.

3.1.2.1 Basic equations

The governing equations in the COSMO model start from the Eullerian equations for a
moist atmosphere. Reynolds and mass-weighted averagingi(fd components, temperature
and water constituents) are used to separate the resomalale flow on the grid scale from the
irresolvable perturbations on the sub-grid scale. Theiegipdn to small-scale meteorological
systems requires a prognostic equation for vertical maa®wertical acceleration can not be
neglected compared to the pressure gradient and buoyaeisfoil his results in a set of non-
hydrostatic fully compressible equations for the moist@phere, including sound waves. The
equation set has the advantage to be valid for weather systandifferent scales and of the
adaptability to large model domains. Numerical efficierscggsured by a time-splitting scheme
following Klemp and Wilhelmsani (1978). Although no scalepegndent approximation is used,
approximations of the thermodynamics are made for siniplienolecular fluxes, except for
diffusion of liquid and solid forms of water, are neglect@the molecular fluxes of liquid water
and ice are represented as sedimentation fluxes (prempital he specific heat of moist air is
approximated by that of dry air. The effect of diffusion flgxa& water and phase changes on the
pressure tendency equation are neglected. In additionubyalncy term in the heat equation
and the mean dissipation rate due to viscous stress arectestjle

Finally a set of prognostic equations for the evolution ef tlon-hydrostatic compressible mean
flow results. The prognostic variables are the three-dimeas wind components, pressure,
temperature, and the water constituents.

e The momentum equation
dv -
pa: —0Op+pg—2Q x (pv)—0O-T (3.1)
(3.2)
describes the three-dimensional wind. The density of givisn byp = 5,4y 1 p*, with

mixture constituentp®, x=d,v,|,f index for mixture constituents dry aid), water vapour
(v), liquid (1), and frozen waterf(). The total (Lagrangian) time derivative operator is
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d../dt=0../0t +V-[.. andd../dt is the local (Eulerian) time derivative operatdr=
(u,v,w) is the barycentric velocity relative to the rotating eafths the gradient operator,
p is pressureg the apparent acceleration due to graidythe constant angular velocity
of earth rotation, and the Reynolds stress tefiserpv’v’ describes the turbulent flux of
momentum as the Reynolds average (denoted by the ov&jlofehe product of density
and the deviations of the wind components from their masghted average (marked by
X”).

The pressure tendency equation is given by

dp Cpd Cpd
= ~p0-v+ (2 -1) (3.3)

with cpg andc,g being the specific heat of dry air at constant pressure ananaland
Qn denotes diabatic heating or cooling.

The thermodynamic equation

dT dp
gt EWLQh (3.4)

describes the temporal change of temperature
The budget equations for water constituents are

dg”
Pt
for specific humidityg, = py/p with the turbulent flux of the water constituemts- v, |, f
given byF* = pv/gX and the phase transition rate for liquid water andllde Similarly,

PCpd

—O-FV—("+11), (3.5)

7f _ —
djt _ O (B BNy (3.6)

describes the budget equations for liqgid= p;/p and frozenqs = ps/p cloud water.
The precipitation flux for liquid water and ice is given By = pq'-"¥:" with the terminal
velocitvaT’f of constituents, f.

The set of prognostic equations is completed by the diagneguation of state

p=p[Re(1+a' (B —1) ~d —a")7] (3.7)

with the gas constants for dry @Ry and water vapouR,, and by the diabatic heating
term

Oh= LV|'+LS|f—D.<H+ﬁ) (3.8)

with Ly, Ls being the latent heat of vaporisation and sublimattén; CpaPV'T the tur-
bulent flux of sensible heat and tRdlux of solar and thermal radiation.
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3.1.2.2 Model implementation

- For the numerical solution the continuous
| equations are transformed into a discretised
5 § form using finite differences of second or-

X der and solved on an Arakawa-C/Lorenz
¢ * o staggered grid_(Arakawa and Lainb 1981). A
v o7 generalised terrain following vertical coordin-

o ate { for n full and n+ 1 half model levels
i is used in COSMO. This vertical coordin-
e e I ate is time-independent and defined from the
' "’. / top (half level indexky ,) to the bottom (half
2 level indexk,,1/5). Scalars are defined at the
centre of a grid box at full model levels and

Figure 3.1: COSMO model variables in a grid box of théhe velocity components normal to the corres-
Arakawa-C/Lorenz staggered grid. Figure 4.1 froponding box faces (Figure 3.1).

[Doms and Scattlef (2002). .

?) A model reference state is introduced assum-
ing horizontal homogeneity, stationarity, and prescribethe in hydrostatic balance. Thus a
variabley at a specific location is described as the sum of its referstate and a deviation:

=12 i

where denotes geographical longitudé, latitude, z height, andt time. Furthermore, the
reference state is prescribed to be dry and at rest. Thus

u7V7W7 qX(A7¢7Z7t) — u*7\fk7wk7q*x()\7¢7z7t)
and

T,p,p(N\,¢,21) =To(2), Po(2),p0(2) + T*, p*,p* (A, 9,2 t).

The profiles of reference temperatufg(z), pressurepp(z), and densitypo(z) fulfil the gas
equation:po(z) = po(2)RyTo(2).

The temporal integration in the COSMO setup used in this stsi@yfected with a second or-
der leapfrog method. A time-splitting scheme following e and Wilhelmsadn (1978) is em-
ployed to fulfil the Courant-Friedrich-Levi (CFL) criteriam\t /Ax < 1 (u propagation speedy
time stepAx horizontal grid scale) while assuring numeric efficienclge prognostic equations
are separated into terms which are directly linked to faghdavaves and into comparatively
slow modes of motion. The time step of the slow modes is divideo a number of small time
steps, and fast terms are computed every small time step slbv terms are computed only for
the large time step. This reduces the computational coséwhisuring numerical stability.

3.1.2.3 Model configuration and parametrisations used

Not all physical processes on the entire range of scaleseanrmputed with current computer
resources. For an as complete as possible representatiom aimosphere while limiting com-
putational cost some physical processes in particulagsigbscale processes are parametrised.
Doms et al.|(2007) give details on the parametrisationdaiaiin COSMO.
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In this study a single setup based on COSMO Version 4.13 is. uRethted coordinates are
not used to ensure the applicability of the model output teous post-processing utilities.
Consequently, the horizontal grid with a resolution of 0.2aries from around 5 km in higher
latitudes (80) to 28 km at the equator, limiting the northward extent ofth@del domain. The
79 constant vertical COSMO levels are defined to be as closesa#ybe to the lowest 79 vertical
levels of the deterministic IFS ECMWF moEeBo that the planetary boundary layer and the
layer around the tropopause have a higher vertical resaltiian the usual COSMO setup. The
data is interpolated on pressure levels from 1000 hPa to 2&héry 25 hPa.

The parametrisation of radiative processes follows Ritter@eleyn|(1992). Eight spectral in-
tervals are introduced, in each of which absorption is assuio be constant. Sub-grid scale

moist convection is parametrised with the Tiedtke mass ftihese mm and the
formation of precipitation on the grid scale is represerigd Kessler-type bulk formulation

9) including snow, cloud water, graupel, anddlice. The turbulent fluxes repres-
ent the exchange of momentum, heat, and humidity betweesutfece and the free atmosphere
and are thus crucial for a correct numerical simulation. -§uth scale turbulence links the
resolvable to the irresolvable fluctuations of motion. Tindtilence parametrisation is based
on a 2.5-order 1-D TKE diagnostic closure (in the notatioivieflor and Yamaca 1982), com-
bined with a TKE based surface transfer scheme for parasagton of the the surface fluxes
(Raschendorfer 2001, and section 3.3 in Doms let al. (2007)yizbhtal homogeneity is as-
sumed so that the horizontal components are neglected. CHeeng consistently couples the
atmosphere and the underlying surface by a stability anghoess-length dependent surface
flux formulation kRasghenerﬂaﬁdOl). Therefore the lovagstospheric layer is subdivided
into a laminar surface layer just above the rigid surface andrbulent Prandtl layer above.
The laminar surface layer allows for discriminating the mlodariables at the rigid surface
(soil) and at the lower boundary for the turbulent atmosphén the Prandtl layer, the TKE-
scheme is applied, with the help of vertical gradients toltigarithmic Prandtl layer profiles

rfer [. 2003). In contrast to other schemewy empirically derived parameters
for estimating stability and roughness-length, thesematars are derived from the coefficients
of the turbulence scheme. Temperature and humidity at thengrneeded for the calculation
of the surface fluxes are provided by the multi-layer soil aadetation model TERRA-ML.
TERRA-ML solves the heat conduction equation directly. Irak@ soil layers are used. The
sea surface temperature is provided by the initial data @améins constant throughout a simu-
lation.

3.1.2.4 External, initial and boundary data

In COSMO, surface properties e.g. surface height, vegetatioland use are prescribed with
an external constant data set. Limited area weather pi@diciodels further require initial and
boundary data to account for larger scale weather systetagledhe model domain. This data
is provided by a (lower-resolved) global model or another ®QSun (nesting). In this study,
initial and boundary data are provided by the six-hourlylgsia from the deterministic global
IFS model of the ECMWEF. The application of the various postpssing tools on analysis data
requires an interpolation of the ECMWF analysis onto the COSM@ § his is computed by
the preprocessor programme INT2LM (Version 1.15).

2The IFS uses time dependent pressure levels. The COSM@ leseeHefined using the IFS reference pressure
of the lowest 79 of these pressure levels.
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3.1.3 Observational data

Beside standard synoptic measurements collected at astptidns and official weather stations
communicated via the Global Telecommunication System (GU&use special observations
collected during T-PARC.

Research flights performed with the research aircraft DLRdraR0 D-CMET of the German
Aerospace Center (DLR) during T-PARC provide an excellent datdor studying the inter-
actions of the TC and the midlatitude flow that occur during BEie DLR-Falcon aircraft was
equipped with in-situ instruments and drop sondes for nreagthe standard meteorological
guantities (temperature, humidity, three-dimensionaldypressure) along the flight track and
in vertical profiles below the aircraft. Additionally measments along and below the flight
track are provided by two remote sensing instruntemsDoppler wind lidar system (WIND)
provides profiles of the wind vector below the aircraft using velocity-azimuth display tech-
nique (for details of the wind lidar system and an error assesit sebJALeLssma.nn_e_{LaL_ZOOS).
“The scanning wind lidar yields profiles between 0.5 and 12&dttiude with an accuracy of
better than 1 m/s at a horizontal resolution of 5 to 10 km. Térical resolution of the meas-
urements is 100 m”. A water vapour differential absorptiolad (DIAL) provides high spatial
resolution measurements of water vapour below the air faaftietails of the DIAL system see
Mﬂtth_el_a.llLZD_Qb). “For Water vapour profiles from 0.5 to 12 kititude with 10 % accuracy,
the horizontal resolution will be between 1 and 5 km, and tical resolution between 300
and 500 m. Both lidar ranges are limited in the near and thedht: fthere are no data below
100 m above surface and 200 m (wind: 500 m) below flight alétudn the post-processing
the raw data is interpolated on a regular grid determinecdnizbntal direction by the profile
number (defined by the time of measurement) and in verticattion by the altitude. For the
WIND lidar one profile every 32s is computed corresponding bm@azontal resolution from
6 km to 9km given an aircraft speed ranging from 190th® 280ms?! and for the DIAL
lidar one profile every 65 s corresponding to a horizontadltggn from 12 km to 18 km. The
vertical resolution of both processed lidar data sets is100he one-hourly ECMWF pseudo-
analysis data is then interpolated on this lidar grid usighethod d]‘_S_(mﬂﬂr_el_aJ.[(ZQ:IJO) and

Schafler et al.|(2011) (see Section4]2.1).

MTSAT satellite data are used. The brightness temperaturdRfchannel 1 (138 — 11.3um)
gives an estimate of the spatial extent of high clouds ang¢eah sequences of this data help to
identify deep convection during ET. The twelve-hourly daith a 0.05 horizontal resolution
was provided by JMA via their T-PARC support p%éSatelllte wind data are derived from at-
mospheric motion vectors (AMVs - elg. Velden 1996; Veldeal21997| 2005). The AMVs are
computed by tracking edges in the satellite imagery (aedbffit wavelengths) for subsequent
timesteps. The height assignment varies arotirtb-35 hPa (Chris Velden, personal commu-
nication). Hourly AMV data at irregular locations were pided by the Cooperative Institute
for Meteorological Satellite Studies (CIMSS) via the T-PAR&alarchivé.

Observations of the ocean surface wind speed are given [SQaii twelve-hourly data with
0.25 horizontal resolution. The data is also provided by JMA taeit T-PARC support page.

Shttp: // ww. pa. op. di r. de/ t par ¢/ syst em ht ni|retrieved at 25 August 2011, cited text passages from that
webpage are indicated by quotation marks

Ahttp://tparc.nri-| ma. go. | p/ speci al / speci al . ht i |retrieved at 13 August 2010

Shttp: 7/ ww. eol . ucar. edu/ proj ect s/ t- par c/landhttp: /7 dat a. eol . ucar . edu/ codi ac/ dss/ i d=110. 028
retrieved at 13 January 2009
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3.2 The conceptual model of potential vorticity

3.2.1 Potential vorticity

Potential vorticity (PV) is a meteorological variable, tltmmbines thermodynamic and dy-
namic characteristics of atmospheric motion. In this stwdyuse the definition @d].(—lﬂl@)
for PV in a fully baroclinic, compressible flow:

PV = % A - 0O. (3.9)

wherep is the density of the fluidfj the absolute vorticity, an@® the three-dimensional
(Cartesian) gradient of potential temperat@eThe unit of PV is s 1K kg~! and usually
given in PV units, 1 PVU=10°m?s 1K kg—L.

The PV equation in the presence of a frictional fofcend a diabatic potential temperature
sourced®/dt = @ is given in height coordinates (Eq.(70a) in Hoskins et aB5)®dy:

PV 1, . 1 .
at ~ phHet j(BxF)-0e. (3.10)

From Equation(3.10) it emerges directly that PV is consgtimea Lagrangian sense following
three-dimensional, non-hydrostatic, adiabatic, indgtow. This is the well-known “conserva-
tion principle” of PV. It shows that PV constitutes an air mascer when advective processes
dominate frictional and diabatic ones. Furthermore, whienidnal processes are negligible,
such as in the free atmosphere, non-advective changes ikMfield give an indication of the

diabatic modification of PV (e.g. Stoelinga 1996; Pomroy &hdrpé 2000).

The second important characteristic of PV is expressedériitivertibility principle”. In ana-
logy to the absolute vorticity, that contains all relevarfbrmation for a barotropic flow, PV
contains all information about the wind field, the pressuré @mperature (mass) field associ-
ated with the baroclinic flow. Provided that a balance coonidefining the relation of wind and
mass field, a reference state, and suitable boundary comsliéire given and that the inversion
problem is solved globally, one can deduce the wind and malskféir a given PV distribution
by inverting a Laplacian operator. In particular the impaica PV anomaly on the wind and
mass field extends over a much larger region than the actoaialy.

3.2.2 PV thinking

Applying the conservation principle and the invertibilpyinciple of PV, permits a powerful
view of the dynamics of weather systems. As weather systsomelly have a characteristic PV
signature, the conservation principle gives a concepticaliig of their evolution in time. The
invertibility principle allows for quantifying the consagnces of this evolution for the global
flow and mass field. The investigation of weather systemseadnin terms of their distinct PV

signature goes historically backto Kleinschmidt (19504951, 1955) and was reintroduced
byHoskins et al. (1985) as the so-called “PV thinking”.

The flow and temperature field associated with an isolate@migpel positive PV anomaly
is illustrated in Figure 3]2. The cyclonic circulation aralgnextends over a much larger area
than the positive PV anomaly itself. The impact of the PV aalynin the vertical is notably
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Figure 3.2: Figure 15 from_Hoskins et dl. (1985) courtesy.Ahbrpe: Circular symmetric cyclonic flow (wind
speed across the section in black thin contours every 3'nzero contour omitted) associated with a positive PV
anomaly (stippled). The thin black lines represent isgrsoevery 5 K. The reference static stability (and PV)
was defined uniform in the troposphere (below black thick)liand six times larger in the stratosphere above.
The PV anomalé is constructed by deflecting the troposphewadiard by 24 K. The anomaly calculation is

detailed i e (1985).

determined by the stratification. The circulation and terapge anomaly extends less above the
PV anomaly in the more stably stratified stratosphere buwvb#&ie PV anomaly the circulation
and temperature anomaly reaches down to the surface. Tipetatare and wind field reflect
an anomalous high static stability and absolute vorticitthie positive PV anomaly, below and
above the positive PV anomaly static stability is reducddtike to the reference state. The
same conclusions - with opposite sign - are valid for a negatpper-level anomaly.

For near surface temperature anomalies Brethefton [(19@fyesh in the context of quasi-
geostrophic theory, that a positive or negative potengialgerature anomaly can be regarded
as a cyclonic or anticyclonic PV anomaly that is concentraethe surface. In terms of PV
thinking|Hoskins et &l/ (1985) following Brethertan (196@&imted out that a near surface pos-
itive or negative potential temperature anomaly is assediavith a cyclonic or anticyclonic
circulation.

On an isentropic upper-level surface, the transition fram relatively high tropopause in the
tropics to a lowered tropopause at high latitudes is refteotea pronounced PV gradient in
the midlatitudes. This PV gradient serves as the midlatitwdve guide and separates tropo-
spheric low PV air equatorward from stratospheric high P\palewards. Deflections of the

L. X @ ! = | @ ! © ! P=constant

[

Figure 3.3: Figure 17 from_Hoskins et al. (1985): Schema®¢ map of a x-periodic Rossby wave train in an
initial northward IPV gradient in a westerly base flow. Thentmurs of IPV are deflected, leading to positive
(+) and negative (-) IPV anomalies. The dashed arrows shevintiuced wind field, leading to a westward
propagation of the Rossby wave train with respect to the fhase
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Figure 3.4: Figure 21 frorm Hoskins et al. (1985): Schemaititupe of the interaction of an upper-level positive
IPV anomaly (black contour and + at upper levels) over a level baroclinic zone (black contours at lower
levels). The flow induced by the upper IPV anomaly (blackwas (a) and (b)) and by the developing lower
IPV anomaly (white arrows in (b)) is indicated.

PV gradient result in the triggering of a Rossby wave traigFé 3.3). In a purely barotropic
(horizontal) view, equatorward deflections constitute sigpee PV anomaly associated with the
midlatitude troughs, poleward deflections a negative P\haailp associated with the midlatit-
ude ridges. The PV anomalies induce poleward flow east ofualrand west of a ridge and
equatorward flow east of a ridge and west of a trough. As a cuesee, poleward advection
of low PV air occurs between a trough and a ridge and equatdradvection of high PV air
between a ridge and a trough. This results in a propagatitredRossby wave train to the west
relative to the base flow.

The standard cyclogenetic situation of an upper-levelghoapproaching a surface baroclinic
zone can be regarded in the view of “PV thinking” (Figure 3e flow induced by the upper-

level positive PV anomaly leads to a deflection of the banickone at the surface (Figure3.4a).
As a consequence, a warm thermal surface anomaly develtips southern side of the baro-
clinic zone. This thermal anomaly, regarded as a positivaRMnaly, induces its own cyclonic

circulation slightly ahead of the upper-level trough (Figl@.4b). This allows for a subsequent
propagation of the low-level anomaly along the baroclimne. Also there may be a posit-
ive feedback for the downstream propagation of the uppeatlgositive anomaly. When both

anomalies couple, a backward tilted column of positive P¥éeds through the troposphere.
Due to vertical shear the upper-level anomaly becomesaaital with the low-level anomaly

during the subsequent time, marking the mature stage ofttierac development. Lacking the

interaction of the upper-level anomaly with the barocliname, the cyclone starts to decay.

The PV equation_3.10 describes how PV anomalies can be peddog diabatic processes
(1st term RHS) when the gradient of the temporal change ofnpiatedemperature® has a
parallel component to the absolute vorticify The temporal chang® is primarily due to
the latent heating by condensational processes. On thesgrszale and in mature TCs the
vertical component ofy plays the major role and consequently diabatic PV modibeais
mainly linked to the vertical gradient of the temporal chamj potential temperatur@®/0z.
Wernli and Davidsi_(;%?) noted that two situations have tdisenguished (Figure 3.5). In the
case of an impulsive diabatic heating, a positive PV anomailydevelop below the level of

maximum diabatic heating, as long@sncreases with height (Figure 3.5a). Above the level of

maximum heatingg®/0z is negative and a negative PV anomaly will occur. Howevethef
timescale of diabatic heating is comparable to the timeskalvertical advection of saturated

air parcels, the positive PV anomaly will be vertically actesl to higher levels and reside at the

level of maximum heating (Figure 3.5b). The negative angrslikewise advected vertically
and becomes a shallow upper-level negative PV anomaly hiblewopopause (cf. Figure 1 in
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Figure 3.5: Adapted
from Figure 4 in
Wernli and Davies| (1997):
lllustrative vertical cross
sections of diabatically
produced PV anomalies
(+ or - signs). The region
of diabatic heating is grey
shaded. (a) “impulsive
diabatic heating”, (b)

Distance Distance “steady diabatic heating”.

Pomroy and ThQrﬂ)le 2Qb0).

This conceptual model of diabatic PV anomalies in a steaalg stituation of diabatic heating
iIs comparable with the role of diabatic processes in a tedmgclone. In the TC inner core,

the upright buoyant ascent causes steady condensaticataidhéeading to the evolution of a

strong cyclonic PV anomaly, the positive PV tower (Figu@ 3.At upper-levels, below the

tropopause, divergent anticyclonic outflow is present tuaatstitutes a negative PV anomaly
above the level of maximum diabatic heating.

A schematic picture of the PV anomalies involved in the ETcpeses has been proposed by
/Agusf-Panareda et al. (2004). During ET the tropical cycloneaaghes a low-level baroclinic
zone (black contours, surface in Figure 3.7). The flow (blackws, surface) associated with
the positive PV tower of the TC inner core (grey upright cgién) initiates frontogenesis at the
baroclinic zone reflected in a deflection of the low-leveklii®sms and the associated surface
thermal anomaly (encircled +, surface). Dynamically forescent of tropical warm moist air
along the tilted isentropes of the baroclinic zone and dypragscent in convection triggered
ahead of the baroclinic zone leads to steady condensatw@aaing resulting in positive PV
anomalies aligned along the baroclinic zone (clouds witts gign). This is overlayed at upper
levels with a region of diabatic PV reduction that mergeshwite anticyclonic negative PV
anomaly of the outflow. A midlatitude jet streak (horizorga¢y arrow) is located at the max-
imum PV gradient between the outflow anomaly and the podtRMeanomaly associated with
an approaching upper-level trough (+ sign in the black PMa@anand dotted trough axis).

Height
Height

Figure 3.6: Schematic view of the PV anomalies in a tropigat c
lone. The tall red contour represents the positive, cycléV
tower in the TC inner core, where steady diabatic heatingirscc
The shallow blue coloured contour indicates the uppertiegg-
ative, anticyclonic outflow anomaly. The dashed contoucirele
the regions of in-situ diabatic PV production (red,+) andueion
(blue,-). The induced circulations are indicated by blatkws.
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4

Figure 3.7: Figure 18 (b) from
- I.[(2004): 1I-
lustration of the ET process. The
upper plane represents the upps
troposphere and the lower plane th
surface. See text for details.

3.2.3 PV inversion

The invertibility principle of PV allows for calculating &wind and temperature field associated
with a PV anomaly, provided that a balance condition, a ezfee state for the mass distribution
(temperature field), and suitable boundary conditions aengnd that the differential equation
is solved globally.

In this study, non-linear balancr{e;_ul955) is used éxifpthe relation of the flow
field (stream functio) and mass distribution (geopotent®). Non-linear balance was de-
signed for investigating “meteorologicaly significantgarscale motions” in the primitive hy-
drodynamical equations without the “noise” due to “spusitarge-amplitude inertio-gravitational
oscillations” dﬂm&. The latter are due to higlfiency modes for which horizontal
divergence is in the order of relative vorticity. The nonelar balance equation is derived by
taking the horizontal divergence of the horizontal momenaguation, effecting a Helmholtz-
partitioning of the horizontal wind field, = Vy + Vi in a non-divergent paily = K x OpW
associated with the stream functi$hand an irrotational paily, = [yX associated with the
velocity potentialy. Scaling assumptions for large-scale flows allow the itrotel (divergent)
part to be neglecteddy?x = OV, < { = k-0 x Wy, = Op2W. Thus the basic assumption of
non-linear balance is that horizontal divergence is muchllemthan relative vorticity in the
meteorologicaly significant large scale motions. This itesn the non-linear balance equation
in spherical coordinates:

2 (0W/ON,0W/09)

24y .
0@ = On- (F0n¥) + 22w o)

(3.11)

where [y, is the horizontal gradient operatad, is the geopotentiala the Earth radius, and
A, ¢ the longitude, latitude in geographical coordinates. Hemon-linear balance initially
excludes inertio-gravitational motions and thus contg#ua filter for meteorological “noise”.
Albeit neglecting the divergent flow relative to the vortycis not properly valid in tropical
cyclones, especially in the inner core, non-linear baldrasebeen successfully applied to TCs
(e.g.bAm_and_KuﬂhaPMG). Divergent flow components caeXpected to be in the same
order of magnitude as rotational components in the entramceexit region of jet streaks
also. Nevertheless, non-linear balance has been suclbesgfplied in various studies of ET

(e.g/McTaggart-Cowan etlal. 2001; AguBanareda et HI. 2004, 20 MMMS
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Riemer et al. 2008; Riemer and Johes 2010), and of extratimyicanes (e.d. Davis and Emariuel
1991; Davis et al. 1996; Ahmadi-Givi etlal. 2004).

A second diagnostic relation & and® with link to the PV field is deduced from the definition

of PV (3.9). Using standard meteorological scaling assiomptthe absolute vorticity is ap-
proximated by = fk+ 0O x ¥, wheref = 2Qsing is the planetary vorticityQ = 21 /86406

the angular velocity of the earth rotation, afd= (u,v,0) the horizontal wind vector. In Equa-
tion (3.9) reformulated in spherical coordinates, the zmmtal wind is replaced by the non-

divergent wind, the vertical wind is neglected, and the EXoection 1= c,(p/ po)l% used
as vertical coordinateRy: gas constant for dry aiGp: specific heat capacity of dry air with
constant pressurgyy = 1000 hPa: reference pressure) along with the associatadstgtic
approximatioro®/dmt= —0O. This yields in the definition of PV:

(3.12)

2 2w 72 2 2
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For a given PV distribution Equation (3/12) along with thendimear balance equationh (3111)

and suitable boundary conditions form a closed system #ostiteam functio® and geopoten-
tial @.

The system is solved with the code of Davis and Emanuel (1@€ih)y successive over-relaxation
(SOR). The first guess is determined by the model geopotamtdhthe barotropic stream func-
tion calculated from the model relative vorticity. At thedeal boundaries Dirichlet conditions
are specified from the model data. The lateral boundary tondior ¥ has to be modified
so that any net divergence around the boundaries vanishethe Aorizontal boundaries von
Neumann boundary conditions are used by prescribing theakderivatives otV and®. The
horizontal boundary condition is thus prescribed by pagémemperature via the hydrostatic
approximationdo® /o= —©. Optionally potential temperature from the model data can b
prescribed instead of the vertical derivative, which yseld a better convergence of the solver
in some cases. The SOR solver requires Equations 3.1 aPddkE elliptic which is given

if static stability3°®/(dm)? = —d0/am and absolute vorticity are positive. Therefore negat-
ive PV values are set to small positive values during thergisa and unstable layers set to
very small stable stratification. Details on the numericdlison are given in the appendix of

Davis and Emanuel (1991).

The PV inversion is solved on pressure level data. We tylyicele the data every 25 hPa from

Poot = 900 hPa topop = 100 hPa. The top and bottom boundary conditions are them give
887.5hPa and 112.5 hPa. The lowest lggl should be located above the top of the planetary
boundary layer, where non-linear balance equations arectxg to be fulfilled. In the case
studies presented here, the SOR solver will only convertieihighest levepyop is below the
tropopause. Thereforp,op was varied between 200 and 25hPa. In some cases convergence
was only achieved when potential temperature from modelwas prescribed at the horizontal
boundaries, rather than the vertical derivatives.

The PV inversion code can be applied on gridded data with edmal resolution of 20 km
or coarser. In this study model data on a geographical gril 25 horizontal resolution
is available without rotated coordinates. To achieve cagesgce of the SOR solver despite
the convergence of meridians in midlatitudes (0l@bgitude~ 14 km at 60N), prior to the PV
inversion the model data is interpolated onto a coarsenagrgphical grid with 0.75horizontal
resolution. We found also, that the SOR solver only converfjthe southern boundary is at
least at SN. The PV inversion domain must enclose a region at leastrge ks the Rossby

28
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radius of deformation around the considered PV feature doae the impact of the lateral
boundaries on the results.

The output of the PV inversion provides the stream functgnand the geopotentiaby, that
are associated with the given initial PV distribution andttfulfil non-linear balance. The
associated horizontal wind componengsv, and temperatur@, on the coarsened horizontal
grid can be derived from the following relations:

_ 10Wy, 1 oWy,
=733 7 acos o (3.13)
_ PO
To= & 5 (3.14)

3.2.4 PV surgery

Weather systems such as TCs, are often accompanied by actdsgnature in the PV field.
This PV field can be modified prior to PV inversion. For examghe PV signature of a distinct
weather system can be removed and the balanced streanofutifgtiand geopotentiaby, can
be computed without the signature of the weather systemsétand step, this stream function
W, and geopotentiaby, can be used to remove the anomaly in meteorological fieldsdlees-
sociated with the weather system from the analysis whileihggthe larger scale environment
unchanged. Finally, the modified analysis can be appliechitialicondition for a COSMO
simulation. This allows us to study the temporal evolutibthe meteorological fields without
the weather system of interest. Comparing this COSMO sinmrdti a control COSMO simu-
lation initialised from the unmodified analysis, enablesauguantify the impact of the weather
system on the flow evolution.

In the following, a PV surgery technique is outlined thateésigned to remove the positive PV
anomaly associated with the PV tower of a mature TC as thugrthreary cyclonic circulation
and the TC warm core as cleanly as possible.

Non-linear balanc@@%) is based on the assumpi@brhorizontal divergence is
of a much smaller magnitude than relative vortidily v, << {. While this is a good estima-
tion for the large-scale flow, divergence and vorticity afteim of the same order of magnitude
in tropical weather systems Nevertheless in previousiesudn Atlantic ET systems (e.g.-
L Agiit 1l 2004, 2005; AduBanareda 2008) sens-
|t|V|ty expenments were |n|t|aI|sed successfully dilgdtom the balanced fields. In TCs diver-
gence is large but relative vorticity is even larger and #ieomodel domain in these studies was
at most as far south as 20, where Coriolis force already plays some role. Thus rogesiys-
tems may occur that fulfill- v, < . However, for simulating ET in the Pacific in this study the
COSMO model domain needs to cover the tropics south dflzhd the midlatitudes. Balanced
fields in the entire domain would neglect an important contion to the total flow by diver-
gent components in the tropics. As gravity waves (e.g. egightrapped waves) triggered by
divergent processes belong to the solution of the modeltemsaerrors occur through neglect-
ing them. These errors were manifested, in gravity wavesgnmgefrom the equatorial regions
with wind speed amplitudes in the order of the actual vaeianld propagating through the en-
tire model domain for at least the first 24 hours of integratid/e found also that the balanced
flow and mass field of a TC (computed from the unmodified PV ithstion) was broader and

deeper, and consequently the TC was more lnté_s_e_&aﬂﬂa_e_d_a_el_bl (2 d04) reports sim-
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ilar problems when using balanced fields as initial fielddileg to significant differences of the
TC and upper-level midlatitude flow in her control experiment frdine analysis. As we could
neither compute a realistic TC (from an unmodified PV field) aoealistic background flow
(from a modified PV field) when using solely non-linear bakancthe entire model domain we
aimed for a better suited TC removal technique.

The basic idea of our PV surgery method is to replace the madtgpcal fields in the vicinity
of a PV anomaly by the background flow. This background flowlaxerived by subtracting
from the analysis an anomaly in model variables that is bihteethe PV anomaly. In a first
attempt, the TC anomaly was defined as the balanced anornatyistthe difference of a PV
inversion on the unmodified PV field and of a second PV inversio a PV field in which the
PV anomaly of the TC inner core had been removed. Howeverrietd out that this balanced
anomaly does not represent the TC entirely. In a next stefp@anomaly was defined as the
balanced anomaly plus the divergent wind components andtanate of the flow in the TC
planetary boundary layer. Although this method achievedeeradvanced and more complete
removal of the TC from the analysis, some spurious remnasrsigted which required about
24 hours of COSMO simulation to decay. Also an at most too sedyalanced TC yielded in
an overcompensation of the TC flow.

Finally, the cleanest TC removal technique arises when #o&kdyound flow is prescribed to
fulfil non-linear balance and is limited to a region in theinity of the storm. The vicinity
of the PV anomaly is thereby defined as the region where a eeaution of the PV anomaly
occurs. For a localised PV anor‘r@tljke a TC this region is approximately defined by a circle
with the Rossby radius of deformation

NH > Q00
LR_T’ N =00z’ (3.15)
centred around the storm, with the Brun&$ala frequencyN, a characteristic heiglit, and the
planetary vorticityf = 2Qsing. For a TCLR is about 2000 kmH = 10 km,$ =25°,0 =300K,
g=981ms?2 00/dz=5-10"3Km™1). Outside this region the analysis is left unchanged.
This avoids unrealistic gravity wave behaviour due to uabe¢d weather systems in the tropics
and due to boundary conditions. The edge of the modificaggion transitions smoothly to
the analysis field (details later). The use of meteorolddiekls that fulfil non-linear balance in
the region of the storm is justified as we aim to representatgelscale background flow in the
vicinity of the TC that is primarily determined by the sulgical ridge. The subtropical ridge
is mostly not dominated by divergent components and the fldfilsf the non-linear balance

equation355).

In the following, details about the various steps for the patation of the modified analysis are
given.

In our configuration COSMO requires the three-dimensionkldien model levels of temperat-
ureT, pressure perturbatigo, zonal, meridional, and vertical wind components, w, and of
the humidity variables specific humidity, cloud waten, cloud iceg; together with some one-
dimensional surface variables as initial fields. The magsktfor the PV surgery is to define
an anomaly inT, p*,u,Vv,w,qy, e, Gi linked to the distinct PV anomaly. Once the anomaly is
defined it can be subtracted from the original analysis te givanalysis without the system of
interest and subsequently added at another location ttadesghe system.

5on a horizontal surface
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(a) original PV (b) modified PV (c) original PV (d) modified PV
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Figure 3.8: Original (a,c) and modified (b,d) PV (shadedpbetomputing the PV inversion in the case of Jangmi.
A horizontal cross section at 700 hPa is shown in (a,b). Thekbline at 123E indicates the location of the
vertical cross section shown in (c,d). The time is 00 UTC 2gt&maber 2008.

1. PV inversion: The first step is to apply PV inversion to a modified PV field. rEfere,
at grid points at which PV exceeds a threshBlhes, PV is set tdPVihes prior to the PV
inversion. This is effected only within a selected sub don{a terms of longitudinal,
latitudinal, and vertical extent). In the case of the renhova negative anomaly within a
selected sub domain at grid points at which PV undercutsestimdP\ihes PV is set to
PVinres prior to the PV inversion. At each level the removed PV isribsited equally to
all grid points of that level to keep the total PV constantisTik required for numerical
consistency. Two definitions of the threshold are impleméntt can either be a constant
value for all levels or the level average PV of the total damdihe latter method would
account for higher stratospheric PV values at upper levelEnthe PV anomaly is close
to the midlatitudes. For an ET event the positive PV towehm inner core of a TC is
removed prior or at the beginning of ET.

An example for the PV modification in the case of Jangmi isgmésd in Figure 318. The
horizontal and vertical cross section show the positive Rdh@aly of Jangmi’s inner core
with PV exceeding 0.3 PVU over a horizontal regiorre8°radius and between 1000 hPa
and 200 hPa with maximum values of 9 PVU (Fidure 3.8a,c). is thse the selected
subdomain has the horizontal extent of the domain shown@ed@s fromp,,: =900 to
Prop =100 hPa. PV has been set to the constant thresh\igks where PV is larger than
PMVhres= 0.3 PVU (Figure 3.8b,d).

After the modification of the PV field a PV inversion is caldel on the specified sub
domain and will give - on pressure levels (indéX)“and on the coarsened horizontal grid
required for PV inversion - the balanced geopotertigh and stream functiod’,,P that
are associated with this PV field.

2. Preparation for the calculation of the anomaly: Before defining the anomaly, the bal-
anced fieldsb,P andW,P are interpolated back onto the original horizontal grid #rel
balanced temperatuiig” (Eq.[3.14) and horizontal wind component®, v,P (Eq.[3.13)
are calculated frombyP and W,P. ThenT,P,uyP, WP, and the (constant) pressupgP
are interpolated linearly onto the COSMO model levels (wlitiatie a fixed geopotential
height at each grid point) usin,P as a vertical coordinate for the values at each pressure
grid point. Thus the balanced fieldg™,u,", vy, py™ are available on model levels (index
“M " The pressure is further split into the reference staid the pressure perturbation
p™ = po™+ pp-

The PV inversion is calculated fromhgt to prop Which are typically above the planetary
boundary layer (see Section 3./2.3) and below the tropopalleke anomaly is defined

only for the corresponding model levels bel@wyp and thus the unmodified analysis is
used at upper levels abopg,p. This is justified, as the positive PV anomaly linked to the
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inner core of the TCs studied here turned out to be very smaliarupper levels of the
PV inversion domain if present at all (cf. Figlre!3.8c,d)rtRarmore, the remote action
of a PV anomaly is significantly reduced at upper-levels anthe stratosphere due to
the strongly stable stratification (cf. Figlirel3.2). Nekietess the interpolation from the
pressure levels onto the model levels belawy still requires an extrapolation to levels
below ppot.

For the extrapolation of the wind components in the lowgpasphere the directional and
magnitudinal wind change in the planetary boundary layestrba taken into account. A
profile linear in the height dependent model levels is pibedrfor levels below a selec-
ted model level index > kpgL. In our TC case studidsp, is the index of the model
level closest tqyo:. The linear directional wind change and the linear wind dpeeuc-
tion from the full model levekpg, + 1 to full model levelk,, (n number of lowest full
model level) are computed based on the wind fieldpgi. We use a linear directional
wind change of 30counterclockwise and a linear wind speed reduction of 30%mnasp-
proximation of the planetary boundary layer profile (peed@ommunication with Chris
Davis).

After these prepatory steps the fiel@ig",u,™,v,™,p;™ derived from the PV inversion
output are available on all necessary model levels.

Definition of the T, p*,u,vanomaly:

The definition of theT™, p*™, u™, v™ anomaly is implemented using a spatial mask. The
spatial mask limits the balanced fields to grid points in adoimain, at which a distinct
criterion is fulfilled. Similar to the PV inversion domainishsub domain should cover
the region around the PV anomaly where a remote action oeducs is approximately
defined by the Rossby radius of deformation(Equation((3.15)). Vertically the sub
domain reaches from the ground to the model level, that spards to the upper pressure
level pyop Of the PV inversion domain (see step 2).

Technically the spatial mask is implemented by defining amaady X', X =T™, p*™, u™, v
at each model level as the difference between ECMWF analyssgpwlated onto the
COSMO gridX™ and the balanced field§,™. Inside the box and at grid points where
a distinct criterion is fulfilledX’ = X™— X,™, otherwiseX’ = 0. ForT’ and(p*)’ the
criterion is(p*)’ < p&;;. Using the same criterion far’ and(p*)’ emerges from the fact
thatp;™ corresponds t@y,P andT,™P is the vertical derivative oy,P (Equation((3.14)).
Analogously, ford andV the criterion isW = WM — Y, < W i as both wind com-
ponents are derived froM,P (Equation((3.1B)). The “natural” values f@g,; andWcrit
would be zero as this describes the outer limit of an impat¢hefPV anomaly. Empir-
ically we found that the anomalies will be more cleanly ceaisied to the PV anomaly,
if p&ir andWerir are slightly less than zero. Typically, values of -0.5hRa,;; >-2.0 hPa
and -1.010°m?s~1 > W > -3.010Pm?s~1 are used for the positive PV anomaly linked
with a TC. The masks defined ly*)" < pg;; and¥’ < Wi are linearly smoothed at
the edges over a selected number of grid points to avoid sfaargitions from analysis to
balanced fields. In summary the anomaly is defined according t

' _ {Xm— Xo™ , where(p*)’ < p&;; for (p*)’, T'and wheréd’ < Weyit for U,V (3.16)

0 , where(p*)" > pgi; for (p*)’, T’and wheréd’ > Weyit for U,V

An example for the pressure perturbation anomal$)’ and the meridional wind com-
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Figure 3.9: lllustration of the TC removal f@* (in hPa, top, a-d)) and (in ms1, bottom, e-h). Data is shown
at model levek = 60 (approximately 700 hPa). Shown are the unmodified arsalgse), the anomaly after
applying the spatial mask (b,f), the modified anomaly (cag)d a cross section at 28 through Jangmi (d,h)
of the analysis (black), balanced fields (blue) and modifiemlysis (red, dashed). In (a-c) the black contour of
p* = —0.5hPa and in (e-g) the black contours®f= —2.0- 10 % n?s ! indicate the boundary of the region
where balanced fields are used; the black horizontal lindsrthe location of the cross section in (d,h). Time
of the PV surgery is 00 UTC 28 September 2008.

ponent anomaly’ associated with Jangmi on the lower mid-troposphere iseptes in
Figure 3.9. The horizontal domain in Figlrel3.9a-c, e-g e riodification sub domain
that covers the region defined by the Rossby radius of defavmaA critical value of
Peit = —0.5hPais used. This contour clearly outlines the anomaly @sure perturba-
tion linked to Jangmi (Figuiie 3.9a,b). In the modified anialyBigure 3.9c) the pressure
perturbation linked to the subtropical anticyclone to thstef Jangmi extends westward
over the region of the removed TC. The pressure perturbaitieed to Jangmi in the
analysis (black) has the shape of a steep cone which is eddlecthe zonal profile op*
(Figurd 3.9d). The balanced fields (red) constitute a “lidtleis cone (the spike at about
122°E reflects the impact of Taiwan qui in the terrain following vertical coordinates).
The smoothing at the edges of the anomaly (here over 10 gnds)dets the modified
analysis (blue) merge from the analysis to the balancedsfi@amilar structures are evid-
ent forv (Figurd3.9e-h). A threshold 0Pt = -2.010°m?s ™1 is used. The anomaly
V' constitutes a dipole (Figure 3.9f) with northerly flow westasoutherly flow east of
Jangmi’s centre. It is remarkable that the PV surgery leftve<irculation associated
with a second typhoon at about PE2 15N (Figure 3.9g) unchanged in the modified
analysis. The zonal profiles of(Figure 3.9h) highlight how the PV surgery method can-
cels out the dipole of northerly/southerly winds in the ceggof Jangmi in the modified
analysis (here smoothing of the edges is over 15 grid points)

The definition of T™ p*™ u™,v™ anomalies as the difference between analysis and bal-
anced fields without the PV anomaly implicitly describeséhére meteorological fields
associated with a PV anomaly including the divergent corepts1 Non-linear balanced
flow is thereby only prescribed in the region where the angratiécts the flow.

Having defined these anomalies, the modified analysis fildspy™ without the con-
tribution of the PV anomaly are computed as the differende@MWF analysisx™ and

the anomalyX’: Xyoppy™ = XM — X’. The considered PV anomaly and associated fields
can be displaced by adding to Xyoppv™ at a different location.




3 Data and Methods

4. Definition of the w and gy anomaly: TheT™, p*™, u™, v anomalies computed from the
balanced fields of PV inversion and the ECWMF analysis have toobglemented by
the anomalies in vertical velocity and humidity fields (specific humidity,, cloud water
Jc, and cloud iceyj) associated with the PV anomaly. A TC is typically accompdrby
a region of strong ascent and high values of humidity.

The vertical velocityw™ in a specified sub domain (in terms of longitudinal, latinadi
extent, and model half levels) is either set to zero, thel lewerage in that domain, or the
level average in the total domain (the latter is usually €ltuszero). After removing the
w™ field that is linked to the PV anomaly at its original locatithve w™ field can be dis-
placed. Therefore the vertical velocity field at the new tmracan either be overwritten
by the originaw™ field in the sub domain or the latter can be added at the newidoca

For the humidity variables at grid points within a specifiedh slomain at whichg}' ex-
ceeds a certain threshatf™®s, g is set tog"®s. As for vertical velocity the threshold
either is the level average in the specified sub domain, otethed average in the total
domain. For further manipulation this level average can héiplied by a factorqv act.
This method implements a spatial mask to define and removefittfeatures that are
linked to a distinct PV anomaly. When displacing the PV angnia¢se masked humid-
ity features can either be moved to the new location afteokeng them in the specified
sub domain. At the new location they will overwrite the exigthumidity variables. Al-
ternately the humidity variables from the entire sub dontain be displaced to the new
location where the existing values are overwritten. Thiefahethod would move thg}'
field linked to the PV anomaly and to its larger environmenmtie limits of the specified
sub domain) but this is not used in this study.

For the one dimensional fields required to initialise a COSM®@ mo modifications are com-
puted. This is justified for the application of this PV susgarethod on TCs over the ocean, as
COSMO has a constant sea surface temperature throughoutthatson.

In summary, all necessary fields for the initialisation oesvrCOSMO run without the meteoro-
logical fields linked to a distinct PV anomaly are given bystRV surgery method as a modified
analysis data set. The definition of an anomaly jip*, u,v,w, qv, qc, g linked to the PV anom-
aly enables to displace the anomaly after having extradtifigm the original analysis. Both
removing and displacing a PV anomaly and associated fieltfeianalysis and initial fields of
a COSMO run offers multiple possibilities for sensitivitypeximents. In this study we employ
the PV surgery to remove and to relocate the cyclonic citmravertical velocity field, warm
anomaly, pressure perturbation and humidity fields asttiaith the positive PV tower of a
mature tropical cyclone.

3.2.5 The TC outflow anomaly

The PV surgery method outlined here removes the cyclonitilgition and warm core anomaly
of a TC that is linked to the positive PV anomaly in the TC innere by prescribing a non-
divergent background flow that fulfils non-linear balancehu3 implicitly the balanced and
un-balanced anomaly, in particular the divergent wind congmts, are removed. If the PV
inversion domain and the modification sub domain extendoadly close to the tropopause
(upper model level index of sub domai, < 39~ 220 hPa), as it does in our case studibe
PV surgery method will remove implicitly the divergent oatfl component.

"Jangmi, Choi-Watkop = 25,27 ~ 100 hPa; Hanna, Lupit, Malakg,, = 38,35,38~ 200 hPa see AppendixX A
-Fy 34
o
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Figure 3.10: Every 100th 96 h forward trajectory emergimgnfrthe box (115-13, 15-30N, 8000-15000 m
amsl) and fulfilling the criterion P¥0.2 PVU at start time (00UTC 28 September 2008). Black-reatish
ing indicates the PV of an air parcel along the trajectoryR\WiJ). Additionally PV (2 and 5PVU contours,
black thick) on the 340 K isentropic level at 12 UTC 30 SeptenD08 is shown. View is from the top.

However, similar to the technique of McTaggart-Cowan et200() our method does not re-

move the balanced anticyclonic outflow anomaly. It could éraved by removing the asso-
ciated negative PV anomaly using our PV surgery method. Efi@idon of the negative PV
anomaly is difficult as it merges with environmental low PY, & deviation from a background
flow would be needed. Davis and Emanuel (1991) land Davis (1i#9@rted the PV of indi-
vidual anomalies and also formally not valid successfullamtified the contributions of the
anomalies to the total flow by adding the anomalies IineﬁlgmﬂLel_dl.L(ZD_CbS) employed the
same method and further estimated the divergent outflow alyoby a Helmholtz partition-
ing. Implementing such a sophisticated outflow removalregpie was beyond the scope of this
study.

When developing our method for the removal of the positive &\ver we found, that the rem-
nant balanced TC outflow rapidly decayed during the first fofisimulation when the positive
PV anomaly had been removed at initialisation time. Thusaingglect removing the balanced
TC outflow we only have to ensure that the low PV air that is rentrirom the TC outflow
prior to initialisation time does not interact with the natltude flow. This can be assured by
choosing the initialisation time distinctly prior to anyténaction of the TC with the midlatitude
flow. An interaction can subjectively be determined when BWair from the tropics moves
poleward and deflects the upper-level midlatitude waveauit¥e do this for each case study
with the help of PV on an upper-level (ranging between 33543jisentropic level. Tracking
visually low PV air on an upper-level isentropic level allofor subjectively determining the
outflow anomaly and choosing a time prior to an interactiotinhe midlatitude flow.

Exemplarily this is detailed here more objectively with tiedp of trajectory calculations in the
case of Jangmi. Trajectories of air parcels emerging fromxaatove the upper-part of Jangmi
and its environment and having RM0.2 PVU at initialisation time should mainly represent the
TC outflow (Figuré 3.10). Most of these trajectories moveacguetonically around Jangmi and
turn to the southwest into the tropics. The trajectoriesitiiially move northeastward become
embedded in the anticyclonic circulation of the subtrolpiaige to the east of Jangmi. Only
very few trajectories actually move further north in theinity of the midlatitude wave guide,
represented by the 340K 2 PVU contour. This justifies the keinof solely the positive PV
anomaly as long as the initialisation time has been seleztexfully before interaction with the
midlatitudes occurs.

We conclude that almost no impact of an outflow anomaly thestea prior to the PV surgery
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() 00 UTC 28 Sep 2008 (b) 12UTC 30 Sep 2008

Figure 3.11: Every 100th trajectories emerging from thdored00-179E, 10-60GN, 8000-15000 m amsl| at
12 UTC 30 September 2008 calculated backward until 12 UTC&Bienber 2008. The trajectories fulfil the
criterion |Vih| > 40mst at 12UTC 30 September 2008. Black-red shading shows PV dlengrajectories.
Yellow colours mark trajectories residing above 8000 mlgtothe entire calculation period. Jangmi is located
at about the location of high low- and mid-level PV valuesl(celours in the centre of the domain). The vertical
grid extends from mean sea level (bottom) to 15000 m ams).(fbpe times are indicated above the panels.
Data taken from six hourly ECMWF analysis.

time is conserved in the modified analysis. Thus removing th@ner core PV anomaly yields
in a collapse of the outflow anomaly after PV surgery time andsequently to an implicit
removal of the balanced outflow anomaly. If an outflow anonysisted in the modified
analysis, the impact of ET would rather be underestimateaiuioyl C removal technique.

Trajectory calculations reveal that an important outflowingeraction startsfter the time of
PV surgery (Figure 3.11, see also Chapter 4).

When comparing the trajectories at the PV surgery time 00 UBGS@ptember 2008 (Fig-
ure3.11a) and at the end of the calculation period (Figdr#8. it is obvious that none of
them emerge from an upper level low PV region in the tropicke Trajectories that emerge
from southern latitudes and reach the jet are lifted in tlygore of Jangmi from low and mid
levels after the PV surgery time (00 UTC 28 September 2008)jectories that reside above
8000 m throughout the calculation period (yellow colourexilusively emerge from the mid-
latitudes. Although the criteriofvi,| > 40 ms™! defines a rather weak jet, one may argue that
these trajectories would not show low PV air being advectethé southern side of the jet.
Therefore a second set of trajectories has been computguaréF3.12). These trajectories fulfil

(a) (b)

Figure 3.12: Every 100th trajectories similar to FigurelBhut fulfilling the criterion that P¥0.5 PVU and to
remain above 8000 m amsl through the entire calculatiomgeBlack-red shading indicates the time (in hours
before 12 UTC 30 September 2008). Yellow colours in (b) maske 50th trajectory that additionally fulfils
[Vh| >40mstat 12 UTC 30 September 2008. View is from the top and the jeaktis located in the centre of
the domain at 12 UTC 30 September 2008.
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the criterion P\k 0.5 PVU and to reside above 8000 m throughout the entire caionlperiod.
The shading indicates the time, with red colours being claséhe jet streak at the end of the
calculation period (12UTC 30 September 2008). It becomeardhat trajectories with low
PV values, that originate from tropical latitudes and thusyrbe part of an outflow anomaly
prior to PV surgery, remain in the tropics. Trajectories tleach the jet (yellow trajectories,
additionally fulfilling |vi,| > 40 ms'1), exclusively emerge from the midlatitudes.

3.3 Additional diagnostic tools and methods

3.3.1 Trajectories using the LAGRANTO model

In the Lagrangian view the flow is described by the temporahge of the characteristics of
air parcels along their path. The Lagrangian frame of refe@eanoves with the flow which is
described by the position and physical properties of aicglarat a given time, and the trace
in position and physical properties of the same air parcets and following a given time
(Wernli and David:is_l9_¢7). In contrast to the Eulerian frarheeference in which the phys-
ical properties in a selected subset of the entire atmospduer investigated at a fixed time,
the Lagrangian frame enables us to investigate coheramdtgtes in non-stationary weather
systems.

In this study weather systems are investigated in the Laggmarframe of reference with the
help of trajectories calculated with the model LAGRANTO (LR@&ngian ANalysis TOol,
Wernli and Davies 1997) provided by MaxibBcher and Heini Wernli (Uni. Mainz / ETHZ).
The positionr™ of an air parcel (in the Eulerian frame of reference) at amgimet" is used

to predict iteratively the new positiorf*1 = " + V- At at timet™?L. Initially v = v(r",t")

is the three-dimensional wind vector at the positiinof the air parcel at timé". It fol-
lows a successive correction (three iterations) of the nesitipn using a mean wind =
(WPt + V(P D) One time-step/t) equals a twelfth of the data time step, thus
30 min for the ECMWEF analysis and 5 min for the COSMO simulations.

An air parcel is defined by the extent of a model grid box. LAGRANallows for calculating
trajectories forward and backward in time. In a first stepetimries emerging from each grid
point in a given box are calculated for a given time periodriddas physical properties are
traced along a trajectory. In a second step a subset of tksndrle is selected that fulfils
one or a combination of various selection criteria. Therethree types of selection criteria.
A priori criteria are based upon the position or the physpralperties of the air parcels at a
given time, e.g. at start time PV is larger than 2 PVU in a baxtiesl around a TC to select
only trajectories emerging from the TC or at the end timezwrial wind speed is larger than
60ms! to detect all air parcels that end in a jet core. A posteridteda are based upon
the time-trace of the position or the physical propertiemglthe path, e.g. ascent is larger
than 8500 m during the calculation period. Finally, a corabon of a priori and a posteriori
criteria is possible, e.g. at start time PV is larger than PIRVa box centred around a TC and
the ascent is larger than 8500 m during the calculation gencselect only those trajectories
emerging from the TC and exhibiting strong ascent to thedjpapise leve I|_(—19_97) uses
LAGRANTO to detect coherent ensembles of trajectories, eegpresenting warm conveyor
belts. For trajectories emerging from the low-levels (lbe®000 m) the criterion of ascent
larger than 8500 m in a 48 hour calculation period allows &esting warm conveyor belts (cf.

Figure 4.4 fro).




3 Data and Methods

3.3.2 Quasi-geostrophic vertical velocity diagnostics

In this study the contribution from synoptic-scale weatbgstems at different levels to ver-
tical motion on a specific level, is assessed by a quasi-ggaist (QG) approach. A height
attributable solution of the QG omega equation is introdungClough et al. (1996). Their QG
diagnostic allows for distinguishing at a specific leveltisa motion induced by low-level and
upper-level weather systems. The method has been provid&iid Gray (U. Reading) and
was supported by Maxi &tcher (U. Mainz / ETHZ) who used the diagnostics extengiue

her study of diabatic Rossby wavesotB:hell 2010; Bttcher and Wern 1).

The quasi-geostrophic approximation |004)JEIESS the midlatitude synoptic flow
Vh = Vg + Vag to be geostrophidy > Vag and the hydrostatic balance to be fulfilled. In the equa-
tion of motion the acceleration depends on the differen¢eden Coriolis force and pressure
gradient force. In QG approximation this depends on thesdifice of the actual wind from
the geostrophic wind which is the ageostrophic wilagl so that the latter is not negligible in
the Coriolis term. The equation of continuity under QG appr@tion indicates that vertical
motion is caused by the divergence of the ageostrophic wangponent, driving a secondary
circulation. The equation of motion and of continuity und@& approximation yield in the
barotropic vorticity equation. Combining this with the QGahequation yields in the omega
equation under QG approximation.

The QG omega equation describes the vertical motion raguftom the temperature and
vorticity field under quasi-geostrophic approximation. r Feeir height attributable solution

jlgugh et al.[(1996) use the Q-vector form of the QG omega @quiatroduced bI.
):

0
NZDhZW—l— foz—

10 H
% (——(psw>) — 20n-G, (3.17)

Ps0z

whereN is the Brunt-\aisala-frequency,ps a reference density profiley = g_tz the vertical
velocity, andQ the Q-vector. The Q-vector

O=(QuQs) = —@iowvg Jox- Oh®, 0¥ /dy - 0hO) (3.18)
describes the vector rate of change of the potential terhpergradient following geostrophic
flow. Convergence of the Q-vector is linked to ascent, divecgdo descent.

The differential equation is solved using equally spacessure level data from 1000-100 hPa
(every 25hPa). The static stability? is thereby kept constant on each pressure level. The
solution ofLQIngh_eI_a{I.L(lQ;%) allows for calculating at leapid point the contribution to
vertical motion that is induced by (QG PV-) anomalies remotlorizontal and vertical dir-
ection. Following Bttcher (2010) and Dixon et al. (2003) the contribution tetieal velocity
of synoptic-scale waves in the upper troposphere from 6500®hPa is distinguished from
the contribution of weather systems in the lower tropospliemm 1000-750 hPa. The contri-
bution from these two layers to vertical motion at 700 hPaniestigated (cf. Figure 2.3 in
). Itis assumed that at this level vertical orots determined by contributions
from both layers and that in extratropical cyclones veltioation is prominent at this level
(Bottcher and Wernli 2011; Deveson etlal. 2002).
Albeit valid in synoptic scale weather systems, the QG disgjnos do not entirely capture the
contribution to vertical motion by mesoscale systems liapital cyclones (cf. Bttcher and Wernli
). Nevertheless, itis justified to use the QG diagnstiour study, as we aim to assess the
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3.3 Additional diagnostic tools and methods

upper-level forcing for ascent in the vicinity of the tramishing TC or in downstream regions.
This forcing is mainly induced by upper-level flow featuréselsynoptic-scale waves or the
jet stream. Vertical motion in regions with strong condeiosel heating (e.g. within the TC
or at the baroclinic zone) is strongly underestimated byQi& diagnostics and therefore the
low-level QG contribution to ascent is too small. Howevextp of the larger-scale upper-level
TC outflow and parts of the dynamically forced slantwise asedong the baroclinic zone at
low and mid levels during ET are described by the QG balanberé&fore the QG diagnostics
enables us qualitatively to correctly indicate the regiwhere the circulations associated with
mesoscale weather systems induce ascent or descent.

3.3.3 Forecast verification: the anomaly correlation coeffi cient

The anomaly correlation coefficient (ACC) is a measure fordaséquality in numerical weather
prediction. As it is sensitive “to similarities in forecastnd analysed patterns, rather than their
absolute value&it is particularly well suited to investigate the represgian of the midlatitude
flow. The ACC (c.f. Eq. (7.39) i5) is the correlatibaetween the forecast anomaly
(fi—ci), defined as the difference of a forecast varidbknd a climatology; at each grid point
i = [1,M] (M : number of grid points), and the analysis anom@y— c;), g : analysis at grid
pointi:
M f—c e
pcc— — 2l Z') (&) - (3.19)
\/Zi“il(fi —a)* 3" (a—a)

Persson and GrazZini (2007, their section 7.1.6, page Hysuise : “The ACC has a tendency
to score large and “good” values during meridional flow dituas, small and “bad” values dur-
ing periods of predominantly zonal flow. This is particulae tase in zonal situations when the
forecast and observed positions of shallow waves are outagg” An ACC of 1.0 shows that
the forecast and the analysis are identical. A negative ACKZates anti-correlation between
forecast and analysis. Persson and Grazzini (2007) funibterthat “it has been found empir-
ically that the level ACC=60 % corresponds to the limit wherefitrecast does not exhibit any
significant synoptic skill”.

In this study the ACC is calculated 12 hourly for geopotengittifferent heights to valid-
ate COSMO simulations. The forecast is from the COSMO simuariatithe analysis is from
the deterministic ECMWEF analysis, and for the climatology tlaély climatology from the
ERA-INTERIM dD_e_e_el_aiLZQ:Ill) project extrapolated on a X625 horizontal grid is used.
Additionally the mean ACC of the operational ECMWF IFS foresaster the relevant ocean
basin and during the August/September/October seasonkivielly provided by Simon Lang.
The COSMO ACCs are interpreted with respect to the mean IFS-AGEhwé regarded as a
typical operational ACC. Also ACCs of the COSMO ET scenario sirtioes are calculated us-
ing the relevant COSMO reference simulation as analysis irafon (3.19) (see Section 6.3).
This allows for estimating the impact of ET in forecast skaitluction.

SECMWEF, |t t p: // www, ecmwf . 1 nt / product s/ T or ecast s/ qui de/ I nterpretation of the ACC htmi, re-
trieved on 4 July 2011.
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3 Data and Methods

3.3.4 Additional post-processing tools

The intensity and position of cyclones are estimated bykingcthe minimum pressure at mean
sea level (pmsl) in the ECMWEF analyses or COSMO simulations.

Other meteorological quantities are calculated from the BEg#vanalyses and COSMO model
fields. If not otherwise stated the data on 25 hPa equallyesppressure levels is used. These
quantities are PV, (equivalent) potential tempera@g, condensational heating, and the cloud
top temperature.

PV is computed according to Equation (3.9) reformulatedr@spure coordinates:
PV = —g(fk+ Op x Vh) - 00, (3.20)

where g is the acceleration due to gravity, f the Coriolis paater,k the unit vertical vector,
and [, the three-dimensional gradient operator in pressure guaes (cf. Equation (13) in
Hoskins et all. 1985).

Equivalent potential temperatu@; is calculated with respect to temperature and specific hu-
midity according to Equation (43) Mo@zso):

1000\ 0-28541-0.28) 3.376
ee:T(T) epr = —0.00254>r(1+0.8]r)1, (3.21)
L
T 1 55 3.22
L= "1 in(RH/100 o9, (3.22)
T-55 2840

whereT, p, r are the absolute temperature (in K), pressure (in hPa) axidgmiatio (in kg kg 1)

at the considered level, the temperature at the lifting condensation level (in Ky &H is the
relative humidity (in %).

The calculation of the condensational heating rate is piexvby the LAGRANTO preprocessor
programme “p2s” of H. Wernli and follows Berrisford (1988):

L kGwdg -
@:ﬁ—lf)(jo(f{l—exp< 05 )} (3.23)
ot

if dp/dt = w < 0 (ascending motion) and the relative humidity hop = 80%. Herel denotes
the latent heat of condensation of watgy the heat capacity of water vapour at constant pres-
sure, andjys the saturation mixing ratio. The basic assumption is thatleasation occurs where
ascending air is (nearly) saturated. The heuristic thidstumction (1 — exp((hp — h)/5) has
been introduced H;LB_emsidrH_(lQ%) to account for potéstituration on the sub-grid scale.

Cloud top temperature is calculated from model level datangrpolating the temperature
to the level of unit optical depth into the cloud (startingtla¢ model top). Expressions for
absorption cross-section for cloud ice and cloud water btaied fron‘ﬁ 9). The
calculation has been provided by A. Penny (NPS) who adopiegtogramme cttcalc.f from
Mark T. Stoelinga’s Read/Interpolate/Plot packge

°htt p://www. nmm ucar . edu/ wrf/ users/ docs/ripug. htm
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4 The extratropical transition of Typhoon
Jangmi (2008)

Typhoon Jangmi was one of the major tropical cyclones in tlestWacific in 2008 and one of
the two typhoons that underwent extratropical transitianrd) the THORPEX Pacific Asian
Regional Campaign (T-PARC). The enhanced observational neiwdine West Pacific region
during T-PARC as well as various research flights into Jangrdetgoing ET provide an excel-
lent observational data source. The additional data hasdssmilated at ECMWF to produce
an improved analysis. In this chapter a detailed study oEthef Jangmi is presented based on
this enhanced analysis (experiment DROP from Weissmarin28#0, see Section3.1.1), and
based on a subset of the T-PARC observations.

Several aspects qualify Jangmi as a case for getting a lgetteral understanding of ET: When
Jangmi underwent ET its outflow was directed towards a jet&tover Japan and the jet core
wind speed increased. This leads to the question as to whettelangmi had an impact on
this acceleration and if this has implications for the etioluof the downstream flow. Although
Jangmi transformed into an extratropical cyclone, thesitaom was not followed by extratrop-
ical reintensification. Instead, Jangmi weakened steaily decayed while to its northeast
a weak extratropical cyclone developed. This raises thstagureas to which physical mech-
anisms determine the intensification or decay during ETofdiag to the JMA best track data
Jangmi formed on 24 September 2008 in the Philippine Seawest of Guam. It headed west-
northwestward and reached maximum intensity on 27 Septe2@®8 with a minimum central
pmsl below 905 hPa. After landfall on 28 September, Janganiesi to recurve north of Taiwan

(a) track Jangmi (b) centre pmsl Jangmi
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Figure 4.1: (a) Track of Jangmi from six-hourly best tracteda@ourtesy of JMA) starting at 00 UTC 24 September
2008 (red, labelled BEST) and track of Jangmi and of the dowam cyclone (black) from six-hourly ECMWF
analyses starting at 00 UTC 26 September 2008. Large dots@OaTC times, labelled by the day of Septem-
ber/October 2008. Small dots mark 12UTC times. Pmsl from B@fManalysis at 00 UTC 26 September
2008 (grey with a 5hPa contour interval). The boxes labelle@, 3" mark regions shown in Figure 4.5. (b)
Minimum central pmsl (in hPa) of Jangmi from best track (rad)f ECMWF analyses (black).
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4 The extratropical transition of Typhoon Jangmi (2008)

at 15UTC 28 September 2008. At 00 UTC 01 October 2008 Jangmioffecially declared
extratropical. In deterministic and in ensemble weathedjation systems the recurvature and
ET of Jangmi was very uncertain. On 25 September the majoropsine ECMWF ensemble
members predicted that Jangmi would make landfall on the&Skeimainland and subsequently
decay. One day later some members indicated recurvaturee\do, there was a large spread of
possible scenarios ranging from Jangmi moving along ththemstern Chinese coast and mak-
ing landfall in Hong Kong to recurvature south of Japan. tBtgrat 27 September all members
indicated the recurvature south of Japan. This raises téstignm as to which physical processes
govern this uncertainty in the track forecast.

The complete life cycle of Jangmi and its implications foe thownstream flow evolution is

described in Section4.1. Then a verification of importaatdees during Jangmi’s ET with the
help of observational data is given (Secfion 4.2). A moraitkd investigation of the outflow-jet

interaction and a physical mechanism that explains thegtagceleration of the jet streak are
presented in Section4.3. Finally, the outflow-jet intei@tis quantified in Sectidn4.4 using

PV surgery experiments. The reasons for the uncertaintiieofdrecasts of Jangmi's ET and
for the lack of reintensification are addressed in more ggnvégw in Chapter 5, Section5.1.
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Figure 4.2: Daily precipitation in Taiwan during Jangmi (imm, 27-30 September 2008). The time indicated is
taiwanese time (UTC+8h) thus the period corresponds to4h®oRr period starting at 16 UTC on day-1. The
legend is as follows: blue: 15 mm, green 15-30 mm, yellow 30-70 mm, red 70-130 mm every 120 wolet
130-200 mm, pink 200-300 mm, rose300 mm. Data courtesy Central Weather Bureau (CWB) in Taiwan.
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4.1 Synoptic overview

4.1 Synoptic overview

4.1.1 The tropical stage of Jangmi and impacts on human activ ities

Typhoon Jangmi formed in the Philippine Sea on 24 Septemb@8 2nd intensified whilst
following a northwestward track (Figure4.1). Shortly befdandfall in Taiwan it reached
peak intensity (minimum central pressut®05 hPa, maximum sustained wind (10-min mean)
Vstc >60 msL; category 4 Saffir-Simpson scale). Between 06 and 09 UTC 2&8dger 2008
Jangmi made landfall at the northeastern tip of Taiwan whe@used strong winds and heavy
rain. The maximum gust measured at Taipei Airport was 46+asd the 12 hour rainfall until
12 UTC 28 September 2008 was 135 mm. Larger rainfall amowusreed in the centre of the
island and widely exceeded 300 mm in 24 hours from 27-30 $dpe 2008 (Figure 4.2, note
the change of maximum precipitation in the eastern slop@aw¥fan on 28 September (b) to
the western side on 29 September (c)). In Taiwan, Jangmi maa@ impact due to flooding,
landslides and power outages. At least 2 fatalities wererteg.

After landfall, the typhoon weakened rapidly. At 00 UTC 2%&anber 2008 Jangmi was down-
graded to a severe tropical storm and 18 hours later to acabptorm. Jangmi recurved in
the East China Sea on 29 September 2008, transformed intoteatregical system on 30
September 2008 and passed south of the Japanese mainlanelibdecayed. During ET and
recurvature Jangmi caused heavy precipitation on the s@stiern Japanese main islands, in
particular on the island Kyushu during 30 September 2008uf€i4.3). At the station of Sat-
sumakashiwabaru total precipitation in the period from 28t8mber 2008 to 01 October 2008
reached 380 mm and a daily maximum of 255 mm occurred on 3@8&éer 2008. The max-
imum daily precipitation was observed in Higashiichiki 8tSeptember 2008 reaching 268 mm.
The accumulated rainfall amount is illustrated in Figusdand the heavy precipitation at 30
September 2008 in Figure 413b.

(a) total precipitation (b) radar 14 UTC 30 Sep 2008
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Figure 4.3: (a) Total precipitation in southwestern Japam the period 04UTC 27 Septem-
ber 2008 to 04UTC 2 October 2008. The colour shading is asoviistl 0-75mm: white,
75-200 mm: yellow, 200-330 mm: orange,>330 mm: red. Image courtesy: Digital
Typhoon KITAMOTO Asanobu at National Institute of Inforncd, Japan. Retrieved from
http://agora.ex.nii.ac.|p/digital-typhoon/kn /disaster/typhoon/prec/total/200815. en. kne
and Google Earth. (b) Radar composite for Japan at 14 UTC Bée®ber 2008. Data courtesy Japanese
Meteorological Agency.
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4 The extratropical transition of Typhoon Jangmi (2008)

4.1.2 The ET stage of Jangmi

Jangmi was officially declared extratropical 00 UTC 01 OetoR008 by JMA. Nevertheless,
significant structural changes, beginning two days eathelicate that the tropical cyclone is
undergoing ET, starting with the “transformation” in thexceptual model dilﬁlﬁln_el_bL_(ZQbO).
In this section an overview of the ET stage of Jangmi is givartiag at 00 UTC 28 September
2008, a few hours prior to landfall in Taiwan.

We use a combination of model analysis and satellite datee bEst track data of IMA is
used to estimate intensity in terms of pmsl and low-leveldsifor Jangmi. The intensity of
the extratropical cyclone which develops downstream ofjdans specified using pmsl in the
ECMWEF analysis. The track and central pressure in the ECMWF sisadye summarised in
Figure4.1. Compared to the best track data, the track of Jaisgrepresented very well in
the model analysis data. However, the intensity is much esw®kth the minimum central
pressure only reaching 972 hPa compared to 905 hPa in thérdestdata. This is due to the
coarse resolution of the analysis (0°28t/lon) as well as insufficient data to define the inner
core structure of the TC and known as a common problem in theenagal analysis of tropical
cyclones.

The analysis data is shown on tBe= 340 K isentropic surface which is well-suited to illustrate
the mid- and upper-level flow. This isentropic level is l@ghft about 350 hPa well south of
the midlatitude jet and at about 200 hPa well north of theRare[4.4). The 340k surface is
lower (=~ 400 hPa) in tropical weather systems (e.g. Jangmi atBLZ8’ N in Figure 4.4). The
midlatitude wave guide is characterised by a strong ispitqaressure gradient at 39 centred
around the 250 hPa isobar. The wind and PV at the 340K isdntsopface are calculated for
the ECMWEF analysis and discussed along with intersectiontoi48 hour forward traject-
ories with that surface (panels on the left of Figure 4.5)e Tajectories originate in the lower
troposphere (0-2000 m above mean sea level) in a box exggfrdim 100-179E, 10-60N and
fulfil the criterion of ascent larger than 8500 m(48h) The trajectory calculations are restar-

Figure 4.4: Pressure (shaded, with a 10 hPa contour injesmethe isentropic surface @ = 340 K. Date shown
is 00 UTC 28 September 2008. The coordinates on the horizaxigindicate longitude iiE, on the vertical
axis latitude ir°N. Data taken from the ECMWF analysis.



4.1 Synoptic overview

ted every 6 hours and intersection points of all calculatiare shown which are valid at the
respective times. The criteria used for the trajectoryudateons correspond to thoselof Welrnli

) to detect so-called warm conveyor belts (WCBs). The MIT8Wannel IR1 (infrared
wavelength at 1@ — 11.3um) brightness temperatuiig (panels on the right of Figuie 4.5) il-
lustrates the top of clouds along with QuikScat winds shgwhe observed low-level winds
over the ocean.

Empty space for setting the following text next to figure panel




4 The extratropical transition of Typhoon Jangmi (2008)

At 00 UTC 28 September 2008 Jangmi is located at aboutB,ZZ’N off the coast of Taiwan
(Figurd4.5a,b). The minimum sea level pressure is 910 hBar@ximum sustained winds
(10-min mean) exceed 55 ms In the previous 24 hours Jangmi has reached maximum in-
tensity with a minimum central pressure of 905 hPa and maxirsustained winds of more
than 60 ms!. The QuikScat winds indicate strong surface inflow into ghghbon centre (Fig-
ure4.5b). The brightness temperature of the cloud top skdawgmi as a TC with symmetric
eyewall convection and a matured eye. Slightly to the easteturface centrdy has a min-
imum of less than 200K (Figure 4.5b). At the same locationisketropic PV reaches values
of 7-10 PVU (inset in Figure 4.5a). Lifting is concentratedJangmi’s centre as indicated by
the trajectory intersection points (Figlre 4.5a). At thse the wind at the isentropic surface
indicates only weak outflow northeast of Jangmi. In the Sdthina Sea a second tropical
storm, Mekkhala, is forming at about 1°E3 15°N. Important subtropical features are the upper
tropospheric anticyclonic circulation east of Jangmi eew 127-15%, 15-30N and a TUTT
cell further to the east centred around 162 7”N (Figurd 4.58). The strong PV gradient north
of Jangmi at about 3N marks the transition from tropospheric to stratosphericresses at
the polar front and serves as the midlatitude wave guider¢xppately marked by the 2 PVU
contour). It remains almost zonal west of 2E2with weak ridges at about 115 and 140E.

A strong extratropical cyclone is evident centred over Kaatka with a distinct midlatitude jet
streak and ridgebuilding to its southeast (Figures|4/5aBgtween 110-12E, 39N a weak
jet streak approaches from the west. The midlatitude flowfigoration with a zonal flow to
the north and a primary extratropical cyclone to the No&heasembleb_HaLLeﬂaL_(ZQOO)’s
Northeast type of ET and thus gives hint that Jangmi will eatensify.

Twelve hours later, this jet streak is located northeastaofjthi over the Sea of Japan (Fig-
urei4.5¢). The jet core wind speed has increased to more ans6'. On the isentropic
surface, southerly and southwesterly outflow northeasaifti starts to become directed to-
wards this jet streak. Jangmi made landfall in Taiwan andséetropic PV values decrease to
5-7 PVU (inset in Figure 4.5c). Most of the lifting occurs iangymi’s centre. However, a con-
centration of air parcel intersection points becomes apparortheast of the low-level centre.
In this region satellite imagery reveals a separation ofimlvand from Jangmi (Figure 4.5d),
probably due to the landfall in Taiwan. The QuikScat windteex show a strong cyclonic
circulation around Jangmi’s surface centre and convermenthe region of the separated rain
band. In the official JIMA data the central pressure of Jangaomeiases to 950 hPa and maximum
sustained winds reach 44 m's

At 00 UTC 29 September 2008 Jangmi has weakened dramat{calhral pressure 985 hPa,
maximum sustained winds 26 mY. The high brightness temperatures in satellite imagery re
veal that convection collapsed, in particular in the cenfr@angmi T, > 250K, Figure 4.5f).
To the northeast of Jangmi’s surface centre remnants ofdparated rain band start forming
a cloud shield. Here, the QuikScat low-level winds indicateontal zone with westerly flow
to the south and easterly flow to the north. At the locatiorhef$eparated rain band (at about
132°E, 30°’N) the QuikScat winds indicate strong convergence and thdesbcloud top tem-
perature occurs. Along with the persistent convective d$oto the south this underlines the
more asymmetric shape of Jangmi at this stage. The satwllitgs also indicate the closed
surface circulation of Typhoon Mekkhala which heads westwehilst intensifying. The isen-
tropic analysis fields highlight a first outflow-jet interact (Figure 4.5e). Northeast of Jangmi
the isentropic wind vectors show strong southwesterly flowetrds the midlatitude jet streak,
which reaches a wind speed of more than 70 sAt about 130E, 32N in the region of
the low-level convergence in QuikScat winds, the trajgciatersection points along with a
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(a) 00 UTC 28 Sep 2008: PV@340K, pmsl (b) 00 UTC 28 Sep 2008: MTSAT,QKSAT
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Figure 4.5: Left: PV (in PVU, shaded), wind (grey vectors duack dashed with a 20 nt$ contour interval
for |V > 50 ms?) at the 340K isentropic level, and pmsl (black contours y&dnPa). The insets in (a,c,e,i)
show PV and pmsl in a box (black) around Jangmi. Right: MTSRIchannel 1 (138 — 11.3um) brightness
temperature (onlyx0°C shown) with QuikScat wind vectors; contours of pmsl (blaoktours every 10 hPa)
and 2 PVU contour of 340 K PV (red) from the ECMWF analysis(cantinued on next panel)

local PV maximum indicate new lifting, presumably at a béiroc zone. In the inner core of
Jangmi the isentropic PV further decreases (3-5 PVU). Hakirggmi the anticyclonic circula-
tion has increased slightly during the last 24 hours and fipelevel low (TUTT-cell) moves
southwestward slowly (TUTT cell not seen in Figure 4.5e).




4 The extratropical transition of Typhoon Jangmi (2008)

Twelve hours later, the intersection points northeast afyda align to a narrow band over
southern Japan (Figure 4/5g). Here the isentropic windovectre directed straight from the
tropical cyclone undergoing ET to southern Japan. Along thegh low PV air is advected to
the midlatitudes, maintaining the PV gradient over the Sdapan and resulting in an extension
of the jet. Details of this outflow-jet interaction will bestiussed in Section4.3. The jet streak
has moved east of Japan and weakened. A new wind speed maisrtagated over the Yellow
Sea at around 12&, 38 N. Major lifting, as indicated by the trajectory intersectipoints, still
occurs in the centre of Jangmi. Two concentrations of ietgign points are noteworthy (both
enclosed by the magenta coloured box in Figlres|4/5g, h)hdrrégion north of Jangmi at
122-124E, 28-30N PV reaches more than 1.5PVU. A second concentration isddda the
northeast at 128-13&, 30-32ZN. When compared to the satellite brightness temperatuth, bo
regions coincide remarkably with the beginning of new cative bursts Ty < 220K) in the
northeast quadrant of Jangmi (Figure 4.5h). In the firsooregihere high PV values occur, the
minimum brightness temperature drops below 200 K. Furthére east, Jangmi’s clouds merge
with a cloud band extending along the midlatitude wave gu@envection in the southern part
of Jangmi decays along with the overall weakening of Jangimé central pressure is 992 hPa
and maximum sustained winds reach 23ths

The start of new convection northeast of Jangmi marks thenbeg of a 48 hour period of
strong interaction between the tropical cyclone undeig&i and the midlatitude flow. This
interaction results in an important acceleration of thelatithde jet and a moderate cyclogen-
esis downstream.

At 00 UTC 30 September 2008 the first jet streak is located &@a&5C0E (Figure 4.5i). The
second jet streak seen over the Yellow Sea 12 hours earf@xpanded and intensified strongly
(|| > 60ms1). It extends from Korea over the Sea of Japan to northermJajpeegion of low
PV air which has been partly advected from the west and playt§angmi’s outflow is evident
south of the jet core. At the southern edge of this region thest PV values occur where
isentropic wind vectors and trajectory intersection pointlicate ongoing advection and ascent
of tropical air from Jangmi to the midlatitudes (Figlre %.5in the northeastern quadrant of
Jangmi the convective burst has intensified reflected inxttension of the 1010 hPa isobar of
pmsl and a local isentropic PV maximum of up to 2 PVU (insetiguiFe 4.5i). Low values of
brightness temperatur@y(< 200K) at 127E, 30N mark the convective burst in satellite im-
agery (Figuré 4.5j). The TUTT cell has moved further soutstward and is located at around
158E, 2I°N (Figure 4.5i). To its south tropical convection is evid@figure 4.5)). After stead-
ily heading westward Typhoon Mekkhala makes landfall intivém (not shown).

At 12UTC 30 September 2008 the outflow-jet interaction ofgilanand the midlatitude jet
becomes obvious. The 340K isentropic wind vectors showrdé@sgutflow as southwesterly
flow from Jangmi at 13T, 30°N directly into the jet core at 14%,41°N (Figure 4.5k). Very
low PV air of the TC outflow (P 0.0 PVU) is advected northeastward, which results in a weak
ridgebuilding and enhances the PV gradient at the midtgitvave guide. As a consequence
the jet core wind speed increases to more than 70'mEhe narrow band of negative PV from
Jangmi to the jet streak indicates the presence of symmiestability and that air ascending
slantwise to the jet will be accelerated (Bennetts and HsskBv9; Jones and Thofpe 1992).
The elongated region with a high concentration of trajgctotersection points over southern
Japan marks ascent at a baroclinic zone. The PV maximum ghilas sheared to the east
and becomes separated from the low-level centre of Jan@@&ihPa pmsl, maximum sustained
winds 18 ms1). Instead, new PV is produced diabatically at the baractoine. Details of the
interaction with the baroclinic zone will be discussed irtt8®14.3. Satellite imagery reveals
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Figure 4.5: ...(continued) Satellite data was provided by JMA. The crosses on the lafkravery 10th location
(20th in @) where a trajectory intersects the isentropieddetween 339.5K and 340.5 K. For selected times,
regions discussed together with Figure 4.6 are marked bygema box for Jangmi and a dark violet box for
the downstream cyclone. (continued on next panel)

that Jangmi transforms into an extratropical cyclone (Feégu5l). The convective burst has
decayed. However, a cloud shield marks the formation of annsector northeast of the low-
level centre (125-150, 30-40N). Further to the east this cloud shield remains merged avith
cloud band which extends along the midlatitude wave guidéofd-) frontal structure
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evolves south of Jangmi from 128, 23N to 130E, 30°N. This is also reflected in a band of
higher isentropic PV (Figufe 4.5k) and in the advection af\dry air west of Jangmi (high val-
ues ofTg, Figure 4.51). Other features are important for the subsetjdevelopment. Centred
around an axis from about 122, 35’N to 130°E, 45°N the curvature of the PV contours in Fig-
ure/ 4.5k indicates a weak midlatitude trough approachimgat in phase with Jangmi. Between
the TUTT cell and the subtropical anticyclone east of Jar(@di-157E, 20-30N, Figure 4.5k)
the northeasterly flow accelerated.

At OOUTC 01 October 2008 a large number of trajectories enthenridge downstream of
Jangmi (Figure 4.5m). Most of the air parcels align alonggbethern edge of the strong PV
gradient and appear in the region of lowest PV. This suggéststhese air parcels are re-
sponsible for a significant transport of low PV air towards thidlatitudes and a lifting of the
tropopause. The very strong PV gradient results in a fugbeeleration of the midlatitude jet to
more than 80 mst. A second very dense linear concentration of trajectorgrggction points
occurs from 140E, 35N to 157E, 39N (Figure4.5m). Here air ascends along a baroclinic
zone (see discussion in Section4.3, Figurel4.23). The émeticentre of Jangmi (1002 hPa,
maximum sustained winds no longer documented) moves eaksteavly and now has become
in phase with the midlatitude trough. Lacking the midlatiguforcing for cyclogenesis ahead of
the trough this hinders an extratropical reintensificaibdangmi. Instead, ahead of the trough
the 1010 hPa pmsl contour indicates a pressure drop downstoé Jangmi in the region of
the warm sector (135-18H, 27-35N, Figure 4.5m). The high isentropic PV in the centre of
Jangmi has vanished. However, new PV of more than 3 PVU apped35E, 30°N east of
Jangmi’s centre (enclosed by the magenta box in Flgure 41pnT his is where another new
convective burst appears (Figure 4.5n). The cloud shietHefvarm sector becomes separated
from Jangmi as it moves faster to the east than Jangmi. Caaveegof the QuikScat wind
vectors at about 14%, 34N (encircled by the violet box in Figure 4.5n) slightly sowththe
cloud shield indicates the start of an extratropical cyelogsis. Only remnants of the (cold-)
frontal structure south of Jangmi persist close to Taiwamfabout 120E, 22°N to 135E, 30N
(Figure 4.5ir;m). South of the TUTT cell tropical convecti@appears at 15&, 15N (Fig-

ure4.5im,m).

During the next 12 hours downstream of Jangmi a new extratbpyclone develops ahead of
the midlatitude trough and in the southwestern jet entraag®n (violet box in Figure 4.50).
Its centre is located at 15, 36°N with a central pressure of 997 hPa while Jangmi’s central
pressure remains at 1002 hPa. Trajectories initiatedyphytlJangmi and partly by the new
cyclone continue to advect low PV air in the downstream riddgeere the jet remains very
strong (V| > 80ms!). Satellite imagery shows that the convection close to déiagentre
persists (magenta box in Figlire 4.5p). Jangmi’s warm séet®become the warm sector of the
new cyclone. Surface satellite winds indicate the closeditation of the new cyclone.

At 00 UTC 02 October 2008 the new cyclone moved rapidly eastlay 11° longitude in 12
hours) and is now centred at 182, 39N (997 hPa, violet box in Figute4.5m). In the down-
stream ridge fewer trajectory intersection points occuawklver, a new linear concentration
of intersection points appears from the centre of the dawast cyclone to the east marking
ascent along the eastward extension of the baroclinic zdihe. remnants of Jangmi remain
stationary and to their east convective activity contingmeagenta box in Figute 4/5r).

In the following days the convective activity associatedhwthe remnants of Jangmi finally
decays. The new cyclone remains a rather weak frontal watlreanpeak intensity of 992 hPa
centre pmsl at 06 UTC 02 October 2008. Thereafter it lackh@urdevelopment, remains loc-
ated in the southwestern jet entrance region and cross&atifc along with the jet streak. It
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Figure 4.5: ...(continued) The model data is valid at the times indicated. The MTSARdatalid 15 minutes
and the QuikScat data 3 hours prior to the time indicated. hidrezontal resolution of the model data and the
QuikScat data is 0.25 of the MTSAT data 0.05 In (c-r) the focus is on subsets of the region shown in (a,b).
The subsets are marked in Figureé 4.1, labelled “1,2,3", hacame for 1 (c-h), 2 (i-l), and 3 (m-r).

decays at the North American coast on 06 October 2008.
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4.1.3 The evolution of the downstream flow after ET

The evolution of the downstream flow is described with theltélthe quasi-geostrophic for-
cing at 700 hPa calculated for ECMWF analyses (see Seéctid?)3.Fhe vertical motion at
this level is well suited for the investigation of extraticed cyclogenesis (Deveson et lal. 2002;
Bottcher and Wernli 2011) and thus helps us to understand emyndi did not reintensify and

how the downstream cyclone formed.

At 12 UTC 29 September 2008, a dipole at 12227 N of low-level QG forcing for ascent to
the northeast in the region of warm air advection and for eleisto the (south)west in the region

(a) 12UTC 29 September 2008

(b) 00 UTC 01 October 2008
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Figure 4.6: Quasi-geostrophic vertical velocity forcing7@0 hPa: contribution tev at 700 hPa from the lower
levels (1000-750 hPa; shaded), contributiomtat 700 hPa from upper levels-650 hPa; black with a 0.005
ms1 contour interval). Red colours/solid lines indicate regiof ascent (in ms', positive values). Blue
colours/dashed lines indicate region of descent (imf segative values). pmsl (black thin contours with a
10 hPa interval) and geopotentfl< 1232 gpdm at 200 hPa (green contours with a 16 gpdm contenvadj.
Magenta and dark violet boxes (identical to those in Figus Bighlight the location of Jangmi and of the
downstream cyclone. Data based on ECMWF analysis. Time isatetl above each panel. The domain shown

in (a-d) focuses on the systems discussed.
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of cold air advection of up tec1.5- 10-°ms! marks Jangmi (Figufe 4.6a). The isohypses at
200 hPa to the north of Jangmi indicate a rather zonal flow. édew further to the north from
120°E, 40N to 126'E, 5N the curvature in the isohypses indicates a weak trougmgitbis
trough axis a dipole in upper- and low-level QG forcing witkgative values to the west and
positive values to the east evolves. When comparing Fig6eet. Figurg 4.5¢./h the region
of positive low-level QG forcing northeast of Jangmi codes with the region of the new
convective bursts. This behaviour persists until the firaday of Jangmi on 04 October 2008
(Figures 4.6, 4]7a, b).

One and a half days later, at 00 UTC 01 October 2008 the uppel-QG forcing increases to
more thart-1.5-10?m s~! with descent to the west and ascent to the east of an lineingach
from Jangmi at 13T, 30°N to 140°E, 52N (Figure 4.6b). The trough axis in the 200 hPa height
appears slightly westward of the line separating descahtacent. This is typical for develop-
ing troughs and helps the trough to deepen and to propagsii®agd. Thus the entire region
ahead of the trough and downstream of Jangmi is influenceddsnaforced from the upper
levels. As a consequence, low-level cyclogenesis is teti@entred at about 1445, 33.75N.
Here a dipole of low-level QG forcing of up t81.5- 10 2m s~ ! appears (marked by the violet
box in Figure 4.6b). The dipole centre is exactly at the locatvhere low-level convergence
was observed in the surface winds (Figure 4.5n) and a natilvaed extension of the 1010 hPa
isobar occurs (cf. Figures 4.5m/n, 4.6b). The low-levebtépf QG forcing in the vicinity of
Jangmi persists while the QG forcing for ascent to the naghis supported by positive upper-
level QG forcing (magenta box in Figure 4.6b). Convectivavdgtcontinues in this region
(Figurel4.5m;m).

In the next 24 hours QG forcing for ascent continues to favaumvection northeast of Jangmi,
while the forcing for descent to the west weakens (compargemta boxes in Figufe 4.6¢ and
Figure4.50, p, and in Figure 4)6d and Figure 4.5q, ).

At 12 UTC 01 October 2008, a new cyclone formed centred at7BH, 36.5N in the region
of positive upper-level QG forcing (marked by the violet boxXFigured 4.6, 4.50, 4.5p). The
low-level dipole of QG forcing intensified in a larger regiffrigurd 4.6t). It is located in the
centre of the new closed surface circulation (Figure/4.9m).the northT, < 230K indicates
a concentration of higher clouds (Figire 4.5p) in approxatyathe region of positive (upper-
and) low-level QG forcing. Positive and negative values per-level QG forcing continue
to be separated by a distinct line, which is reflected shgiméstward as a trough axis in the
200 hPa isohypses.

At 00 UTC 02 October 2008, the new cyclone, located in thelspestern jet entrance region
(Figure 4.50), starts propagating eastward with the jeflexdangmi rather remains station-
ary. The low-level QG forcing dipole propagates with thelope (Figuré 4.6d). However,
the upper-level QG forcing lags behind and is stronger inttastern part of the new cyclone.
This is consistent with the slower eastward propagatiorhefttough at 200 hPa. As a con-
sequence, upper-level QG forcing east of the new cyclon&evessand the new cyclone centred
at 161.5E, 39N does not intensify further (997 hPa). Nevertheless, tigh ltloud pattern
(Figurd 4.5r) correlates remarkably with regions of pusitow-level QG forcing.
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The new cyclone propagates faster than the midlatitudeggkr@nd is separated from the as-
sociated QG forcing at 00 UTC 03 October 2008 (Fidurel4.7a)sn#aller zone of positive
upper-level QG forcing in the equatorward jet entrancearegiersists over the cyclone centre
(177W, 42°N), but central pressure remains almost constant. The 28@bégh axis is located
at around 152 and approximately separates a region of upper-level Q&nigifor descent to
the west and for ascent to the east.

At 00 UTC 04 October 2008 the dipole of low-level QG forcinggists and is centred on the
low-level centre of the cyclone at about T8V, 45°N (Figurd4.7b). In the absence of strong
upper-level QG forcing the cyclone has not altered its isitgn It became a secondary low
to a steering cyclone over Alaska. The midlatitude trougl Aas moved to about 18bG. Its
positive upper-level QG forcing region vanishes.

At 00 UTC 05 October 2008 the upper-level trough reestabtishzone of positive upper-level
QG forcing east of its axis at about I'K8 (Figure 4.7t). However, the cyclone propagated to
a region of strong negative upper-level QG forcing assediatith a midlatitude ridge. The
cyclone is located on the ridge axis at this time (M8944.5N). The low-level QG forcing
dipole persists, but forcing for ascent to the east weak&ss result the cyclone weakens and
the central pressure increases to 1001 hPa.

One day later the cyclone makes landfall at the coast of \Wgtbm and Oregon, USA (Fig-
ure4.7d). A weak low-level QG forcing dipole is still preseAs the cyclone is located con-
tinuously underneath a region of strong upper-level QGimgréor descent, its central pressure
has increased to 1010 hPa and the cyclone became absorbédeisteering low over Alaska.
In the next 12 hours the signature of the cyclone remnantsivas.

In summary, an extratropical cyclone formed east of Japamddiately downstream of Jangmi
undergoing ET. The cyclogenesis occurred in a region faldarfor large-scale ascent ahead of
a midlatitude trough and in the southwestern entrance megfithe jet, which was accelerated
during the outflow-jet interaction of Jangmi. This cyclomegagated quickly over the Pacific as
a frontal wave. During its propagation the cyclone was caausly located in the southwestern
jet entrance region and its propagation speed was the sathe psopagation speed of the jet
streak. However, due to the slower propagation speed of ttitude trough, the cyclone
lacked upper-level QG forcing and did not further intensifypecame secondary to a steering
low over Alaska and dissipated at the North American coasinithe upper-level flow and the
jet streak were perturbed at the continent.
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Figure 4.7: As Figure 416 but showing the propagation adtos$acific during 03 October 2008 and 06 October
2008. QG forcing is only calculated in the subdomain limibgdthe black vertical lines.
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4.2 Observations

During the T-PARC campaign numerous land-, sea-, air-, aadedrne meteorological meas-
urement platforms were based in the western North Pacifiomed his enabled a unique obser-
vational data set of the entire lifecycle of tropical cyadsro be collected. In this study we use
a small subset of this data to validate the ECMWF analysis duhie extratropical transition of
Jangmi and its interaction with the midlatitude flow aroudS2ptember 2008. Data from two
DLR Falcon research flights and the MTSAT satellite are ingaged. It has to be noted that
the Falcon dropsonde data has been processed by the ECMWFsdimtéation system. Thus
the ECMWF analysis contains some of this observational infdion.

4.2.1 Aircraft observations
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Figure 4.8: Flight tracks and dropsonde locations of DLRe&@ flights #22 centred 00Z/30 (magenta) and #23
centred 05Z/30 (yellow). MTSAT IR channel 1 (BO- 11.3um) brightness temperature (?C) is plotted at
23:45UTC 29 September 2008. The mean sea level pressurglimEBCMWEF analysis (black with a 5hPa
contour interval) is shown at 00 UTC 30 September 2008.

Two DLR Falcon research flights were performed on 30 Septe@®@8 as Jangmi approached
the midlatitudes. The DLR Falcon was equipped with in-gigtiuments, a dropsonde launch
system, a wind lidar, and a DIAL water vapour lidar (see for details). Dropsondes
could not be launched over land. Unfortunately meteorakgconditions were not always
favourable for lidar measurements. This resulted in a pdar Idata availability. To use the
observations optimally the quality controlled data frorhdafferent aircraft measurements are
combined and interpolated on the section beneath the #irc®amilarly, the model analysis
data is interpolated onto the same section and comparedthdgtiobservations (Figurés 4.9,
4.12]4.14, 4.15).

For wind speed and wind direction the dropsonde, in-sitd,\wimd lidar data are interpolated
on a grid defined in the horizontal direction by the profile tuem(which is uniquely defined
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by its time) and the 100 m equally spaced vertical wind lig&els in the vertical direction. The
dropsonde data is linearly interpolated onto these veitbegals, and the profile number which
is closest to the dropsonde launch time is assigned. Thiguiclata is linearly interpolated onto
the times of the profile numbers. In a final step this prepreegsiropsonde and in-situ data is
combined with the lidar data and interpolated on the lidat gsing a Delaunay-triangulation-
based cubic interpolation. The same procedure is useddmpolate the specific humidity,.
In that case the grid is defined by the same 100 m equally spaaréidal water vapour lidar
levels and the different profile numbers of this lidar. Thé&gktion of equivalent potential
temperaturé, requires values of temperature and humidity. Because ofaitledf temper-
ature measurements the lidar data has to be omitted forrttegpplation. Due to very low
humidity values at flight level the interpolation of in-simd dropsonde data results in strong
gradients where both data sets merge. Therefore the crossmsef O¢ is interpolated on the
(wind) lidar grid using dropsonde data only. However, fa thoss section aj, and© temper-
ature and humidity measurements of so-called “fast-fallides, whose parachute failed, were
included, if the quality control for these variables was dod he interpolation of model ana-
lysis data on the lidar grid follows the method used_b;@km_el_a'. [(ZQ:IJO) and Safier et al.

) in their intercomparison of lidar measurements aBME/F analysis. As ECMWF ana-
lyses are only available every 6 hours, short-range COSM@lations were performed on a
grid similar to the ECMWEF analysis. Hourly output for the 1-Suhdorecasts of these model
runs are combined with the ECMWEF analysis at the synoptic tiree$orm a set of hourly
“ECWMF pseudo-analyses”. In a first step a bilinear interpoitabf this pseudo-analysis (on
model levels) onto the horizontal (lat/lon) locations of fidar profiles is performed. Then a
linear interpolation of the model level data on the vertia#dr levels is computed. Finally, a
linear interpolation of the hourly model data onto the peofiines is calculated.

In the following the vertical cross sections are discussedgawith a statistical analysis of the
deviations and correlations of model analysis and obsenaitdata. For the statistical analysis
the absolute difference AD is definedAB = Ymodel— Yobs Wherey stands for a meteorological
variable of either model analysis or observational data rEtative difference RD is defined as

RD = 2-AD/(Ymodel+ Yobs)-

Falcon flight #22 started at Kadena on the island of Okinavg2#0 UTC 29 September 2008
and ended on the Japanese mainland in Atsugi at 01:40 UTC @@r8ker 2008 (magenta
coloured track in Figurie 4.8). In the first half of the flighethircraft headed north towards
Korea and passed the eastern edge of the convective butst idinity of Jangmi. On this
leg 7 dropsondes were launched in total, 2 of them had a patedthilure but passed quality
control. The second half of the flight captured the jet regith the aircraft heading from
Korea eastward to Japan. On this leg another 5 dropsondesswecessfully launched. Due
to cloud cover the water vapour lidar measurements are ar@yadle during the very first
part of this flight. However, the wind lidar captured a layetvieeen 11000 and 8000 m above
mean sea level (amsl) at jet level during the entire flight. Bsnbining the different aircraft
measurements this flight enables us to investigate the cowedurst and the midlatitude jet.

The sections of wind speed and wind direction along the fliggak reveal two important fea-
tures. During the first half of the flight (up to drop #5 at ardwrofile 100) moderate wind
speeds of 10-30 nT$ occur through the entire troposphere (Fidure4.9a,b). étighind speed
(20-30 ms1) is detected around drop #3 (profile 70) in particular abd®@05m. This is the
region of the new convective burst and at upper levels of ti#aw of Jangmi (Figure 4.5],j).
The wind direction at upper levels during this first flight lgyes an indication of the anti-
cyclonic outflow of Jangmi (Figufe 4.9c,d). A predominantrgsterly flow is evident above
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(a) #22 Falcon wind speed (b) #22 model analysis wind speed
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Figure 4.9: Wind speed (top, in m¥ and wind direction (bottom, ifl) in the section of Falcon flight #22 from
22:20UTC 29 September 2008 to 01:40 UTC 30 September 2008.v@itical axis is height in m amsl, the
horizontal axis the “profile number” which is similar to tir{ia average 1 profile every 32's). The black vertical
lines indicate the location of dropsondes, labelled atdpentith the dropsonde number. Lidar measurements are
available in the white outlined regions. The position of #ireraft is indicated by the black line at the top and
no measurements are available above this line. The lefipahew observational data interpolated in the plane
of section. The right panels show ECMWF pseudo-analyses nmad data with the grey lines indicating the
model surfaces. See text for details of the interpolatiothioa:

9000 m from drop #1 to #3. This is the northeastern edge ofdafud. Figure 4.8) where west-
erly outflow is expected. Further north, the wind directitiacges to southwesterly flow (from
drop #4 (profile 85) to about profile 120). This region is l@echhorth of Jangmi and thus the
observed wind direction is consistent with the expectedtyeibnic outflow. In terms of wind
speed an increase is detectable in this region, indicataigthe aircraft approaches the jet core
region and that the jet core extends towards Jangmi’s outigion. The most striking feature
during the second half of the flight is the midlatitude jetesls above 8000 m. The wind speed
reaches more than 70 m’swith a predominantly westerly direction between drop #7 #8d
when the aircraft headed slightly further north into thesgeeak. At low levels the directional
wind change from easterly to westerly flow is striking. Coesidg that major differences in the
model analysis and observational sections result fromritezpolation in data-sparse regions,
the overall qualitatively good agreement for wind betweethlilata sets is outstanding.
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(a) #22 scatter plot wind speed (b) #22 scatter plot wind direction (c) #22 scatter plot specific humidity
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Figure 4.10: Scatter plots of wind speed, wind direction apecific humidity during Falcon flight #22 colour-
coded by height in m amsl. Lidar data is on the abscissa aneditkel analysis data interpolated to the corres-
ponding location in the lidar grid on the ordinate. The nurshirdicate the correlation coefficient and the total
mean absolute (relative) difference.

Quantitatively this is manifested in the high correlati@efficients between the model analysis
and lidar wind speed (0.99) and wind direction (0.93) (F&wl0a,b). The mean bias of wind
speed is 1.2 ms and the mean relative difference 4.2%. This indicates a weakestimation
of the wind speed in the model analysis. Despite the rathemsstric shape, the frequency
distributions of absolute and relative differences (lefbel of Figuré 4.11a) show a weak shift
to positive values, reflecting the overestimation of windegppin the model analysis. The right
panel of Figuré 4.11a shows the wind lidar data coverageléiiity) at each level. Although
the mean wind lidar data coverage over all levels was onlQ%9the lidar data coverage at
jet-level (8000-11000 m amsl) reached mostly 45% and up % irbthe layer 10000-11000 m
amsl (right panel of Figurfe 4.111a). Also, the data coverdgetdevel was higher during the
second flight leg in the jet core region than during the fir$t dfethe flight (see white outlined
region in Figur€ 4.9). Thus the jet was captured very welllmgy wind lidar. The profiles of
absolute and relative difference at each level emphas#tdlie mean positive bias is mainly
due to a weak positive bias above 4000 m amsl (right panelgfrEi4.11R).

The cross sections of specific humidifyand equivalent potential temperat®g (Figure 4.12)
highlight the baroclinic zone. Water vapour lidar coveragges very poor with only a mean

(a) #22 histogram wind speed (b) #22 histogram specific humidity
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Figure 4.11: Statistical overview of the differences betwenodel analysis and lidar data. (a): wind speed, (b)
specific humidity. Left panels: frequency distribution disalute difference (AD, black contour, bottom axis)
and relative difference (RD, grey shaded, top axis) nosedlito the maximum frequency. Right panels: lidar
coverage (availability, grey shaded, in %, top axis) at datdr level. The number indicates the total lidar
coverage. Profiles of horizontal mean AD (red, bottom axis) RD (black, bottom axis, range is from -100%
to +100%)
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(a) #22 Falcor®, (b) #22 model analysi®e
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Figure 4.12: Same as Figlire4.9 but for equivalent potetgiaperaturée (top, in K) and specific humidityg,
(bottom, in gkg!). In addition to Figur&4]9 “fast-fall” sondes (labelledFH are included.

availability of 5.3% at all levels. The lidar mainly captdrthe very first part of the flight (see
white outlined region in Figufe 4.12c). The correlationficent of model analysis and lidar
was very high (0.98), however the absolute mean bias of Ig0'gknd mean relative difference
of 17.2 % rather indicate a significant wet model bias (Figui€c¢). The section af, indicates

a strong gradient at around profile 48 where measurememtsdrop#1 and the lidar data are
available (Figure4.12c). The DIAL data was captured dutirggascend of the aircraft. Such
data should have been filtered out by quality control due ¢éblems with the height attribution
(Andreas Scéfler (DLR), personal communication). For the rest of the fligbud coverage
was too thick for DIAL measurements. Hence, a more detailecudsion of the lidar data is
omitted. In the following we concentrate on the sectionrmiéated from dropsonde data.

The section captured by sondes #1-5 and two “fast-fall” ssr(g@rofiles 0-150) in the vicinity
of the convective burst reveals a moist laygy partly exceeds 20 gkd) up to about 2000 m
amsl (Figure 4.12c,d). At the northern edge (sondes #3i§)dler is elevated and moist air
(av up to 4 gkg'1) reaches up to 8000 m amsl. This elevated moist layer casaidth a region
of unstable stratifie® south of and almost neutrally stratifi@} in a marked baroclinic zone
starting north of dropsonde #4 (Figure 4.12a,b). The CAPHesbf all dropsondes from the
first flight leg are calculated from the level of free conventto 310 hPa, which is the layer in
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Table 4.1: CAPE (J), pressure (hPa) at level of free cormeqtiPlfc) and at lifting condensation level (Plcl),
temperature°C) at Icl (Tlcl), and precipitable water (pwat in 10 mm incremts) from drops #1-5 and two
fast-fall sondes (ff) on the first flight leg of flight #22. TheABE is calculated from Ifc to 310 hPa only, to
be comparable for all dropsondedAll(variables calculated by the NCL function skefwhc.ncl available at
http://ncl.ucar. edu/ Applications/skewt.shtmnl)

(&)
=%

drop 1 ff 2 3 4
CAPE || 1085| 835 | 1376 | 873 0 0 | 10
Plfc 943 | 831 | 965 | 1010| 488 | 987 | 938
Plcl 961 | 963 | 970 | 1010| 1010 | 991 | 964
Tlcl 24 | 23| 25 25 23 | 18 | 17
pwat 50 | 50 | 60 60 60 | 60 | 40

which data is available from all sondes (Tebl€ 4.1). The ssrabuth of the baroclinic zone (#
1,1f,2,3) exhibit very high values of CAPE while in the baroat zone CAPE is practically 0
(sondes #4,5,ff). Thus ahead of the baroclinic zone the@mviental conditions are favourable
for convective, upright ascent, whilst in the baroclinicaedhe neutral stratification is favour-
able for dynamically forced slantwise ascent along thedilfmoist-)isentropes. The elevated
moist layer consequently results partly from buoyant aseEmoist air ahead of the baroclinic
zone and partly from dynamically forced ascent of moist &ng the baroclinic zone. The
baroclinic zone is seen in the analysis data around profite(E®ure 4.12b). In that region
the ©¢ gradient at the baroclinic zone in observational data iskeedue to the lack of data
(Figurd4.12a). Nevertheless, the sondes at the southé/\fff and northern edge (#6,7) give
enough information so that the interpolation captures #vedlinic zone in the data-sparse re-
gion. The low-level temperature gradient of more than 5 Khatliaroclinic zone between drop
#4 and #5 is particularly well represented in observatianal analysis data (Figure 4.12a,b and
Table 4.1). The major difference between model analysisoésdrvational data is the dry layer
from about 1700-2000 m amsl at profile 160 (2nd “fast-fallide, Figure 4.12). This dry layer
IS not captured with a comparable vertical gradient in thelehanalysis data. Despite that, the
gualitatively good agreement between model analysis asdroational data gives confidence
in the existence of the baroclinic zone separating warm dainiin the south from cooler dryer
air in the midlatitudes and in the existence of ascent ofwasm humid air layer by upright
ascent within the convective burst ahead of the barocliairezand by slantwise ascent along
the tilted isentropes.

(a) #23 histogram wind speed (b) #23 histogram specific humidity

Faloon flight 23 20080930 histagram wind speed difference horizontal average AD, RD Faloon flight 23 20080930 histagram specific humicity difference horizortal average A0, RD
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Figure 4.13: As Figurle 4.11 but for Falcon flight #23 from @BLSI C 30 September 2008 to 06:55 UTC 30 Septem-
ber 2008.
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(a) #23 Falcon wind speed
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Figure 4.14: Same as Figure4.9 but for Falcon flight #23 fr@&»Q@UTC 30 September 2008 to 06:55 UTC 30
September 2008.

Falcon flight #23 was a round trip from Atsugi on a diamond gratthrough the jet core to
the north of Atsugi (Figure 418). The flight started at 03:500J30 September 2008 heading
northwestward to the Sea of Japan. Then the aircraft flewfdegtrough the jet core ascend-
ing from 8000 to 11000 m amsl. North of the jet streak the aftaurned and headed back
to Atsugi over land. The wind lidar coverage was 34.8% andenevenly distributed over the
different levels (right panel in Figure 4.13a). In additiolnopsonde data is mainly available in
data-sparse regions while regions without dropsonde dateagtured by the wind lidar. Thus
an excellent cross section of wind speed and wind directiamnmveasured along the flight track
(Figurd 4.14). The sections of wind speed reveal the doudietpation of the jet core during the
two flight legs with wind speed reaching up to 80t §Figure 4.144)b). The correlation coeffi-
cient between analysis and lidar wind speed is 0.99 and niesmiude bias as low as 0.62 m's
(1.2%). This is reflected in the symmetrical frequency tstions of AD and RD, with AD
only slightly emphasising positive values (left panel igiie 4.13a). The profile of AD shows
a maximum deviation of about 3.5 msat jet level (right panel in Figufe 4.13a). Similarly the
section of wind direction from model analysis and obseoratiqualitatively coincide well. It
is remarkable that the directional wind change in the plnydboundary layer close to land in
the first third of the flight (profiles 20-100) is comparablemodel analysis and observations.
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Figure 4.15: Same as Figulre 4.12 but for Falcon flight #23 f@@50 UTC 30 September 2008 to 06:55 UTC 30

September 2008.

However, details of the circulation in the planetary bougdayer over land near profile 210
are different in analysis and lidar data. The correlatiogffocient for wind direction is 0.87.

The section of specific humidity (Figure 4.15c,d) revealdalew humid planetary boundary
layer over sea during the first leg of the flight (until profil@)7 The analysis data shows a
more shallow layer than the observations especially betveeeps #3-5 (profile 40-70). A
second feature is an elevated moist layer at a height betakeut 2000-5000 amsl. Here
observational data indicates more humid conditions thanribdel analysis data. During the
last third of the flight over land, no observations are atdda The lidar coverage was 17.6%
and evenly distributed over the levels (right panel of Feil3b). The correlation coefficient
of model analysis and lidar data was 0.95 and the absolute méfarence -0.02gkg!, the
mean relative difference -4.4%. This indicates that the @hadalysis was too dry on average.
However, the frequency distribution reveals that very igant relative differences occur and
due to the symmetric distribution only a weak negative tdiéierence results (left panel of
Figure4.13b). The profiles of AD and RD show that major errasuo mainly in the elevated
moist layer between 2000-5000 m amsl with the analysis beiagiry in the lowest and upper
part of this layer and too moist in between.

The section 0ofde shows a baroclinic zone at mid and upper levels (2000-100atsi) to the
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north of Atsugi (profiles 0-120 and 180-260 Figure 4/15b).e Mertical®, gradient is most
pronounced at the location of the jet streak. This baradtiiis partly captured by th®,
section interpolated from the drop sondes. At upper levalpsbnde #2 and the first “fast-fall”
sonde also indicate the increased vert®algradient at upper levels.

Table[4.2 summarises some statistical numbers for the nriiodelcomparison of all Falcon
flights during the lifetime of Jangmi. It is striking that celation coefficients are generally very
high and only weak differences occur for the wind lidar. Hoerethe differences in humidity
are more severe indicating that the model analysis is orageetoo moist. Nevertheless this
model-aircraft data comparison proved that the ECMWF (ps@adalyses represent the jet,
baroclinic zone and the convection at the baroclinic zormeii@tely and thus encourage to use
the model analysis data for further investigations.

Table 4.2: Statistical numbers of the model-lidar compari®r Falcon flights #19-25: Flight number, wind lidar
coverage in % of the grid defined by the lidar profiles and waltievels, correlation coefficient of wind speed,
absolute wind speed difference (AD) in m's relative wind speed difference (RD) in % and correlatiogfeo
ficient of wind direction; dial water vapour lidar coveragé4, correlation coefficient of water vapour, AD in
gkg™!, RD in %.

flight # WIND lidar DIAL q y lidar
CoV. | Rwspd AD | RD | Rwdir || cov. | Rg, AD | RD
19 0.98 30.3]0.98| 0.30| 84
20 0.98 841098| 0.27| 114

21 19.9| 0.93 | -0.29| -2.1| 0.92 341091| 096 154
22 19.0| 0.99 | 1.16| 4.2| 0.93 52| 098| 0.99| 16.8
23 348 099 | 061 11| 087 || 17.6| 0.95]| -0.02| -4.3
24 15.8| 0.97 |-0.16| 0.2| 0.98 || 51.6| 0.96| 0.45| 19.5
25 355| 098 | 061 28| 1.00 || 72.7| 0.96 | -0.07| -2.2
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4.2.2 Satellite observations
4.2.2.1 The interaction with the baroclinic zone

The synoptic discussion showed that convective burstsedbanoclinic zone are an important
feature of the interaction of Typhoon Jangmi and the mitdlldés. In terms of observational data
the convective bursts are best detectable in satellite datathe ECMWF analysis cloud top
temperature, calculated using the post-processing ttroldaced in Sectidn 3.3.4, is validated
against MTSAT brightness temperature for IR channel 133A1.3um). The two variables are
not directly quantitatively comparable. However, theyigade qualitatively the spatial extent of
convective clouds. The period of investigation is 30 Sejem2008, capturing a first convective
burst around 00 UTC 30 September 2008, its decay during theuid a new convective burst
around 00 UTC 01 October 2008.

Empty space for setting the following text next to figure panel
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At 00 UTC 30 September 2008 a first convective burst occurtetbaut 127E, 30N slightly
south of the baroclinic zone to the northeast of Jangmi'sredifrigure 4.16a). At exactly the
same position the ECMWF analysis shows a maximum of cloud tapéeature (Figure 4.16b).
However, in the model this convective burst is embedded araa of high clouds which extends
southwestward and includes another convective activecdwsa to Taiwan (12E, 24 N). This

is not reflected in the observations which only show two senatattered cells (blue colours)
close to Taiwan. The same overestimation of cloud coverpgeas at about 158, 32N
where some larger cells are evident in the satellite dataamdea of high clouds in the ECMWF
analysis. The model data further tends to show homogenaisn of high clouds in the
forming warm sector and downstream of Jangmi. Much more fioetsire is visible and in the
observations the brightness temperature is generallyehigh

After twelve hours the first convective burst at the baraoclzone decayed and only weaker
scattered cells remain (Figure 4.16c). This is reflectedadehanalysis data with a maximum

of cloud top temperature at about 28530 N (Figure 4.16d) which is the location of the largest
cell in satellite data. The other convective active areaecto Taiwan is now clearly evident in

both model and satellite data. Furthermore, the model dadevs homogenous regions with

embedded convection downstream of Jangmi which are no¢iprésthe observations. Never-

theless, the northern edge of the cloud shield in the wartosand downstream are captured
accurately in the model.

At 00 UTC 01 October 2008 a second convective burst with tvls eppears close to the centre
of the remnants of Jangmi (Figure 4.16e, Figure 4.16f). Thdehanalysis also shows an area
of high cloud centred at about 140, 28N, where only a few scattered cells are seen in the
observations. A linear zone of high cloud extends from°E24N to 165E, 34N in the
analysis. Scattered cells along this feature are only gbdéen the eastern half of this band. At
about 160E, 32N a larger convective cell is evident in both model analysi$ satellite data.

The model-satellite data comparison with focus on convediursts during ET showed, that
the large convective cells ahead of the baroclinic zone a&lecaptured in the analyses. Also
the spatial extent of the cloud shield in the developing waeattor of Jangmi resulting from
the dynamically forced slantwise ascent along tilted iss@s is similar to the observations.
However, analysis data lacks the fine structure and oftanates higher and more homogenous
clouds than observed. In particular, the spatial extenigsf blouds south of the baroclinic zone
is much larger than in satellite data. This is partly due ®dbarser resolution of model data
but also reflects an erroneous cloud representation in thieino

4.2.2.2 The outflow-jet interaction

The outflow-jet interaction during the ET of Jangmi was mastinict at 30 September 2008.
For that day the ECMWF analysis of the jet-level wind (200 hBaompared against observa-
tional wind data from MTSAT derived atmospheric motion west(AMVSs - e.g h 1996;
Velden et all 1997, 2005). Hourly AMV data at irregular Idoas were provided by CIMSS.
The AMVs are derived by tracking edges in the satellite innpgat different wavelengths) for
subsequent timesteps. The height assignment varies arol®d35 hPa (Chris Velden, per-
sonal communication). Having in mind that uncertaintiesteix both the AMVs and model
data, neither of the data source can be judged as repregémitruth. However, both data sets
can be given more confidence if they show quantitatively amaligtively similar structures.
In this section we compare AMVs from all MTSAT channels |l@thin the layer from 225-
175 hPa against the model fields at 200 hPa. This is a commdigemation and was proposed
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by CIMSS.

(a) 00UTC 30 Sep 2008 MTSAT IR1 (b) 00 UTC 30 Sep 2008 model analysis CTT
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Figure 4.16: Cloud top temperature calculated from MTSATIRnnel 1 (18— 11.3um) brightness temperature
(left) and ECMWEF analysis (right) both itC. The time for the satellite data is 15 minutes prior to thees
indicated. Additionally the pmsl from ECMWF analysis (blaskh a 5hPa contour interval) is shown in all
panels. The horizontal resolution of the model data is Ot 0.05 for the satellite data. The DLR-Falcon
flight track and locations of dropsondes for flight 22 centd@@/30 (magenta) and flight 23 centred 05Z/30
(yellow) are indicated in paneti(a).




4 The extratropical transition of Typhoon Jangmi (2008)

At 00 UTC 30 September 2008 the ECMWF analysis shows a jet dtveated over the northern
part of the Japanese main island (Figure 4.17a). This dlstextends southwestward towards
Jangmi, which is located at 128, 30°'N. The model streamlines indicate that the outflow of
Jangmi is directed towards the jet streak. East of Jangmattieyclonic flow around the
subtropical ridge is evident. Hardly any AMVs are availaipi¢he jet region at this time. The
few AMVs at the western jet entrance region show the gradcwakase of wind speed towards
the jet core. South of 3Bl the AMVs give observational evidence of two important fgas:
the anticyclonic outflow of Jangmi, directed towards theajad the enhanced anticyclonic flow
between the eastern edge of the subtropical ridge and th@ TEIT. In general the model wind
speed and direction coincide remarkably with the AMVs.

Six hours later the jet streak became stationary over Jaghtha jet core wind speed increased
(Figurd4.17b). AMVs and model fields show a jet core wind speemore than 75ms'.
The AMVs south of 38N capture the sustained outflow of Jangmi towards the jet bad t
flow around the subtropical ridge at about 1IE530°N. Despite the generally good coincidence
between model and satellite winds, in the southwest corhémeodomain the AMVs rather
show a cyclonic flow around the southern part of Jangmi inreshto the model streamlines.

At 12UTC 30 September 2008 the jet streak remains statiooaey northern Japan (Fig-
ure4.17t). It expanded further and the region of high jeeasind speed|{| > 75ms™)
spans from the eastern Sea of Japan over northern Honshei\Wgett Pacific. Streamlines and
AMVs continue to indicate the outflow of Jangmi directed todgathe jet streak. AMVs also
emphasise the flow around the centre of the subtropical mdtiean anticyclonic circulation
centred at about 13, 28 N. This centre is slightly inconsistent with the model sindiaes.
As for the previous time steps the flow at the eastern edgeeaidige remarkably coincides in
AMV and model data.

At 18UTC 30 September 2008 the jet streak starts moving @adtand the southwesterly
outflow of Jangmi weakened (Figure 4.17d). Neverthelessdaan the jet streak still shows a
strong extension towards Jangmi in both satellite and maaigllysis data. The majority of the
AMVs highlight the circulation of the subtropical ridge igr@ement with the analysis fields.

In summary, a good agreement of the irregular satellite Aig ECMWF analysis was found
at jet-level on 30 September 2008. This enabled us to highéig interesting evolution of the
midlatitude jet streak over Japan. Starting with a stronglseesterly outflow from Jangmi into
the jet core, the jet becomes stationary over Japan andsatLitewestern edge extends towards
Jangmi. As long as the outflow of Jangmi continues to be ditktwards the jet, the jet streak
intensifies over Japan. Once Jangmi’s outflow decays, ttetges moving eastward. Another
interesting feature in that period is the enhanced flow atiebs2’ E, 28 N between the eastern
edge of the subtropical anticyclone and the TUTT cell apgnoay from the east.

The validation of the ECMWF analysis against various obs@mwat data sets, demonstrated
that the model analysis captures accurately the main festluring the interaction of Typhoon
Jangmi and the midlatitudes. This justifies our use of the ECMaN&lysis for analysing the

physical processes that occur during this interaction inendietail.
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Figure 4.17: Wind barbs from MTSAT atmospheric motion vest@AMYV, data from all channels, provided by CIMSS) in thedayl75-225 hPa (black barbs, half flag
2.57ms?t, full flag 5.144ms?, triangle 25.72 mst). Wind speed (in ms! shaded), streamlines (black lines) at 200 hPa, and preasunean sea level (grey with a
4 hPa contour interval) from ECMWF analysis. Times shown &6, 12, 18 UTC 30 September 2008 for the model data. The MTd#4a is time-labelled for HH:13,

where HH is day-1 23, 05, 11, 17 UTC.
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4 The extratropical transition of Typhoon Jangmi (2008)

4.3 Details of the outflow-jet interaction

In the following, the physical processes governing the plegkinteractions between the outflow
of Typhoon Jangmi and the midlatitude jet streak during thepEriod (00 UTC 29 September
2008 and 00O UTC 02 October 2008) is investigated in more Idefdier an overview of the
temporal evolution in this section, the physical proce#isasoccur at the baroclinic zone (sub-
sectionn4.3.1) and that impact the midlatitude jet (sulise@t3.2) will be explained in more
detail.

A daily sequence of three-dimensional views in the ET regsogiven (Figuré 4.18) and dis-
cussed together with the same panels overlaid with the patiepresentative trajectories (Fig-
ure4.19). A detailed explanation of the Figures is giverhmadditional captions. Information
on the trajectories are summarised in Tablé 4.3.

At 00 UTC 29 September 2008, the time when convection is degay the centre of Jangmi
(cf. Figures 4.5¢] ), the tropical cyclone is still presasia vertical PV tower extending through
the entire troposphere (blue tower labelled “1” in FiguEB4). To the northwest of Jangmi
the lowered 1.5PVU surface at upper levels and the assddaipopause step (blue rather
vertical surface in the upper left corner of Figure 4/18astveé the green shading) indicates the
approaching midlatitude trough. The first midlatitude jeesk is located to the northeast of
Jangmi (green “tube” at upper levels) and is still distaotrfrthe TC. A steep baroclinic zone
in the 320 KO, surface (grey/white transparent shading in the middle efganels, initially
almost upright in the lower troposphere and sloping at uppesls to the north (back of the
volume) is aligned underneath the tropopause step to thé ebrJangmi. The tropopause
step and the slope of the baroclinic zone are better evideenviooking from west to east
through the volume (Figufe 4.20a). At the surface the baroctone is reflected in a strong
temperature gradient (orange to green shades). A waveagenglon this gradient indicates that
at its northern and eastern side Jangmi advects warm awvaads, while colder air penetrates
equatorward west of Jangmi (see also Figure 4.20a). Mosteofrajectories are rising in or
in the vicinity of Jangmi’s PV tower (Figufe 4.19a). The &etories start with low PV values
(PV<0.2PVU) in the low and mid troposphere. During ascent the RWeiases strongly to
values in excess of 2 PVU.

Thirty hours later Jangmi has reached the baroclinic zorgu(E4.18b). A wave structure in

the®¢ surface northeast of Jangmi, also reflected in the surfagedrature gradient, indicates a
deflection of the baroclinic zone by the building of a warmteeeast of Jangmi (Figure 4.18b).
The surface temperature also indicates that west of Jangphercair is advected cyclonically

around the tropical cyclone undergoing ET (see also Flg2@#. A new narrow and upright

PV tower (labelled “2”) developed close to Jangmi at the blam@ zone.

Table 4.3: Information on the four representative trajactoalculations: Number, start and end time (day of
September,October 2008/time UTC), longitude, latitude laeight of the region where trajectories originate
from, total number of trajectories, and note on weatheresystrepresented by the calculation.

No start end longitude | latitude | height | total # note

1 || 28/12Z | 30/12Z | 118-135E | 17-45E | 0-2000| 13910 Jangmi

2 29/127 | 01/12Z | 118-135E | 17-45E | 0-2000| 16502 Jangmi, ascent near baroclinic zone

3 || 30/12Z | 02/12Z7 | 118-150E | 17-45E | 0-2000| 10208 baroclinic zone

4 01/12Z | 03/12Z | 118-166E | 17-45E | 0-2000| 9251 | baroclinic zone, cyclogenesis downstream

70




(a) 00UTC 29 Sep 2008 (b) 06 UTC 30 Sep 2008

(c) 00 UTC 01 Oct 2008 (d) 00 UTC 02 Oct 2008

Figure 4.18: Three-dimensional view of Jangmi from the Beast. Shown are the 1.5 PVU PV surface (blue shading), th& 32rface of equivalent potential temperature
(transparent grey shading), the midlatitude jet in regiwhsre|V| > 60m s (green shading), and at 990 hPa, potential temperature, (fe& legend) and geopotential
(with a 250 gpm contour interval). Different PV features kafeelled by white numbers. See continued caption on pggée 72 for a more detailed expamat
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4 The extratropical transition of Typhoon Jangmi (2008)

Figure 4.18: ... The viewing point for all panels is statiddmom the southeast into the model data volume.
The view is centred on the region where ET occurs (centredetital45E, 30°N, 500 hPa). The southern
(lower) edge of the bottom plane is &N, the northern (upper) edge at’®@ On the left the western edge is at
81°E. The lower right corner of each panel is at about®EB0At the bottom plane shading indicates potential
temperatur® (in K) and the grey contours geopotential at 990 hPa (250 gpmtoair interval, 2000 gpm height
contour is labelled). Both “surface fields” help to illuggahe surface conditions. E.g., the closed height
contours in subfigufe 4.18a, labelled “1”, show the surfam@re of Jangmi and the sharp gradient from red to
green colours indicate the strong surface temperatureegriaat the baroclinic zone. The blue shaded surface
shows the 1.5PVU PV surface. This PV surface represents\thewer associated with Jangmi, convective
bursts, and the dynamic tropopause. The grey/white traespaurface shows the 320K surface of equivalent
potential temperatur®, which points up the three-dimensional baroclinic zone. gireen shaded “tube” in
the upper levels is the surface of wind spé@d= 60m s illustrating the midlatitude jet.

In the same region the high values for CAPE (Tablé 4.1), ufeststibatification in@e and an
elevation of the moist air layer were observed by the Falampsbndes (Figuie 4.112), indic-
ating favourable conditions for convection. New convatteas also observed in this region
in the satellite imagery and a northeastward extensioneo§tinface isobars occurred (cf. Fig-
ures 4.5]I[ 4.16a,b and Figure 4.18b). The evolution ofa B¥ tower ahead of the baroclinic
zone has been observed also during the ET of Hurricane I&QﬁQ(-LAgus’[—.EanaLe_da_eth.
[2004) and of Hurricane Floyd (1999 - Atallah and Bd$art 200B)e trajectories have risen
in that region during the preceding 30 hours (Figure 4.19®Y. along these trajectories in-
creased during the rapid ascent in the mid troposphere. Regptite upper troposphere, the
slope of the trajectories indicates that ascent continlegahe baroclinic zone and PV de-
creases. This is the typical path of an air parcel ascendiraugh a region of steady latent
heating [(Wernli and Davigs 1997, cf. Figiire|3.5). The aicprstart with low PV in the lower
troposphere. As they approach the level of maximum heaiNgncreases due to diabatic PV
production and reaches a maximum at the heating maximunveABY is diabatically reduced
during the subsequent ascent. In the upper tropospherairtparcel reach low PV values sim-
ilar to the start values. The new PV produced in the mid trppege is advected vertically so
that the new PV tower extends through the entire troposphére PV profiles are discussed in
more detail in Sectidn4.3.1. At upper levels a new midldgtiet streak replaced the precedent
jet over Japan. Now the jet streak is located close to théneast of Jangmi. The trajectories
which have been ascending since the previous time step baebed the jet level and are dir-
ected into the jet streak (Figure 4.19b). By transport of |&ivelt to upper levels they raise the
dynamic tropopause and increase the PV-gradient at thegeyse step to the north (see also
Figure 4.20D for the elevated tropopause). A steep tromepiault developed similar to the “PV
wall” reported by Atallah and Bosart (2003) in the case of tiiedE Hurricane Floyd (1999).
Through enhancing the upper-level horizontal temperajtaidient this process sustains the jet
streak and increases the jet core wind speed.

During the next day dynamically forced moist isentropiceagclong the baroclinic zone be-
comes dominant. At 00 UTC 01 October 2008 new positive PV aties (labelled “2” and “3”
in Figure 4.18c) now are tilted along the baroclinic zoneeathan forming a vertical PV tower.
Jangmi’s PV tower has decayed and only two blobs of PV renmathe mid and upper levels
(above the closed 990 hPa geopotential height contourshenaltite label “1” in Figuré 4.18c).
However, a new scattered positive PV anomaly appears inatedgito the northeast (labelled
“2”) where the extension of the height contours appear amdawgvection persists (cf. Figures
4.5n and Figure 4.18c). The circulation induced by the nevid®ér that developed at 06 UTC
30 September 2008 advects tropical air on its eastern s@i@sighe baroclinic zone. There
new PV is produced diabatically in the ascending air.
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(a) 00UTC 29 Sep 2008 (b) 06 UTC 30 Sep 2008

Figure 4.19: As Figurle 4.18 but with trajectories from foapresentative trajectory calculations. The trajectandgcate the parcel paths until the time of each pi8ee
continued caption on pade 74 for details of the trajectoricakations.
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4 The extratropical transition of Typhoon Jangmi (2008)

Figure 4.19: ... Shown are the same panels as in Figure 4er8alwith the paths of representative trajectories
coloured by the PV of an air parcel moving along this trajgctd.ow-PV air (PV<0.6 PVU) is indicated by
grey shades. Higher values of PV (BU.6 PVU) appear in red shades. All trajectories show thegbgaths
until the time of each panel. Trajectories from four repreatve 48 hour forward LAGRANTO calculations
are shown (Table4.3). To highlight only the trajectorieattare directly linked to the ET of Jangmi and the
subsequent evolution at the baroclinic zone, the spatiginar of the trajectories are limited compared to the
more general set of trajectory calculations introducedeati®ri4.1.2. In the first calculation (shown in panels
(a)-(d)) trajectories start in the lower troposphere (1B8E, 17-45E, 0-2000 m amsl) between 12UTC 28
September 2008 and 12 UTC 30 September 2008. This calaulediotures all trajectories that ascend in the
vicinity of Jangmi. In the second calculation (shown in dar{b)-(d)) trajectories start from the same box but
one day later between 12 UTC 29 September 2008 and 12 UTC @b€&c2008. As Jangmi is closer to the
baroclinic zone in that time window, this calculation alsptures the initial ascent near the baroclinic zone.
The third calculation (shown in panels (c)-(d)) starts inox lextending further downstream (118-1&5) 17-
45°E, 0-2000 m amsl) one day later (from 12 UTC 30 September 20Q8 tJTC 02 October 2008), to account
for the evolution and propagation along the baroclinic zoRer the last calculation computed from 12 UTC
01 October 2008 to 12 UTC 03 October 2008, the box is extengighefr downstream (118-166, 17-45E,
0-2000 m amsl) to account for the cyclogenesis at the baiiocbne. In each calculation the trajectories fulfil
the criterion of ascent larger than than 8500 m (same as itioB2C1.2) during the 48 h calculation period and
only every 100th trajectory is shown.

The PV anomaly labelled “2” in Figufe 4.18c consists of theguisting narrow PV tower and of
the new PV produced at the baroclinic zone. The circulatmuced by anomaly “2” likewise
advects tropical moist air poleward at its eastern side aonther positive PV anomaly appears
downstream of Jangmi (labelled “3”). This PV anomaly cotsspartly of the diabatically pro-
duced PV when the air advected by anomaly “2” impinges on #rediinic zone and ascends
and partly of PV which appears in the region where QG forciognfupper and lower levels
is favourable for cyclogenesis. The PV anomaly “3” is alseémtated over a closed height
contour indicating the incipient cyclogenesis. The clobetjht contour reaches into a weak
wave in the surface temperature gradient. Thus a frontaévike new extratropical cyclone
develops at Jangmi’s “warm front”.

In contrast to the previous time steps, when ascendingctaajes were rather upright, the new
trajectories follow the tilt of th®, surface reflecting the dynamically forced ascending motion
along the baroclinic zone (Figure 4.19c). Again higher galof PV in the mid troposphere in-
dicate diabatic PV production during the moist isentrogioamt. It is striking that the end points
of the new trajectories cluster mainly to the (south)eatt®mmajor PV anomalies (“2” and “3”)
and that the trajectories are tilted eastward. This refletgpropagation along the baroclinic
zone. ltis also interesting, that trajectories ascendintpe vicinity of the older anomaly “2”

() 00 UTC 29 Sep 2008 (b) 06 UTC 30 Sep 2008

- 00 UTC 29 Sep 2008

Figure 4.20: As Figurle 4.18ab but the view is from the wesheast through the data volume. In contrast to
Figurd4.18 PV an®, = 320K is shown starting at 128 eastward, to highlight the baroclinic zone and the
fault at the tropopause close to Jangmi.
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4.3 Details of the outflow-jet interaction

have already reached higher levels than trajectories dswglater close to the newer anomaly
“3”. This reflects that the flow induced by the new PV anomatiestinuously triggers new
lifting further downstream and thus leads to an eastwargggation of PV anomalies along
the baroclinic zone. However, some trajectories exhiltitealow PV values during their entire
ascent (e.g. black bundle in Figlire 4.19c near label “2"e @&in parcels here presumably move
upward along the baroclinic zone without passing througdgeon of condensational heating.

At upper levels the trajectories which have risen in theniigiof the centre of Jangmi during the
previous two days (Figurés 4.194a, b) end in the jet core. &his mmaintained by the continuous
transport of low PV air to the jet level and to the southerneedfjthe tropopause step. The
spatial and vertical extent of the jet core increased (cfufed4.18b and Figure 4.18c).

During the next 24 hours cyclogenesis (10 hPa in 24 hoursyaiagid propagation along the
baroclinic zone occurred linked to anomaly “3” (Fighre 418 Hardly any PV remnants of
Jangmi are seen (at the location labelled “1”). Instead,cadrPV anomaly (labelled “4”)
extends through the low and mid troposphere. On the surfaseeflected in several closed
height contours. This PV anomaly consists of remnants froomaaly “2” and “3” in its west-
ern part but mainly of new PV which was diabatically produedten air that was repeatedly
advected by the flow induced by the PV anomalies “2” and “3’'tasied at the baroclinic zone.
The anomaly is located underneath the southwestern je{gmen) and ahead of a midlatitude
trough, which is seen in the deep tropopause and steep @apestep at upper levels to its
northwest. The wave structure in the baroclinic zone andhénsurface temperature gradient
reveals that the new cyclone forms along a frontal wave. Warmasses from Jangmi’s warm
sector became embedded in the new cyclone’s warm sectdneldst a weak southward flow
of cooler air marks the evolution of a cold front.

The trajectories show that major lifting occurred along Ilaeoclinic zone during the past 24
hours (Figure 4.19d). They reflect the continuing procegsropagation along the baroclinic

zone by advection towards it, moist isentropic ascent, atialPV production and thus in-

duction of advection further downstream. Similar to thgetrtories which has ascended in
Jangmi’s inner core earlier (Figure 4.19a, b), the trajgesoascending at the baroclinic zone
(Figure 4.19c, d) transport low PV air to jet level. In thatwihey sustain the jet streak and help
to its eastward propagation.

4.3.1 Focus on the baroclinic zone

In this section the interaction of Jangmi with the baroclinone is analysed. Therefore it is
investigated how air ascends and how PV is produced diagtinn the lower troposphere
above the planetary boundary layer (Figure 4.22).

At 00 UTC 29 September 2008 (Figlre 4.22a) high PV values hadlosed isobars indicate
Jangmi at 123E, 26°N (labelled “1”). The trajectory intersection points shomat most of
the air parcels ascend in or in the vicinity of Jangmi’s centtrong northward flow into the
midlatitudes is evident to the east of Jangmi. To its northliaroclinic zone extends along
34°N, as seen in the dense isotherm®gf

During the following 30 hours a transition occurs from cartisee ascent in the inner core of
Jangmi to buoyant ascent ahead of the baroclinic zone iretjier where unstable conditions
were observed. To the northeast of Jangmi a deflection @¢lieotherms (Figure 4.22b) results
from the northward advection of tropical air in the evolvingurm sector. West of Jangmi
the baroclinic zone is perturbed by the southward adveatiocooler air. The®e gradient




4 The extratropical transition of Typhoon Jangmi (2008)

has increased significantly. The trajectory intersectioims indicate continuing ascent in and
around of Jangmi’s inner core. At the southern edge of thedtiaric zone the new PV tower is
reflected by a positive PV anomaly (at about 1282’ N, labelled “27). Slightly to the east of
this region a cluster of trajectory intersection pointsgates lifting in the new PV tower. There
the southerly flow induced by the new PV tower advects aimeggdie baroclinic zone resulting
in ascent. Further to the east (129-1B29-34N) southerly flow indicates the beginning of
larger scale advection towards the the baroclinic zone.

A cross section through Jangmi, the new PV tower, the barioctione and the midlatitude jet
reveals the different paths of lifting to jet level (Figlr€2). The high PV values in Figure 4.21a
between 600-900 km belong to Jangmi’s decaying PV tower.\Wihd vectors in the plane of
the section show very strong buoyant ascent to the nortleédbts tower at about 1000 km.
The new narrow PV tower appears at 1100-1200 km with high Rvegeof more than 2.5 PVU
(cf. Figurd4.18H, 4.19b). This is directly at the low-leeelge of the baroclinic zone seen in the
closely packed isotherms @ at the surface between 1200-1400 km (Figure 4.21a). As seen
in the Falcon dropsondes (Figlre 4.12) and reflected in treehuata here the region ahead of
the baroclinic zone is characterised by unstable stratiibicaf ©. and thus exhibits favourable
conditions for convective ascent. In the new PV tower thedwiactors show strong lifting to
a level of about 300 hPa. Above, the vectors rather follow(theist-)isentropes (which almost
coincide with the dry isentropes at this level) and are de@nto the midlatitude jet core. The
jet core is located at about 2400 km, 200 hPa where a strong&iiemt occurs (Figuie 4.211b).
The isentropes become more closely packed towards the et é&ssuming that the flow is
stationary and along the (moist-)isentropes, mass cdtireguires an acceleration where the
isentropes are closer together. This is one mechanismiexmgahe increase in jet core wind
speed. Along this path very moist low PV air (RM0.2 PVU) is transported to the tropopause
(Figurd4.21a, b). The moist and low PV air follows the clggehcked isentropes from about
1500 km, 500 hPa to the jet core. In this region the contouwsind speed across the plane of
section (Figure 4.21b) show a southwest- and downward sixtemf high wind speeds, which
indicates that the outflow of Jangmi and the new PV tower msatiéd into the jet core. The very
low PV values indicate small stability or even instability glantwise ascent so that the flow
may further accelerate towards the jet due to symmetriahility (Thorpe et al. 1989). A dry
anomaly is located within the baroclinic zone at around 1600850 hPa. Because of the low
specific humidity,©¢ also has a minimum. The reasons for the dry anomaly remaileamc
It is conspicuous that the anomaly appears where the balwaone hits the coast of South
Korea.

In summary, the cross section revealed three distinct discent to jet level. Initially buoyant
convective ascent occurs in the TC inner core. When the stpproaches the midlatitudes air
rises convectively in unstable stratified tropical air ahe&the baroclinic zone. Further the
cyclonic TC circulation and the cyclonic flow induced fromethew PV anomalies advects
(sub-)tropical towards the baroclinic zone. Dynamicaflyced slantwise ascent occurs along
the tilted (moist-)isentropes when the air impinges on @w®dlinic zone.

Six hours later the new PV tower and Jangmi form one largaonegf high PV values (Fig-
ure4.22t). East of this region the southerly flow impingeshenbaroclinic zone. This results
in new upright ascent ahead of and slantwise ascent alorgatioglinic zone in addition to the
ongoing ascent in the region of Jangmi and the new PV toweri(gersection points in Fig-
urel4.22t). The new ascent further east is more linearlypatig130E, 30N to 135E, 33N),
reflecting the more dynamically forced ascent along the ddamio zone. As the air parcels
rise below the level of maximum heating PV increases. A negitppe PV anomaly appears
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Figure 4.21: Vertical cross sections from TEQ24 N to 138E, 44N at 06 UTC 30 September 2008. Left: poten-
tial vorticity (shaded), equivalent potential temperat(islack with a 3K contour interval, 5K f@e > 345K),
and wind in the plane of section (grey arrows). Right: spedifimidity (shaded in gkgt), wind across the
plane of section with positive values coming out of the serfblack with a 5 ms! contour interval), and wind
in the plane of section (grey arrows). The location of thisssrsection is marked in Figlire 4.22b as a red line.
Note different colours are used for PV. Data from ECMWF arialys
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along the baroclinic zone at about 833N (labelled “3”). The flow induced by this an-
omaly results likewise in poleward transport of tropicaltaivards the baroclinic zone further
downstream.

The sustained transport of tropical air towards the bamacizone, by the flow induced by
positive PV anomalies triggers a process of diabatic Rossibwevike propagation along the
baroclinic zone|(Parker and Thorpe 199%t@8her and Wernli 2011). The cyclonic circula-
tion induced by a positive PV anomaly advects air polewardt®meastern side towards the
baroclinic zone. When the air parcels impinge on the barimecione convective ascent and
(moist-)isentropic upgliding occurs. Thereby new PV isduweed diabatically at the baro-
clinic zone where condensation occurs in the ascendingTdiis new positive PV anomaly
in turn induces its own circulation and the process is reggkatn this manner PV anomalies
can propagate quickly along the baroclinic zone. This medgreferred to as diabatic Rossby
wave propagatioﬁ_(,Ba.Ler_andlh_dtp_e_JlQQS). In the case ghdighere is strong evidence of
such a behaviour during the interaction with the baroclraune. In contrast to diabatic Rossby
wave cases in the literature (e.ghtRher and Wernli 2011), the PV anomalies are not restticte
to low levels, and cyclogenesis occurs at the same time gz dpagation.

At 18 UTC 30 September the new PV anomaly has moved to abodE139N which corres-
ponds to a propagation speed of about 13 #(Figure 4.224)). Ascent continues at the southern
edge of the anomaly, but more important trajectory intérge@oints are concentrated at the
baroclinic zone directly to the east of the PV anomaly (atlid 2 E, 34 N) where it induces
southerly flow towards the baroclinic zone and thus sustii@gropagation process. Jangmi
(labelled “1”) continues to weaken. The smaller number éérisection points indicates the
reduced ascent in its inner core. The new PV tower (labe®jrfow separates from Jangmi
as it produces another convective burst (cf. Figurel4.5ngurE 4.168).

In the next 6 hours the new PV anomaly and associated asct baroclinic zone intensify
(Figure4.22e). The anomaly has propagated to aboutBEL84FN, with an increase of the
propagation speed to about 21 mtsThe transport of tropical air towards the baroclinic zoye b
a southwesterly flow continues and subsequent ascent (@steeflby the intersection points) at
the baroclinic zone remains concentrated east of the ayodeigmi is weakening further and
the remnant PV of the new PV tower (labelled “2”) becomesmaijalong the baroclinic zone.
The almost complete absence of trajectory intersectiontpan the inner core of Jangmi show
that the transition from predominant buoyant ascent in téher core to predominant buoyant
ascent ahead and dynamically forced slantwise ascent tlerimaroclinic zone is completed.

During the next 24 hours a midlatitude cyclogenesis occlatse(led “4” in Figure 4.22f) in
association with the PV anomaly at the baroclinic zone. Téw ayclone has propagated fast
along the baroclinic zone with a propagation speed of ab8uh & to 162E,39N. The
deflection of thedg isotherms reveals the frontal wave character of this neloogc Ascent,
indicated by the trajectory intersection points, contsypeedominantly in the eastern half of the
PV anomaly (“4”) at the baroclinic zone. Jangmi and the newt®Ver almost have decayed,
but east of the PV remnants trajectory intersection poihtswslifting linked to the ongoing
convective bursts (cf. Figure415r).

In summary, the foregoing analysis revealed the transitiom buoyant ascent and associ-
ated diabatic PV production in the inner core of Jangmi taglprascent ahead and dynamic-
ally forced slantwise along a midlatitude baroclinic zohethe first phase of ET (until about
00 UTC 30 September 2008) Jangmi is located south of the lr@itorone and convectively en-
hanced lifting is concentrated within its inner core. In seeond phase (until about 18 UTC 30
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Figure 4.22: Vertically averaged fields in a layer from 88D fiPa: low-level potential vorticity (shaded, in PVU),
horizontal wind vectors (grey), equivalent potential temgiure (blue with a 5K contour interval for 320
©e < 335K), and pmsl (black with a 5hPa contour interval). Thesses mark every 50th location where a
trajectory intersects the pressure layer 850-750 hPa. rHEjectory data used is the set of 6 hourly 48 hour
forward trajectory calculations introduced in SecfionZ.1Data taken from ECMWF analysis. The number
labels refer to the systems introduced in Figlres|4.18] 4Th@ red line in[(b) marks the location of the cross
section in Figure4.21. The region shown focuses on the baiozone and is the same as in Figlre 4.16.

September) Jangmi interacts with the baroclinic zone aadwzlly weakens. Upright, buoyant
ascent occurs in the storm’s inner core and in convection umstable air mass to the northeast
of Jangmi ahead of the baroclinic zone. Dynamically fordedtsvise motion along the tilted
(moist-)isentropes occurs when tropical air advected bylalw-level cyclonic TC circulation
impinges on the baroclinic zone. In the last phase, new PVnaties at the baroclinic zone
sustain the poleward advection of tropical air towards i s trigger a propagation along the




4 The extratropical transition of Typhoon Jangmi (2008)

baroclinic zone. This results in the fast DRW-like propamabf a new midlatitude cyclone.

The representative trajectory calculations introduceSention 4.8 (Figurie 4.19, Table 4.3) en-
able us to analyse this transition process quantitativiéie three trajectory calculations started
at 12UTC 28 September 2008, 12 UTC 29 September 2008, and C230TSeptember 2008
correspond to the lifting during the three phases of ET. Hsé trajectory calculation, started
at 12UTC 01 October 2008, mainly reflects the lifting in thevmaidlatitude cyclone and is
therefore omitted.

The first set of trajectories (Figure 4.23a) shows thatliftoccurs almost vertically in Jangmi’s
inner core (bundle of trajectories labelled “a”) and in tieawrPV tower to its northeast (labelled
“b”). The air parcels start with low PV values at low-level3uring ascent their PV increases
strongly, especially in the low and mid troposphere witlangmi’s inner core and the new PV
tower. When reaching the upper levels the PV of the air padsdseases, reaching their values
of the lower troposphere or below. At jet level only very wdakther ascent occurs while the
parcels are advected eastward with the jet. Thus low PV diobdangmi’s environment in
the lower troposphere has been transported to jet level. \WWaegmi and the new PV tower
are closer to the baroclinic zone (Figure 4.23b) tropicakdvected east of the PV anomaly
impinges directly on the baroclinic zone. The air parcekeea region of dynamically forced
ascent and partly move along the sloping isentropes. Thenastong the baroclinic zone
is reflected by the more tilted trajectories following theishtasentropic surface especially at
upper levels. Most of the air parcels start with low PV valaetow levels, the PV increases
below the level of maximum heating and decreases to the lowpospheric values or below
at jet level. New positive PV anomalies appear at the barimchone at the location of these
trajectories (the small PV tower in the centre of Figure B.B8longs to another system, which
dissipates in the following 24 hours). However, some aicp@rexhibit almost constant low PV
during their ascent (e.g. black bundle slightly east of ‘bFigure 4.23b). These air parcels do
not move through a region of condensational heating andl#uksof diabatic PV production.
During the last phase of ET, trajectories indicate thaihliftis almost entirely slantwise along
the baroclinic zone (Figufe 4.23c). Several new PV anomalpgpear at the baroclinic zone.

A more quantitative and statistical analysis of the thregetitory calculations is given by the
temporal evolution of average, standard deviation, mimm@5% percentile, median, 75%
percentile, and maximum of PV, diabatic heating rate (D®¢),and pressure along the traject-
ories (Figuré 4.24). More than ten thousand trajectoriesaich calculation (Table £.3) allow
us to conduct this statistical analysis. By definition thgetreories represent ascending air
masses. Thus the temporal sequences correspond to apatexirofiles of the variables from
the boundary layer to the upper troposphere. In the follgwirese sequences or profiles are
described by means of the temporal evolution of the averaghisiis qualitatively similar to
the evolution of the percentiles, extremes and standanati@v.

In the first 12 hours of trajectory calculation 1 (represagtine ascent in and in the vicinity
of Jangmi cf. Figure4.23a) average PV increases strongiy fabout 0.3 PVU to 1.0 PVU
(Figur€ 4.24k). The diabatic heating rate increases from1DtK (6 hours)?! (Figure 4.24b),
thus the increase in PV occurs below the level of maximumatiaelheating.
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(a) 12UTC 29 September 2008, trajectories 28/12230/12Z

Figure 4.23: As Figurle 4.18 but zoom on the baroclinic zortbatimes indicated above each panel. The times are
centred around three of the four representative 48 hourdiahirajectory calculations (starting end times of
the calculation also indicated above each panel) intradlic&ection4.3. Every 100d trajectory is shown for
the full 48 hour calculation period. See caption of Fidufe84and Figure4.19 for more details of the plot and
trajectory calculations.
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In the same period, the air parcels ascend moderately fromvarage level of 940 hPa to
800 hPa (Figure 4.24d). During the next 12 hours the moderateage ascent continues to
about 620 hPa while PV remains almost constant at 1.0 PVhbadih diabatic heating slightly
decreases. However, diabatic heating has a second maxirhaimoat 14 K(6 hours)! at
18 UTC 29 September (hour 30) at an average pressure hei@ddfPa. This peak reflects
the diabatic PV production in the new PV tower that develdptha baroclinic zone. Thus
some trajectories are below and some are above their levebhgimum diabatic heating and
consequently the average PV remains constant. Also higheirfrom lower levels is partly
advected vertically. While at 12UTC 29 September (hour 24)25% and 75% percentiles
of pressure show a wide range from 850 hPa to 420 hPa this egeases to 460 hPa to
240 hPa in the following 12 hours indicating a rapid asceminfran average level of 620 hPa
to 360 hPa. This reflects partly the ascent in the upper paladgmi’'s PV tower and mainly
the strong ascent from low to upper levels in the new PV towleickv has developed in ex-
actly that period (see the two bundles of trajectories ctoségangmi’s and the new PV tower
in Figure4.23a). At the beginning of this period rather haylerage PV of 1.0 PVU, reflects
the diabatic PV production at lower levels in the new PV tqvedter 18 UTC 29 September
(hour 30) the mean PV starts to decrease. PV then continudsctease above the region of
maximum diabatic heating to low values of 0.2 PVU. All air g&ls reach the jet level at an
average pressure level of 220 hPa (maximum 350 hPa, minin@Um®P&). In the last six hours
of the calculation almost moist isentropic upgliding (age©e ~ 351 K) of on average 50 hPa
occurs (Figure 4.24c| d) reflected in the trajectories thatséanted in the upper levels rather
than upright (Figure 4.23a).

Interesting changes occur when Jangmi approaches thdibaraone (Figuré 4.24e-h cf. Fig-
ure4.23h). The increase of average PV is less marked, singefom initial values of 0.3 PVU
at 930 hPa to 0.7 PVU at 750 hPa after 12 hours (Figure 4.24sh ascent occurs more rap-
idly. The air parcels reach an average height of 530 hPa24teours (Figure 4.24h, compared
to 620 hPa in the previous calculation). Once reaching #visl] the air parcels ascend on av-
erage moist isentropicallyGe ~345K) to jet level (Figurg 4.24g). More trajectories exhibi
slantwise ascent along the baroclinic zone (Figure 4.28hpr than an upright ascent in the PV
towers as in calculation 1 (Figure 4.23a). In the last sixrhad the calculatior®e ~ 345K is
almost equal t® ~ 344 K. Thus the air moves almost adiabatically. This is csimsit with the
almost constant value of PV which has decreased to low vallies average 0.25PVU at jet
level. Similar to the previous calculation the diabatictirgashows a layer of high heating rates
between 870 hPa and 420 hPa (Figure 4.24f). Highest valuB¥ afccur in that layer while
above PV decreases.

The statistics for trajectory calculation 3, representirggascent along the baroclinic zone (Fig-
ure’4.23t), reveal that ascent occurs much faster in therlbaposphere with the air parcels
reaching 490 hPa after the first 24 hours (Figure 4.24l, coetp@ 530 hPa in calculation 2 and
630 hPa in calculation 1). This is possibly due to a more aaftesind synchronous slantwise
ascent along the baroclinic zone reflected in the reducedistd deviation for pressure com-
pared to calculation 1 and 2 (grey shading in Figure 4.24Fafure 4.24d and Figure 4.24h).
The average PV maximum of 0.7 PVU occurs earlier (Figureia2dr 12 hours) and at a lower
average level of 710 hPa (see the new low to mid-level PV ahoima&igure4.23t). This is
also the level of a maximum in diabatic heating (Figure 4.24jK(6 hours)?1). Above this
peak, PV starts to decrease. Periods of almost moist iggatascent (constant avera@g)
occur in the first 24 hours of the calculation (Figure 4124k, ® and 12— 18 hours). After 30
hours (18 UTC 01 October 2008) air ascends moist isentripmibaveraged. = 341 K. In the
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Figure 4.24: Temporal evolution of statistical propertiéspecific variables along the first three representative
trajectory calculations (Table 4.3). Statt end times of the calculations are shown above each panelinPV (
PVU), (a),(e),(i), diabatic heating rate (in K/(6 hourq®),(f),(j), @ (in K) (c),(g9),(k), and pressure (in hPa)
(d),(h),() traced along the trajectories. The boxplovgminimum, 25%, 50% (Median), 75% percentiles, and
maximum. The black solid line marks the average and the dragling the averageé one standard deviation.
Note that the abscissa is expanded between the two veitiesl ind becomes irregular outside. The ordinate
shows time after the initialisation of the calculation. @e tight of the figure the ordinate is labelled with the
pressure averaged over the trajectories at a given time.

last 6 hours PV remains almost constant as the air is asggrttiwly and adiabaticallyde ~
341 K~ ©) from an average pressure of 290 to 260 hPa. The air parcath eelower height
compared to the previous calculations, but neverthelessrtrach the lower jet level.

In summary, the statistical analysis of PV a@d along the representative trajectories proved
two important physical processes: Firstly, diabatic PVdaciion occurs at low and mid levels
in ascending air masses in the PV towers linked to Jangmi atiteabaroclinic zone. This
is followed by diabatic PV reduction in upper levels above thAyer of maximum diabatic
heating. And secondly, a transition occurs from buoyanigiyrascent to jet level in the PV
towers (Figuré 4.23a) to dynamically forced moist isentgantwise ascent to jet level along
the baroclinic zone during the later stages of ET (Figur8e).2
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4.3.2 Focus on the midlatitude jet

During the ET of Jangmi a distinct outflow-jet interactionsmabserved which resulted in a
strong acceleration of the jet core wind speed to more thans8® at 00 UTC 01 October
2008 (cf. Section4.1.2, Figure 4.5m). The analysis so fawsld that physical processes at the
baroclinic zone are crucial for that interaction of Jangm éhe midlatitudes. In this section
the analysis is concluded by having a closer look at the éenlwf the midlatitude jet.

The origin of the air in the jet core is investigated by backdvaajectory calculations that end
in a box at jet level (100-17€, 20-60N, 8000-15000 m above mean sea level) at 00 UTC 01
October 2008 and started 48 hours earlier. The trajectfuiisthe criterion of ascent in excess
of 8500 m during the 48 hour period. Almost all air parcelst tiiscend in that time period start
in the environment of Jangmi, are either lifted in Jangmitaha baroclinic zone, and end in
the vicinity of the jet core (Figufe 4.25). Thus this backaglculation is comparable to the
forward calculation 2, which captured the trajectories #sgend from low levels in the vicinity
of Jangmi and at the baroclinic zone. The PV traced alongrtjectories indicates that low
PV air is transported to jet level (black shades in Fiqur&y.Zhe northernmost trajectories
end directly in the jet corel{ >50 ms ! marked by green shading) while the southernmost
trajectories move around the subtropical anticyclone ¢cethst of Jangmi.

A more detailed look at the transport of low PV air to the jegigen in Figure 4.26. The
trajectories end with low PV air in and south of the jet coree@n transparent surface in Fig-
ure4.26h). The air mostly ascended vertically in the ceoftidangmi and the new PV tower,
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Figure 4.25: Trajectories ending in the box 100-17920-60N, 8000-15000 m above mean sea level at 00 UTC
01 October 2008, started at 00 UTC 29 September 2008 andataidupackward for a 48 hour period. The air
parcels fulfil the criterion to ascent more than 8500 m in tBdadur period. The colours indicate PV along the
trajectory. PV below 0.6 PVU is shown in grey colours, abaveed colours. Every 200d trajectory is shown.
The green transparent shading shows the threedimensiafats of horizontal wind speed >50ms™t. The
black contours show the 2, 5, and 7 PVU contour at the iseiatiepel of © = 340K. View is from top and
centred on the domain in the threedimensional cube. Pledsgthat the grid refers to the level of about 400 hPa
and is due to optical distortion only an estimate for the meti®gical fields shown. Date shown is 00 UTC 01
October 2008. To be compared with Figure 4.5m.
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and partly slantwise along the baroclinic zone (cf. trajectalculation 2, discussed before).
The jet is located at the strong tropopause step to the nérdlargmi (reflected in the blue
1.5PVU surface in Figufe 4.26b). The trajectories reveat the low PV air is transported
directly beneath the dynamic tropopause (also represédmytéide 1.5 PVU surface) and to the

(b)

Figure 4.26: Threedimensional view from the southeasterdmthe jet core region. Trajectories are the same as
in Figurd4.25 and shaded by PV (in PVU). The 1.5 PVU PV suriasbown in blue shading. The green trans-
parent shading (trajectories ending in the jet appear pal@) illustrates the midlatitude jetf >50ms™?).

In (b) the jet is omitted to give a clearer view of the dynam@pbpause and the tropopause step. ECMWF
analysis shown at 00 UTC 01 October 2008.
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south of the tropopause step, resulting in a lifting of tlipapause. This is consistent with the
occurrence of the low PV region in the cross section disausadier (Figure 4.21) and similar
to the “PV wall” and tropopause fault described by Atallaki @vsatt (2003) for the ET of
Hurricane Floyd (1999). The statistical analysis of thelatwon of PV along the representative
trajectories confirms that low PV air is transported to jeeldFigure 4.217). As in calculation 2
the highest PV values occur in the lower half of the troposphe the layer of maximum dia-
batic heating (-42 to -24 hours). At jet level (timestep Gerage pressure 210 hPa, minimum
130 hPa, maximum 350 hPa) average PV is very low at about Q.2 RY a consequence of the
transport of low PV air the PV and temperature gradient atrihgopause and tropopause step
increases, resulting in an acceleration of the jet. In the section, the impact of Jangmi on
this acceleration will be quantified using PV inversion t@ges.
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4.4 Quantification of the impact of Jangmi on the midlatitide

4.4 Quantification of the impact of Jangmi on the
midlatitudes

The foregoing detailed investigation based on analysisoinsérvational data revealed import-
ant interactions between Typhoon Jangmi undergoing ETlanchtdlatitude flow. This is most
prominently manifested in the advection of warm moist aioat levels by the cyclonic circu-
lation of the TC towards a baroclinic zone, subsequent astansport of low PV air to upper
levels, and acceleration of the midlatitude jet. Howeves,quantitative contribution of Jangmi
to this midlatitude evolution remains unclear. In this gattthe impact of Jangmi on the mid-
latitude jet stream and on the downstream flow evolution bgliquantified with the help of a
PV surgery experiment. The technique outlined in Sectidrlds designed to remove a mature
TC cleanly from an analysis field, while leaving the largeale environment unchanged. We
apply this method to remove Jangmi from the initial condii@f a COSMO simulation. The
role of Jangmi in the evolution of the midlatitude flow is qtiked by comparing the synoptic
evolution in this model run against a control simulation.

4.4.1 Setup of the control and no-TC experiments

Two COSMO simulations are computed, both with the same coraigun except for the initial
conditions. Six-hourly ECWMF analysis (with 0.2Borizontal resolution, experiment rd f7m4
see Section 3.1.1, named ECMWEF analysis in the remaindeg asvoundary conditions. The
model runs start at 00 UTC 28 September 2008, which is a fewshmwior to landfall in Taiwan.
Jangmi is located at about 128, 23°N and had reached peak intensity in the previous 24 hours
(cf. Sectiorn4.1]2). At this time an impact of Jangmi on thelatitudes is not yet evident (cf.
discussion in Sectidn 3.2.5). The simulations run for 150reantil 06 UTC 04 October 2008.
The horizontal domain covers the entire North Pacific. Imfation on the COSMO model
runs are summarised in the Appendix A in TablelA.1. The cdsiraulation (CNTRL=S20)
is initialised from the unmodified ECMWF analysis. The positV anomaly linked with
Typhoon Jangmi and the associated anomalies in the medgaral fields have been removed
in the initial conditions for the no-TC simulation (NOTC=NRzsing the PV surgery technique
(Section 3.2.4). Details of the PV inversion and the anondaffinition are summarised in the
Appendix, Tabl€A.R2 (cf. steps in Section 3]2.4).

4.4.2 Verification of the control run

It is difficult to disentangle the flow contributions from th€ and from the midlatitudes during
the interaction of the TC undergoing ET with the midlatitdtbev. Therefore in this study, the
extratropical flow contribution is represented by a COSMOusation (NOTC) in which the
storm had been removed from the initial conditions usingRiesurgery method Section 3.2.4
prior to ET.

The temporal evolution of the meteorological fields in a COSM@ulation is determined by
the COSMO model physics, dynamics and numerics. Thus, a itptas® comparison of the
COSMO simulation with modified initial conditions (e.g. the-mC run) against the total flow
evolution requires a reference simulation (CNTRL), whichsue same model configuration
except that it is initialised from the unmodified analysisevirtheless, for this study it is very
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Figure 4.28: Track of Jangmi/the downstream cyclone in CNERnulation (blue, labelled S20/S20N), starting
at 00 UTC 28 September 2008 and in the ECMWF analysis (blabk]|led F715/F7N5) starting at 00 UTC 26
September 2008. Track of the downstream cyclone in the NOM@lation starting at 06 UTC 30 September
(grey, labelled N22). Thick points, labelled with the daySafptember/October 2008 mark 00 UTC times, thin
points mark 12 UTC times. pmsl from ECMWF analysis shown at TC\28 September 2008 (grey contours).

important that the control simulation represents the dirapact of the ET on the midlatitudes
close to the analysis. The most prominent features duriegthof Jangmi are:

¢ Following landfall in Taiwan, Jangmi started to recurvangitioned into an extratropical
system and weakened.

e During recurvature, an important interaction of the outfloivTyphoon Jangmi and the
midlatitude jet occurred.

e An enhanced flow between the subtropical anticyclone ea3ammgmi and a TUTT cell
was evident.

e After recurvature, Jangmi underwent the transformatiagestof ET then decayed and
lacked reintensification.

¢ Slightly downstream of Jangmi an extratropical cycloneeligyed. With respect to the
direct impact of Jangmi on the midlatitudes, this is of selzwg interest.

1070 ,-?—E;;f»s ?\/\\ | ' . Obviously, due to the extended time period
= N YN} (>6 days) in which th t it
; : N v [ (>6 days) in which these events occur, i
I : \‘f‘]/?s“\\ ___| can not be expected that a COSMO simula-
1000 - f ~\ K7 tionrepresents the entire evolution accurately.

| === S20N /,
\\‘ 3 ~—N

N

\ /'l However, choosing the initial time 00 UTC 28
: : N\ [ September 2008 and using six hourly analysis
990 —-4-pf .| data as boundary conditions allows the direct
1 ‘ ‘ [ impact of Jangmi on the midlatitude flow to
be simulated accurately. As will be shown in
the following, the main limitation in the rep-
resentativeness of the CNTRL run is in the
evolution of the downstream cyclone. This
1 1 1 | cyclone develops in the forecast time range
970 — i i —  beyond 96 hours (4 days) and may show sens-
28/00 30/00 02/00 04/00 itivity to other factors beside the ET system.
Figure 4.29: Minimum pmsl (in hPa) in the centre o§ince the downstream cyclone is only of sec-
Jangmi (solid) / of the downstream cyclone (dasheghdary interest, the CNTRL run is found to

in ECMWEF analysis (black, labelled F715/F7N5) : . .
CNTRL (blue, labelled S20/S20N) and NOTC (greyt?e suitable as a reference simulation for the

labelled -/N22).
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investigation of the impact of Jangmi on the midlatituded an the outflow jet interaction.

The control simulation starts at 00 UTC 28 September 200&IghHmefore landfall in Taiwan.
In the first 24 hours Jangmi follows a track similar to the kracthe analysis data (Figure 4/28)
and the pressure at mean sea level in the centre of Jangreases from 974 hPa to 993 hPa
(Figur€ 4.29) which is almost identical to the increase ia émalysis (994 hPa). During the
subsequent recurvature Jangmi lags slightly behind thiysedtrack. This may be explained
by a little different background flow in the control simutaii At 00 UTC 01 October 2008
the track of Jangmi in the control simulation is slightly tioof the analysed track. Due to
the slower propagation, Jangmi is located closer to theatiidtle trough that approaches from
the west (cf. Figures 4.5kim and Figufes 4I37a,c) and a waiakensification occurs (from
1001 hPa at 12 UTC 30 September 2008 to 996 hPa at 00 UTC 01&@6068, Figure 4.29).
In the subsequent days Jangmi decays in both the CNTRL run arahtlysis. The minimum
pmsl increases to more than 1005 hPa (Figure 4.29) and Jdreads somewhat back to the
tropics (Figuré 4.28). In summary, the comparison of thektemd minimum pmsl in the control
simulation and the analysis showed that Jangmi’s recureaind decay after landfall in Taiwan
are represented accurately in CNTRL.

The track (Figure 4.28) and minimum central pressure ([Eldu29) of the extratropical cyclone
downstream of Jangmi indicate that the cyclogenesis i<é&steto occur at about the correct
location and time in CNTRL. However, the control simulatioiisfao predict the deepening

after 00 UTC 01 October 2008 and the downstream cyclone in CNdiepagates much faster
than in the analysis. Hence the control simulation provdyg a limited representation of the

impact of Jangmi on the downstream cyclogenesis.

A good representation of Jangmi’s ET and direct impact onntidlatitudes in the control
simulation is reflected in the high anomaly correlation @ioeint of geopotential at 500 hPa
(ACC, blue in Figure 4,30). ThACCis well above 0.6 - the threshold for a useful simulation
(Persson and Grazzini 2007) - through the entire calcuigtiriod. During the first 48 hours
of simulation theACC is above 0.99 and during the outflow-jet interaction (on 3ptSmber
2008) it remains above 0.95. The control simulation deggdd@&CC = 0.85 until 0OOUTC 4
October during the cyclogenesis of the downstream cyclonél 2 October (+120 h) th&CC

of the control run is almost identical to the mean ACC in theedatnistic IFS forecast. After 3
October 2008 (+144 h) the COSMO CNTRCC > 0.85 characterises a very good simulation
compared to the mean IFS-ACC.

1

Figure 4.30: Anomaly correlation coefficient0-95 1
(ACC) of 500 hPa geopotential calculated ong ¢ | 2"
the subdomain 100-24&, 20-60N every IFS \\
12 hours. Data shown for the control simula®-8°
tion (blue) and the no-TC simulation (grey). 0.8
The ECMWEF analysis is used as the anas __ |
lysis data and the daily mean values of ERA-"
INTERIM interpolated on a 0.2%0.25 ho- 0.7
rizontal grid as the climatology (cf. Sec-O 65 |
tion[3.3.3). Additionally the mean ACC for
all deterministic ECMWF IFS forecasts dur- 0.61
ing 1 August 2008 to 1 November 2008 caly, s |
culated for the domain 128-300E, 20°N-

- - 0.5 ‘ i i : :
60°N is shown in black. 98SEP  29SEP  30SEP  10CT  20CT  30CT  40CT




4 The extratropical transition of Typhoon Jangmi (2008)

(a) CNTRL, +12h; 12 UTC 28 September 2008 (b) CNTRL, +60h; 12 UTC 30 September 2008
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(c) analysis-CNTRL, +12h; 12 UTC 28 September 2008 (d) analysis-CNTRL, +60h; 12 UTC 30 September 2008
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Figure 4.31: (a),(b) wind vectors (black), wind speed (gltadn ms1) at 200hPa, pmsl (black contours, every
5 hPa) from CNTRL and contours of 200 hPa wind speed (blackethsl5,45,75 ms) in ECMWEF analysis.
(c),(d) difference wind ECMWF analysis minus CNTRL simubatis shown. The valid time is indicated above
each panel. Note the different colour bars in a,b and c,d.

The representation of the outflow-jet interaction in thetoarsimulation is verified using the
jet-level wind speed (Figure4.31). After 12 hours, the wapked at 200 hPa differs only
slightly in the region of the midlatitude jet (Figure 4.3d)a,Most of the differences occur in the
region of the TC outflow at around 128, 30°N to the north and east of Jangmi (Figure 4.31c).
Although the control simulation captures the outflow at aa28E, 30N (Figure 4.31a), it

is weaker than in the analysis (cf. 15 m'scontour from analysis (dashed) and CNTRL). At
12 UTC 30 September 2008, when the outflow-jet interactiarurs; differences in the region
of Jangmi are mainly confined to the southern side of the jetktover Japan (Figure 4131d).
The largest differences are found near the second jet stezkthe Pacific and near the flow
around the subtropical anticyclone south of Japan. In tlayais (dashed contours in Fig-
ure4.31b), the second jet streak is more distinctly sepdfabm the jet streak over Japan by a
trough near 16{E than in CNTRL (Figure 4.31b). The flow around the subtropicgicgclone

is weaker in the control simulation (cf. 15 m'scontour from analysis (dashed) and CNTRL
in Figure 4.31b) but it captures the enhanced flow betweeartieyclone and the TUTT cell,
centred at about 188, 23N. Thus there is an overall good representation of the outfétw
interaction during the ET of Jangmi in the control simulatend of the enhanced flow at the
eastern side of the subtropical anticyclone.
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4.4 Quantification of the impact of Jangmi on the midlatitide

In summary, the verification of the CNTRL simulation againg #nalysis showed that this
COSMO run is well suited as a reference simulation for the EJaoigmi. The most prominent
ET features, e.g. the recurvature and decay, the outflomtgiaction, and the enhanced flow
between the subtropical anticyclone and the TUTT cell greasented accurately. However, the
extratropical cyclone downstream of Jangmi beyond day Aesimulation is different. There-
fore after 96 simulation hours the CNTRL run is only a limite@nesentation of the analysis.
Nevertheless, the control simulation is suited to invesgéghe evolution of the downstream

scenarioconstituted by this simulation.

Empty space for setting the following text next to figure panel




4 The extratropical transition of Typhoon Jangmi (2008)

4.4.3 The interaction with the jet
4.4.3.1 The effect of PV surgery at initialisation time

The interaction of Typhoon Jangmi and the midlatitude jefuantified at the 200 hPa pressure
level since the jet streak and the outflow of Jangmi were mashment at this level. At00UTC
28 September 2008, the initialisation time of the CNTRL and MGSimulations, a distinct
midlatitude jet is evident at 200 hPa in the northwest Paifgon (Figuré 4.32a). The zonally
oriented jet streak which will interact with Jangmi’s outflas located over China (at about
115°E, 40°N) and approaches Japan (cf. with discussion of Figure$@®an Section 4.112).
Another zonally oriented jet streak is located over Japaast Bf 155W a southwesterly jet
streak is obvious. The effect of the PV surgery is confinechoregion around Jangmi. At
the surface a difference pmsl of less than -34 hPa reflect$@eemoval (Figure4.32c). At
200 hPa in CNTRL (Figurle 4.82a), a divergent cyclonic flow in these vicinity of Jangmi
(with a radius of less tharf3ongitude/latitude) curves anticyclonically into a largeale anti-
cyclonic circulation representing the TC outflow (with aitedof up to 20 longitude/latitude
to the east). In the NOTC run (Figure 4.32b), the upper-lamticyclone to the east of Jangmi
extends westwards to the Chinese coast (as indicated by titewsctors in Figure 4.32b). In

(a) CNTRL, 00 UTC 28 September 2008 (b) NOTC, 00 UTC 28 September 2008
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(c) CNTRL-NOTC, wind 200 hPa, 00 UTC 28 September 2008
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Figure 4.32: (a),(b) wind vectors (black), wind speed (sltadn ms1) at 200hPa, and pmsl (black contours,
every 5 hPa) at the initialisation time of the CNTRL/NOTC glations (00 UTC 28 September 2008). For (a)
CNTRL and (b) NOTC simulations. (c) 200 hPa difference wiie€bTRL minus NOTC and difference pmsl
(every 5hPa; values5 hPa solid<-5 hPa dashed).
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4.4 Quantification of the impact of Jangmi on the midlatitide

(a) CNTRL, +0h; 00 UTC 28 September 2008 (b) NOTC, +0h; 00 UTC 28 September 2008
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Figure 4.33: PV (in PVU, shaded), wind (grey vectors and lbldashed with a 20 ms contour interval for
V| > 50 ms1) at the isentropic level d®=340K, and pmsl (black contours every 5hPa). On the left ftata
the CNTRL simulation is plotted and on the right data fromM@TC simulation

the region of Jangmi (north)easterly flow occurs at 200 hP& domplex transition from cyc-
lonic circulation close to Jangmi to the anticyclonic owtfls not present. This is reflected
in the difference wind, which is most pronounced to the seash of Jangmi where the upper-
level cyclonic circulation close to Jangmi opposes disettie northeasterly flow without the
storm (Figuré4.32c). Despite this, the difference wind @@ BPa in the larger scale is pro-
nounced to the north and east of Jangmi and can be attributesdanticyclonic outflow. South
of Japan (centred at about P28 29’ N) the outflow leads to an enhanced westerly flow and
east of Jangmi (from about 133, 27N to about 133E, 15N) to a more northerly flow (cf.
Figurd4.32a-c).

The westward extension of the subtropical anticyclonegardr on the 340 K isentropic surface
(at about 350 hPa in the region of Jangmi, Fidgurel4.33). Witdangmi, a closed anticyclonic
circulation extends from 115-18B, 15-35N at 340K (Figuré4.33b), while in the CNTRL
run the circulation is deflected sharply northward at theezasedge of Jangmi at about 8D
(Figurd 4.38a) due to the cyclonic circulation associatét dangmi’s positive PV anomaly at
340K (cf. Figuré 4.35d).

4.4.3.2 The evolution of the upper-level flow

The interaction of Jangmi and the midlatitudes during ETilted in marked changes of the jet
structure. In the following, the impact of Jangmi on thesages is quantified with a 24 hourly
sequence of 200 hPa wind in the CNTRL and NOTC simulations (E&d.34 anf 4.35).

At 12UTC 29 September 2008 in the CNTRL simulation (Figured)34he jet streak, de-
tected over China 36 hours earlier (Figure 4.32), has becaatiersary over Japan. This is
accompanied by a pronounced southwesterly outflow centré8&E, 30°’N extending from

Jangmi over the northern East China Sea, Korea, and the Segpanh Jowards the midlat-
itude jet streak. Without Jangmi (Figure 4.34b) the soustemty flow west of Japan is not
present, the jet streak is weaker and displaced eastwatdbtat A52E, 40°N. Another clear

difference is the enhanced flow at the eastern (centred at AB& E, 27°N) and southern flank
(127-143E, 20°N) of the subtropical anticyclone when Jangmi is presentRicfures 4.34a,b).
The anticyclone is also located slightly further north in GNT(with a ridge axis from about




4 The extratropical transition of Typhoon Jangmi (2008)

(a) CNTRL, +36h; 12 UTC 29 September 2008 (b) NOTC, +36h; 12 UTC 29 September 2008
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Figure 4.34: Wind vectors (black), wind speed (shaded, imhat 200hPa, and pmsl (black contours, every
5 hPa). Data in the left/right column is from the CNTRL/NOT@nr The forecast hour and valid time are
indicated above each panel.

-

=3 2

126°E, 27N to 142E,27N) compared to NOTC (with a ridge axis from about 1E225 N to
142°E, 25°'N). These differences are reflected in the difference wirkDathPa (Figure 4.35a).
The dipole in pmsl anomaly at about TEL 17N in Figuré 4.35a also reveals that Typhoon
Mekkhala in the South China Sea has a different track whictisléa some differences in the
200 hPa wind in that region.

The interaction of the outflow of Typhoon Jangmi and the ntitllde jet in the control simu-

lation becomes apparent at 12 UTC 30 September 2008 (Figgde}4 As Jangmi approaches
the midlatitudes, the southwesterly outflow (centred afE385 N) towards the jet streak over
Japan persists (Figure 4134c) and the jet streak expandsvezsiward towards Jangmi (see
the extension of the green shades in the southwestern cofitlee jet streak). The jet core
wind speed has increased to more than 75t $n contrast, without Jangmi (Figure 4134d),



4.4 Quantification of the impact of Jangmi on the midlatitide

(a) CNTRL-NOTC, +36h; 12 UTC 29 September 2008 (b) CNTRL-NOTC, +60h; 12 UTC 30 September 2008
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Figure 4.35: Wind vectors (black), wind speed (shaded, inthat 200hPa, and pmsl (black contours, every 5
hPa). Data shown is the difference of CNTRL minus NOTC sittioia The box marks the subsets shown
in Figure 4.34. (d) difference of PV (shaded) and wind vex{grey) on the 340K isentropic surface CNTRL
minus NOTC, pmsl andW| > 50m s on 340K (dashed contours every 20 )sof the CNTRL simulation.
The forecast hour and valid time are indicated above eacélpan

the jet wind speed over Japan reaches values of only abous5t rin the control simulation
(Figurd 4.34c), a weak ridgebuilding begins downstreanmaafydni and south of the jet streak.
Further eastward a rather zonally oriented strong uppel-flow is present|g,| > 70 ms™2).

In the NOTC experiment (Figure 4.34d), a broad trough isgesver Japan, followed by a
broad ridge to the east over the Pacific. A jet streak with véipded of more than 70 m$

is present at about 176, 45N near the ridge axis. As on the previous day the flow of the
subtropical anticyclone is enhanced in CNTRL, in particuletween its eastern flank and the
upper-level TUTT cell. The enhancement and the locatioth&rnorth of the jet streak are
reflected in an absolute wind speed difference of more than €6 between the two model
runs (4.35b). Over the Pacific the 200 hPa difference windctflthe different amplification of
the midlatitude wave guide in CNTRL and NOTC. The flow around tii#repical anticyclone
is more than 20 ms' faster at the eastern (198, 34N) and southern flank (14&, 19N) in
the presence of the enhancement due to Jangmi’s outflow.

One day later, at 12 UTC 01 October 2008, the jet streak hatedtto propagate eastward
and an elongated region of very high wind speld| > 75 ms 1) extends east of Japan (Fig-
ure4.34e) in the control simulation. Jangmi continued toageand the southwesterly outflow
is less distinct. The extratropical cyclone downstreamamigini develops in the southwestern
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entrance region of the jebre (at about 148, 36°N). In the NOTC simulation (Figure 4.34f),
the extratropical cyclogenesis occurs also but slightiyhier south ahead of the trough and in
a southwestern jet entrance region at about E484’N. The evolution of the downstream cyc-
lone in both scenarios will be compared in Section4.4.5. TH&T cell moved westward in
the control simulation and enhanced flow between its norskeve flank and the subtropical
anticyclone persists centred at about I5@3N (Figure 4.34e). The difference wind reflects
the differences in the deflection of the midlatitude wavedguand the associated jet streaks
(4.35¢). Itis most pronounced at about 1IB540°N between the trough and ridge in the NOTC
experiment. Here wind speed differences over a wide areseex40 ms'. The different po-
sition of the TUTT cell in the simulations results in a secoagdion of high difference winds.
A dipole in the pmsl anomaly at about 148 35N reflects the different locations of the down-
stream cyclogenesis. The broad region of pmsl anomaly5 hPa in the northeastern edge of
the panel indicates that the central midlatitude low is veeakd located further northeastwards
when Jangmi is not present (cf. Figures 4.34e,fland 4.35c).

The comparison of the CNTRL and NOTC simulations enabled usigmiify the impact of
Jangmi on the midlatitude jet. The main results are:

e The interaction of the outflow of Jangmi and the midlatitueieduring ET (29 Septem-
ber to 01 October 2008) resulted in an acceleration of theget wind speed of about
25ms L. In conjunction with the northward shift of the jet strealeodapan an absolute
wind speed difference of more than 40 it st 200 hPa occurred.

e At the same time, downstream of Jangmi and south of the gdlstover Japan, a weak
upper-level ridgebuilding occurred when Jangmi was pries@#hthout Jangmi a broad
trough developed which transitions into a broad ridge overRacific.

e As a consequence, the midlatitude jet is rather zonallynteek when Jangmi is present
while a wave pattern with a long wave length of about’ll@dgitude is present without
Jangmi. Thus the outflow of Jangmi acts to zonalise the niialtse flow.

e The outflow of Jangmi initially enhanced the flow around thpergevel subtropical an-
ticyclone with a magnitude of up to 20 mat its northern side (close to the jet). Later
during ET (after 12 UTC 30 September 2008) the flow on the eagtéose to the TUTT
cell) and southern flank was enhanced.

¢ In the presence of Jangmi the TUTT cell was more pronouncedeaéend of ET and
propagated westward, in accordance with the analysis. dhebiétween the subtropical
anticyclone and the TUTT cell was significantly acceleraeti2 UTC 01 October 2008.
The impact of Jangmi on this TUTT cell may constitute a feettieom ET to the tropics.

e Since the ET of Jangmi alters the upper-level midlatitude,fkne forcing for the cyc-
logenesis downstream is altered resulting in a differecaiion and development of this
cyclone in the subsequent days (see also Section 4.4.5).
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4.4.4 The interaction with the baroclinic zone

The acceleration of the midlatitude jet was investigateSention 4.8 using analysis data. With
the help of trajectory calculations it was found that the@ase of the upper-level PV gradient
in the jet region was due to warm moist tropical air advecteddngmi’s low-level circulation
impinging on the baroclinic zone. This leads to buoyant aymhdhically forced ascent ahead
of and along the baroclinic zone accompanied by enhancéatiizheating at mid levels. Dia-
batic PV destruction occurred above the level of maximuntihgaThus low PV air was partly
transported from lower levels to the upper troposphere drndcied by the TC outflow enhan-
cing the upper-level midlatitude PV gradient. This resiiitean acceleration of the midlatitude
upper-level jet. In the following, the representation aéthhysical mechanism in the CNTRL
and NOTC simulations will be investigated.

Representative 72 hour forward trajectories are computgdbttiginate from low-levels in the

Table 4.4: Details of the 72 hour forward trajectories base@ hourly CNTRL and NOTC data

origin lon, lat, z 118E-179E, 17N-45N, 0-2000m amsl
calculation period 72 hourforward from 00 UTC 28 Sep 2008 to 00 UTC 01 Oct 2008
criterion ascent in 72 hours 8500 m

(a) CNTRL

(b) NOTC

Figure 4.36: Representative 72 hour forward trajectoraesel on CNTRL (a) and NOTC (b) simulation. Calcu-
lation details in Table4l4. Shading indicates PV along thttories. Every 200th trajectory at the end of the
calculation period shown. The view is from the south.
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region of the baroclinic zone (Table 4.4). In the NOTC sintiola55% fewer trajectories are de-
tected (18069) compared to the CNTRL scenario (40542). A=iatialysis data (Figure 4/19),
the trajectories based on the control simulation reveahgtupright motion in Jangmi, ahead
of the baroclinic zone directly downstream of Jangmi, arah@lthe baroclinic zone further
downstream (Figurie 4.86a). This reflects the upright, bool#ing in the TC inner core, the
advection by Jangmi impinging on the baroclinic zone andegbent slantwise, dynamically
forced ascent along tilted isentropes, and the advectwartts the baroclinic zone by the newly
generated PV anomalies (cf. discussion in Section4.3¢.thajectories based on NOTC are
mainly associated with slantwise, dynamically forced asedong the baroclinic zone during
the extratropical cyclogenesis east of Japan (Figure 4.38he trajectories in the region of
Jangmi are completely missing. Thus the strong ascent didtaelinic zone south of Japan
and the net transport of low PV air to upper levels is not prese

As presented in Section 4.1.2 for the analysis, 48 hour fatwajectories were calculated for
the CNTRL and NOTC runs. The calculation was restarted evergusshduring the period
00 UTC 28 September 2008 to 18 UTC 30 September 2008 . The detajed in Table 4]/5
is suited for the detection of the ascent along the baraciione. Intersection points of these
trajectories are shown in the following together with PV ba 840K isentropic surface (Fig-
ure4.37). The features on the 340K isentropic surface irctimrol simulation constitute a
very good representation of those in the analysis (cf. Egu.37a,c and 4.6kkm). Only a

(a) CNTRL, +60h; 12 UTC 30 September 2008 (b) NOTC, +60h; 12 UTC 30 September 2008
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(c) CNTRL, +72h; 00 UTC 01 October 2008 (d) NOTC, +72h; 00 UTC 01 October 2008
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Figure 4.37: As Figurie 4.33 but for 12 UTC 30 September 20@B381JTC 01 October 2008. Crosses mark every
10th trajectory intersection point of the series of 48 hauwfrd trajectories (Table 4.5) with the 34@K.5K
isentropic layer at the time shown. Cf. with analysis in Fegld.5km.
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(a) CNTRL-NOTC, +60h; 12 UTC 30 September 2008 (b) CNTRL-NOTC, +72h; 00 UTC 01 October 2008
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Figure 4.38: As Figure 4.35d: difference PV (shaded) anf@rdihce wind vectors (grey) on the 340K isentropic
surface (CNTRL minus NOTC). Pmgij| > 50 ms on 340K (black dashed every 20 m'$, and every 10th
trajectory intersection point (as in Figlre 4.37 (a),(cpnfi the CNTRL simulation. Forecast hour and valid
times indicated above the panels.

small difference exists in the trough downstream of thetjetedk (at about 16 at 12 UTC 30
September 2008) This trough is more pronounced in the asalys

At 12 UTC 30 September 2008, the 340 K isentropic PV in therobstmulation (Figuré 4.37a)
highlights a weak midlatitude trough over the Yellow Searapphing Jangmi (as indicated by
the curvature of the 2 PVU contour at approximately ‘236 N). Downstream of Jangmi
weak ridgebuilding occurs over Japan with very low PV air ¢PV0.2 PVU) to the southern
side of an enhanced midlatitude PV gradient. As a conseguenstrong jet streakV| >
80 ms1)is located over Japan. The trajectory intersection pairgsaligned along the southern
edge of the low PV region. This indicates that ascent andrtvesport of low PV air occurs
in the region of the jet streak. A second concentration adrgection points aligns along the
midlatitude wave guide further downstream. In contrast,NNOTC experiment (Figufe 4.37b)
indicates a broad trough in the region of Japan and only a \etadtreak [, > 50ms?).
Hardly any trajectory intersection points are present@tbe midlatitude wave guide. However,
the first set of trajectories (Talle 4.4, Figure 4.36b) iathe that some trajectories occur that
ascend more than 8500 m in 72 hours. Ascent is much sloweowtittangmi as indicated by
the rarity of trajectory intersection points in NOTC in thexend set of trajectories with a more
strict criterion to ascend more than 8500 m in 48 hours (TéBlg-igure 4.37b).

The ridgebuilding due to Jangmi’s outflow is reflected in tifedence in PV at 340 K between
the experiments (Figure 4.38a). South of the jet streak adoregion of negative difference PV
of less than -6 PVU occurs, associated with a strong antioycicirculation of the difference
wind. The lowest values of difference PV are slightly northiee location of the intersection
point alignment (Figure 4.38a). The very low values resutrf the superposition of an adia-
batic poleward advection of low PV air from the tropics at epfevels and of the diabatic PV
reduction by the dynamically forced slantwise ascent atdtegl isentropes and the associated
transport of low PV air from lower-levels along the barowirone to the tropopause. This res-
ults in a significant liting of the tropopause (cf. AtallahcaBosart 2003) and very low upper-
level PV. The enhancement of the horizontal PV gradigfV due to the diabatic PV reduction
can be assessed by the magnitudelgV. In the CNTRL run the 340 KI,,PV is about 1 PVU
(100 km)1 higher (up to 5 PVU (100 km)!) than in the NOTC run (up to 4 PVU (100 km);
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4 The extratropical transition of Typhoon Jangmi (2008)

Table 4.5: Details of the 48 hour forward trajectories base@ hourly CNTRL and NOTC data

origin lon, lat, z 10CE - 179E, 10N-60°N, 0-2000m amsl

calculation period 48 hourforward trajectories starting every 6 hours from 00 UTC 28 Sep
2008 to 16 UTC 30 Sep 2008

criterion ascent in 48 hours 8500 m

not shown). The difference PV reveals some other featuréeiacenarios. The dipole at about
131°E, 44N of negative difference PV to the south and positive valodasé¢ north reflects the
reduced amplitude of the short-wave trough in CNTRL, that aggines Jangmi. The region of
positive difference PV centred at about 16545’ N shows that the trough downstream of the
ridgebuilding is more pronounced in CNTRL than in the NOTC datian. Significantly more
ascent occurs ahead of this weak downstream trough, astadiby the band of intersection
points centred at about 185, 37N. In the NOTC simulation a broad ridge develops in that
region.

At OOUTC 01 October 2008 the intersection points in the cdrgimulation align directly
along the midlatitude wave guide (4137c). It is strikingtttiee ridge over Japan as well as the
alignment of intersection points along the wave guide ari&ily not present in the NOTC
experiment[(4.37d). In both scenarios surface cyclogerasiurs in a southwestern jet (core)
entrance region at about 172 In NOTC this is about 2further south (at about 38l) than

in CNTRL (at about 35N). The ridge downstream of Jangmi and the less amplifiedytron
CNTRL result in a broad region of negative difference RV {6 PVU, Figuré 4.38b). The
alignment of intersection points from CNTRL occurs at the séwoation as the minimum in
difference PV. The magnitude of 340K,PV increased about 1 PVU (100 km)in both the
CNTRL and NOTC experiments thus,PV remains about 1 PVU (100 kmj higher in the
presence of the ET system (not shown). The downstream trahghis more pronounced in
CNTRL, and the broad ridge in NOTC result in a region of positiifeerence PV & 5 PVU)

at about 170E 42°N. Ahead of the downstream trough intersection points egi@ascent in
CNTRL.

The investigation of trajectories and 340 K isentropic P¥sgnted here revealed the existence
of the physical process governing the modification of thelatitdide jet in the control simula-
tion and the lack of modification in the no-TC simulation. Aicial component of this process
is the tropical air ascending within the TC inner core anceadig slantwise along the baro-
clinic zone. Both result in the diabatically enhanced tramntspf low PV air to upper levels and

a lifting of the tropopause.

The low-level baroclinic zone is apparent in the verticaiyeraged (975-800 hPa) equivalent
potential temperatur®, (Figure 4.39). In both the CNTRL and NOTC scenarios a baralini
zone separates cooler dryer air in the north from warmer muist air in the south. How-
ever, Jangmi significantly alters this baroclinic zone ia @NTRL scenario (Figufe 4.39a,c).
At 12UTC 30 September 2008 the low-level circulation assed with Jangmi (located at
about 128E, 30N, Figure 4.39a) deflects the baroclinic zone and leads tmenease of the
Oe gradient. West of Jangmi the northerly flow leads to a weall f@intogenesis. It is strik-
ing that Jangmi still exhibits a warm core anomaly@f > 355 K. To the northeast of Jangmi
strong southwesterly flow against the baroclinic zone léadssignificant warm frontogenesis
resulting in a band of diabatically produced PV along theoblamic zone (Figure 4.39a, to be
compared with the analysis data in Figure 4122c). None ddelfeatures are present in the
NOTC experiment (Figurie 4.39b).
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4.4 Quantification of the impact of Jangmi on the midlatitide

(a) CNTRL, +60h; 12 UTC 30 September 2008 (b) NOTC, +60h; 12 UTC 30 September 2008
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Figure 4.39: Vertically averaged fields in a layer from 9T®&Pa: low-level PV (shaded, in [PVU]), horizontal
wind vector (grey), equivalent potential temperature ¢bdentours from 320 to 335K every 5K and purple
contours from 350 to 355K every 5K), and pressure at meaneseh (black contours with a 5hPa contour
interval). (a),(c) data from CNTRL, (b,d) data from NOTC.récast hour and valid times indicated above the
panels.

At 00 UTC 01 October 2008 Jangmi, still exhibiting a warm aadyrof © > 350K, reached
the baroclinic zone in the CNTRL scenario (Figure 4.39c). Amghted band of low-level PV
extends along the baroclinic zone where warm frontogemesitnues (Figure 4.39c, cf. Fig-
urel4.22e). In the NOTC experiment the baroclinic zone stliffouthward (Figufe 4.839d). The
extratropical cyclogenesis at 14 is associated with the evolution of a low-level PV anom-
aly at the baroclinic zone in both scenarios. The latituldousition of this PV anomaly in the
NOTC scenario (3N) differs from that in the CNTRL scenario (39).

It was shown that the physical processes governing theaictien of Jangmi with the midlat-
itudes (explored in detail in Sectibn4.3) are not presergmwtie tropical cyclone has been
removed from the initial conditions. This confirms the calémpact of the diabatic low-level
PV production and upper-level PV reduction at the baroclzone in the presence of the ET
system. The interaction with the baroclinic zone acts toifgade midlatitude flow in particular
at upper levels.




4 The extratropical transition of Typhoon Jangmi (2008)

4.4.5 Downstream development

At OOUTC 01 October 2008 an extratropical cyclone is devielppn both the CNTRL and
NOTC simulations at about 148, 34N (Figure 4.28). The minimum pressure of this cyclone
in the scenarios dropped from 1010 hPa at 00 UTC 30 Septen@io& t» about 1002 hPa at
06 UTC 01 October 2008 (Figure4129). This is consistent whih analysis. However, the
analysis data indicates a further pressure drop to 992 hita imtthe CNTRL simulation the
minimum pressure reaches 1000 hPa during the next days ate iINOTC simulation the
central pressure increases (Fidure 4.29). The extraabpyclone in the NOTC scenario moves
generally more slowly than in the analysis (Figure 4.28)thien CNTRL simulation, the track
of the downstream cyclone is similar to the track in the asialyntil 00 UTC 02 October 2008,
but the cyclone moves faster afterwards.

The ACCreflects some of the differences between the scenarios atybsan(Figuré 4.30). The
ACCfor 500 hPa geopotential indicated a decrease in the CNTRUafon skill after 00UTC
01 October 2008. ThaCCofthe NOTC run (grey in Figurie 4.80) shows a strong decredssaw
the extratropical cyclogenesis begins and reaches 0.8bATC 2 October 2008, which is sig-
nificantly lower than in CNTRL (0.92) or the typical IFS-ACC. Th©NC ACCremains lower
than in CNTRL until 00 UTC 03 October 2008 indicating, that tlevdstream development in
NOTC differs more from the analysis than CNTRL during the pgobinterest. However, the
ACC for NOTC remains relatively high 0.85) indicating that this scenario represents a use-
ful background flow. In the remainder of this section the oaador the significantly different
propagation and evolution of the downstream cyclone in th&RINand NOTC scenarios are
explored.

At 12 UTC 01 October 2008, as in the analysis (Figure 4.6e)Qt forcing for vertical velocity
highlights two important regions in the CNTRL scenario. A dgof weak (up to+ 0.01
ms~1) low-level forcing for descent to the west and for ascenhteast reflects the dipole of
cold and warm air advection centred on decaying Jangmi @itatl80CE, 3O°N, Figure 4.40a).
In the region of low-level forcing for ascent, weak uppereleforcing for ascent (up to 0.01
ms1) exists. This forcing is associated with the weak uppeellénough over Korea and the
Sea of Japan. Stronger QG forcing exists in the region wheredlownstream extratropical
cyclogenesis occurs, centred at about®®86’N. Here upper- and low-level forcing reach
values of more/less thah 0.015 m s1, albeit weaker than in the analysis data® 0.02m s,
Figur€4.6c). This forcing occurs in the southwesterncime entrance region (Figure 4.40a;
the jet is located where the green contours of geopotert2d@hPa in Figure 4.40 are most
densely packed, cf. Figure 4134g). In the NOTC scenario, Q@rfg only occurs in the region
of the extratropical cyclogenesis (Figure 4.40b) centteabaut 148E, 34N. The QG forcing
Is located ahead of a broader upper-level trough over Japamahe southwestern entrance
region of an elongated jet (see also Figurel4.34h). Therfgrid significantly weaker% +
0.01 ms?) than in the CNTRL scenario and analysis.

With only weak further intensification to about 1000 hPa at/0@ 03 October 2008, the down-
stream cyclone in the CNTRL scenario propagates to aboutEL88°N (Figurd 4.40c, Fig-
ure/4.28). It moves very fast along a strong baroclinic zdvad shows a wave-like structure
at the location of the cyclone associated with a clear lovell®V band (Figure4.41c). The
propagation along the baroclinic zone without furthermstyotensification can be classified as
a DRW (cf. discussion in Section4.3.1). As in the analys$is,dyclone is continuously located
in the southwestern jetore entrance region, where upper-level QG forcing for ascernipatio
0.01 ms? persists (Figure 4.40c). The forcing is weaker than durfiegarevious period and
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4.4 Quantification of the impact of Jangmi on the midlatitide

(a) CNTRL, +84h; 12 UTC 01 October 2008
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Figure 4.40: As Figurie 4.6 but based on CNTRL (a,c) and NOT.@) (lExperiment, forecast hour and valid times
indicated above each panel. Red boxes highlight locatiatoahstream cyclone. To be compared with Figiires
4.6c.e -
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4 The extratropical transition of Typhoon Jangmi (2008)

significantly weaker than in the analysis data (Figure 4.8&0 the propagation of the jet streak
over the Pacific differs from the analysis, which along whie DRW characteristics explains
the faster progression of the cyclone. In the NOTC scendén®cyclone propagates slower,
weakens and becomes an elongated band-like structureuwvdhdistinct centre (Figufe 4.40d,
Figure 4.41d). Only weak QG forcing for ascent exists.

In the CNTRL scenario, the baroclinic zone is zonally orierdednstream of the extratropical
cyclone during its eastward propagation (Figure 4i41&akt of the extratropical cyclone the
strong southwesterly flow induced by the associated lowtBEY anomaly thus advects warm
moist air against the baroclinic zone and by means of dialf&¥ production inaugurates a
DRW:-like eastward propagation. In contrast, in the NOTOhac®, the baroclinic zone east
of the extratropical cyclone is oriented from the southwesthe northeast. The circulation
induced by the low-level PV anomaly is consequently rattaealtel to the baroclinic zone east
of the extratropical cyclone. Diabatic PV production isueed and the DRW-like propagation
Is less efficient. This may explain the rather slow propagaith the NOTC scenario.

The investigation of the downstream development in the CNTRLMOTC scenarios showed
that in the presence of the interaction of the outflow of Jaragrd the midlatitude jet (CNTRL)
a weak extratropical cyclone developed east of Japan, tbases the Pacific as a DRW being
continuously located in the southwestern entrance reditreanodified jetcore This scenario
is similar to the analysis, albeit the cyclone propagatighty faster due to the faster propaga-
tion speed of the jet and the DRW characteristics. The iitien§ the cyclone is weaker. In
contrast, in the NOTC scenario, a downstream cyclone llyitigvelops at about the same loca-
tion ahead of the broader midlatitude trough over Japan.ddewthis cyclone is located in the
southwestern entrance region of an elongated jet whos®jets less distinct. Consequently,
the QG forcing is weaker and the cyclone becomes a bandtlietsre.
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(a) CNTRL, +84h; 12 UTC 01 October 2008
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Figure 4.41: As Figure 4.39 but zoomed on downstream cycisnie Figur€4.40. Data from CNTRL (a,c) and
NOTC (b,d). Experiment, forecast hour and valid times iathd above each panel. Red boxes highlight
location of downstream cyclone as in Figlre 4.40.
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5 The midlatitude flow evolution during ET
In different scenarios

The detailed analysis of Jangmi in the foregoing chapteraled that the direct impact of the ET
was manifested in an important outflow-jet interaction. td@er, the downstream impact in the
midlatitudes was relatively weak. For a better understagndf this behaviour the TC removal
technique was employed to study the flow evolution in scesan which the relative phasing of
Jangmi and the midlatitude wave pattern has been alteretheéfmore, the downstream impact
of ET in different initial midlatitude flow configurations k&een quantified, by applying the PV
surgery in other case studies. This enables us to elucidate general conclusions about the
downstream impact of ET than in the individual case studyaofgdni. In this chapter five ET
cases including Jangmi are presented, each differing imtbkatitude environment into which
the TCs recurve. The cases have been selected because dfftasent actual midlatitude flow
evolution downstream of the ET system.

In the case of Typhoon Jangmi (2008) in the West Pacific, thedd@rves in phase with a
weak midlatitude trough in a rather zonal midlatitude flonheTdownstream impact is very
weak. Therefore, the role of the relative position of the Td #he midlatitude trough in an
unaltered midlatitude flow environment is studied (Sedd). Hurricane Hanna (2008) in
the North Atlantic recurves into a preexistent ridge, whiglpart of a midlatitude flow that is
characterised by pronounced Rossby wave activity. A chawwvezfther events occurs during
and following ET including the triggering of a Mediterramewclogenesii(ﬁ_rams_e_dbl._2®11).
The impact of Hanna on this evolution is investigated in awith and without the ET system
(Section5.2). A pronounced Rossby wave train exists alsmgluhe ET of Typhoon Choi-
wan (2009). When Choi-wan reintensifies ahead of a short-waugh Rossby wave breaking
occurs and the downstream trough amplifies. The midlatitiegleevolution is investigated in a
model run with and without Choi-wan (Sectionl5.3). During afteér the ET of Typhoon Lupit
(2009) a strongly amplified Rossby wave train over the Padslts in an early outbreak of
cold air in North America east of the Rocky Mountains. Lupitueved into a rather long-wave
trough-ridge couplet over the West Pacific. The role of Lapitthe Rossby wave triggering is
investigated in sensitivity model simulations with andheitit the storm as well as in scenarios
in which the storm has been relocated (Section 5.4). Typhdalakas (2010) moves ahead of
a midlatitude trough in a flow that is characterised by Rosséyenactivity upstream of the ET
event. Following the ET, a Rossby wave train occurs in theeea$Racific with a ridge over
the western USA and a PV streamer over the eastern USA. Aathe §ime, a heat wave was
observed in southern California and heavy precipitatioac#fd the US east coast. Simulations
with and without Malakas in the initial conditions allow wsihvestigate the impact of the ET
on these high impact weather events (Section 5.5).
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5 The midlatitude flow evolution during ET in different sceioa

5.1 Downstream development scenarios for Typhoon Jangmi
(2008)

In the previous chapter, the interactions of Jangmi and tiaatitude flow during ET were
explained as captured by observational and model analgsés dThe impact of Jangmi on
the flow evolution was quantified with the help of a TC removgbeximent. It was found
that apart from the strong outflow-jet interaction the ET ahgmi had only weak midlatit-
ude impact. The question arises as to why Jangmi decayedidamibdreintensify as an ex-
tratropical cyclone such as in the ETs of Hurricanes Dava¥ @), Iris (1995), Lili (1996) and
Irene (1999)|(Bosart and Lackmann 1995; Browning et al. 1998rficroft and Jones 2000;
/Agusf-Panareda et al. 2005, 2004) or trigger a significant défieaf the midlatitude wave

uide downstream (e.g. Hoskins and Berrisford 1988; Pinal 001 AgustPanareda et al.

LRLem&Lei_éLZQbS). The foregoing analysis also redelat Jangmi’s outflow and sub-

sequent ridgebuilding downstream competes with an appnogenidlatitude trough resulting
in a zonalisation of the midlatitude flow. Earlier studiesmgstern North Pacific typhoons (e.g.
Klein et all2002) and in idealised frameworks (e.g. Ritchid Elsberry 2007; Riemer and Jones
2010] Scheck et &l. 2011b) showed that the phasing of thevieguT C and the midlatitude flow
is crucial for the downstream impact of ET. An apparent sityi experiment is to investigate
the relevance for the subsequent evolution of the positiodangmi relative to the midlatit-
ude trough. Therefore Jangmi is relocated in the initialdittons of a COSMO simulation
using the PV surgery technique. The setup of the experimerdescribed in the following
(Sectiorn5.1.1). In Section5.1.2 an overview about theates is given. The evolution of the
midlatitude flow is presented for all scenarios in Sectidndband in more detail for two selec-
ted scenarios in Section5.1.4. Finally, an explanatiortferdifferent evolution amongst the
scenarios is given in Sectibn5.11..5.

5.1.1 Design of the scenarios

The PV surgery method defines the anomaly in meteorologeldsfassociated with the storm
(see Sectioh 3.2.4 and Table A.2). This anomaly is subtldcten the analysis to provide an
analysis without the storm. The anomaly can also be addeddher location which will
provide an analysis with the storm relocated. The relooatibJangmi from a position at
123°E, 23N to 128E, 28N is illustrated in Figure 51 cf. Figure 3.9. In contrast tdyoremov-
ing Jangmi (Figure319b), thg* anomaly field shows a dipole of negatiyge*)’ at the position
of Jangmi and positivép*)’ at the new position (Figufe5.1b). Subtracting this fieldrfrthe
analysis (Figureblla) provides the modified analysis (f€i§ulc) in which Jangmi is erased
(a) analysigp* k=60 - (b) (p*)" k=60 = (c) modified analysig* k=60
— 40N :

] : ; < 5N 4 ] : v <
100E  110E  120E  130E  140E 100E  110E  120E  130E  140E 100E  110E  120E  130E  140E

Figure 5.1: As Figure 3|9 but without the zonal profile andydtlistrating the modification of the* field for an
anomaly that is moved by’30 the east and north (scenario IW21).
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5.1 Downstream development scenarios for Typhoon JandgioB)2

30N
at its original position and relocated

northeastward. The relocation proced-
ure is summarised in the Appendix,
Table A.3. -

The modified analysis fields are used as
the initial data for a COSMO simula-

tion with a relocated storm. The setup

of these COSMO runs is exactly the 20N
same as for the CNTRL and NOTC sim-
ulations (cf. TableAll). In particular,

the initial time is OOUTC 28 Septem- | | 5
ber 2008, the 6 hourly (unmodified) rsn L . . . .
ECMWEF analyses are used as boundary = 120E 125E 130E 135E 140E
data and the simulations are COmpm%’gure 5.2: Initial position of Jangmi in the different segios

for 150 hours until 06 UTC 04 October (coloured and labelled, S20=CNTRL) and track of Jangmi in
2008. ECMWEF analysis (black).
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5.1.2 Overview of the different scenarios

The impact of the phasing between Jangmi and the weak ntidlatirough has been addressed
using a series of COSMO simulations with a relocated initedifpon of Jangmi. For the relo-
cation distances we followed typical track errors in theremt ECMWF ensemble prediction
system (Figure5l3). The track error typically reaches nibes 120 km after 48 hour fore-
cast time and an error of around 350 km after 120 hours. Ths@ahderlines the relevance of
knowing better the physical mechanisms during ET that dater this track error.

One set of experiments was designed so that Jangmi recureas af the midlatitude trough,
another set investigated the sensitivity on Jangmi’s lonignal position relative to the midlat-
itude trough. In all these scenarios we name the relocatechstlangmi” also. An overview
of the scenarios, including their labelling conventiossgiven in Table 511 and Figure5.2. The
labels enumerate the experiments, without indicating Hrampeters of the relocation.

In the first set of experiments, Jangmi was relocated in a hatyit recurvesheadof the mid-
latitude trough that approaches Japan in the period 293@®der 2008. Therefore scenarios

a) 400

= ALL 50

3501

Figure 5.3: Example for the temporal evolution c§
the TC track error in the ECMWF ensemble pre §°
diction system (new operational (November 201(@' 250/
configuration with 50 members, TL639 resolutio 5
(approximately 30km)). Mean spread of TC pct; 200f
sition (solid black in km, mean difference of TCo
position of each ensemble member from ensemt £
mean) plotted over forecast time. Composite ft Z ;o
14 northern hemispheric TCs during the 2008 seg
son. The numbers at the abscissa indicate how me 59

ensemble forecasts (containingaTCi were used ¥ N SN S S S NS S
each forecast time step. Figure from Lang (2011) & & & 25 & & & &b o @ o9
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5 The midlatitude flow evolution during ET in different sceioa

(a) tracks (b) centre pmsl
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Figure 5.4: (a) Track of Jangmi in the scenarios (coloursmasSiguré 5.2 and (b)) and in the ECMWF analysis
(black). Thick points, labelled with the day of Septembettber 2008 mark 00 UTC times, thin points mark
12 UTC times. Pmsl from ECMWF analysis (grey contours everP&hat 00 UTC 28 September 2008. PV
on the 340 K isentropic level (black dashed 2 PVU contoumnftbe NOTC run at 12 UTC 29 September 2008.
(b) Minimum pmsl in the centre of Jangmi in the different sméos and in the ECMWF analysis.

IW21, IW22, IW23 (Figuré 5.2) have a marked eastward shift of ey 5° and a varying me-
ridional shift from 5 north (IW21, blue), 2.5north (IW22, green), to 0°QIW23, red). In these
scenarios Jangmi reintensifies as a strong extratropichdmg (Figuré 5.4b) and crosses the Pa-
cific significantly further to the north (610°) than the downstream cyclone in the analysis data
(Figurd5.5). The initial decay of the storms by 10-12 hPadrh@urs stops at around 00 UTC
29 September 2008. A period of reintensification followssd¢enario IW21, Jangmi becomes a
very intense extratropical cyclone. Its minimum pressuopd to 964 hPa at 06 UTC 01 Octo-
ber 2008. Jangmi moves very quickly into the Northern Paaifid has the northernmost track
(Figurd5.5). In scenario IW22, the reintensification istinipted from 00-12 UTC 30 Septem-
ber 2008, when the storm moves very close to the coast of Hdispure: 5.4b). However, after
12 UTC Jangmi reintensifies reaching a minimum pressure éh®a at 18 UTC 01 October
2008. It follows a similar track to IW21, though the track sksoavtemporal shift of about 12
hours (Figureé 5J5). A two-fold period of reintensificatiaalso evident in scenario IW23 (Fig-

Table 5.1: Details of the different experiments: label a=dug the text, longitude (ifiE) and latitude (irPN) of
Jangmi’s centre, zonal (itE) and meridional (iriN) shift of the storm centre, zonal/meridional shift in nuanb
of grid points to the east/north, brief description of thersrio, and label used for the downstream cyclone
(DS).

label lon. lat. AN A Ax | Ay | remarks DS colour
F715 123.00 | 22.75 0 0 0 0 ECMWEF f7m4 analysis F7N5 black
S20 123.00 | 22.75 0 0 0 0 | reference run (CNTRL) S20N light blue
N22 - - - - - - Jangmi removed from initial conditions (NOTC) N22 grey
w21 128.00 | 27.75| 5.00 | 5.00 | 20 | 20 | very strong reintensification{ 965 hPa) and ridgebuild - blue
ing. RWT, central low in NE Pacific.
W22 128.00 | 25.25 | 5.00 | 2.50 | 20 | 10 | two periods of strong reintensificatiort @65 hPa). RWT, green
central low in NE Pacific.
W23 128.00 | 22.75| 5.00 | 0.00 | 20 0 | two periods of reintensification(970 hPa), RWT trigger-| red
ing over NE Pacific
w24 123.00 | 25.25| 0.00 | 250 | O 10 | Jangmi transitions into a moderate extratropical cyclgne -
similar to the downstream cyclone in the analysis.
IW25 125,50 | 22.75| 2.50 | 0.00 | 10 0 | Jangmi reintensifies, decays and transitions into doywn25N
stream cyclone
W26 124.25| 22.75| 125 | 0.00 | 5 0 | Jangmirecurves back to tropics, downstream cyclone sim26N
ilar to CNTRL
W27 120.50 | 22.75 | -2.50 | 0.00 | -10 | O | Jangmirelocated west of Taiwan, decays at Chinese coa$27N violet
Extratropical cyclogenesis 122, 30°N: 127a
W28 126.75| 22.75| 3.75 | 0.00 | 15 0 | two periods of strong reintensification, RWT triggering
; over NE Pacific
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Figure 5.5: As Figure5l4a but only tracks of reintensifyitajgmi or of the downstream cyclone in scenarios in
which Jangmi decays. Track of Jangmi and the downstreanormgdh ECWMF analysis (black, solid). The
black circle highlights the region of reintensificatiortfatropical cyclogenesis.

ure’5.4b). The central pressure minimum reaches 968 hPawmtc&a00 UTC 03 October 2008
and Jangmi moves significantly more slowly and slightly msoethward than in IW21 and
IW22 into the Pacific (Figurie5.5).

In the next sensitivity experiment Jangmi was shifted 2dthe north (IW24, dark yellow in
Figure€5.2). Its northeastward motion is much faster thathéanalysis or in CNTRL (Fig-
ure5.4). It becomes located ahead of the secondary sheg-in@ugh on 29 September 2008
(Figurd’5.5) which halts the rapid decay. After 00 UTC 02 ®eto2008 it reintensifies mod-
erately to a central pressure of 987 hPa at 12 UTC 03 Octol@ @egure 5.4b). Jangmi in
IW24 crosses the Pacific as a moderate wave-like cyclonelasitoithe downstream cyclone
in the analysis, but slightly stronger and abouf®ther north (Figure 55, 5.6).

In the next series of sensitivity experiments
(IW25-IW28, Figure5.R) the role of the1010 T2—¢s o~ ; T
zonal position of Jangmi in the track and ~ ]===fA% ~2 - |
possible reintensification is investigated.  ]——1wzi DN A o [
When Jangmi is shifted 3.75eastward 1000 —— '

(IW28, light green in Figure5l4a) it devel-

ops as in the scenario with a 5.8astward
shift (IW23, red), although its intensity is 990 7
about 5hPa weaker (Figureb.4b). It also
misses the secondary short-wave troug
but reintensifies after 00 UTC 01 October
2008 to a central pressure of 974 hPa at ;
18 UTC 03 October 2008. 970 -

A critical relocation point is reached when
Jangmi is shifted 25 eastward or less | ; : al
(IW25, turquoise in FigureB5.4a). Jangmi90 —1 i i i
misses the secondary short-wave trough  28/00 30/00 02/00 04/00

but as for W28 and IW23 the decay Stag—'lgure 5.6: As Figure5l4b but minimum pmsl in the centre

nates ahead of the broader main troughof reintensifying Jangmi (solid) and of the downstream
(Figurd5.4b) before the cyclone dissip- cyclones (dashed).

ates on 01 October 2008 (13 32N). A new cyclone centre develops to the northeast
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5 The midlatitude flow evolution during ET in different sceioa

(143E, 35N, 125N) in the region favourable for cyclogenesis (Figui)5This cyclone moves
into the Central Pacific like the downstream cyclone in the RQN22) experiment but is
slightly further north and more intense (centre pressuré-H®0 hPa, Figuie5.6). When
Jangmi is shifted eastward by only 1°2BN26, orange in Figure 5.4), it recurves as in CNTRL
(S20) and the analysis and decays on a southeastward trdmekextd of the calculation period.
A weak wave-like downstream cyclone (126N) develops anghpgates across the Pacific fol-
lowing the same track and having the same intensity as thaestogam cyclone in CNTRL
(S20N) (Figuré5)5, 516). Finally, Jangmi is relocated y*®estward to the west of Taiwan
(IW27, violet in Figuré 5.4). Jangmi decays when it makesfalhth China. However, due to
its strong and long-lasting outflow and subsequent riddeimgj a weak cyclone (127a) devel-
ops at about 12Z, 30°’N and moves south of Japan (Figure 5.5). It reaches a mininmasspre
of 1001 hPa at about 148, 33’N at 12 UTC 01 October 2008 (5.6). Then to its northeast, a
new cyclone emerges (127N) and moves across the Pacific wiitas intensity and track as
the downstream cyclone in CNTRL (S20N).

From the foregoing overview of the scenarios we see that whagmi is relocated northward
or far eastward so that it recurves ahead of the approachidigtitude trough, it reintensifies
and moves into the Central Pacific as an extratropical cyclDatails of this reintensification
depend crucially on the phasing with a secondary trough atéevexplored in more detail in

Section5.1.3.

The experiments on the sensitivity of Jangmi’s zonal positieveal that a critical relocation
point exists. Storms relocated by more thart 2&stward reintensify and move across the Pa-
cific. Storms relocated by less than 2dastward decay. This is consistent with the existence
of a critical zonal storm position found in an idealised madady byLS_ch_e_ck_el_élL(;Oj[b,b).
Storms located east of that position were attracted by thadt zone, constituted by the mid-
latitude wave guide. Storms located west of that positionewepelled back to the tropics.
Furthermorel_S_Qhe_Qk_eﬂaJL_(ZQilb) found the theoreticst@xce of a bifurcation point that
governs this behaviour. It also shall be noted that betw@Beptember 2008 and 01 October
2008 all reintensifying cyclones pass the region favow & extratropical cyclogenesis east of
Japan (around 14, 34#N, marked by the black circle in Figure 5.5), whereas in therrant
scenarios with a decaying Jangmi the downstream cyclongl@jevin that region at the same
time.

(a) analysis (b) CNTRL

ﬂtﬁﬁﬂ"i, ;«MA — @wozo, -

10E 120E 130E==] [ | | I 1I0‘> SEPOE 160E 17¢

Figure 5.7: PV (in PVU, shaded), wind (grey vectors and bid&ghed with a 20 nTs contour interval forv| >
50ms 1) at the isentropic level 0B=340K, and pmsl (black contours every 5hPa) for ECMWF ansle)
and CNTRL (b) at 12 UTC 29 September 2008 (+36h).
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5.1 Downstream development scenarios for Typhoon JandgioB)2

5.1.3 The downstream evolution in the ET scenarios

In the foregoing overview two main scenarios emerged: 1nteesification of Jangmi and
motion across the Pacific (IW21, IW22, IW24, IW23, IW28), 2. dechyangmi and weak
downstream development (IW27, CNTRL / analysis / NOTW / NOTC, IWX@25). It was
argued that the position of Jangmi relative to a short-wemagh was crucial for the subsequent
evolution. In the following, the interaction of Jangmi withis secondary short-wave trough
at 12 UTC 29 September 2008 is discussed for all scenarioghig\time an axis of the mid-
latitude main trough approaching Japan can be seen in tigsendata at around 12k (Fig-
ure’5.7a). The secondary short-wave trough is evident aital8E, 38N, reflected in the

(a) NOTC (b) IW21 +5°E, +5°N

T 00— ‘
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(c) W24 CE, +2.5N (d) IW22 +5°E, +2.5N
50N T=—T— : : ‘ ‘
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Figure 5.8: As Figure 517 but for NOTC, CNTRL and IW21-IW24 sae0s.




5 The midlatitude flow evolution during ET in different sceioa

3 PVU contour. In all scenarios the secondary trough is Baamtly sharper and located at
about 122E, 35N (Figuré 5.8, 5.9). The amplitude varies between the st@nadn the NOTC
scenario (Figure 518a) the short-wave trough is locatghti further west at 124 compared
to about 122.%E in CNTRL (Figure 5.8e). Also the trough is slightly less arfiel in NOTC
due to the lack of the downstream ridgebuilding by Jangmiglaw. However, the broader
main trough approaching Japan is similar in all scenarits amarked signature in the 7 PVU
contour at about 12&,47N and an axis from around 12, 45N to 132E,51°N (e.g. in
NOTC, Figuré5.8a).

In the scenarios with a®eastward shift and varying northward shift (IW21, IW22, IW28)-F
ure5.8b,d,f) Jangmi is located ahead of the secondary-slrawe: trough at 12 UTC 29 Septem-
ber 2008 and begins a period of reintensification. When Jargymitially relocated 2.5 north
(IW24; Figure5.8c) it also moves ahead of the short-waveginoand stops decaying. In all
these reintensification scenarios the rather strong doearstridgebuilding leads to an ampli-
fication of the trough and an acceleration of the jet streakwind speed of more than As 1.
Jangmi being located further west- and southward in scet@f23 initially reintensifies only
slightly ahead of the short-wave trough and starts a seatrahger reintensification when the
broader main trough passes Japan. This accounts for thetahaelay of the reintensification
in IW23. Itis also remarkable that a region of very low PV aipiesent south of the jet streak
and the extent of this region is larger and the PV lower thengter Jangmi reintensifies in the
scenarios.

The longitudinal variation of the initial position of Jangnmeveals the crucial impact of the
phasing with the short wave trough (Figlrel5.9). When Jangmitially shifted 2.5 westward
(IW27; Figure 5.9a) it is located upstream of the short-wawadh axis and almost dissipated.
In CNTRL and IW26 (1.25 eastward shift, Figufe 5.9c) Jangmi is located south of and i
phase with the short-wave trough axis (Fidure 5.9b,c) arsdsignificantly decayed. The jet
core wind speed is clearly below @ts ! over Japan. Although Jangmi is located slightly
ahead of the trough axis in scenario IW25 (2éastward shift, Figure 5.9d) it still decays.
When Jangmi is shifted further to the east (IW28 and IW23 (3ahd 5 eastward shift),
Figure 5.9¢,f) it moves ahead of the secondary trough aesifies and moves across the Pacific.
In the latter three scenarios the jet core wind speed excé@us . It can be concluded that
Jangmi decays less, the central pressure is lower, andttlhege Japan stronger, the further
east Jangmi is located relative to its initial position. Aooation of more than 2%5eastward
yields in a reintensification. These results are in agre¢mwéh the relocation experiments
of IRitchie and Elsberly (2007) for an idealised TC south anekdhof a midlatitude trough.
Ritchie and Elsberry (2007), however, imposed a much faghitto the storm by varying the
latitudinal position between 0-20n 5° steps and the longitudinal position between 0-#0
10 steps. Here we showed a crucial sensitivity on a much snsdéde.

Empty space for setting the following text next to figure panel
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Figure 5.9: As Figure5l7 but for CNTRL and IW23, IW25-1W28 sceos
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5 The midlatitude flow evolution during ET in different sceioa

The downstream development differs substantially betwleedifferent scenarios (Figure 5110).
At 12 UTC 29 September 2008 the short-wave trough is evidethta scenarios at about T2
and weaker in the analysis at about 12g&Figure 5.10a, cf. Figute 5[7-5.9). The scenarios in
which Jangmi is initially shifted northward and reinteresf{lW21 (blue), IW22 (green), IW24
(dark yellow)) exhibit a stronger ridgebuilding over andwhstream of Japan (Figure 5/10a). In
theses scenarios Jangmi is located ahead of the short-veanght

One day later dramatic changes have occurred (Figuré 5.10Isgenario IW21 (blue) a very
strong ridge has built downstream of Jangmi from B 180E. In IW22 (green) and IW24
(dark yellow) this is also evident but with a smaller ampdiguand about Sfurther to the west.
The other scenarios exhibit weaker ridgebuilding, excepNOTC (grey). It is notable that the
scenarios with decaying Jangmi (IW27 (violet), IW26 (orant@)25 (turquoise)) are closer to
the CNTRL (light blue) run and the analysis (black). The madugh is evident at about 125
in all scenarios and in the analysis. Jangmi is located abkiath IW23 (red) and IW28 (light
green).

At 12UTC 01 October 2008, a broad ridge is evident over the i@eRtacific in IW21 (blue)
with an axis at about 17& (Figure5.10c). In scenario IW22 (green) this ridge has a-sma
ler amplitude and remains’Surther west. A broad downstream trough has developed over
the Eastern Pacific in both scenarios (IW21 at about\\N63W22 at about 160W). Further
downstream, a second, narrower downstream ridge (axig aB&0WV in IW21 and at 137W in
IW22) developed and the trough in the Eastern Pacific haswadmto PV streamer at around
125°W. Thus in both scenarios a pronounced Rossby wave train waeted downstream of
Jangmi’s ET. In IW24 (dark yellow) the midlatitude wave guigkhibits much less amplifica-
tion although the development is qualitatively similarsienarios IW23 (red) and IW28 (light
green) Jangmi reintensifies ahead of the main trough (alstasbnary in all scenarios at about
130°E). The scenarios develop as in IW22 (green) but with 24 holaydeith a ridgebuilding
between 14€E-18CE. The other scenarios (decaying Jangmi) exhibit much wedddéections

of the midlatitude wave guide over the Pacific and are charisetd by a broad ridge.

The next day, the downstream trough in IW21 (blue) at about\W4&nd in IW22 (green) at
about has 152V amplified and is transitioning into a PV streamer. The trotagether with
the much broadened second downstream ridge and the secondtdmam PV streamer (which
moved out of the domain shown) form a marked Rossby wave tn&n the Eastern Pacific
(Figurd5.10d). Again, a phase shift of abotti$ evident between these two scenarios. W24
(dark yellow) has a much less amplified and broader uppet-lgave guide. The other scen-
arios with reintensifying Jangmi (IW23, red and IW28, lighegn) show a strong ridging and
initial downstream trough development similar to IW22 thg dafore. All other scenarios have
a rather broad ridge across the Central Pacific with only ndeerations from the analysis.

At 12UTC 3 October 2008 in IW21 (blue) and in IW22 (green) the dsiream trough has
transformed into a narrow PV streamer off the US and Canadest woast (at about 13%/
and 137W respectively). In IW23 (red) and IW28 (light green) the dowesam trough has
amplified, a second downstream ridge developed so that a Rassie train is present over the
Central and East Pacific. A broad ridge over the Pacific remaitige analysis and similarly in
the other scenarios with decaying Jangmi.

It can be concluded that the midlatitude flow during the ET arighhi has the potential for
strong Rossby wave activity. When Jangmi recurves so thatvemahead of the midlatitude
trough it reintensifies and in all of these scenarios a Rossiwewain develops. The amplitude
and timing of this Rossby wave train varies amongst the sadn the north- and eastward
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5.1 Downstream development scenarios for Typhoon JandgioB)2

i (a) +36h 12 UTC 29 September 2008

L
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Figure 5.10: 340 K isentropic PV (3PVU contour) from the eliffint scenarios (Takile 5.1) coloured as in Figure 5.4.
The times are indicated above each panel. The location effgut - of Jangmi is indicated with the TC symbol,
and of the downstream cyclone (only in b-e) with a small negka.




5 The midlatitude flow evolution during ET in different sceioa

relocation scenarios (IW21, blue and IW22, green) an earlyliyosave train triggering occurs
starting with a pronounced ridgebuilding on 30 Septemb@&828s Jangmi reintensifies ahead
of the short-wave trough. This behaviour is evident alsowdengmi is relocated northward
(Iw24, yellow), but the Rossby wave train has a much smallerli@e. When only relo-
cated eastward (IW23, red and IW28, light green) the reinfieaion occurs ahead of the main
trough with a 24 hour delay. Nevertheless, a pronounced Rogsbe train develops. The amp-
litude is smaller the closer Jangmi is to its original pasiti In the other scenarios, in which
Jangmi decays as in the analysis, no pronounced Rossby wiaxigyaxxcurs and a broad ridge
is present over the Pacific.

The modification of the downstream flow by the relocated ssagstriking when looking at the
temporal evolution of the latitudinally averaged meridibwind component (Hoviller dia-
gram). We discuss the meridional wind in NOTC (Fidure 5.1dldphg with difference between
the experiments and NOTC (Figlre5.11a-c, 5.12). In a Hillendiagram troughs approx-
imately appear as a dipole of northerly flow (negatWeo the west and southerly (positive
V) to the east, ridges are marked by southerly flow (posiijvio the east and northerly flow
(negativev) to the west. The NOTC scenario is considered as the backdribaw without the
modification of Jangmi. This is justified as this model runggan initially strong decrease of
the anomaly correlation coefficient during the ET of Jandfgre 4.30). Afterwards the ACC
remains almost constant suggesting that the skill redactigrimarily due to the lack of the
impact of Jangmi in this scenario.

(a) IW21-NOTC (b) IW22-NOTC
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Figure 5.11: Hovriller diagrams of the 250 hPa meridional wind componentdiifice (scenario minus NOTC)
(a-c) and of the 250 hPa meridional wind component in the NGT€hario (d), meridionally averaged from
25°N to 55°N (with a 5 m s contour interval). The thick black line in (a-c) marks thedtion of Jangmi. The
scenarios are indicated above each panel. Plots are sootedafnorthern (a) to southern (c) position of the
relocated storm.
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5.1 Downstream development scenarios for Typhoon JandgioB)2

The midlatitude flow in NOTC is dominated by an almost stadigrbroad ridge in the central
North Pacific with an axis at about 1A during the entire simulation period (Figlre 5.11d).
Initially a strong Rossby wave train propagates downstregtmi®ridge into the eastern North
Pacific, but a ridge axis remains at 2¥@ The downstream propagation of the weak midlat-
itude trough approaching Japan is reflected by weak noytliles to the east of an axis at
about 128E on 29 September 2008. The Hobher diagrams for the strong reintensification
scenarios IW21-IW23 with a®5eastward and varied northward relocation, reveal the apati
and temporal shift of the Rossby wave train amongst theseasosn(Figuré5.11). The fur-
ther northward Jangmi was initially relocated, the earie¥ Rossby wave train occurs (see
the gradual shift to later times of the Rossby wave train irufgd.11a-c). The maximum in
northward difference wind at about 145in scenario IW21 and 14& in scenario IW22 on 30
September 2008 (Figure 5/11a,b) reflects the strong ridigittoy due to the outflow immedi-
ately downstream and north of reintensifying Jangmi. Thelasing difference is due to the
initially faster eastward motion of Jangmi in IW21. Starteigaround 00 UTC 1 October 2008
the amplification of the downstream trough is seen in the lsdugd southward and northward
difference wind centred at about 188 in IW21 and 170W in IW22. Around 0O0UTC 2 Oc-
tober 2008 the Rossby wave train is reflected in the differeviod in both scenarios with a
pronounced downstream ridge and trough. With time, theerlolecomes less pronounced on its
western side. However, the gradient in difference windlierdownstream trough axis becomes
stronger, reflecting the transition into a PV streamer aactttolution of the second downstream
ridge. The PV streamer is located at about°®5n IW21 and at about 13@V in IW22 at the
end of the calculation period. In scenario IW23 the strongtegisification is delayed to 12 UTC
1 October 2008. At this time, a maximum in northward differenvind at 140E reflects the
ridgebuilding downstream of Jangmi (Figure 5.11c). Thelwian of the downstream trough
is reflected in an increasing gradient of meridional diffe® wind starting at about 17/ at

12 UTC 2 October 2008. Thus a pronounced Rossby wave traitsedst of 18tE at the end

(a) IW27-NOTC (b) CNTRL-NOTC (c) IW26-NOTC
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Figure 5.12: As Figure5.11 but for the scenarios with a etifhitial longitudinal position of Jangmi. The plnts
are sorted from the easternmost (a) to the westernmostgfliqo of the relocated storm.
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(a) 500 hPa (b) 200 hPa
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Figure 5.13: Anomaly correlation coefficient (ACC) of getgrtial at 500 hPa (a) and 200 hPa (b). Data is from the
different scenarios. The scenarios are coloured asln hd ACC is calculated on the subdomain 10025
20-60'N every 12 hours. The ECMWEF analysis interpolated on the CO$f¥@®are used as the analysis data
and the daily mean values of ERA-INTERIM interpolated on 250x 0.25 horizontal grid is used as the
climatology. Additionally the mean ACC for all determinsECMWEF IFS forecasts during 1 August 2008 to
1 November 2008 calculated for the domain IBHBOCE, 20°N-60°N is shown in black.

of the calculation period.

The meridional difference wind in the scenarios with a wiaof the initial longitudinal pos-
ition reveals the evolution of a gradually more amplified Ryswave train (Figure5.12). On-
going weak downstream ridgebuilding during the ET and dedalangmi is the most striking
feature in CNTRL. It is reflected in the dipole of northward amditbward difference wind
centred around 14& from 29 September 2008 to 2 October 2008 (Figure/5.12bk [€hads to
minor differences compared to NOTC that propagate dowaustrzs a weak Rosshy wave train.
A similar but much weaker structure is evident when Jangmalscated westward (IW27, Fig-
ure’5.12a). The 1.25nitial eastward relocation of Jangmi in scenario IW26 (F&b.12c) has
a weak effect on the downstream evolution as in CNTRL. HowewvbBen Jangmi is shifted
2.5° eastward (IW25, Figufe 5.12d) a weak Rossby wave train octtigmerges east of 178
downstream of the extratropical cyclogenesis after 00 UTiE®ber 2008. The amplitude sig-
nificantly increases in scenario IW28 (Figure5.12e) in whlehgmi reintensifies. A further
eastward initial relocation (IW23, Figure 5/12f) resultameven more amplified Rossby wave
train along with the stronger reintensification.

The gradually stronger downstream development betweediffieeent scenarios is reflected in
the anomaly correlation coefficient (ACC) for mid- and upparel geopotential (Figure 5.1.3).
Generally, the 200hPa ACC characterising the upper level fovwer than the ACC at
500 hPa. The lowest ACC occurs in most of the scenarios at 12 UGZtober 2008 when
Jangmi either reintensifies or the extratropical cycloneebigs. At this time, the ACC val-
ues reflect perfectly the decreasing intensity of the ujgert downstream impact amongst the
different scenarios (from lowest to highest: IW21, IW22, IWPA23, IW28, NOTC, IW25,
IW26, CNTRL, IW27; Figuré5.13b). Strongest deviations from @nalysis and lowest ACC
occur in IW21. Interestingly, scenario IW27 in which Jangntales and two weak extratrop-
ical cyclones develop exhibits the highest ACC. All scenariitk a decaying TC have a similar
(+—0.05) ACC to CNTRL and in comparison to the mean IFS-ACC indicateteebforecast
skill to the end of the calculation period.




5.1 Downstream development scenarios for Typhoon JandgioB)2

Empty space for setting the following text next to figure panel




5 The midlatitude flow evolution during ET in different sceioa

5.1.4 Details of the decay and reintensification scenarios

The two groups of scenarios - decay and reintensificatiorve lsampletely different impact
on the evolution of the midlatitude flow in downstream regiof his is shown here in more
detail with the decay of Jangmi represented by the CNTRL runclwis close to the actual
evolution. This scenario is contrasted against IW21g@&st- and northward shift of Jangmi at
initialisation time), representing the strong reintewsifion of Jangmi and subsequent Rossby
wave triggering. We then briefly discuss scenarios IW25 and3at exhibit the contrasting
evolutions while the initial longitudinal position of Jamgdiffers by only 1.25.

5.1.4.1 Scenario with decay of Jangmi

The period following the ET of Jangmi in CNTRL is characterisgdthe development of a
frontal wave-like weak extratropical cyclone. This cyaopropagates quickly across the Pa-
cific along a baroclinic zone. The upper-level flow is dom@taby a very broad ridge. At
12 UTC 30 September 2008 Jangmi is located at aboutB,28”N south of the main trough
with an axis from about 12&, 40°N to 138E, 50N (Figurd5.14a). The central pressure of
Jangmi has increased to 1001 hPa. The tropopause liftingvaa#l ridgebuilding due to the
outflow of Jangmi and the interaction with the baroclinic @dad to an acceleration of the
jet core wind speed to more than 70 M ver northern Japan. The midlatitude wave guide
over the Central Pacific is rather zonally oriented. A very kvdawnstream trough is evid-
ent at about 16(E. One day later a new extratropical cyclone develops attab48iE, 36°'N
(2003 hPa) while Jangmi weakens and tracks southeastwayar€f5.14b). The cyclogenesis
is located ahead of the main trough with an axis from aboutBE400°N to 150E, 50N and in
the southwestern entrance region of the jet core that mavetddut 160E during the last 24
hours. The downstream ridge extends from°B¥% 170E and the weak downstream trough
is hardly detectable at about 'Es At 12 UTC 02 October 2008 the new extratropical cyclone
at about 180E, 40°N (Figure 5.14c) becomes located south of the jet streakhibés diabatic
Rossby wave characteristics as it propagated quickly albedaroclinic zone. At this time
Jangmi has no closed surface isobar. The midlatitude flowmsiiated by a broad ridge that
expands over the Central Pacific. The downstream trough comger be detected. At 12UTC
03 October 2008 the frontal-wave like cyclone continue@#@stward propagation. With a min-
imum pressure of 1001 hPa at I8 42°N it becomes embedded in a central low south of
Alaska. During the entire period the upper-level flow in trestern Pacific close to the North
American west coast is characterised by a broad slowly pgatpgg trough associated with a
northward moving extratropical cyclone (minimum pms| 98@h

5.1.4.2 Scenario with reintensification of Jangmi

The upper-level flow shows a very different evolution, whanghmi reintensifies. Downstream
of the ET system a pronounced Rossby wave train is triggeréd aecondary downstream low
develops. At the end of the calculation period Jangmi besaime major low in the Northeast
Pacific.

In scenario IW21 at 12 UTC 30 September 2008 Jangmi a&tBLAB N is reintensifying ahead
of the midlatitude trough (Figufe 5.15a). The strong reistfcation began 12 hours earlier and
the central pressure decreased by 7 hPa to 978 hPa. Downsrehnorth of Jangmi a very
intense ridgebuilding occurs due to the strongly enhanoezigent outflow of the reintensify-
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Figure 5.14: PV (in PVU, shaded), wind (grey vectors andibtished with a 20 nTs contour interval forv| >
50mst) at the isentropic level 0®=340K, and pmsl (black contours every 5hPa) for the CNTRInade.
Every 24 hours starting at 12 UTC 30 September 2008.

ing cyclone. The ridgebuilding is reflected in an extendegiar of very low PV air and an
strongly enhanced midlatitude PV gradient over the Centaiffé (from 145E to 150W).
The midlatitude jet streak is zonally oriented to the noftkhés low PV air and accelerated to
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more than 90 m3! near 175E. At around 170E low PV air is also advected southward into
the circulation of the subtropical anticyclone. A very weaikial deflection of the jet is seen at
around 180E.

The reintensification of Jangmi ended at 06 UTC 1 October 2068 hPa, Figure 5.4b). At
12 UTC 1 October 2008 Jangmi is a very strong extratropicabeye (965 hPa) at 16E, 4PN
(Figurd5.15b). Downstream of Jangmi a pronounced ridgedsgmt with an axis at around
175°E. The ridgebuilding amplified a broad downstream trought éxhibits a secondary axis
at about 162W. The jet core wind speed decreased but still exceeds 76 imsa wide area
between the first downstream ridge and the first downstreaughr. Ahead of the second-
ary trough axis a moderate extratropical cyclone develef®96 hPa). Further to the east an
extratropical cyclone at 14W, 47°N intensified to a central pressure below 985 hPa which is
10 hPa less than on the previous day. A second downstream diglgelops south of the cyc-
lone leading to a thinning of the trough at T¥8 which becomes a PV streamer. Thus a
Rossby wave train developed with a broader first downstredge+irough couplet and a nar-
rower second downstream ridge-trough couplet.

On the next day, the first downstream trough amplifies at atds'W and transforms into
a PV streamer between the first (axis centred around\p@nd second (axis centred around
125°W) downstream ridge (Figure5.15c). An almost meridionaligated northerly jet with
wind speed exceeding 70 msis evident at 153V and flanks the western side of the PV
streamer. The moderate cyclone intensified weakl995 hPa) in the “poleward” jet exit re-
gion which is also at the southern tip of the PV streamer. Thwendtream cyclone at about
1422W,50°N became a major low in the Northeast Pacific and further desgpéo below
980 hPa. Jangmi is a prominent extratropical cyclone atW78$2°N.

By 12 UTC 3 October 2008 the downstream cyclone has been agbbgbJangmi (at 158V,
52°N, 978 hPa; Figure’5.15d). Jangmi became the major low in ththidast Pacific. With
ongoing upstream ridgebuilding and advection of low PV t#ig PV streamer narrows and
weakens at about 13%/. The moderate cyclone ahead of this PV streamer decaysacict
northward 1000 hPa). In the CNTRL scenario the moderate cyclone is neepteand an
extratropical cyclone in the Eastern Pacific is about 10 BBsa intense than the cyclone devel-
oping ahead of the second downstream trough.

5.1.4.3 Two neighbouring scenarios

The neighbouring scenarios IW25 and IW28 in which Jangmiaihmeridional position dif-
fers by only 1.25 develop into the two contrasting scenarios (Figurel5.16)scenario IW25
Jangmi decayed and a new extratropical cyclone developestenario IW28 Jangmi was ini-
tially located 1.25 (about 128 km) further eastward than in IW25. However, in gusnario
Jangmi reintensified and crossed the Pacific. In scenario B\R8ssby wave train is triggered
at the end of the calculation period (Figlre 5.16b). A dowash cyclone at 13%W, 43°N with

a central pressure of less than 985 hPa is associated witingih@ownstream trough. Contrary,
in scenario IW25 a broad ridge with a smaller amplitude isgméesver the Central Pacific (Fig-
ure’5.16a). A strong cyclogenesis downstream is not predémits relatively small variations
in the initial position of a tropical cyclone prior to ET mayve a significant impact on the
evolution of the downstream midlatitude flow.

In summary the discussion of the downstream developmerttanvarious Jangmi scenarios
showed that the relative position of the tropical cyclond #re midlatitude wave guide shortly
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Figure 5.15: As Figure5.14 but for the IW21 scenario (Jangfioicated 5E and 5N).

before ET is crucial for the subsequent evolution of the dsiveam flow. When Jangmi moved
into the midlatitudes rather in phase with the approachindlattude trough, only a weak
frontal wave-like cyclone developed that crossed the Raaifing with a broad small amplitude
ridge. However, when Jangmi was located ahead of the ntigiigitrough it strongly reintensi-
fied and the associated ridgebuilding eventually trigger&@WT or even intense PV streamers
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Figure 5.16: As Figurie5.14 but showing scenarios IW25 (a)l#/2B (b) at 00 UTC 04 October 2008 (+144).

downstream. In turn, these upper-level midlatitude fesgttniggered extratropical cyclogenesis,
that may have impact on North America as a remote responke 6T in the North Pacific.

5.1.5 A possible steering mechanism for a TC during ET

The role of the ambient flow in the different tracks and défer downstream impact of the
relocated storms is investigated. During the tropical phitag primary mechanism for trop-
ical cyclone motion is the steering trough the environmidides represented by the deep layer
mean wind|(Chan and Gray 1982; Dong and N nn|1986). Vaaiathers investigated the
optimal layer average and found that this depends on thasityeof the storm, the ocean
basin and the direction of motion (e.g. prior or after reatmve). All these studies showed
that a layer mean wind is better suited for the TC track ptexhicthan a single level wind.
Velden and Leslie (1991) indicate the 300-850 hPa vertieatayed wind to have the optimum
predictive skill for the TC track. For a comparison with pws studies a background flow is
required. The NOTC simulation constitutes a set of metegiohl fields without the perturba-
tion caused by Jangmi. This scenario can be considered pesseatation of the environmental
flow during the entire simulation period. We justify this thetfact that the anomaly correla-
tion coefficient at all levels (Figufe 5.1.3) initially deases rapidly for NOTC during the ET of
Jangmi and the interaction with the midlatitudes but afteds remains constant. This suggests
that the skill reduction is primarily due to the lack of thepact of Jangmi in this scenario. If
other model errors occur in NOTC during the simulation thedsauld be similar to the errors in
the Jangmi scenario simulations for which we need an estmaf the background flow.

For the Jangmi scenarios the 350-800 hPa deep layer meardweation south of 27N cor-
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(a) 00 UTC 29 September 2008 (b) 00 UTC 01 October 2008
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Figure 5.17: 300-850 hPa layer mean wind (length propaatitmthe wind speed in nT$ as indicated by the scale
below panels). The position of Jangmi at the time shown igatdd by the open square on the track. Tracks
smoothed with a 10 point running mean, therefore miss thestdird last time steps.

relates well with the cyclone motion at 00 UTC 29 Septemb@®82Figure 5.17a) for cyclones
shortly before recurvature (all except IW21, IW22, IW24). Heer two days later when all
cyclones have recurved and undergone extratropical tramshis is no longer evident (Fig-
ure’5.17b). This is similarly evident when the mean layerdimaveraged over other layers,
e.g. 500-700 hPa (not shown). A set of 144 hour forward ttajgacalculations based on the
NOTC data started at 00 UTC 28 September 2008 from boxes &8 (the initial latitude
of Jangmi) gives more insight into the tropical cyclone mot{Figuré 5.18). The boxes are
centred around the different initial positions of Jangmthe scenarios (see caption of Fig-
ure’5.18). In the concept of steering by ambient flow the ttajges in the NOTC simulation
represent possible tropical cyclone tracks. The westeshtnajectories (black and violet in
Figure 5.18b) reflect the track of scenario IW27/127a withglahmaking landfall in China at
about 119E. Amongst a possible northeastern track the trajectonssrgng west of 126
(violet, blue, and orange in Figure 5118b) also indicatgpaicels that move southward back to

(a) tracks of storms initialised at 28 (b) trajectories N22 (NOTC)
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Figure 5.18: (a) as Figure5.4a but showing only the trackshef storms relocated in west-east direction
(IW23,1IW25-IW28, CNTRL (S20), analysis (F715)) and withou¢ thosition/time markers. The tracks miss
the 5 first and last forecast hours due to a 10 point runninghméla) Every 50th trajectory from different
calculations based on data of the NOTC scenario. The samaid@s in (a) is shown. Trajectories start in box
22-2&4N, 0-10000 m amsl. Zonal extent of boxes: black 115°B2®iolet 120-122E; blue 122-129E, orange
124-126E, green 126-13. Only data above 3000 m amsl shown. The colours correspotig: tscenarios.
The black trajectories show air parcels emerging west ofvsternmost scenario (IW27).
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the tropics. Thus these trajectories are able to reprelsenitacks of the storms, that decay and
show a southeastward track at the end of their lifecycle (CNTRQTW, IW26, IW25). The
trajectories east of 12& (green in Figure5.18b) do not indicate a southeastwardmoAll

air parcels emerging here head northeastward, as seerefoofhical cyclone scenarios W28,
IW23. However, the trajectories remain much further souintthe actual tracks (compare
Figure5.18(a) and (b)). It can be concluded that the 350h8@0deep layer mean background
flow can describe the tropical cyclone motion during the itrapstage until recurvature and
early stages of ET (until around 30 September 2008). Howeleof the trajectories are well
south of the actual track of the reintensifying storms. Tamsther explanation for the track at
later stages of ET is needed.

[Emanuél[(ZQdS) illustrates the track of a TC in a stationanpient flow field, that contains a
saddle point (Figure 5.19). TCs that differ slightly in théial position tend to have dramatic-
ally different tracks and motion speeds.

A more detailed investigation of this behaviour is gived [mhé&ck et al. (201ib) in their ideal-
ised study of the interaction of a tropical cyclone with aitad wave. They identified a bifurca-
tion point on the trough axis south of the wave guide. At thiisrbation point the zonal velocity
of the background flow matches the phase speed of the wawe siell deviations of the cyc-
lone location from this bifurcation point determine whettiee cyclone moves towards the next
trough-ridge couplet downstream and is attracted polewatdwards the ridge-trough couplet
upstream, where it is steered equatorward. This is illtestrin Figuré 5.20. The reasons for
this behaviour become obvious from the definition of thergifiion point. The trough-relative
streamfunction is defined as the streamfuncti§nrelative to the zonal phase speedf the
midlatitude trough:W, = W —cy, W : stream function of total (background) flow. In the fol-
lowing we assume that a TC tracks like a Lagrangian air pdahalmoves in the flow field
associated with¥,. For the thought experiment we further assuiheto be stationary so that
streamlines are trajectories. The bifurcation point isréfias a saddle point in the trough-
relative stream function (Figure 5121). It is located betwa maximum of¥; to the west and
east and a minimum d&¥, to the north and south.

The trough-relative wind components in zonal and merididivaction vanish at the bifurcation
point Ur = —0Y¥, /dy = up — c = 0,v;, = d¥, /0x = 0). In a simple thought experiment we con-
sider possible tracks of air parcels that approach thedation point and are advected solely by
the flow field associated with,. In the quadrants to the northeast and southwest of thechifur
tion point the flow is directed away from the bifurcation pdifigure 5.21). In the northwestern
and southeastern quadrants the flow is directed towardsifimediion point. At first sight it
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Figure 5.20: Example for tracks of cyclone:
with different initial longitudinal position
from |Scheck et al| (2011Lb, Figure 5): (top
cyclone tracks (solid lines) in the frame mov:
ing with the phase speed of the wave. Thic
lines are used to highlight the cases of an in
tial phase shift (in multiples dil) ®¢ ,m=1.0,
1.02, 1.43, and 1.44 and the start of each d:
is marked with a dot. The initial latitudinal
position of the cyclones i8; = —1500 km
south of the mean jet (dotted). The dashe
line is the preexisting frontal wave. The
locations of the saddle points in the trough
relative stream function are marked by T
(bottom) The thick lines are as at top; the thii
lines are contour lines of the wave strearr
function which is constant in the frame mov-
ing with the wave.

Y.___ [1000km]

remains unclear whether an air parcel near the diagondlraak to southern or northern latit-
udes. The contour af, + v, = 0 separates the streamlines in these quadrants. Air pandbis
northeast of this contouu{+ v; > 0) move into the northeastern quadrant and thus have a final
northward track. This emerges from the fact that, for exanle eastward wind component of
the flow northeast ofiy + v, = 0 in the northwestern quadrant is larger than the southemd wi
component and thus air parcels will be advected faster tadndeastern quadrant than to the
southwestern quadrant. This is analogously valid in thétg@astern quadrant and southeast of
theu, + v, = 0 contour. Thus the contous + v, = O constitutes a critical line for the track of
air parcels being advected in the flow field associated wighttbugh-relative streamfunction.
To its northeasty; + v; > 0) air parcels will reach the northeastern quadrant andesjutestly

Figure 5.21: Schematic sketch for the trough-relativeasire
function W, (solid contours) and flow (arrows, dashed
lines) in the vicinity of a bifurcation point (marked by the
black dot). The + and - signs mark maxima (in the weg
and east) and minima (in the north and southyvpf Con-
tours of trough-relative wind componenis+ v, = 0 and
ur — Vv = 0 shown as long dashed lines, anduct 0 and
v =0 as short dashed lines. The arrow length is a qualit
ive measure for the wind speed.
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(a) 40-48N, northern main trough (b) 30-40N, southern secondary troughs
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Figure 5.22: Hovrilller diagrams of relative vorticity (shaded in & 1) and meridional (v-) wind component
(black with a 5ms? contour interval). Vertically averaged from 100-300 hPaglad 200-300 hPa (b) (with
data every 25hPa), zonally averaged from 40Mi@a) and 30-40N (b). Trough axes appear as maxima of
relative vorticity and the mean location is indicated withd dashed lines. Data from NOTC simulation (0-144
hours).

be advected northward. To its southeast{ v, < 0) air parcels will reach the southwestern
guadrant and subsequently be advected southward. If wenashat a TC is advected like an
air parcel this behaviour also determines the TC tracks.

In the previous discussion the theoretical existence ofladation point for the track of a TC
was explained. As in the idealised barotropic simulatiohSeheck et al.[(2011b) the tracks
in the Jangmi scenarios were sensitive to the TC initialtpmsiand diverged when the storm
was shifted slightly (cf. Figurés 5.20 ahd15.4a). Thus inisiguing to investigate if such a
bifurcation point is present in the more realistic Jangnenscios. Here the midlatitude wave
Is not analytically prescribed and the motion speed of thagh needs to be estimated from
the unperturbed environmental flow constituted by the NOG&hario. However, the structure
of the midlatitude trough that passes Japan from 29 Septe?@08 to 2 October 2008 in this
realistic scenario is much more complicated than in idedls&udies. In fact, it develops where
a northern and southern branch of the midlatitude jet mesge {he two branches of moderate
intense jet streams west of I and north of 30N in Figur€ 4.34). During this period the
trough exhibits two consecutive main trough axes in its et part and several secondary
trough axes in the south. The trough axes emerge from waegagating along the northern
and southern jet branches.

The trough propagation speed is estimated using Hidemdiagrams of relative vorticity and
meridional wind component (Figure 5122). The broader maingh stands out when the 100-
300 hPa layer average and a zonal average frothN40 48N are taken (Figurle 5.22a). The
trough appears as a band of high relative vorticity staitirayerage at about 106 00 UTC 28
September 2008 and being traceable to’E/& 12 UTC 03 October 2008. The zonal translation
speed is approximately 0.5~1. However, the dominant relative vorticity signal is modifie
by two trough axes passing through the northern part of thegtr during Jangmi’s recurvature
(29 September 2008 to 01 October 2008). Thus the broad trexighits two subsequent main
trough axis. The first is reflected in a maximum of relativetietty starting at around 1X&

at 00UTC 29 September 2008. The clear signal in relativdoityrtdecays at around 13E

at 06 UTC 30 September 2008. A second trough axis appearsteefls a strong maximum
of relative vorticity starting at around 12B at 00 UTC 30 September 2008. It propagates
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(a) 12UTC 29 September 2008
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Figure 5.23: 340K isentropic PV (shaded in PVU, 2 and 6 PVUtaars (black)) from the NOTC simulation
at times indicated above the panels. The white horizomtaslimark the regions for the zonal average in
Figurd5.22. The black tilted lines around the 6 PVU contoarkrthe first (dashed) and second (solid) main
trough axes. The black tilted lines around the 2 PVU contoankseveral secondary troughs.

somewhat more slowly than the first axis and merges with tgreasbf the main trough at around
145°E, 00 UTC 02 October 2008. For both trough axes the averagad poopagation speed is
higher than 0.5h~! (about 0.6 h—1 and 0.52 h~1, respectively). On the 340 K isentropic level
(200-300 hPa where P¥2 PVU, see Figurie 4.4) the first main trough axis travellirapfrthe

northern jet branch into the midlatitude trough appear2afTC 29 September from around
121°E, 45N to 132E, 5I°N (black dashed line in Figure 5.23a). Itis hardly detecdld hours

later when the second main axis arrived (long black line guFg5.28b). At 00 UTC 01 October
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2008 the second main axis is identifiable from 18139 N to 142E, 50N (Figure 5.28c). Itis
remarkable that both main axis arriving from the northetrbjanch untilt when they become
the axis of the broad midlatitude trough.

The secondary axes in the southern half of the main trouglcleeger in the Hovraller dia-
gram at slightly lower levels (200-300 hPa) and averagethéursouth from 3tN to 40°N
(Figurd5.22b). In the period 00 UTC 29 September 2008 to 00 OT October 2008 five con-
secutive trough axes appear reflected in maxima of relativicity emerging between 10k-
115°E. The first secondary trough is prominent in the 2 PVU con&@round 122E, 35°N at
12 UTC 29 September 2008 (Figlre 5.23a) and associatedhvtfirst main trough axis. This
is the secondary trough ahead of which Jangmi reintensifidd@curved in scenarios IW21,
IW22. Four other secondary troughs travel along the soutedge of the main trough until
00 UTC 01 October 2008. The zonal propagation speed of ttmmdacy troughs is two to three
times faster than the zonal propagation of the main trough.

The complicated midlatitude trough structure with two maivdl five secondary trough axes in
the period of Jangmi’s ET makes it hard to determine a uniquralzpropagation speed of the
broad midlatitude trough and the exact trough-relativeastifunction. The zonal propagation
speed of the main trough is estimateddsy 0.5° h—. which is the average zonal propagation
speed determined for the main trough in the layer 100-30GtuPa Figure 5.2Pa. The associ-
ated trough-relative streamfuncti} has been calculated every six hours based on the NOTC
data.

W, vertically averaged in the layer 100-300 hPa depicts twesgbent bifurcation points during
the period 29 September 2008 to 02 October 2008 (Figuré.5184)eographical coordinates
(Figurd’5.24a) a first bifurcation point approaches soutihefirst main trough axis at 12 UTC
28 September 2008 and is located in about the area of theymoad secondary trough (north-
ern black track in Figure5.24a labelled JB1). Similar to thepagation of the main trough
axis it moves to about 13E at 00 UTC 30 September 2008 where it disappears. In thisgberi
only the early reintensifying TCs in scenarios IW21, IW22 tréoérth)east of the first bifurc-
ation point. This is better evident in the frame moving witmstant zonal propagation speed
(Figurd’5.24b). The first bifurcation point becomes almtati@nary (rightmost black track in
Figure’5.24b) and the storms in IW21 and IW22 (blue and green)yved well to its northeast.

(a) tracks in geographical coordinates (b) tracks in trough-relative coordinates
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Figure 5.24: (a) as Figure5.4(a) but analysis in grey ant thie tracks of the bifurcation points associated with
the first and second main trough axis (black, labelled JB2).JBosition of Jangmi and of the bifurcation point
is indicated at 12 UTC 29 September 2008 (open square). fuk$rof Jangmi and of the bifurcation points
in the frame moving with constant zonal propagation speedi®fh~1. The tracks are shown relative to their
geographical location at 06 UTC 01 October 2008 (marked ag#tn square). The black outlined box indicates
the subregion shown in (a).
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(a) 12UTC 29 September 2008
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Figure 5.25: Trough-relative stream functi®# (shaded every 0.50° m2s~1) vertically averaged from 100-
300 hPa and associated trough-relative non-divergent wetbrs (scale for wind speed in misbelow the
panels). Contoursy, =0 ms! (dark grey dashedy, =0 m s (dark grey solid)y, +v; = 0,10,20,30,40,50
m s~ (white solid). Tracks are shown relative to the estimatethktrough propagation speed of 015 and
centred on the TC position (open square) at the time showa r&dhcircles highlight the bifurcation points.

A second bifurcation point follows at about P2at 06 UTC 30 September 2008 (southern
black track in Figure5.24a) south of the approaching seooaith trough axis. From 06 UTC
30 September 2008 to 18 UTC 01 October 2008 the second maightraxis passes over Ja-
pan and with it the second bifurcation point (Figure 5.24dpwever, afterwards its position
jumps between 13& and 142E when the secondary troughs pass. In the frame moving with
constant zonal propagation speed (Figurel5.24b) the resifiying storms in IW24, IW23 and
IW28 (yellow, red, light green) recurve well to the northeakthe second bifurcation point,
while the decayers remain or decay in the vicinity of it.
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(a) relative zonal TC translatiam, (b) relative TC translationy, + v

28/00 30/00 02/00 04/00 28/00 30/00 02/00 04/00

Figure 5.26: Translation speed (in m3 of Jangmi in the frame relative to the trough propagatintpwbnstant
zonal speed of =0.5° h~1 calculated from one-hourly track data. The different scesaare coloured, rein-
tensifiers with solid contours, decayers dashed. (a) zahative translation speed;, (b) sum of zonal and
meridional component; + Vv (Vi = V).

The position of the bifurcation point has been detectedativgy in the trough-relative stream-
function (relative to the estimated constant propagatioeed 0.5h~1) at locations where
U = Vy = 0ms 1 south of a local minimum in¥;. This is illustrated at 12 UTC 29 Septem-
ber 2008 for the bifurcation point associated with the firaimrtrough axis (Figurie 5.25a). The
bifurcation point is located at 125k, 31.0N. In the reference frame moving with constant
zonal speed 0%h~1 the tracks of Jangmi in IW21 (blue) and IW22 (green) are in théheast-
ern quadrant. Jangmi in IW24 (dark yellow) passes close tifaecation point. In all other
scenarios the storms remain well south of it. At a later ti@@WTC 01 October 2008, Fig-
ure’5.25b) the relative tracks of the early recurving Jasdii/21, IW22 and IW24) are well in
the northeastern quadrant of the second bifurcation pdB4#.75E, 29.75N) associated with
the second main trough axis. In the decaying scenarios CNTiglt ¢hlue), analysis (black),
and IW26 (orange) the tracks remain west of or close to thedation point. Although they
are located northeast of the +v, = Oms 1 contour at this time, they track westward later.
It is harder to discriminate the tracks of scenarios IW23)(réd/28 (light green) and IW25
(turquoise). These move close to northeast of the bifuongibint. A better discriminator than
Uy +Vy > 0 at the location of the storm seems to be some higher thiigstgl. Jangmi in IW25
(turquoise) is southwest of the contayr+v; = 10m st and in IW23 (red), IW28 (light green)
it is northeast at this particular time. Jangmi in IW25 (twige) exhibits a westward track
and soon decays. In IW23 (red) and IW28 (light green) the ka&aonal translation speed of
Jangmi becomes positive and the storm subsequently recamnkreintensifies. The translation
velocity components in the frame moving with constant zgmapagation speed (Figure 5.26)
allows the scenarios to be separated into decayers anénsifiers. A trough-relative zonal
translation component, > Om s 1 indicates recurvature in the frame moving with constant
zonal propagation speed and the storms subsequentlynsifyt¢Figure 5.26a). The sum of
relative zonal and meridional translation compongnt-v > 0m s™! constitutes an even better
discriminator for the different scenarios (Figlre 5.26bdi§cussion of Figule 5.21).

The unstationary position of the bifurcation point (als¢hia frame moving with constant zonal
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5.1 Downstream development scenarios for Typhoon JandgioB)2

phase speed) makes an investigation of the track of Jangtineéireference system relative to
the position of the bifurcation point difficult. Neverthete a subset of Jangmi’s track in the
different scenarios relative to the bifurcation point isalissed for the period of the first and
second main trough axis (Figure5.27). The bifurcation pwirthe mean streamfunction for

the first main trough axis (Figure 5]27a) clearly separdtedracks. The final part (about one
third) of the tracks in the early reintensifying scenarid&ll (blue) and IW22 (green) are to the
northeast of thei, +v, = 0m s contour. IW24 (dark yellow) moves through the bifurcation
point and all other tracks remain well south of it. The traokistive to the bifurcation point

(a) BIF first main trough
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(b) BIF second main trough
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Figure 5.27: As Figule5.25 but temporal averagetpfu,,v; centred on the position of the bifurcation point.
Vertical average from 100-300 hPa. (a) temporal averageTI2 P8 Sep 2008 - 00 UTC 30 Sep 2008, (b)
06 UTC 30 Sep 2008 - 18UTC 01 Oct 2008. The tracks of Jangmidrdiverse scenarios are relative to the
position of the bifurcation point. ‘
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in the mean streamfunction for the second main trough axigi(E’5.27b) fit in the conceptual
picture also. The tracks of all reintensifying storms (IW¥I24, IW28) are well in the north-
eastern quadrant and well beyond thetv; = 10ms! contour. The tracks of the decaying
storm (CNTRL (light blue), analysis, (black), IW26 (orang&)/a5 (turquoise)), although loc-
ated to the north of the bifurcation point and partly beydmeik + v, = Om s~ contour, rather
circle around before decaying in the vicinity of the bifuroa point and remain in the region
U +Vve < 10ms?t.

Finally we highlight the mean trough-relative streamfumetduring the entire period 12UTC

(a) average 12 UTC 28 Sep 2008 - 00 UTC 03 Oct 2008
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Figure 5.28: (a) as Figure 527 but the temporal averageiis 2 UTC 28 Sep 2008 to 00 UTC 03 Oct 2008. (b)
as Figuré5.25 but a temporal averagetbfu;, v; is taken from 12 UTC 28 Sep 2008 to 00 UTC 03 Oct 2008
and the tracks are real tracks in geographic coordinates.
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28 Sep 2008 - 00UTC 03 Oct 2008 when a bifurcation point wastifi@ble (Figuré’5.28).
The temporal mean bifurcation point in the trough-relastreamfunction composite relative to
the bifurcation point (Figure 5.28a) clearly separatesingaying from the reintensifying scen-
arios, although the tracks in the frame relative to the bdtion point appear ragged. The last
part of the tracks in the reintensifying scenarios are atited well in the northeastern quadrant
and within theu, +Vv; = 10m st contour. The tracks of IW23 and IW28 (red and light green)
initially are grouped with the decaying scenarios but ti@esquickly to the northeast of the
bifurcation point after recurvature. The temporal averaig®, in the same period (without re-
location to the position of the bifurcation point Figure8b2, reveals a mean bifurcation point at
133’E, 3¢’N. In the temporal mean itis unclear at which position theksan the frame moving
with the estimated constant zonal propagation speed sheuided. In contrast to Figure 5,25,
we therefore discuss the actual tracks in geographic coates (Figure 5.28b). Jangmi passes
close to the mean bifurcation point in all these scenaribg. récurving scenarios (IW21-1W24,
IW28) move in the northeastern quadrant and their tracksrhedocated in the region where
ur +Vv; > 10mst. The decaying scenarios IW27 (violet), CNTRL (light green)J analysis
(black) remain southwest of the mean+ v, = 0m st contour, although some of them come
close to the bifurcation point. Decaying scenarios IW26 anN@3 (orange and aquamarine)
also enter the quadrant northeast of the bifurcation peiatvever they remain well outside the
meanu, +V; = 10ms ! contour and decay in the vicinity of the bifurcation poiritislremark-
able that the tracks of the reintensifying storms at lategest are comparable to the streamlines
of the mean trough-relative streamfunction in particutarliv21 and IW22 (blue and green).
This suggests th&¥, at 100-300 hPa constitutes some kind of steering for thaegfvical cyc-
lones. We note also, that in all decaying scenarios the teafriaal cyclogenesis immediately
downstream of Jangmi occurred in the northeastern quadféme bifurcation point associated
with the second main trough axis (not shown).

The investigation of the 100-300 hPa streamfunction nedatd an estimated constant zonal
trough propagation of 0%~ revealed the existence of two saddle points south of twdnort
ern main trough axes. It is remarkable that despite no cootis saddle point for the main
trough, this bifurcation point allows the Jangmi scenat@oise discriminated into decayers and
reintensifiers. The obvious investigation of the track$imframe relative to the exact, position
of the bifurcation point is hindered because of the uncl@acetrough propagation. A cleaner
relative track is achieved in the frame moving with the assdimnonstant zonal propagation
speed. In both frames of reference we found a necessarytwmtbr Jangmi to recurve is
that it becomes located to the northeast of the mean biforcabint, in accordance with our
thought experiment and the findings.of Scheck et al. (201Thg reintensifying storms seem
to track beyond a critical line that is determined by a thoédlof u; + v, > 0. Once being loc-
ated well to the northeast of the bifurcation point and thiscal line, storms are able to move
northeastwards towards the midlatitude front and reinen®therwise storms are repelled
and eventually move back to the tropics. Also, the zonakltedion speed for all reintensifying
storms equalled or exceeded the assumed constant zonafptam speed of the trough at later
stages.

This section is concluded with a discussion of the pararaeliscriminating the different scen-
arios. As outlined earlier, during the tropical stage Jairggtrack is steered by the environ-
mental deep layer mean wind (Figlre 5.17). The foregoingudision gave evidence that during
ET the trough-relative streamfunction at upper-levelsstituies a steering for the transform-
ing cyclone and enables us to separate the scenarios ietasifiers and discriminators. The
temporal evolution of the sum of the wind components of theteering flows centred on the
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(a) total flowu+ v, 300-850 hPa (b) storm propagation; + (c) trough rel. flowu, +v; 100-300 hPa
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Figure 5.29: Sum of the wind components (in Msalong the tracks of Jangmi in the scenarios. (a) total back-
ground flowu + v vertically averaged from 300-850 hPa. (c) non-divergent flp+ v; in the frame relative to
the trough moving with constant zonal propagation speex-63.5> h—! vertically averaged from 300-850 hPa.
The data in (a) and (c) is six-hourly from NOTC and the averafge 2x2° box centred on the storm location.
(b) sum of the translation vector of Jangmi { v, in ms™1) calculated from one-hourly track data, smoothed
with a 10 point running mean. Reintensifiers are shown witlll @mntours, decayers dashed. X-axis indicates
DD/HH day (DD) and hour (HH) in UTC of September/October 2008

location of Jangmi is shown together with the sum of the tedim components of Jangmi
(Figurd5.29). Results are similar if the layer wind is takeanf a different level (e.g. 650 hPa
or 500-700 hPa, not shown) rather than 300-850 hPa. For daghrrelative flow it emerged
from Figures like 5.29¢ but for different layers that the 43D hPa vertical average is best
suited for describing the steering (not shown). The sarastittion for the individual vector
components are given in the Appendix FigurelA.1.

The combination of both zonal and meridional componentsiges a clearer discrimination of
the cyclone motion. As outlined in the thought experimeigFe5.21), cyclones that track in
the region northeast of thg + v, = 0 contour (I +Vv; > 0, at cyclone position) should move
into the northeastern quadrant of the bifurcation point smosequently be attracted into the
midlatitudes. Looking at the position of the storms in nelato the bifurcation point we specu-
lated thatu, +v; = 10 m s 1 at the position of the storm is a threshold for reintensifystorms.
The temporal evolution af; + v, at the cyclone position (Figure 5129c) confirms this behawvio
The quantityu, + v, exceeds a threshold of 10 m'sonly for reintensifying storms. Comparing
ur + Vv with the actual storm translatian+ v also reveals that following the time of recurvature
in trough-relative coordinateskf = 0, at 30/00Z IW21, 30/06Z W22, 30/12Z W24, 01/00Z
IW23 and IW28; Figure5.26a) or when the decaying storms aiedio the bifurcation point
(ur =~ 0, at around 01/00Z analysis, CNTRL and IW25 and IW26 Figure 9.86a v, (Fig-
ure5.29c) is a very good representation of the actual stoamslationu; + v; (Figure 5.29b)
for at least 24 h. Quantitatively this is less distinct foe tthecayers. We conclude that when
an ET system approaches a bifurcation point in the troutgtive streamfunction its track is
predominantly governed by the trough-relative non-dieetgipper-level flow. The deep layer
mean windu+ v (Figure 5.29a) hardly gives any indication of the actualaye propagation.

In summary, despite various limitations regarding the wmheiteation of the actual midlatitude
trough propagation, a simple criterion in the environmehgckground flow was distilled to
distinguish whether the environment enables an ET systeraciarve and reintensify or not.

]

4



5.1 Downstream development scenarios for Typhoon JandgioB)2

In accordance to previous studies on TC motion we found tle@ teeyer mean wind to be the
predominant steering flow during the tropical and early esagf ET until around recurvature
in geographical coordinates. However, during later stagdsT the 100-300 hPa upper-level
flow relative to the (estimated constant) propagation ofiidatitude trough governs the steer-
ing and reintensification of the ET system. When the ET systavesiinto an environment
where the sum of the trough-relative non-divergent wind gonentau, + v, exceeds a certain
threshold, 10 mst in the case of Jangmi, the storms recurved and reintensifieels decayed.
The threshold is higher than expected from a simple thoug¢rgment which is most likely
due to the constraints of the determination of the trouglpagation. It also has to be kept in
mind that in the individual scenarios ridgebuilding dowaam of Jangmi modifies the amp-
litude of the approaching trough and eventually triggess fthrmation of secondary troughs.
Consequently the environmental flow as represented by theON§&Enarios constitutes only
a first approximation of the actual environmental flow. Outecion is much simpler than the
discriminating parameters proposed by Ritchie and Elst{¢fi§7) based on Petterson-Smebye
type-B cyclogenesis. With the bifurcation point in the fgberelative streamfunction we also
give a simple explanation of the physical mechanism thatrdgéhes the systematic separa-
tion of the scenarios. Our study further shows the existerfichis mechanism proposed by
Scheck et dl| (2011b) in realistic three-dimensional barinccases.

We should remember also that the Jangmi scenarios exhibérramall differences of their ini-
tial position compared to previous studies (Ritchie and &igh2007| Riemer and Jones 2010).
The maximum distance between a decaying scenario and nsifit@tion scenario is about
610 km (IW25, IW21) and the minimum distance only about 125 RWigb,IW28). Such track
“errors” are frequent in current numerical weather predicimodels (see discussion of Fig-
ure’5.3). The sensitivity study shown here highlights th& hetween the uncertainty in track
forecast and in the forecast for the midlatitude flow dowewestn of an ET event. Due to the large
sensitivity to the TC initial position, the correct trackari ET system is crucial for the correct
prediction of the midlatitude flow evolution. As a conseqeenf this sensitivity and the diffi-
culties in the track forecast, the correct forecast of therddream impact during ET becomes
a very challenging task for numerical weather predictioive® a forecast for background flow
the trough-relative stream function highlight regionstthee favourable for a northeastward
track of an ET system, and regions where a TC would decay. Ta&lsrthve to the northeast of
the bifurcation point in trough-relative streamfunctioowid be expected to reintensify. Know-
ing the forecast track of an ET system relative to the biftlcapoint gives an indication of
the probability of this track and thus guidance for operaloveather forecast. If the storm
moves close to the bifurcation point in the forecast will berensensitive to the correct track
predication, than when the storm passes well away of thedaifion point.
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5.2 The ET of Hurricane Hanna (2008)

5.2 The ET of Hurricane Hanna (2008)

As a next case study we investigate Hurricane Hanna in thehMdlantic in September 2008.
As in the case of Jangmi, Hanna recurves into a rather zondlhtitude flow to the north
between the subtropical ridge and a primary low to its n@sheln contrast to Jangmi, a more
pronounced trough approaches upstream and Hanna refigenBiuring and following the ET
of Hanna a chain of weather events occurred leading to timedftion of a PV streamer and the
triggering of a Mediterranean cyclogenesis event. Theigkrunpact that repeated diabatic pro-
cesses associated with the evolution of interacting cyckystems have on the modification of
the midlatitude Rossby wave guide have been investigateddosesearch group PANDOWAE
in a joint case study which was managed by the first and seagthdraofiGrams et all (2011).
Parts of this study are repeated here but a more detailed fiscon the ET sensitivity ex-
periment using PV surgery. In the following, we discuss foyelonic systems: (Ex-)Hanna
undergoing ET, a short-lived cyclone developing downstrediHanna (downstream cyclone),
an extratropical cyclone forming upstream of Hanna nearfiemdland (upstream cyclone),
and the Mediterranean cyclone “Olivia”.
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Figure 5.30: Tracks of the cyclones during the ET of Hurree&tanna. The cyclones are (Ex-)Hanna (H), the
upstream cyclone (U), the downstream cyclone (D) and Meditean cyclone Olivia (O). Tracks from analysis
data are in black and labelled HHJ, HTUJ, HTDJ, HTOJ. Tractmfthe CNTRL run are in blue colours and
labelled HH20, HU20, HD20, HO20. Tracks from the NOTC expemt are in red colours and labelled NH3H,
NH3U, NH3D, NH30. The thick points, labelled with the day afigust/September 2008 mark 00 UTC times,
the thin points mark 12 UTC times. Pressure at mean sea [@aval) from the analysis data is shown at 12 UTC

09 September 2008. (b) Minimum pmsl (in hPa) in the centrb@fliscussed cyclones during the period of the
COSMO simulations. The same labels as in (a) are used.
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5.2.1 Synoptic overview
5.2.1.1 Tropical stage

At 12 UTC, 28 August 2008 Hanna formed from a tropical wave auab7W, 19N (analysis
track labelled HHJ in Figuiie 5.80). The tropical storm hekadestnorthwestward to the north of
the Leeward Islands. At 00 UTC, 2 September 2008 Hanna reanhgonum intensity with a
central pressure of 977 hPa and maximum sustained windsrofs39 (Brown and Kimberlain

)). It made a loop north of Haiti and on 4 September 2088 ack on its northwestward
track passing the Bahamas and Florida off the coast. Hanna laadfall close to the border of
North and South Carolina at 07 UTC, 6 September 2008 and retatoag the US East Coast.
It was officially declared extratropical at 06 UTC, 7 SeptemP@08. At this time structural
changes indicate the development of a warm sector over Nghagah.

5.2.1.2 Extratropical stage

The synoptic evolution during and fol-
lowing the ET of Hanna is shown with
the help of 320K isentropic PV in the
ECMWEF analysis data complemented
by WCB intersection points withint
2.5K of the 320K isentroEic level ?Fig-
ure5.32, cf. Figure 4 fro al.
M). This isentropic layer typically
slopes from about 550 hPa on the south-
ern side of the midlatitude PV gradient
to about 300 hPa on the northern side
and thus represents the evolution at mid
to upper levels. The WCB intersection
points are based on 48 hour forward
trajectory calculations using six-hourly

970 ECMWF analyses. The air parcels as-
06/00 08/00 10/00 12/00 14/00 cend more than 600hPa in 48 hours.

Figure 5.31: Minimum pmsl in the centre of the discussed cy-E-he trajectory calculations are started

lones during the period of the COSMO simulations. The sa/B¥€ry Six hours and_ interse_Ction points
labels as in (a) are used. of all these calculations valid at a par-

ticular time are shown.

As Hanna approaches the midlatitudes the central pressane ECMWF analysis) increased
to about 998 hPa on 7 September 2008 (Figure 5.31). Hannallddlanns Figure’5.32a)
moves into a broad ridge and its sustained outflow broadensde at the western flank. Dur-
ing the next days a trough approaches from the west and atsewath Hanna, initiating an
extratropical reintensification on 9 September 2008 (Fi@uB2c and black solid line (HHJ)
in Figure 5.31). The ridgebuilding immediately downstreaiHanna is enhanced by the ad-
vection of low PV air in WCBs triggered ahead of the reintensidycyclone. The air parcels
within this WCB (as marked by the black crosses in Figurel/5.3#gh along the region of
lowest PV at the ridge and to the northwest of Ex-Hanna'sssartentre. As a consequence of
the ridgebuilding, a downstream trough amplifies and ahédadhort-lived cyclone develops
(labelledLys, Figuré’5.32c).
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Figure 5.32: Adapted from Figure 4a,c,e,d of Grams ket all120PV (in PVU, shaded) and wind vectors (black) on the 32@éfitropic level, pmsl (black contours every

5hPa). PV and pmsl are from the ECMWF operational analyses. cidsses mark the intersection of WCB trajectories with skatropic layer between 317.5K and

IE 322.5K. Specifically every 30th point is displayed in (a) 4od every point in (e), and every 2nd point in (g). The “L" &b mark the surface position of the cyclones.
The plots were originally produced by MaxbBcher and Heini Wernli (ETHZ).
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This downstream cyclone caused moderate rainfall in paieland and the British Isles. In
the following two days the northern part of Ex-Hanna'’s trowgraps up cyclonically supported
by the WCB that partly advects low PV air cyclonically aroundt#anna and partly extends
the ridge downstream of Ex-Hanna far to the north (Figur@é®)3The southern portion of Ex-
Hanna's trough elongates southeastward and becomes adavhsir. At the same time a new
extratropical cyclone develops upstream of Ex-Hanna neavfdundland (labelled.,pstream
Figure’5.32e, HTUJ in Figufe 5.30 and Figure 5.31). It iniftessahead of a midlatitude trough
and builds a ridge upstream of (Ex)-Hanna. The ridge buildgninduced by the advection of
low PV air in a WCB triggered ahead of the upstream cyclone (galignment of intersection
points along the midlatitude PV gradient). Along with thestipam ridge building this WCB
also elongates Ex-Hanna's trough southeastward at iteweiank (Figureé 5.32e). While Ex-
Hanna had only a relatively weak direct impact on Europeyection triggered ahead of the
PV streamer lead to severe thunderstorms with heavy ptatgi in western Europe. Finally,
another WCB is triggered ahead of the cold front of the upstreyetone (intersection points
at 25W, 45N in Figure 5.32g). The WCB narrows the PV streamer so that & offt The
cut-off moves into the western Mediterranean and triggeesci/clogenesis of Olivia (labelled
Lolivia, Figuré’5.32g). The cut-off also causes large-scale heagigitation north of the Alps.
Olivia itself caused severe mesoscale convective systeerdlte western Mediterranean region
and the Adriatic Sea. The impacts in terms of precipitatios @discussed in more detail in
Section5.2.6

In summary, the interplay of WCBSs linked to Hanna and the upstregclone crucially mod-
ified the midlatitude wave guide such that a PV streamer fooues the eastern North At-
lantic and evolves into an upper-level cut-off low triggegyia Mediterranean cyclogenesis.

I.|_(2Qil) further showed that the advection ofitedpvarm air masses against a
baroclinic zone by Hanna triggered the WCBs. Along the WCB trajges diabatic PV pro-
duction occurred at lower and mid levels and diabatic PV c&dno at upper levels. This low
PV air had a significant impact on the ridgebuilding dowrestneof Hanna. A simple sensitivity
experiment that interrupts this process is the removal airtdagrior to the interaction with the
baroclinic zone. The direct impact of Hanna on this chainveings will be investigated in the
following by comparing a COSMO run with and without Hanna ie thitial conditions. We
start with a brief description of the technical details a§tRV surgery application.

5.2.2 Technical details of the PV surgery

Two COSMO simulations were computed using the standard COSivifiguration (Section 3.1.2).
The simulations differ only in the initial conditions. Sheurly ECWMF analyses (with 0.25
horizontal resolution) serve as boundary conditions. Tloelehruns start at the end of the
tropical stage at 00 UTC 6 September 2008 when Hanna reabbddS East Coast. Similar

to the determination of the initialisation date for Jangirthgs time Hanna is well south of the
midlatitude wave guide and an interaction of Hanna and thi#atiiude flow was not seen in the
isentropic PV charts. The horizontal domain covers theehtorth Atlantic and major parts of
Europe. Information on the COSMO runs are summarised in Fadle

The control simulation (CNTRL=SH20, SH20 is the label for tkpaxriment) is initialised from
the unmodified ECMWEF analysis. The positive PV anomaly linketth Wurricane Hanna and
the associated anomalies in the meteorological fields hese iemoved at 00 UTC 6 September
2008 in the initial conditions for the no-TC simulation (NO¥NH30). Details of the PV
inversion and the anomaly definition are summarised in thgefdix, Table A.b.
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5.2 The ET of Hurricane Hanna (2008)

5.2.3 Verification of the control experiment

The track of Hanna in the control run (HH20, light blue in Rig6.30) shows weak deviations
from the analysed track (HHJ, black in Figure 5.30). Majdfedences occur between 8 and
10 September 2008, when the track is up tdutther north. During that period Hanna also
reintensifies about 12 hours earlier than in the analysguf€i5.31). However, the magnitude
of the intensity change is simulated very well. The dowrastrecyclone (HD20, blue short
dashed control track; HTDJ, black short dashed analyssygsalreland off the coast and fur-
ther westward. It is detectable 24 hours earlier than in tiadyais data, but the intensification
in the control run after 00 UTC 09 September 2008 is almosttidal (Figure 5.311). Although
the upstream cyclone (HU20, blue control track; HUJ, blag&lysis track) develops at about
the same location (6%V, 48°N) its subsequent development in the control run differsificy
antly from the analysis. In the control scenario an expsntensification period occurs on
12 September 2008 linked to a DRW-like structure that apgptathe southeast of the original
cyclogenesis. The cyclone centre transitions to the DRWESBIre and its subsequent track is
more south- and westward. The Mediterranean cyclone OlN{@20, blue) develops in the
Ligurian Sea at about the same location as in the analysi® @eptember 2008 (HOJ, black)
and propagates quickly eastward reaching about the saseresityt

The different evolution of the upstream cyclone is the mainstraint on the control exper-
iment. For the Jangmi scenarios differences between thigsasmiand the COSMO control
simulation were increasing after the 4 day (96h) forecasgea This is similarly evident for
the Hanna control simulation. The anomaly correlationfomeht for CNTRL at mid (500 hPa,
Figure5.38a) and upper (200 hPa, Fidure5.33b) levels igea®®3 until 10 September 2008
(96 hour forecast). After the genesis of the upstream cychomd the interaction with the un-
realistic DRW the ACC for 500 hPa geopotential decreases?® &t 00 UTC 12 September
2008. For the rest of the simulation period the ACC reducesweth time and at upper levels
the ACC even increases slightly, indicating the rather ugefuresentation of the cut-off pro-
cess on 13 September 2008. Thus the control run can be coedide a reference simulation
for the quantification of Hanna's interaction with the mittlades during the early stages of ET.
However, Hanna’s impact on the downstream evolution caploalestimated using CNTRL.

(a) 500 hPa (b) 200 hPa
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Figure 5.33: Anomaly correlation coefficient (ACC) of getgttial at 500 hPa (a) and 200 hPa (b). Data is from
the CNTRL (SH20, light blue) and NOTC (NH30, orange) simiolat The ACC is calculated on the subdomain
80°W-20°E, 25 N-55°N) every 12 hours. The ECMWEF analyses interpolated on the CO§hU are used as
the analysis data and the daily mean values of ERA-INTERIdrpolated on a 0.2%0.25 horizontal grid

is used as the climatology. Additionally the mean ACC fordsterministic ECMWF IFS forecasts durinn 1

August 2008 to 1 November 200 calculated for the same doreahawn in black.




5 The midlatitude flow evolution during ET in different sceioa

5.2.4 The impact of Hanna on the the midlatitude flow evolutio n: PV
surgery

From 7 September 2008 WCBs associated with Hanna'’s outflowpiainand advect very low
PV air towards the midlatitude wave guide and initiate rialgieling downstream of the tropical
storm. As presented by Grams et al. (2011) and similar tordatite low level TC circulation
advects tropical air towards the baroclinic zone wheregends slantwise resulting in a dia-
batically enhanced transport of low PV air to jet level. Apep-levels the WCBs support the
poleward advection of low PV air in the TC outflow.

At 00 UTC 8 September 2008 in the control simulation (CNTRL;UF&5.34a) very low PV air
at jet level expands from Hanna (8&, 46°N) eastward along the southern edge of the midlat-
itude wave guides£ 2 PVU). The advection and transport of low PV air by Hannatsriaction
with the baroclinic zone and upper-level flow lead to a sigaifit amplification of the ridge
downstream. The northern edge of the ridge is at abdiit 98here a pronounced jet streak with
wind speed of more than 80 msextends from 60N to 3C°W. Further downstream, a trough
is elongated to 3OV, 26°N. In contrast, in the experiment with Hanna removed frominiteal
conditions (NOTC; Figure 5.34b) the downstream trough isk@eand its southern tip is located
significantly further east at about 2%, 30°N. The ridge over the Atlantic shows less amplific-
ation with the northern edge at around’Mi@about 700 km south south of that in the control ex-
periment. The jet streak is weaker al$g) & 60 ms'1). The ridgebuilding is reflected in a broad
region of very low negative difference PV on 345K+ PVU) in the jet region (Figute 5.35)
where the absolute wind speed difference exceeds 40 nThe amplified downstream trough
appears as a region of positive difference PV (up to 5 PVUPa\2 The more westward loca-
tion (=~ 9°longitude) of the southern edge of the trough in the conttehario is obvious when
directly comparing the 345 K 2 PVU contour in both runs (lighte and orange contours in Fig-
ure’5.35). The joint diabatic and advective (PV-) frontogigmenhancement of the tropopause
PV gradient],PV is evident when comparing,PV on 345 K in the scenarios (Figuire 5.36). In
the control simulation an almost uninterrupted ban@gPV >3 PVU (100km) ! extends from
70*W, 45°N downstream of Hanna to 3@/, 35°N reflecting the ridgebuilding and the amplifica-
tion of the downstream trough (Figure 5.36a). The maximungPadient is 7 PVU (100km)*

at 40W, 55°N, slightly north of the jet streak. In contrast, the weakege in the NOTC
simulation appears as an intermittent bandigPV >2 PVU (100km)? from 70°W, 45°N to
30°W, 50°N (Figure 5.36b). In the NOTC run the banded structure of teyfadient and con-
sequently the jet do not extend meridionally at around/2é the region of the transition from
the ridge to the downstream trough. The maximum &SN is below 5 PVU (100kn)?.
Thus the tropopause PV gradient at 345K increases by up td2(P80km) 1 in the presence
of Hanna'’s circulation impinging on the baroclinic zone ainid enhancement is attributable to
the diabatic PV reduction and advection of low PV air at ugpeels. The resulting difference
in the jet streak maxima is about 20 m's The crucial impact of Hanna on the upper-level
flow is reflected in the 200 hPa anomaly correlation coefficiéfhereas the ACC is high in the
control run during the first 96 hours, it decreases dramlgtiea 200 hPa during the first 72 h
when Hanna is removed (Figure5.33b).

At lower levels in the NOTC experiment a trough in the 1015 ltBatour at 72W, 42°N
indicates an extratropical cyclogenesis at about the ilmtatf Hanna (Figure 5.34b and Fig-
ures5.30,5.31). Also, a secondary low at aboutV850°N is more pronounced in the NOTC
experiment (Figure5.35a). The downstream cyclone deseddvd8W, 44°N in both simula-
tions (Figuré 5.34ab, Figures 5180, 8.31).
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5.2 The ET of Hurricane Hanna (2008)

(a) IPV 345K, CNTRL, +48h, 00 UTC 08 September 2008 (b) IPV 345K, NOTC, +48h, 00 UTC 08 September 2008
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Figure 5.34: PV (in PVU, shaded), wind (grey vectors and lbldashed with a 10 mr$ contour interval for
[V > 50ms?) at the 345K (a,b) and 320K (c-h) isentropic level, and prbdk contours every 5hPa). In
panels (c),(d) additionally the 2 PVU contour on 345K is sho®n the left data from the control simulation is
plotted and on the right data from the NOTC simulation. Thedast hour and valid times are indicated above
the panels.

At 12UTC 09 September 2008 an extratropical cyclone is ptesethe NOTC experiment
slightly south of the location of Hanna in the control rungifie 5.34cd and Figure 5.30) and
its central pressure is 8 hPa higher (Fidure’5.31). The sudHridgebuilding is weaker (Fig-
urel5.34d). In the control experiment low PV air of Hanna’svdstream ridge wraps cyclonic-
ally around the reintensified storm (Figlre 5.34c). The wrp@nd northward shift of the low




5 The midlatitude flow evolution during ET in different sceioa

PV air are reflected in a very strong negative 320K differeR¥e(<-6 PVU) north of Hanna
(Figurd5.37a). This cyclonic wrap-up is important for tleeitheastward extension of Hanna's
trough (Grams et al. 2011). At upper-levels a pronouncedndtwam ridge and trough are
evident in the control experiment from 80 to 20°W (345 K isentropic 2 PVU contour, blue in
Figure 5.34c). The ridge and southern part of the troughtétéd anticyclonically compared to
the previous day indicating an initial anticyclonic wavedking. The downstream trough ex-
tends as a PV streamer along the North African coast. Thgeficough couplet is much broader
and less amplified in the NOTC run (345K isentropic 2 PVU cania Figure 5.34d). In the
subsequent days the downstream trough forms an cut-off tavp@er levels off the coast of
Morocco and affects Madeira (Sectlon5/2.5). A similar depment is evident in the analysis
data (not shown). As a consequence of the anticycloniagilitn CNTRL, the northern part of
the downstream trough at 345K is located further to the @a°&l, which is also reflected on
the 320K level (Figure5.37a). Consequently, the downstreaione (located at £3V, 53°N,
Figure’5.34c,d) in the CNTRL scenario moves slightly more Blawnd closer to the western
Irish coast, although the intensity is comparable in bothusations (Figures5.30,5.81). The
genesis of the upstream cyclone is indicated in both exmarisnby a closed 1015 hPa pmsl
contour at 78W, 44°N (Figure5.34c,d).

Two days later at 12 UTC 11 September, (Figure’5.32¢e), Haroeedto about 12V, 5N in
the control run and the associated trough extends more-santheastward (cf. Figure 5.34e,
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Figure 5.35: Difference CNTRL minus NOTC of PV
(shaded in PVU) and of wind speed (black con-
tours with a 10 mst contour interval) on the 345 K
isentropic level at 00UTC 08 September 2008

(+48h). The 2PVU contour from CNTRL (cyan)
2N o oom - o o - and NOTC (orange) is also shown. Note that the
—mET [ T T [ section zooms on the ridgebuilding.
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5.2 The ET of Hurricane Hanna (2008)

Figure 5.30). Lower 320K isentropic PV in the regiorP®) 60°N to 20°W, 55°N reflects the
cyclonic wrap-up of low PV air. In contrast to the analysige tipstream cyclone in CNTRL has
a second centre at 3@/, 44°N attributable to a DRW-like structure approaching to itsitho

In the NOTC scenario (Figure 5.34f) the extratropical cpeld10W, 53°N), that developed
instead of Hanna has a more westward track and heads towaelaisd (Figure 5.30). This cyc-
lone remains secondary to a steering low over Iceland ansl mioieexhibit a cyclonic wrap-up
of low PV air as seen for Hanna. Also, the associated troughalhmaore meridional orientation
and is located further westward compared to the analysis @RINscenario. The development
of the upstream cyclone at about"®@ 51°N is similar to the analysis, though it is less intense
and located slightly further south (Figufes 5.305.31). fidtker good representation of the up-
stream cyclone in NOTC is reflected in relatively high ACCsrad@UTC 10 September 2008
exceeding the ACC in CNTRL (Figure 5J33).

For a better understanding of the impact of Hanna on the Meditean cyclogenesis, the evol-
ution of the upstream trough that transforms into a PV stezamhighlighted in more detail.
In the CNTRL scenario and in the analysis (Fidure b.34e andr€f®32e) the cyclonic wrap-
up of low PV air leads to a reduction of the stratospheric Hyhvalues. This results in a
tropopause fold from around 20/ ,6(°N to 20°W ,55°N (Figure 5.34e and Figure 5/37b) north
of the region where ridgebuilding associated with the @astr cyclone occurs. Thus the PV
gradient is reduced and the associated jet streak is weaksol(ite differencec —30ms1,
Figure 5.37b). The joint action of the anticyclonic ridgétimg by the upstream cyclone to the
south and the cyclonic wrap-up by Hanna to the north lead tmeereastward elongation of
Hanna’s trough in the control run than in NOTC (cf. Figurefg&nd f). In NOTC the ridge-
building associated with the upstream cyclone leads to a&raoplified ridge trough couplet
(Figurd5.34f). Consequently, the trough expands furthettsthan in CNTRL. This is reflec-
ted in the negative 320 K difference PV at aroundW216°N in Figure’5.37b. Qualitatively the
320K difference PV at 12UTC 11 September 2008 (Figure 5.8@épjcts the inverse picture
to the 345K difference PV three days earlier. At 00UTC 8 Seyker 2008 (Figure 5.35) the
advection of low PV air in CNTRL by Hanna'’s outflow and the asatax ridgebuilding result
in a more amplified and anticyclonically tilting downstreamugh. The cyclonic wrap-up of
this low PV air during the following two days (Figure 5137unteracts the ridgebuilding of
the upstream cyclone and results in a more eastward elongztHanna'’s trough in the control
run. Under the influence of the upstream ridgebuilding aldme trough in NOTC has a more
meridional amplification and is located abodtl&ss to the east than in CNTRL.

In the subsequent development Hanna’s trough cuts off ih bognarios (Figuire 5.84g,h cf.
Figure 5.32g). However, in the NOTC scenario this cut-ofbated at 3E, 41°N southwest of

a) difference , +84h, eptember ifference F , eptember
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Figure 5.37: As Figurle5.835 but at 320K and at 12 UTC 09 Sepeerdb08 (a) and 12 UTC 11 September 2009
(b). Note that the section shown zooms on the a differenbregpmpared to Figufe 5.34. |




5 The midlatitude flow evolution during ET in different sceioa

the cut-off in the analysis and control experimerf§{845°N). The cut-off in the NOTC scenario
also only triggers a weaker and rather stationary Meditexaa cyclone (Figures 5.30,5.31).
These differences in the NOTC scenario result in a low ACCeaetid of the simulation period
(Figure5.33).

It can be concluded that the ridgebuilding linked to Hannd #re subsequent wrapping-up
of low PV air modify the upper-levels so that the PV streammdt aut-off developing from
Hanna’s upstream trough have a more eastward location. Hlaoea may have modified the
exact location of the Mediterranean cyclone Olivia. Duéh®domplex orography in the Medi-
terranean region this has an crucial impact on the triggesfrheavy precipitation. During the
earlier stages of ET, the PV surgery experiment showed thanhkl modified the upper-levels
due to a strong ridgebuilding and amplification of the doweest trough. As in the Jangmi
case study, this resulted in an increased tropopause PVegtaahd a significant acceleration
of the midlatitude jet.

(a) IFS, 24h precip. until 00 UTC 11 Sep 2008 (b) IFS, 24h precip. until 00 UTC 12 Sep 2008
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(c) IFS, 24h precip. until 00 UTC 13 Sep 2008
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Figure 5.38: 24 hour accumulated precipitation (shadedym ) in the IFS “analysis” and pmsl (black with a
5 hPa contour interval). The 24 hour accumulation periocseatdhe date indicated above each panel. To be
compared with Figure 5.39 and Figure 5 from Grams et al. (R0IHe IFS “analysis” precipitation is calculated
by adding the total precipitation at forecast hour 12 in theetshifted twelve hourly IFS forecasts beginning at
00 UTC 06 September 2008.
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5.2 The ET of Hurricane Hanna (2008)

5.2.5 Downstream impact

During the period of Hanna’s ET Europe was affected by sévegh impact weather events
in terms of heavy precipitation (cf. section 4.2 of Gramsl£2@11). On 9 and 10 September
2008 the downstream cyclone brought moderate rain of ard@maim in 24 hours to the British
Isles and southern Scandinavia, and Ex-Hanna caused sanfedlia Ireland and in the UK
(Figure 5.38a). As this rainfall follows a flooding eventliretUK at the beginning of September
2008 it had a severe impact on the UK. During the following ttaynderstorms were triggered
in France ahead of Ex-Hanna’s cold front with rainfall amtsuof up to 70 mm in 24 hours
(Figurd’5.38b). On 12 September 2008 large-scale heavipjiegon (up to 88 mm in 24 hours)
occurred in central Europe north of the cut-off that devetbfrom Ex-Hanna’s PV streamer
(Figurd5.38c). During and after 13 September 2008 the Madihean cyclone Olivia lead to
orographically and convectively enhanced severe pretipit in the Alps, northern Italy and
the Balkans exceeding 200 mm in 24 hours at some locationar@®g38d).

Although the upstream cyclone develops differently fromdhalysis, in the CNTRL simulation
the direct impact of the downstream cyclone and Ex-Hanndeititish Isles, of Ex-Hanna'’s
cold front on France and of the cut-off and Mediterraneanagenesis on central Europe and
the Mediterranean constitute a realistic scenario (cfufgg 5.38 and 5.39). The major differ-

(a) CNTRL, 24h precip. until 00 UTC 11 Sep 2008 (b) CNTRL, 24h precip. until 00 UTC 12 Sep 2008
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(d) CNTRL, 24h precip. until 00 UTC 14 Sep 2008
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Figure 5.39: 24 hour accumulated precipitation (shadedgim®) in the CNTRL experiment and pmsl (black
with a 5 hPa contour interval) from the control experimenite 24 hour accumulation period ends at the date
indicated above each panel. To be compared with Figurée Bl8& the different domains.
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Figure 5.40: Difference of the total accumulated precijuita(shaded in kgm?) in the control minus NOTC exper-
iment until 00 UTC 14 September 2008 and pmsl (black with aéddhtour interval)at 00 UTC 14 September
2008 from the control experiment. Blue colours indicate enprecipitation in the control scenario with the
impact of (Ex-)Hanna, while red colours indicate more priation in the NOTC scenario without Hanna.

ences in the observed precipitation and in the CNTRL scenagiothe frontal system asso-
ciated with the downstream cyclone is located further sgatll in CNTRL and consequently
brings moderate rainfall to central Europe and not to sautiSeandinavia (cf. Figures 5./38a
and[5.39a). The convection triggered ahead of and at Ex-&¥sunld front is more confined

to southern France in CNTRL and not to eastern France as seba observations (cf. Fig-

ures 5.38b and 5.89b). The large-scale precipitation rafrthe cut-off is less pronounced in
the CNTRL scenarios. Maximum rainfall amounts occur over thiehern Alps and are rather
linked with the cyclogenesis of the Mediterranean cyclafe Figures 5.38c and 5.89c). The
precipitation due to Olivia is slightly shifted eastwardtire CNTRL simulation (cf. Figures

5.38d and 5.39d).

Comparing the difference in 192 hour accumulated precipitdtetween the control scenario
and the scenario without Hanna (Figure 5.40) reveals drdiffarences between the scenarios
in three distinct regions. A first region of significantly negorecipitation in the presence of
Hanna appears over the British Isles and Brittany (up to 50 mmermmoWales). This res-
ults from the joint impact of the downstream cyclone and ofHanna’s frontal systems. The
downstream cyclone moves slower and closer to the wesiemdoast in the control scenario.
Ex-Hanna moves northward off the coast of the British Islakécontrol scenario whereas the
extratropical cyclone, developing instead of Hanna in tii&Tl8 scenario, decays when reach-
ing Ireland. Therefore the frontal systems linked to the nstneam cyclone and Ex-Hanna
move more distinctly across the British Isles in the conthalrt in the NOTC scenario and
consequently bring more precipitation. A second majoreddhce occurs in the Mediterranean
region. In the presence of Hanna, the precipitation linkét the Mediterranean cyclone ap-
pears similar to the observations over northern Italy, thpsAnd the Balkans. In contrast, high
rainfall amounts are evident in southern France and natieaSpain in the NOTC scenario
due to a more westward position of the Mediterranean cycéomkof the upper-level cut-off.
In the Mediterranean region rainfall amounts depend afiiifaupon the interaction of the cir-
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5.2 The ET of Hurricane Hanna (2008)
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Figure 5.41: As Figurle 5.40 but the difference between tlemclated precipitation (shaded in mm) in the IFS
“analysis” and the accumulated precipitation after 192daist hours in the IFS deterministic forecast initialised
at 00 UTC 06 September 2008 and at 00 UTC 14 September 200k (bith a 5 hPa contour interval). The
192h total precipitation from the IFS “analysis” is caldel by adding the total precipitation at forecast hour
12 in the time shifted twelve hourly IFS forecasts beginrah§0 UTC 06 September 2008.

culation and the complex orography. Thus a different pmsibf weather systems exhibits a
crucial impact on local rainfall amounts. In the NOTC scémarecipitation in southern France
Is widely more than 75 mm higher than in the CNTRL scenario aapig®ver the mountain
ranges. A third interesting region is at about\ds34°N off the Moroccan coast. In the vicin-
ity of Madeira rainfall amounts are of up to 75 mm higher in tomtrol scenario than in the
NOTC. This is due to the cut-off of the downstream trough whgchot present in the NOTC
scenario.

The precipitation forecast differences in the operatidB@MWF IFS forecast (Figufe 5.41)
were of the same order of magnitude as the differences bet@&&RL and NOTC (Fig-
ure’5.40). The IFS forecast also underestimates the pratiipi in southwestern England, Italy
and the Balkans (Figure5/41). The IFS forecast overpregietsipitation east of Spain. The
correlation of these patterns with the differences betwieerCNTRL and NOTC scenario may
indicate uncertainties on the exact transformation of Exui&’s trough into a PV streamer in
the IFS forecast. In the Madeira region neither the IFS aislyor the IFS forecast indicate
strong precipitation, linked to the cut-off of the downsimetrough. However, it has to be noted
that precipitation of up to 75 mm was observed by the TRMM &tdehinfall radar during the
period 7-9 September 2008.

In summary, three crucial impacts on the precipitationgvat over Europe can be attributed
to the ET of Hanna based on the CNTRL and NOTC experiment. Wi@le}20 mm more
precipitation occurs over the British Isles and up to 50 mmenorWales associated with the
downstream cyclone, that moves slower along and closeretovédstern Irish coast, and with
Ex-Hanna. The ET of Hanna is crucial for a more eastern lonatf the Mediterranean cyclone
Olivia. Rainfall amounts were widely 40-50 mm and locally mdhan 75 mm higher over
northern Italy, the Alps and the Balkans when Hanna was pt@séime initial conditions. The
ET of Hanna helps the downstream trough to cut off which tesalhigh rainfall amounts off
the Moroccan coast in the vicinity of Madeira.




5 The midlatitude flow evolution during ET in different sceioa

5.3 The ET of Typhoon Choi-wan (2009)

Typhoon Choi-wan formed in the western North Pacific in Sep@&n2009. It reached max-
imum intensity at around 16 September 2009 with a minimuntraépressure of 915 hPa and
maximum sustained winds of 54 m’s(10 min mean, JMA). A NASA reported even states a
maximum sustained wind of 82 m%s (1 min mearﬁ. During ET the midlatitude environment
was characterised by Rossby wave activity. A pronounced Rosgale train occurred down-
stream of Choi-wan accompanied by an early outbreak of coa\ar large areas in central
North America.

On 18 September 2009 Choi-wan recurved ahead of a midlatitodgh with an axis at around

135°E (Figure 5.4R). In the subsequent days a Rossby wave tragiaped with a pronounced

first downstream trough over the Central Pacific (axis atg@®O0 UTC 21 September 2009,
Figure 5.42) and a second downstream trough over North Aménat cuts off on 23 September
over the central USA (axis at 10&/, 00 UTC 23 September 2009).

The impact of Choi-wan on the midlatitude flow evolution and thiggering of the polar air
outbreak in North America is investigated with the help of aSB@D sensitivity experiment.
After some details on the COSMO scenarios, an overview of @lami's ET is given in Sec-
tion[5.3.2 followed by a more detailed quantification of Chain’s role in the evolution of the
midlatitude flow (Section5.3.3) and a discussion of the dgivaam impact in North America
(Sectioni5.34).
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Figure 5.42: Hovriller
diagram of the meridi-
onal wind component at
250 hPa (shaded every 10
ms1) in the ECMWF
analysis.  Data meridi-
onally averaged from

% \ 25N to 55N. Track of
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5.3.1 Technical details of the PV surgery

The midlatitude impact of Choi-wan is investigated by conmgaa COSMO run with (CNTRL)

and without (NOTC) Choi-wan in the initial conditions. The COSimulations are computed
with the same configuration except for the initial condiso@hoi-wan is removed from the ini-
tial conditions of the NOTC run using the PV surgery techei@g8ection 3.2)4). Six-hourly

Inttp: /7 ww. nasa. gov/ m ssi on pages/ hurri canes/ ar chi ves/ 2009/ 2009 Choi - Vén. ht ni | retrieved at
6 August 2011
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5.3 The ET of Typhoon Choi-wan (2009)

ECWMF analyses (with 0.25horizontal resolution) serve as boundary conditions. T h
zontal model domain covers the entire North Pacific and NArtterica. The northern edge
of the model domain is set to 7 to avoid an impact of the northern boundary condition on
the evolution of the Rossby wave train. As a consequence,dtieomtal resolution isz 6km

in the northern model domain and a numerical time step of $0equired. The model runs
are initialised one day prior to recurvature at 00 UTC 17 &eier 2009. Information on the
COSMO model runs are summarised in the Appendix, Table A.6.

The control simulation (CNTRL) is initialised from the unmbdd ECMWF analysis and the
no-TC simulation (NOTC) from the ECMWF analysis from which Cin@n has been removed.
Choi-wan was still a strong tropical cyclone and well soutthefmidlatitude wave guide at the
time of the TC removal (OOUTC 17 September 2009). An intéoacdf Choi-wan and the
midlatitude flow was not seen in the ECMWF analysis isentropigRor to the initialisation
time. Details of the TC removal of Choi-wan are given in the Apgix in Tablé A.¥

5.3.2 Overview of ET Choi-wan

The CNTRL scenario gives a very good representation of the nlag/sis during the first 6
days. This is reflected in a high anomaly correlation coeffitACC > 0.8 until 00UTC 23
September 2009 (+144 h) for geopotential at mid and uppetdéiFiguré 5.43). Afterwards the
ACC decreases significantly and indicates no useful forestds{ ACC < 0.6) after 00UTC 25
September 2009. In terms of the ACC the control simulationietda better forecast skill until
24 September 2008 compared to the average deterministicast skill.

The analysed evolution of the low-level flow at the beginndidET is dominated by the ex-
tratropical reintensification of Choi-wan during which Chean interacted with a preexistent
extratropical cyclone and has a second period of rapid eapigal reintensification to 964 hPa
until 122UTC 21 September 2009 (Figures 5.44 and|5.45). At DCL0 September 2009

() 500 hPa (b) 200 hPa
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Figure 5.43: Anomaly correlation coefficient (ACC) of getgrtial at 500 hPa (a) and 200 hPa (b). Data is from the
CNTRL (blue) and NOTC (red) scenarios introduced in Sedi8nl. The ACC is calculated on the subdomain
shown in Figure§ 5.62 (120-30B, 20-60N) every 12 hours. The ECMWF analyses are used as the analysis
data and the daily mean values of ERA-INTERIM interpolatacad).25x0.25 horizontal grid is used as the
climatology. Additionally the mean ACC for all determinsECMWEF IFS forecasts during 1 August 2009 to
1 November 2009 calculated for the domain IB{BOCE, 20°’N-6C°N is shown in black.
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Figure 5.44: Tracks of Typhoon Choi-wan during ET and of tbenastream cyclone CWb. Tracks from analysis
data in black colours, labelled ACW, ACWh. Tracks from cohscenario in blue colours. Tracks from no-
TC scenario in red colours. Thick points 00 UTC times, lamklvith the day of September 2009, thin points
12 UTC times. Pressure at mean sea level (black every 5h@&a)tfie analysis data shown at 00 UTC 20
September 2009.

1010 !

: : R : ‘ (Figure5.46a) the extratropical cyclone de-
1000 . i veloped at the baroclinic zone to the north-
1 ‘ AR e |k east of Choi-wan. During 20 September 2009
(Figure’5.46b) Choi-wan, which still exhibits
a warm core @ > 355K), approaches this
extratropical cyclone. At 00 UTC 21 Septem-
ber 2009 both cyclonic systems merged and
a period of reintensification started (Fig-
ure’5.46c). The warm core dissolved. At
12UTC 21 September 2009 (Figure 5.46d)
Choi-wan is a mature extratropical cyclone
and subsequently crosses the Pacific as a
steadily decaying but strong extratropical cyc-
lone until 26 September 2009, when it reaches

Figure 5.45: Minimum pmsl (in hPa) in the centre oflaska at 148W, 59°N.
Choi-wan and cyclone CWhb. The same labels and ¢
ours as in Figurie5.44 are used.

990
980
970

960

950 i i i i i
18/00  20/00  22/00  24/00  26/00

Yhis evolution is a compound ET in the
classical description df Matano and Sekioka

), in which a TC interacts with the
frontal zone of an existent extratropical cyclone.| As Agiginareda (2008) pointed out, com-
pound ET must be differentiated into an interaction with atragropical system upstream or
downstream of the recurving TC. The interaction with the daddt of an preexistent extratrop-
ical cyclone downstream, will result in an intensificatidritte merger system as the TC forces
ascending motion over the extratropical system. This istwigasee in the case of Choi-wan
(Figurd5.46). In contrast, when interacting with the wamonfal system as in the case of
Hurricane Gert (1999) studied by Agirftanareda (2008), the TC will force descending mo-
tion over the extratropical system forming upstream, whichuld result in a weakening of the
extratropical development.

In the control scenario the evolution of Choi-wan is similatiL23 September 2009 (light blue
in Figures 5.44 and 5.45 see also Fidure’5.43). Afterwards-®@ao at around 170V 45°N
merges with a cyclone that develops at MO50°N on 25 September 2009. In the NOTC
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5.3 The ET of Typhoon Choi-wan (2009)

(a) 00 UTC 20 September 2009 (b) 12UTC 20 September 2009
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Figure 5.46: Low-level PV (in PVU shaded), equivalent ptitdtemperature (blue contours 320-335K every 5K,
and purple, 350-360 K every 5K), and wind vectors (grey)ivalty averaged from 975-800 hPa every 25 hPa.
Pmsl (black with a 10 hPa contour interval). Data from the B&Manalysis shown in a 12 hourly sequence
from 00 UTC 20 September 2009 (a) to 12 UTC 21 September 2009 (d

scenario the extratropical cyclone, with which Choi-wangesron 20 September 2009, forms
also and exhibits a similar track to extratropical Choi-wathie analysis (orange in Figures 5.44
and 5.45). However, it is weaker and experiences a perioccakening during 21 September,
when Choi-wan merged with the extratropical cyclone andeesified. The track differs from
that of Choi-wan after 23 September 20009.

An extratropical cyclone (labelled CWa) forms on 16 Septen2089 ahead of the trough that
becomes the first downstream trough (grey in Figure 5.47apnthe first downstream trough
amplifies (cf. Figureé5.48a,b) it intensifies from 1000 hPOH@UTC 18 September 2009 to
976 hPa at 18 UTC 20 September 2009 (bladk in 5.47b). On 23%Byetr 2009 cyclone CWa
reaches Alaska at about the same location as Choi-wan thyeelatar. The track of CWa

in CNTRL is very close to the analysis until 23 September 2008ugh the intensification is

delayed about 24 hours and not as intense (blue in Figurés 2Ad 5.47b). In the NOTC

scenario the intensification is also delayed 24 hours andréic& is more to the east after 20
September 2009.

An extratropical cyclone (CWb) that develops later ahead efaimplifying first downstream
trough is important in terms of the downstream impact. Itfsrat around 15W 39°N on

21 September 2009 (1010 hPa; grey and black dashed in Flii##ésnd 5.45). On a north-
ward track CWb intensifies to a minimum pressure of 984 hPa atTI2 B September 2009




5 The midlatitude flow evolution during ET in different sceioa
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Figure 5.47: (a) as Figure 5J44 but track of cyclone CWa andl gmown at 00 UTC 17 September 2009. (b) as
Figurd’5.45 but pmsl for cyclone CWa.

reaching the North American coast on 24 September 2009 b#egjuently transitions into an
extratropical cyclone, that develops over northern Can@itla.evolution and intensification of
CWhb is similar in the CNTRL scenario but the track is abouit ttthe right of the track in the
analysis (blue in Figurés 544 and 5.45). In contrast, il\®& C scenario this cyclone is much
weaker and develops as a secondary cyclone to CWa (red daskeglireé 5.45). The track is
more westward and hits the North American coast near Vareodsiand (red intermittent in
Figure5.44).

The upper-level flow during and following the ET of Choi-wardisminated by a pronounced
Rossby wave train over the northern Pacific (Figurel5.48).08TC 19 September 2009 Choi-
wan, located at 140V, 28N, moved ahead of a midlatitude trough (upstream trough) et
axis at 138E. This is evident consistently in the analysis and CNTRL dat¢ghe NOTC scen-
ario the trough is located’Surther eastward, is broader and the ridge is less amplifacther
east a first downstream trough is located at aboutB&0llowed by a second downstream
ridge-trough couplet with an axis at about 18band 135W.

Two and a half days later a poleward, cyclonic wave breakinhthe upstream trough oc-
curred and, as for Hanna, the first downstream ridge wrapsmgally around Choi-wan (at
163E 47.5N) in the analysis and CNTRL scenario (Figure 5.48b). The waraking is not
present in NOTC and the upstream trough and first downstrakya are much further east and
less amplified. The first downstream trough amplified at®¥&0The amplification is stronger
in the CNTRL scenario than in the analysis. To the east a vergdoemd strongly ampli-
fied second downstream ridge over the eastern Pacific andnéébrth America follows and a
second downstream trough is located over central North Amerhe amplitude of this trough-
ridge-trough pattern is much weaker and shifted ab6ut5 eastward in the NOTC scenario.
This suggests that the phase speed of the Rossby wave (ptiogagastward relative to the
mean flow) in the analysis/CNTRL scenario may have been aatetedue to the amplification
by Choi-wan’s ET. The begin of stronger differences betwbaerNOTC scenario and the actual
development is reflected in a decrease of the ACC starting @epiember 2009 (Figure 5143).
Interestingly, the ACC for the NOTC scenario is significafitéfow the mean IFS-ACC through
the entire calculation period. This indicates a major fastskill reduction when the tropical
cyclone is not present in the analysis. We note that thedotiem of Choi-wan with the upper-
level midlatitude flow slows down the eastward propagatidh@Rossby wave train, consistent
with the findings of Riemer et al. (2008) in an idealised setith @ straight jet. Furthermore,
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5.3 The ET of Typhoon Choi-wan (2009)

(a) +48h, 00 UTC 19 September 2009
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Figure 5.48: 340K isentropic PV (2PVU contour) from the ga@ (black), control (blue) and NOTC (red) scen-
ario. The times are indicated above each panel. Note thergliff latitudinal extent of (a) and (b)-(d)

the ET of Choi-wan leads to an amplification of the Rossby waai@ twwhich was also repor-
ted byl Riemer and Jones (2010) for an idealised simulatiohefrtteraction of a TC with a
prescribed baroclinic wave.

At 00 UTC 23 September 2009 the second downstream trouglilteassignificantly and starts
to cut off over the central western USA (Figure 5.48c). Thisimilarly evident in the analysis
and CNTRL scenario. The second downstream ridge is strongpjifeed and expands over
the western USA, southwestern Canada, and parts of the Eaft Pd&urther upstream the
first downstream trough, narrows into a PV streamer locat@dcaund 150W in CNTRL and




5 The midlatitude flow evolution during ET in different sceioa

145W in the analysis. In the NOTC scenario the first downstreamgdh is broader and the
trough-ridge pattern shifted about®1®astward. The second downstream trough is less tilted, is
located more than ZCGastward compared to the analysis/CNTRL scenario and hasigloait

off. The ACC for NOTC fell below the level of meaningful forestaskill (Figure 5.48).

Two days later major differences between the analysis aadCthSMO scenarios occur (cf.
Figure5.48). In the analysis, the cut-off of the southermtipo of the second downstream
trough is located at around 108 (Figure 5.48d). In the CNTRL scenario the cut-off has moved
westward to around 128V. Whereas in the NOTC scenario the cut-off is located furdaet at
around 90W and merged with the first downstream trough, which is lataeer the western
USA with an axis at around 11®%/. Due to the major differences in the CNTRL simulation the
ET of Choi-wan based on the COSMO simulations is only discuss&D0 UTC 23 September
2009. In the analysis data the northern portion of the sedomchstream trough becomes a PV
streamer over the western North Atlantic with an axis aV@@t 00 UTC 26 September 2009
(Figurd’5.4®). During the subsequent days this PV streantsraff and triggers a subtropical
cyclogenesis (not shown).

5.3.3 Quantification of Choi-wan’s downstream impact

At initialisation time (Figuré5.49a) Choi-wan is well southa broad trough with an axis at

140°E. This trough becomes the first downstream trough in theesjulesnt days. Cyclone CWa

forms ahead of it at 16@&, 42’N. This is similarly evident in the NOTC scenario (5.51a) in
which Choi-wan could be removed without altering the midilate flow.

At00 UTC 19 September 2009 Choi-wan reintensified ahead aidtithern tip of a pronounced
midlatitude trough that approached upstream (Figure 5.4®klownstream ridge formed with
an axis at 16fE, and the first downstream trough at 1¥80became narrower. These upper-
level features are also present in the NOTC scenario butgsieaam trough is broader and has
an axis slightly further east (Figure 5151b). As the first detkeam trough is at about the same
location the downstream ridge is smaller. Thus the outflolClebi-wan acts to broaden the
downstream ridge at its western flank and to narrow the ugstteough. This is reflected in
the 340K difference PV ok —4 PVU to the north of Choi-wan (Figure 5/50a). In this region
the midlatitude jet streak extends towards Choi-wan refigain enhancement by Choi-wan’s
outflow. This behaviour is similar to that seen for Jangmi &lahna, but less distinct as the
midlatitude jet streak is also present in the NOTC scenakin.extratropical cyclone forms
ahead of the upstream trough in both scenarios. In CNTRL itastéd at 148 38°N, whereas

in NOTC at 150N, 38N (Figure 5.49b, Figure 5.51b). Cyclone CWa is at the sameitotat
170W, 44°N in both scenarios ahead of the first downstream trough.hButb the east the
second downstream ridge-trough couplet formed in bothagaasn

At 12UTC 21 September 2009 dramatic differences occur twWeNTRL and NOTC. In
CNTRL (Figure 5.49c), Choi-wan experienced a reintensificedf®?0 hPa in 18 hours to 963 hPa
(06 UTC) when merging with the extratropical cyclone to itstheast whereas the cyclone in
NOTC (Figure5.51c) reached a minimum pmsl of 990 hPa twetwgrearlier (Figure 5.45).
Along with this reintensification a cyclonic poleward waveedking occurred with low PV
air of the downstream ridge wrapping cyclonically arounel tipstream trough (Figure 5/49c).
The cyclonic wrap-up is reflected in 340k difference IPV<of-5 PVU south of Choi-wan’s
centre (Figure5.50b). The northward extension of the dowam ridge is seen as difference
IPV below —5PVU to the north of Choi-wan. The wrap-up is similar to tha¢rsdor the



5.3 The ET of Typhoon Choi-wan (2009)

(a) CNTRL, 00 UTC 17 September 2009
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Figure 5.49: PV (in PVU, shaded), wind (grey vectors and loldashed with a 20 nTs contour interval for
[V| > 50 ms!) at the isentropic level d®=340K, and pmsl (black contours every 5hPa) shown for thérabn
scenario. The time is indicated above each panel. Note ffezafit latitudinal extent of (a) and (b)-(d).
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ET of Hanna, although the implications for the downstreawlgion are different. The first
downstream trough (16W) and the second downstream ridge-trough couplet?\a3005°W)
amplified significantly in CNTRL. This indicates that ridgeloing similar to that downstream
of Choi-wan occurs downstream of the intensifying extratralpcyclone CWb at 150V, 43N
ahead of the first downstream trough. In NOTC (Figurel5.54is)ttough is broader and loc-
ated further east (14%9V). The cyclogenesis of CWb is not yet evident. The second doesust
ridge-trough couplet is much less amplified in NOTC and ledé®-10° further east with the
axes at around 12W and 100W. The different amplification and shift of the downstream
trough-ridge-trough pattern is also reflected in the dopbléern of negative and positive 340 k
difference IPV & +7 PVU, Figureé5.50b) over the Pacific. This suggests a higlestward
group velocity of the Rossby wave train in the reference satiorh (westward propagating, rel-
ative to the mean flow). Interestingly, the intensity of teegtreaks is similar in both scenarios.
The fact, that the areal extent of the negative PV anomali¢sgure 5.50b is larger than the
positive PV anomalies indicates that diabatic process@g @lmajor role in the diabatic PV
reduction at upper-levels. Thereby the basic process oPlgvair transport to upper-level, as
described in the case of Jangmi, is much weaker in the NOTGlatian.

At 00 UTC 23 September 2009, blocking by the broadened sedowdstream ridge is evident
over the Eastern Pacific and western North America (CNTRL, feigu#9d). The first down-
stream trough to the west has narrowed (axis at\Mg0and ahead of it the cyclone CWhb at

(a) IPV@340K, CNTRL-NOTC, +48h, 00UTC 19 Sep 2009
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Figure 5.50: Difference CNTRL minus NOTC of PV (shaded) ariddawectors (grey) on the 340K isentropic
level, along with wind speeg| > 50 ms™* on 340K (thick black dashed every 20 myand pmsl (black every
10 hPa) from the CNTRL simulation. Time indicated above thegts.
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5.3 The ET of Typhoon Choi-wan (2009)

(a) NOTC, 00 UTC 17 September 2009
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(b) NOTC, 00 UTC 19 September 2009
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(c) NOTC,12 UTC 21 September 2009
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(d) NOTC, 00UTC 23 September 2009
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Figure 5.51: As Figurie5.49 but data from NOTC scenario.




5 The midlatitude flow evolution during ET in different sceioa

146°W, 51°N intensifies as it moves northward. To the east, the soutbarnof the second
downstream trough tilted dramatically and starts to formutatf over the western USA at
107”W 37°N. In the NOTC scenario the first downstream trough and sedomeshstream ridge

are shifted 1520° westward. The first downstream trough is broader with an aixis30'W.
Ahead of it cyclone CWhb is reflected in a weak surface trough @010 hPa contour near
Vancouver Island at 128V, 50°N. The southern part of the second downstream trough hat cut
off at 95°W. Also note the different upper-level flow over the West andt@d Pacific.

Despite the more amplified first downstream trough in CNTRLr&te September 2009, the
Hovmoller diagrams of 250 hPa meridional wind indicate no majifiecence between the
CNTRL run and the analysis before 00 UTC 23 September 2008 fruotry. The enhance-
ment of the first downstream ridge-trough couplet followihg ET of Choi-wan in the CNTRL

run (Figuré 5.5Ra) is reflected in a 250 hPa meridional windpofo 40 m s* centred around

160°W at 12 UTC 21 September 2009. The 250 hPa meridional diféerennd (Figuré 5.52b)

reveals that the ET of Choi-wan triggers a dramatic amplibce&nd acceleration of the down-
stream Rossby wave train. Downstream of Choi-wan the groupciglof the Rossby wave

train increases on 19 September 2009, when the first dovanstriege builds. The group velo-
city of the wave packet in difference wind is about 30Th §80° in 2.5 days).

In summary, this more detailed view of the CNTRL and NOTC sdesahowed that Choi-wan
acts to significantly modify the upper-level Rossby waventrém the presence of Choi-wan the
Rossby wave train is more amplified, exhibits a higher groupoity and consequently propag-
ates slower westward. Due to the stronger amplification ahmmore intense downstream
cyclone (CWb) develops ahead of the first downstream troughutAofit developing from the
second downstream trough is located further west when Chaitsvpresent.

(a) CNTRL (b) CNTRL-NOTC
17SEP2009

18SEP2009
19SEP2009 1
20SEP2009
21SEP2009 1,
22SEP2009 :

23SEP2009 {/{

24SEP2009 {2 ¢

B
5 Y %M Ao ‘ :
50 120E 140E 160E 180 lwsow 140W 120W 100W 8OW  6OW

W 100

25SEP2009

120E 140E 160FE 180 l160W 140W 120 W 80w

I [ I [ [ [ [ I
-60 -50 -40 -30 -20 -10 -5 5 10 20 30 40 50 60

Figure 5.52: Hovriller diagrams of the meridional wind component at 250 hFigh(av5 m s contour interval)
in the control simulation CNTRL (a), and the wind componeiffedence at 250 hPa (with a 5 ms contour
interval) between CNTRL and NOTC (b). The data is meridiynaveraged from 258\ to 55°N. Forecast from
00 UTC 17 September 2009 (0 h) to 00 UTC 25 September 2009 {1€itvn. The black solid line in marks
the track of Choi-wan in CNTRL, in (d) in grey of cyclone NCWNOTC.
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5.3 The ET of Typhoon Choi-wan (2009)

5.3.4 Implications for high impact weather in North America
30

25
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Figure 5.53: Hourly observed 2 m temperaturé Qhat Denver Airport, Colorado, USA from 07 UTC 19 Septem-

ber 2009 to 00 UTC 28 September 2009. Data smoothed with arh pwining mean. Local time is UTC-6 h.
Thanks to Julian Quinting for plotting the data.

The westward shift in the location of the second downstradgertrough couplet and the sub-
sequent upper-level cut-off low during 20 to 26 Septemb@&92tas some implications for high
impact weather in the the central and western USA.

The northerly upper-level flow at 11%/ from 20 to 22 September 2009 lead to a very intense
temperature drop during 20-21 September 2009 in the weSezat Plains, USA and over
the Rocky Mountains. For example, at Denver Airport (1048689.86N) the daily max-
imum temperature was above“Z5until 20 September 2009 and reached 2Z.8t 20 UTC 20
September 2009 (14 local time (LT), Figlre5.53). During tiight the temperature initially
dropped to 9.4C at 8UTC (2LT) 21 September 2009, reflecting the usual noatuwooling.
However, a slight increase to 11
during the next two hours indicates™ 3
a deviation from the diurnal cycle insoo 3
that night. At this time the low-level 1
wind began to turn to Northerlies (Fig- ]
urel5.54) and remains from the nortt% -
until 22 September 2009. AssoCi-150 3
ated with this, the temperature dropﬁoo_z
sharply to 3.3C in the late morn- 1
ing of 21 September 2009 (16 UTC 50
(10LT), Figuré 5.58). The maximum at ¢ 3
this day is as low as € at 23UTC  g.2000 9-20 12 9-21 00 9-21 12 9-22 00
(17LT). This is more than 18K lower

than the previous day. The temperatuﬁigure 5.54: Hourly observed wind direction (i at Denver
remains below 1GC for the next three Airport, Colorado, USA from 00 UTC 20 September 2009 to

. 00 UTC 22 September 2009. Local time is UTC-6 h. Thanks
days. The maximum temperature on

to Julian Quinting for plotting the data.
23 September 2009 only reaches°C2
(OUTC+1d (18LT)). After 26 September 2009 the temperaturgecis back on the usual late
September diurnal cycle with daily maxima abové@%=nd nocturnal minima around %D.




5 The midlatitude flow evolution during ET in different sceioa

In the following, the surface weather situation in North Amoa is discussed with focus on the
period until 23 September 2009, as the COSMO reference diimmlgCNTRL) constitutes a
very good representation of the actual analysis until tagt(df. Figureé 5.43). This allows for
a robust quantification of the surface impact of the westwghitted Rossby wave train during
the ET of Choi-wan.

At 23UTC 22 September 2009 (the approximate time of the diutemperature maximum
in the western USA), the upper-level cut-off low in CNTRL apfgeas a region of very low
500 hPa temperature<¢20°C) centred at 10V, 37°N (Figure’5.55a cf. Figuie’5.49d). Cool
air (<-10°C) at 500 hPa extends southward to around\BOrhe 500 hPa wind vectors reflect
the cyclonic circulation around the cool air mass. The @esnfrthe ridge is located at about
123’W, 47°N. To its southwest a warmer air mass with temperatures afi at 500 hPa
is advected northward along the US Northwest Coast (Figb&a). In contrast, the upper-
level cut-off low is smaller and located further northea®%W, 3N in the NOTC simulation
(Figuré5.55b cf. Figurfe5.51d). Also, the ridge has a smalfaplitude and is much more
tilted. The associated warm air anomaly is concentratedhéncentre of the ridge at about
115°W, 40°N. The shift of the upper-level cold air in the cut-off low hamjor consequences
for the surface temperature. In CNTRL the northerly flow oveesiended time period (21-23
September) results in a 2 m temperature maximum bet@w®er southern Wyoming, western
Nebraska, Colorado, western Kansas, New Mexico, northwe$exas and western Oklahoma
(110W-100°W, 3C°N-42°N, Figure 5.55¢). The lowest 2 m temperatures3°C) occur over
elevated terrain in the Rocky Mountains. Interestingly,dbel air is accompanied by a surface
high pressure system, leading to a southward advectioreofdld air at its eastern side. The
cool air reaches the Mexican border at about°Y@5

Surface observations south of Denver reflect the southwanehd of the cold air from 21 to
23 September 2009 (Talle 5.2). One day after the tempenai@xamum in Denver dropped to
12°C on 21 September 2009, the cool air reached New Mexico. Fanple, in Albuquerque
the maximum 2 m temperature was’23on 21 September and dropped t6@on 22 Septem-
ber. A similar temperature fall is evident further south inFaso, Texas, from 3&€ on 21
September to Z& on 22 September. The higher maximum compared to Denversshbat
the air mass is mixed when advected southward, and the telnlés rather close to the centre
of the cut-off low further north (cf. Figufe 5.65c).

In contrast, southeasterly flow in the northwestern USAttreon California, Oregon, Wash-
ington) advects the warm continental air mass northwestw&urface observations in that
region indicate an unusual “heat wave” spreading northvilameh 21 to 23 September 2009
(Table5.2). The southernmost of three representativesttPortland, Oregon, USA, has a
maximum temperature of 2C on 21 September. In Seattle, Washington, USA, the maximum
temperature rose from 22 on 21 September to 3C on 22 September. One day later the
warm air reached Vancouver, British Columbia, Canada, whesenman temperature peaked
at 27C on 23 September 2009 which constitutes a record for thatiatg that the “heat wave”
begins earlier and is therefore longer at the more southatioss (Table5)2). To the east of
the cut-off southerly flow advects a subtropical air masshveard, leading to rather warm late
summer temperatures of 26 in Columbia, Missouri, on 21 September 2009 (Table 5.2).

In the NOTC scenario (Figure5,55d) the 2m temperature ahlohmked to the upper-level
cut-off west of the Great Lakes is not as pronounced as oeaewdstern USA in CNTRL. The
2 m temperature is below 16 in the region from 103V-90°W, 34°N-48°N. Here the terrain is
lower, so that the upper-level cold air has not such a dranrapact as over the elevated terrain
in the west. Also, the the cool surface air spreads over aenaka. As the upper-level
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(a) 500 hPa temperature CNTRL (b) 500 hPa temperature NOTC
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Figure 5.55: (a),(b) 500 hPa temperature (shaded evé&yaBd black contours every G) and 500 hPa wind vectors at 23 UTC 22 September 2009. XB)nictemperature
(shaded every“¥), 10 m wind vectors, and pmsl (black every 5 hPa) at 23 UTC&#e3nber 2009. In (a,c) data from the CNTRL run is shown, jd)(Bata is from the
NOTC run. The locations of the airport stations given in &R are indicated.
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5 The midlatitude flow evolution during ET in different sceioa

Table 5.2: Maximum (Tx) and minimum (Tm) 2 m temperature’i@)(from 19 to 26 September 2009 at airport sta-
tions (IATA code, elevation): From south to north in the hevestern USA: Portland, Oregon, USA (PDX, 15m
amsl), Seattle, Washington, USA (SEA, 132 m amsl), Vancqstish Columbia, Canada (YVR, 4 m amsl);
from north to south in the southwestern USA: Denver, ColorddSA (DEN, 1655 m amsl), Albuquerque,
New Mexico, USA (ABQ, 1630 m amsl), El Paso, Texas, USA (ELE)&m amsl); in the Midwest Columbia,
Missouri, USA (COU, 215 m amsl).

PDX SEA YVR DEN ABQ ELP Cou

day | TX | Tm || Tx | Tm || Tx | Tm ||| Tx Tx | Tm || TX | Tm ||| TX | Tm
19 | 21| 11 || 18| 14 || 19| 14 27 23 | 12 || 28 | 16 26 | 13
20 | 22| 8 20| 11 || 17| 11 29 26 | 13 || 30 | 17 23| 16
21 | 27| 9 22 | 12 || 18| 9 12 28 | 11 || 33| 18 26 | 16
22 | 31| 20 || 31| 12 || 22| 11 11 17| 7 23| 13 21| 15
23 |31 | 14 || 29| 13 || 27| 10 8 20| 7 23| 13 21| 14
24 | 21| 11 | 20| 13 || 17| 11 17 20| 7 25| 14 21| 17
25 |1 24| 9 22| 10 || 18| 9 18 26| 9 29 | 16 24 | 13
26 | 23| 11 21|10 | 17| 9 29 28 | 11 || 32| 16 21| 13

oooo.b.b.boo@oog'

ridge is located over the western USA, 2 m temperature wieetgeds 20C there.

The difference temperature CNTRL minus NOTC reflects the furegfindings (Figure 5.56).
In the region of northerly flow between 1I’MY-100°W a very strong low-level cooling of below
-10K over a broad area and locally below -18 K occurs (Figus€p Almost the entire western
USA experiences a negative 2 m temperature anomaly. An ggoep the the northwestern
corner of the USA and southeast Canada. Here the positiveangartly exceeds +15K and
locally reaches +20 K. The region of cooler 2 m temperaturghsoest of the Great Lakes in
the NOTC simulation is reflected in the positive anomaly>&K centred at 99V 37°N. It

Is remarkable that the spatial extent and the magnitudeisftéimperature anomaly is much
smaller than the cold anomaly linked to the cut-off in CNTRL.

The COSMO 2m temperature at representative stations frorthtbe regions shows the dra-
matic local effect of the shift in the Rossby wave pattern (Féh.57 cf. Figure5.56). Due to
the rather coarse resolution of the COSMO runs and differeigthits of the representative grid
points, the 2m temperature in CNTRL differs from the measurgnigespite this, the COSMO

2m temperature allows for a quantification of the local terapge effect of Choi-wan in the

COSMO scenarios.
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Figure 5.56: 2 m temperature difference CNTRL-NOTC (shaddd and contours every 2 K for valués +10K)
at 23 UTC 22 September 2009. The locations of the airpoiibsisgiven in Table 512 are indicated.
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5.3 The ET of Typhoon Choi-wan (2009)

Denver is initially located at the western edge of the clitrothe NOTC run and thus exper-
iences a temperature drop on 21 September 2009 in both COSM@asions (Figure5.57a
cf. Figure’5.58). However, in NOTC the late summer diurnaleyeestablishes after one day,
while in CNTRL the temperature remains below Cuntil 24 September 2009. While there are
differences of about 5 K in CNTRL compared to the measuremén@$;NTRL run captures the
temperature evolution qualitatively correctly. The comlraaches Albuquerque further south
one day later (Figute 5.57b). Here only minor cooling wowdstdnoccurred without Choi-wan as
the cut-off would not have reached as far south. In Seatitpi(E5.57¢) to the west of the cut-
off temperatures increase above Grom 22 to 24 September 2009, with a maximum of@7
on 23 September 2009. This reflects the autumn heat wave d&iNorthwest Coast. Without
Choi-wan cool weather with temperatures around 10€1%ould have occurred. In Columbia
(Figurd’5.57d) to the east of the cut-off temperatures reethat moderate levels during 22-24
September 2009, while without Choi-wan temperatures woale ldropped around 5-10K as
the cut-off would have been located further east.

(a) Denver (b) Albuquerque
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Figure 5.57: COSMO 2m temperature {i@) from 00 UTC 18 September 2009 to 00 UTC 27 September 2009 at
selected airport stations (cf. Tablel5.2). Data is from thNERL run (black) and the NOTC run (red).




5 The midlatitude flow evolution during ET in different sceioa

Finally, the impact of the different location of the uppewé! cut-off low on the accumulated
precipitation in CNTRL and NOTC during the period from 00 UTC S&ptember to 00 UTC
24 September 2009 is investigated (Figure 5.58). In CNTRL rpogeipitation occurred in the
region 110W-95°W, 30-50N where the northerly flow at the eastern part of the cut-of§ wa
evident. The maximum differences of up to 50 mm occur at thehssn edge of the northerly
flow, reflecting a (cold) frontal structure. A second maximoocurs at 102V 43°N where the
northerly flow of the ridge and the easterly flow around theaffitonverge (cf. Figure5.55a).
In contrast, in the NOTC scenario a much smaller region ofianld precipitation centred at
95°W, 42°N is associated with the cut-off. However, the cut-off in NOd@ramatically enhances
a frontal precipitation region around 8%. Over the East Pacific, the shift of the western edge of
the ridge results in a different steering of the cyclone CWHCINTRL it has a northward track
(see pmsl in Figure 5.58) and maximum differences in pretipn over land are concentrated
at 140W, 60°N (Figure€ 5.58). In NOTC CWhb is secondary to CWa, has an eastwacl and
causes high rainfall amounts over land near°Y23%0®N. Thus without Choi-wan very cool
and wet weather in the Vancouver (Island) region would haioed. Actually the rain has
been shifted northwestward and temperatures rose in amaudteat wave”.

In summary the COSMO sensitivity experiment revealed tra&h of Choi-wan modified the
midlatitude upper-level Rossby wave train. The strong owtfdd Choi-wan during ET lead to
a broadening of the first downstream ridge at the western.flainé& modification in the Rossby
wave propagated downstream so that the second downstrégeitrough couplet exhibited a
westward shift in the presence of Choi-wan of around 1&s the second downstream trough
cut off a more intense upper-level cyclone developed sicanitly further southwest over the
western USA. At the surface, the cut-off caused an outbréa&al air east and over the Rocky
Mountains, that spread over the entire western USA. Howevamnall strip in the northwestern
corner of the USA became located in the centre of the ridgesaipdrienced an autumn “heat
wave”. In the vicinity of the cut-off, precipitation occed over the central USA. At the western
flank of the ridge, cyclone CWb and associated precipitatiar tdwe Pacific were forced to a
more northwestern track leading to heavy precipitatioheatn Alaska than near Vancouver
Island. This case study highlights the crucial impact tmE& event can have on the weather
in downstream regions.
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Figure 5.58: 168h accumulated precipitation differenceTGN-NOTC (shaded in kgr?) until 00 UTC 24
September 2009 and pmsl from CNTRL (black every 5hPa at 00 B4 Geptember 2009. More precipita-
tion in CNTRL appears in blue colours, more precipitatioNi@TC in red colours.
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5.3 The ET of Typhoon Choi-wan (2009)

Empty space for setting the following text next to figure panel
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5 The midlatitude flow evolution during ET in different sceioa

5.4 The ET of Typhoon Lupit (2009)

Typhoon Lupit was a strong and long-lived tropical cyclom¢he western North Pacific in Oc-
tober 2009. In contrast to Jangmi the primary midlatituddudee during ET was a pronounced
trough to the northwest of Lupit (Northwest pattern of ET le tclassification 0I.

). After recurvature it transitioned into an intenseaxopical cyclone ahead of the mid-
latitude trough. Downstream of the ET system over the Paaiftt North America a marked
amplified Rossby wave train occurred with a second troughicgua early cold air outbreak
in the western USA and the genesis of a strong extratropjcabiee in the eastern USA. The
Rossby wave train appears with enhanced southerly flow atrdgyels directly downstream
of Lupit at around 14%E on 24 October 2009 (Figure 5/59). A pronounced first doveastr
ridge and trough forms with the trough axis at 1BGat 00 UTC 27 October 2009. The first
trough transforms into a PV streamer and a second downstidgmand trough develop over
the eastern North Pacific and North America. On 29 Octobe® 20Broad trough is evident
over the western USA with an axis at around MO(Figure 5.59). During the next two days
this trough transforms into a narrow PV streamer also. Adttlownstream ridge-trough couplet
forms over the western North Atlantic with a trough axis &t\aon 31 October 2008. It arises
the question as to what extent Lupit does contribute to tbigsndtream development. In the
following, a synoptic overview based on the discussion a-tiaily ECMWF analyses is given
(Sectiori5.4.1). Then the impact of Lupit on the evolutiothaf downstream flow is quantified
with the help of PV surgery experiments (Sectibns 5.4.3 addlh

5.4.1 Synoptic overview 530072009

240072009 1
5.4.1.1 Tropical stage 25072009 ..

260CT2009 1~

Lupit formed west of the Philip- 270cr2000{
pines at around 15&,10°N on 2scr2000{ -
14 October 2009. It headed,yorygee)
westward as it intensified and B
initially recurved on 17 Octo-
ber 2009 whilst continuing to in- :
tensify. On 19 October 2009 it ™oV2009 7
reached maximum intensity with 2N0v2009{t

300CT20089 A

310CT20089 1

i

T VRN L) O
a central pressure of 930 hPa and 120 140E 160E 180 160W 140W 120W 100W BOW  6OW
maximum sustained surface wind — 65 —t0 %o —50 %0 0 =5 5 10 20 00 o€

Of_more th'an 45 ms' (IMA). At Figure 5.59: Hovrdller diagram of the meridional wind component at
this stage it curved back westward 250 hpa (shaded every 10 miyin the ECMWF analysis. Data me-
so that its track depicts a complex ridionally averaged from 28 to 55°'N. Track of Lupit in the ana-

S-shape. On 23 October 2009 lysis (dotted black line).

Lupit finally recurved just before

reaching northern Luzon. Under slow decay tropical charatics remained until around 24
October 2009 when structural changes indicate that Lupmaergoing ET.
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5.4 The ET of Typhoon Lupit (2009)
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Figure 5.60: Tracks of the cyclones during the ET of Typhoapit. The cyclones are Lupit, the 1st downstream
cyclone, and the 2nd downstream cyclone. Tracks from aisadigga in black, labelled AL, AL1, AL2. Tracks
from control run IL25 in blue, labelled IL5L, IL51, IL52. Tcks from NOTC scenario NL20, labelled NL2L
(orange), NL21 (red), NL22 (red), NL2T (green). Thick paift0 UTC times, labelled with the day of Octo-
ber/November 2009, thin points 12 UTC times. Pressure ahreea level (grey every 5hPa) from the analysis
data shown at 00 UTC 27 October 2009.

5.4.1.2 Extratropical stage

During the extratropical stage Lupit moves steadily na#itwards over the western Pacific
(see track in ECMWEF analysis (black, labelled AL) in Figured.6T he extratropical transition
of Lupit starts with a 48 hour period of decay in central pueefrom 970 hPa at 06 UTC 24
October 2009 to 988 hPa at 00 UTC 26 October 2009 (Flguré 5.61)

As in Jangmi, the upper-level midlatitudes downstream gfit.are characterised by a rather
zonal flow at the beginning of ET (Figure 5162a). In contrasldngmi, a pronounced midlat-
itude trough approaches upstream and constitutes the nyrimidlatitude feature. Following
Harr et al. ((2000) Lupit will undergo the Northwest pattefrEd and a strong reintensification
must be expected.

At 00UTC 25 October 2009 Lupit is loc-444,
ated at 127E, 24N ahead of this trough with
an axis at about 12& (Figuré’5.62a). An-
ticyclonic outflow is evident to the North-
east of Lupit and low PV air €0.2 PVU)
extending northeast and eastwards indic2®®
ates downstream ridgebuilding. At around
165°W, 24°N a weak tropical cyclone to the 980
Northwest of Hawaii is undergoing ET. PV
from this TC propagates materially into theg7o -
midlatitudes during the next 4 days and
will have an impact on the development ofgg, |
the first downstream cyclone, which exhib- ]
its a closed 1010 hPa contour at TE331°N 950 ; . . . . —
l(ﬁ-a and track AL1 (black) in Fig- 25/00  27/00  29/00  31/00  02/00
igure 5.61: Minimum pmsl (in hPa) in the centre of the
g;ogc?gblé:(;of)% OLStp())i:)eerxsgrci)gntcoeSlZaU\;I(_'-)(:i/gCka)nes presentedpin Fié.E)io. The same labels
X - S and colours are used. One-hourly data from the NOTC
strong extratropical reintensification ahead of scenario smoothed with a 5 point running mean.
the midlatitude trough. During the 36 hours
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5 The midlatitude flow evolution during ET in different sceioa

period it deepens by 35hPa to 953 hPa at 12 UTC 27 October Z)@9r¢5.61). The 340K
isentropic PV indicates a strongly amplified ridge dowrestneof Lupit (Figuré 5.62b) resulting
from the advection of very low PV air by Lupit’'s outflow. A jetreak of more than 80 n7$
extends from 14% to 160E at 50N north of the region of the low PV air. Further east, a first
downstream trough amplified with an axis at about°480Ahead of it, the first downstream
cyclone intensified. It has multiple centres with the minmmpmsl of 989 hPa at 170V, 42°N
(Figure5.62b, black dashed in Figure5.61). The weak ETesysh the central Pacific is loc-
ated at 166W, 28N (Figure 5.62b). In the next 24 hours it exhibits a DRW-likerthward
propagation and moves into the centre of the first downsti@athone (not shown).

On 29 October 2009 Lupit is a mature and decaying extratabpiclone east of Kamchatka
(169°E, 52N; Figures 5.60 and 5.61). The first downstream trough nadointo a thin PV
streamer at 169 (Figure5.62c). After an initial period of decay, the firskichstream cyclone
experienced a strong intensification from 998 hPa at 06 UTS&&ember 2009 to 971 hPa at
12 UTC 29 September 2009 (Figlre 5.61). This intensificatias inaugurated when remnants
of the Hawaiian ET system transitioned into the cyclonestiee Along with this, the first
downstream cyclone propagated rapidly across the Pacifidsatocated at 143V, 55°N at
00UTC 29 September 2009 (Figure 8.62c, Figurel5.60). A prooed second downstream
ridge extends over the eastern North Pacific. Further doeaust a second trough is located
over western North America. Between the second downstredge and this trough a broad
region of northerly upper-level flow over the western USAviglent (Figuré 5.62c¢). This leads
to an early outbreak of cold polar air masses in the westedncantral USA during the next
days. Deflections in the pmsl isobars ahead of the secondhraul00W, 35°N indicate the
cyclogenesis of a second downstream cyclone.

During the next two days Lupit and the first downstream cyeldecayed (Figufe 5.62d, Fig-
ures 5.60 and 5.61). The first downstream trough/PV stre@emymes embedded in a trough
extending from 150N-130°W. The second downstream ridge moved over the western USA
leading to a thinning of the second downstream trough whitoles a PV streamer (Fig-
ure5.62d). On its western side northerly flow reaches thebBaan advecting polar air into
the central USA. Ahead of the PV streamer southerly flow aidv&abtropical moist air masses
from the Caribbean into the eastern USA. The second dowmsttgelone formed at the frontal
zone between these contrasting air masses (black tradkeld®e.2 in Figure 5.60) and is un-
dergoing a strong intensification reaching a minimum pnessti950 hPa at 18 UTC 31 October
2009 (black dotted in Figure5.61). East of this cyclogemesent a pronounced ridge forms
accompanied by a far southward extending PV streamer oeeCéntral Atlantic at around
50°W.

The second downstream cyclone moved from the Great Lakesitbexn Greenland by 00 UTC
2 October 2009, where it became a central low in the Northv#antic region (Figuré5.€0,
Figure 5.62e). The PV streamer over the Atlantic cut off aiggjered a (sub-)tropical transition
event near 58V, 32N transforming into an extratropical system during the sggnt days.

The foregoing discussion of the synoptic evolution during after the ET of Typhoon Lupit
highlights the impressive sequence of weather events ttatieed due to the amplification of a
pronounced Rossby wave train. During the investigatiorogethe Rossby wave train propaga-
tion could be traced by the subsequent evolution of threendbwam ridge-trough/PV streamer
couplets. It is remarkably that the first ridge develops wihapit’s outflow imposes a southerly
component on the upper-level flow (see track of Lupit in Fefb9). In the following, PV
surgery experiments are used to quantify the impact of Larpithe triggering or amplification
of this Rossby wave train.
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Figure 5.62: PV (in PVU, shaded), wind (grey vectors and loldashed with a 20 nTs contour interval for
[V| >50ms!) at the isentropic level d=340K, and pmsl (black contours every 5 hPa) shown for the BGEM
analysis. The time is indicated above each panel.
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Figure 5.63: PV (in PVU shaded) and wind (grey vectors andkotiashed with a 20 n$ contour interval for
V| > 50 m s1) at the isentropic level @=340K, and pmsl (black contours every 5 hPa) shown for the BGEM
analysis (a) and modified analysis after TC removal (b) at 0G24 October 2009.

5.4.2 Technical details of the TC removal and scenarios

For the quantification of Lupit's midlatitude impact the bgon is removed from the initial con-
ditions of a COSMO simulation using the PV surgery technid@ex(ion 3.2.4). This simulation
(NOTC) is compared against a control simulation. The COSMQikitions are computed with
the same configuration except for the initial conditionsx-lsurly ECWMF analysis (with
0.25 horizontal resolution) serve as boundary conditions. Tdr&bntal model domain covers
the entire North Pacific and North America. We aim to repregenevolution of the three ridge-
trough couplets of the Rossby wave train during the period 2®laer 2009 to 01 November
2009 (Figure5.59). However, in the previous simulationgafgmi and Hanna it turned out
that the COSMO simulations are only of limited value afterfihe day forecast range. Major
ridgebuilding was seen in the analysis after 00 UTC 25 Oc¢t@b@9 (Figuré5.62a,b). There-
fore the model runs are initialised at 00 UTC 24 October 20@®rmation on the COSMO
model runs are summarised in the Appendix, Table A.8.

Although some initial interaction of Lupit’s outflow and tkewnstream flow occurred before
initialisation time (see southerly flow near track of Lupitfigure 5.59), its positive PV tower

is still distinct from the approaching midlatitude troudtiqure 5.63a). Thus a clean removal of
the positive PV anomaly associated with Lupit in the initahditions of the NOTC scenario

can be carried out (Figure5)63b). Due to the possible niidé impact of Lupit prior to

Table 5.3: Scenarios with relocated initial position of itufabel as used in the text, longitude (i) and latitude
(in °N) of Lupit's centre, zonal (ifE) and meridional (irfN) shift of the storm centre, zonal/meridional shift
in number of grid points to the East/North, brief notes andwoused in Figure5.64 and 5)65.

label lon. lat. JAV)\ Ap | Ax | Ay remarks colour
AL 124.75| 21.25| O 0 0O ECMWF analysis black
CL20 124.75| 21.25| O 0 0 | 0 | original reference simulation (not used) light blue
NL20 - - - - - Lupit removed, no-TC scenario NOTC -

IL21 124.25| 21.75| -05 | +0.5| -2 | 2 yellow
IL22 124.75| 21.75| O +05| 0 | 2 aguamarine
IL23 125.25| 21.75| +0.5 | +0.5 | +2 | 2 violet
IL24 124.25| 22.25| -05 | +1.0| -2 | 4 orange
IL25 124.75| 22.25| 0 +10| 0 | 4 used as reference simulation blue
IL26 125.25| 22.25| +0.5 | +1.0| +2 | 4 green
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the initialisation time, the quantification presented haigy only represent part of the actual
downstream impact of Lupit. Details of the TC removal are suansed in the Appendix,
TabldA9.

A control simulation (CL20) is initialised from the unmoddi&€ CMWF analysis and a no-TC
simulation (NOTC=NL20) from the modified analysis. Furthers sensitivity experiments
(IL21-1L26) with slightly shifted initial position of Lugi(+ 0.5°(2 grid points) in zonal dir-
ection and+ 0.5°, 1.0° (2, 4 grid points) in meridional direction) have been coneput The
anomaly definition for the relocation of Lupit is summarisethe Appendix in Table A.10 and
an overview about the scenarios is given in Table 5.3.

5.4.3 Overview of Lupit scenarios

The anomaly correlation coefficient reveals a poor foresiat( ACC < 0.6) for all scenarios in
the forecast range beyond 144 hours (00 UTC 30 October 20§9rd%.64). Compared to the
mean IFS-ACC this is significantly below the forecast skiuetion, that we would typically
expect. A first forecast degradation - higher than in avefagehe IFS forecasts - occurs
on 27 October 2009 when the strong ridgebuilding and amatia of the first downstream
ridge-trough couplet occurred. The ACC at upper levels inNRE C scenario (red in 5.64b)
is initially lower than in the original reference simulati«€L20 (light blue). However, after
00 UTC 29 October 2009 the original reference simulationt@séthe poorest forecast skill.
Lupit in CL20 moves significantly too slowly after 26 Octobd)0® and too far east after 28
October 2009 (not shown), leading to the reduced forecakt giso, the position of Lupit
in the ECMWEF analysis at 00 UTC 24 October 2009 (122E,21.25N, initialisation time) is
slightly too far southwest of the position in best track dat24.9E, 21.4N). This may explain
the track discrepancies and the poor forecast skill. Theit@ty experiments with slightly
shifted initial positions aim to address two points: firsttyimprove the track forecast of Lupit
and of the first and second downstream cyclones, and sectmtigt if the evolution of the
downstream flow is sensitive on the exact initial positiol.opit, in particular, to the evolution
of the second downstream ridge-trough couplet causing inigiact weather in the USA. It

(a) 500 hPa (b) 200 hPa
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Figure 5.64: Anomaly correlation coefficient (ACC) of getgdtial at 500 hPa (a) and 200 hPa (b). Data is from
the IL25 and NL20 scenarios introduced in Section%.4.2. ABE is calculated on the subdomain shown in
Figures 5.6 (110-3T&, 20-60N) every 12 hours. Additionally, the mean ACC for all detemistic ECMWF
IFS forecasts during 1 August 2009 to 1 November 2009 catedlitor the domain 11E-300E, 20°N-60°N
is shown in black.
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Figure 5.65: 200 hPa geopotential (1200 gpdm contour) flwendifferent scenarios introduced in Secfion’.4.2.
The scenarios are coloured a§in5.64. The times are indiedigve each panel.

turned out that a relocation of Lupit abouttb the North at initialisation time (scenario 1L25)
improves the track forecast for the cyclones (cf. blue aadlbtracks in Figures5.60 and 5.61)
and yields the overall best forecast skill (IL25 blue in §.6Although all simulations exhibit
an unusually strong skill reduction after 120 hours (00 UB3dttober 2009), the skill of the
other scenarios is between IL25 and NOTC and always aboweridfieal reference simulation
CL20. Therefore IL25 is used in Section5)4.4 as the refersmoalation for the quantification
of Lupit's downstream impact.
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5.4 The ET of Typhoon Lupit (2009)

At 00 UTC 25 October 2009 (+24 hours), the upper-level flovhmscenarios with Lupit shows
no deviation from the analysis (Figure 5.65a, cf. Figur@8)6 All scenarios show the initial
ridgebuilding over and downstream of Japan betweertE2Md 160E. The amplitude of the
ridge is weaker in the scenario without Lupit (red). Two déaier all scenarios with Lupit
reflect the strong amplification of the first downstream ritigeigh couplet (Figure 5.65b, cf.
Figure 5.62b). However, the amplitude is a little less thathe analysis. The NOTC scenario
(red) exhibits a much less amplified first downstream rigdgegh couplet. Also note, that the
scenarios show a cut-off (not linked to the Rossby wave traimsidered) in the 1200 gpdm
contour over the southern USA whereas the analysis hasgttrou

At O0UTC 29 October 2009, the first downstream trough trams$ointo a PV streamer at
around 165W which is reflected in the analysis (Figlre 5.65c, cf. Fifuf2c). Some scen-
arios (IL22, 1L23, CL20) develop a broad cut-off that is mogtidct in CL20. The other
scenarios develop a trough, that is broader than in the sisalyrhe control scenario IL25
(blue) exhibits a trough that is closer to the analysis (iapghand position) than in the other
scenarios. The NOTC scenario has only a weak trough in thé g2@m contour due to the
weaker amplification of the second downstream ridge. Inadharios a broad second down-
stream ridge (159V-125°W) and a broad second downstream trough (125A895developed.
In IL25 the second ridge is closest to the analysis. The abenarios exhibit partly less amp-
lification of the second ridge. However, all scenarios medisimilar evolution of the broad
second downstream trough over the western USA. At this tisethae third downstream ridge
forms over the eastern USA. Despite small differences floeranalysis, this is similar amongst
the scenarios with Lupit.

On 31 October 2009 (Figure’5165d, cf. Figure5.62d) stromtgsiations from the analysis

occur. This is reflected in the ACC reaching its lowest valueali scenarios (Figuie 5.64).

At this time the analysed second downstream ridge movecdetavédstern USA and the second
downstream trough transformed into a PV streamer east &aloky Mountains (Figurle 5.62d).

The COSMO simulations are not able to reproduce the shiftefitlge and consequently the
location and width of the second downstream trough/PV stegare different in the scenarios.
Furthermore, the third downstream ridge-trough coupletlbped over the eastern USA and
the western North Atlantic. Again this is represented dbge the analysis in the control

simulation IL25.

In summary, the sensitivity experiments showed that Lugé & strong impact on the ridge and
trough structure directly downstream. However, this intjplaat not continue downstream so that
the evolution of the upper-level flow over North America tedout to be relatively insensitive

on the ET of Lupit. In particular, the second downstreamdtooausing the outbreak of polar
air in the western and central USA and the explosive cyclegsnaffecting the eastern USA,
was present in all scenarios. It can be concluded that thetevo of the Rossby wave train is

mainly driven by midlatitude forcing.

5.4.4 Detailed quantification of Lupit’s downstream impact

In the following, the downstream impact of Lupit is quantifiey comparing the control sim-
ulation IL25 with the scenario in which Lupit has been rentb#em the initial conditions
(NOTC=NLZ20). In the control scenario the ridgebuilding detveam of Lupit and the asso-
ciated jet streak were strongest at 18 UTC 26 October 20@uf&b.66a). At this time Lupit
is located at about 14&, 33N (light blue labelled IL5L in Figure 5.60) and undergoe®sty
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(a) IL25, +66h, 18 UTC 26 October 2009
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Figure 5.66: Similar to Figufe 5.62b but the data is from thietm| scenario IL25 (a) and the NOTC scenario NL20
(b) after 66 hours forecast valid at 18 UTC 26 October 2009.

reintensification (978 hPa, light blue in Figure 5.61). Théflow lead to an amplification of the
downstream ridge and trough. However, the ridgebuildingesker compared to the analysis
(Figur€5.62b). Consequently the jet streak exceedss’d only in a small region (14-
160°E, 46°'N; Figurd5.66a). Ahead of the downstream trough the firstrdtk@am cyclone
deepened to 988 hPa (blue dashed in Figurée 5.61). In the N©Gditaso the downstream ridge-
trough couplet is much less strongly amplified and the jetastiweaker (Figufe 5.66b). How-
ever, in the region where Lupit reintensifies an extratrapayclone forms at around 14g,
38N (1005 hPa; orange in Figures 5.60 and 5.61). Also, the fstndtream cyclone de-

(a) IPV@340K, IL25-NL20, +66h, 18 UTC 26 Oct 2009 (b) OpPV 340K, IL25-NL20, +66h, 18 UTC 26 Oct 2009
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Figure 5.67: (a) Difference IL25 minus NL20 of PV (shadedy avind vectors (grey) on the 340K isentropic
level, along with wind speef| > 50 m s on 340K (thick black dashed every 20 m¥and pmsl (black every
5hPa) from the IL25 simulation. (b) Difference IL25 minus 20.0f the horizontal gradient of 340 K isentropic
PV OnPV (shaded every 1 PVU (100 kmb), magnitude of the difference wind on 340K (thick black dash
every 10 ms?), and difference pmsl (black with a 2.5 hPa contour int§rvEime is 18 UTC 26 October 2009.
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(a) IL25, +120h, 00 UTC 29 October 2009
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Figure 5.68: As Figure 5.66 but after 120 hours forecasthatio0 UTC 29 October 2009.

veloped at about the same location as in IL25 (AV,/40°N). Given the different width of the
larger scale trough, the fine scale PV structure upstreaineofyclogenesis, which is similar
in both scenarios, must be important for the evolution offitst downstream cyclone. The ad-
vection of low PV air by Lupit’s outflow is reflected in the 340dffference PV (Figure5.67a).
Just to the South of the jet streak in IL25 the minimum negatiifference PV £ —5PVU)
occurs and extends downstream along the midlatitude wade gtihis advection of low PV air
leads to an amplification of the first downstream ridge-ttoaguplet. The increase in the PV
gradient(,PV along the midlatitude wave guide is reflected in the 340 Kedéhce of],PV
(Figurd5.67b). A band of differendg,PV > 2 PVU (100 km) ! extends along the midlatit-
ude wave guide. The maximum in difference wind speed of updtmgt! occurs where the
difference PV gradient has a maximum@PVU (100 km)1). Thus, as in Jangmi and Hanna,
Lupit has a crucial impact on the downstream ridgebuildind #ne acceleration of the midlat-
itude jet streak. Despite this, an extratropical cyclors® alevelops in the NOTC scenario at
about the location of Lupit and the downstream trough anegljfso that the first downstream
cyclogenesis occurred.

For the subsequent evolution, only the transformation effifst downstream trough and the
amplification of the second downstream ridge-trough cdugtl®0 UTC 29 October 2009 are
considered. Afterwards the forecast skill significanthcrdases (Figure 5.64). In the con-
trol simulation (Figuré5.68a), the first downstream trotigimsformed into a rather broad PV
streamer. Lupit tracked further east- and southward thaheranalysis (Figuiie 5.60), and its
reintensification was not as intense (962 hPa, 18 UTC 27 @ct®b09, Figure5.61). In the
NOTC scenario (Figure 5.68b), the downstream trough bedginst off, in contrast to the ana-
lysis. In the subsequent days this cut-off triggers a weaital transition, that undergoes ET
(green, NL2T in Figures 5.60 and 5161). The cyclone that fomstead of Lupit reached a
minimum pmsl of 988 hPa at 12 UTC 28 October 2009 (Figure Sabt) has a track similar to
Lupit in IL25 (Figure5.60). In both scenarios the first dotvaam cyclone exhibited a DRW-
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like propagation across the Pacific, as in the analysis (Eigu60). Also a second downstream
ridge-trough couplet formed whether or not Lupit was présetowever, the second down-
stream ridge is more amplified, in particular at the westelgeein the presence of Lupit (cf.
Figure 5.68 and analysis Figure 5.62c). The second dovamstegclone forms in both scenarios
but its track and intensity shows differences to the analffSigure$ 5.60 and 5.61). In IL25 the
second downstream cyclone merges with the first downstrgalore on 31 October 2009.

The discussion of Lupit’s downstream impact is summarisigd Movmoller diagrams of 250 hPa
meridional wind in the control and no-TC scenarios (Figué®h Although some differences
occur between the analysis and the control simulation weamanate on the differences between
the scenarios.

The impact of Lupit on the evolution of the Rossby wave traimeiiected in the difference
between control and no-TC scenario (Fidure 5.69b). In bo#marios the pronounced Rossby
wave train emerges in the region where Lupit undergoes ETI°E-280E) during 24-26 Oc-
tober 2009 (Figure5.69a cf. Figure5.59). At 00UTC 27 Octdt@09 the first downstream
ridge-trough couplet is evident with axes at 1BQridge) and 18TE (trough) and the second
downstream ridge with an axis at 140 (Figure 5.69a cf. Figute 5.66). The positive difference
wind of up to 20 m st emerging along the track of Lupit in IL25 (Figure 5.69b) reftethe amp-
lification of the western part of the first downstream ridgd @s more westward location when
Lupit is present. The dipole of northerly and southerlyefiéince wind starting at about 18U

00 UTC 26 October indicates a stronger amplification of thdlatitude wave guide in IL25
between the first downstream ridge and trough. On 28 Octbledntreasing magnitude in the
dipole of difference wind (Figure 5.69b) highlights thertséormation of the first downstream
trough into a PV streamer in IL25 whereas a cut-off forms inTIOAt 00 UTC 29 October
2009 the first downstream ridge-trough couplet is still ewidin both scenarios (Figure 5/69a
cf. Figurd5.68) with axes at 188 (ridge) and 16BN (trough/PV streamer). However, in the
NOTC scenario the signal vanishes, whereas the first dogarstiPV streamer in the control
scenario is evident until around 00 UTC 30 October 2009 eerdt 160W (Figure 5.69a). At
00 UTC 29 October 2009 the second downstream ridge-trougplebis evident in both scen-
arios also (Figure 5.69a cf. Figure 5.68) with axes at’W4@ridge) and 110W (trough). The
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Figure 5.69: Hovriller diagrams of the meridional wind component at 250 hFigh(a5 m s contour interval)
in the six-hourly control simulation IL25 (a) and IL25 and R (b). The data is meridionally averaged from
25°N to 55°N. Forecast from 00 UTC 24 October 2009 (0 h) to 00 UTC 31 Oc¢t@0689 (168 h) shown. The
black solid line in (a) and dashed in (b) marks the track ofitunplL25, in (d) of cyclone NL2L in NOTC.
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differences in meridional wind component (Figure 5.69tste® 140'W after 00 UTC 29 Octo-
ber 2009 reflect the broader second downstream trough &3t in the control experiment.
Also the third downstream ridge-trough couplet appearsth Bcenarios after around 00 UTC
30 October 2009 with the ridge axis at°8@ and the trough axis at around™ and therefore
the difference wind is weak (Figure 569b).

Moreover, several PV surgery experiments with an earliesiva of the TC removal technique
were performed (not shown). At this stage the sensitivityhanimpact of the Hawaiian ET and
on the definition of the moisture anomaly (smaller and murdielaregion for moisture removal)
were tested. However, theses sensitivity experimentbednmilar results about Lupit’s impact
on the evolution of the Rossby wave train as present before.

In summary, the detailed discussion of the control and nsdé€harios showed that, in contrast
to the Jangmi scenarios, a Rossby wave train would developfalapit was not present. As in
the previous case studies a distinct outflow-jet interaaticcurred, resulting in a strengthening
of the downstream ridgebuilding, an acceleration of thelatitdide jet streak and an ampli-
fication of the first downstream trough/PV streamer. Dedpite modification of the detailed
wave guide structure, Lupit was was not crucial for the etotuof the downstream Rossby
wave train. In particular, the ET of Lupit only had weak impan the evolution of the second
downstream trough that caused high impact weather over 8 U
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5.5 The ET of Typhoon Malakas (2010)
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Figure 5.70: (a) Hovidller diagram of meridional wind component at 250 hPa (sHagleery 10 ms?) in the
ECMWEF analysis. Data meridionally averaged fr@8'N to 55°N. Track of Malakas in the analysis (dotted
black line). (b) Hovniller diagram of relative vorticity (shaded in 1%~1) and meridional wind (black -20 and
20m s contours) at 250 hPa in the ECMWF analysis. Data meridiorsalgraged from0°N to 60°N. The
thick dashed lines labelled U,1,2,3 mark the maxima of raatorticity indicating approximately the trough
axes of trough U,1,2,3. The thick dotted lines labelled 3@ 2,1 mark the mergers of the troughs at\85

Typhoon Malakas occurred in September 2010 in the westenthNRacific. The midlatit-
ude upper-level flow during and following ET was characttiby complicated Rossby wave
activity. Two successive Rossby wave trains are evidenterHbvnbller diagram of 250 hPa
meridional wind (Figure5.70a). A first emerged on 23 Sepem#910 prior to recurvature
with a first trough axis at 13@&. Malakas recurved ahead of this approaching trough on 24
September 2010. At this time the ridgebuilding by Malakat§low is reflected in an enhanced
northward flow at 14%E. Downstream of this ridge a second Rossby wave train desdlop

the subsequent days. The first Rossby wave train caused a &&ngtr over the eastern USA

(a) 72h precip. 12UTC 25 Sep - 12UTC 28 Sep 2010
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(b) 72h precip. 12 UTC 28 Sep - 12 UTC 01 Oct 2010

120 =110 ~100

Precipitation [in]

PoFile Missing 001 040 5@ 15 2025 0 80 100 - S File Missing 001 010 02

Figure 5.71: 72 h accumulated precipitation (shaded inésglduring the period (a) 12UTC 25 September to
12 UTC 28 September 2010 and (b) 12 UTC 28 September - 12 UTCcidb€r 2010. The data is taken from
the NMQ projectigit t p: 7/ nng. ou. edu/ ) and a combination of radar composites and rain gauge data.
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Figure 5.72: 2m temperature (shaded ever®)310 m wind vectors, and pmsl (black every 5hPa) at 00UTC 28
September 2010. Data from ECMWF analysis interpolated onNdQ$rid, and 2 m temperature derived by
COSMO.

during 25-27 September 2010, reflected in the northerly flomurd 100W in Figure5.70a.
This PV streamer resulted in a first period of heavy predipitawith maxima of more than
380mm in 72 h at the US East Coast (at aroundN84°N;Figure 5.71a). Following this event
the second Rossby wave train also triggered a PV streamethmeastern USA with an axis
at around 8%W after 28 September 2010 (Figure5.70a). This resulted iecargd period of
heavy precipitation of up to 560 mm at the US East Coast (anar@id’ W 35°N; Figure 5.71b).
Upstream of the PV streamer a ridge with an axis at around\WWas located over western
North America at 00 UTC 28 September 2010 (Figure’s.70a).histtime a heat wave struck
the southwestern USA with an all time temperature recordsd€4n downtown Los Angeles,
California, USA. In southern California, southwestern Anaocand northwestern Mexico the
analysed 2 m temperature exceedeti36 a large region (Figute 5.72). Very high temperat-
ures of more than 3€ occurred in the Los Angeles region along the southwestelifo@aan
Coast and exceeded 42 at the border to Arizona.

In the following, an overview of the large-scale flow evotutiover the Pacific and North Amer-

icais given (Section 5.5.1) and the interaction betweetvtbérossby wave trains leading to the
high impact weather is explained. Then COSMO sensitivityeeixpents using the TC removal

technique are introduced (Sectidns 5.5.2[and 5.5.3) anidnect of Malakas on the evolution

of the Rossby wave train over the North Pacific and North Anaegiicd on the extreme weather
is quantified (Sectioris 5.5.4 and 5/5.5).

5.5.1 Synoptic overview

Typhoon Malakas formed on 21 September 2010 at arountEL4® N. It headed slowly west-
ward until 23 September 2010 and minimum pressure dropp&b bya to 985 hPa according
to JMA. On 23 September the track was more northward and Maledcurved on 24 September
2010. Interestingly, the maximum intensity (945 hPa, maxinsustained winds 44 nt$) was
reached during 24 September 2010 when the storm startetttadhwith a narrow midlatitude
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trough.

In the following the flow evolution in the ECMWF analysis is dissed starting on 23 Septem-
ber 2010 with reference to Malakas and four distinct uppeelltroughs that we name upstream
trough (U), first downstream trough (1), second downstreaungh (2) and third downstream
trough (3) (Figure5.73). Although a signature of all of thé®ughs is present on 23 September
2010 we only discuss significant changes following the ET afd#as.

At 12 UTC 23 September 2010 Malakas is located at’[E421°N with a central pressure of
977 hPa (Figure5.73a). It is well south of the midlatitudevevguide that is characterised by
a broad trough at 13& and a broad ridge at 16B. Malakas starts to recurve ahead of this
upstream trough with an axis at about 122

One day later at 12 UTC 24 September 2010 the southern tipeofipistream trough forms
a narrow PV streamer at around TB2extending towards Malakas (Figlure 5.73b). A strong
northward flow is evident to the north of Malakas. This refie¢be midlatitude flow ahead of the
trough enhanced by the strong outflow channel of Malakas.miil&titude jet streak increases
to more than 90 ms between 150-16(, 46'N. Very low PV air is advected northward by the
outflow and starts building a ridge between the upstreangtr@nd the 340 K PV maximum at
160°E (labelled “1” in Figure 5.73b). Malakas reaches peak isitgrwith a minimum pressure
in the centre of 952 hPa at 00 UTC 25 September 2010 (in asalgsa). Shortly after this time
Malakas was officially declared extratropical.

On 25 September 2010 Malakas transitions into an extraabpyclone. The narrow upstream
PV streamer wraps cyclonically around Malakas and in itsregffriguré 5.73c). To the north
of Malakas divergence in the outflow is enhanced comparebde@tevious day. Associated
ridgebuilding continues and hinders a rapid eastward gafan of the upstream trough. Low
PV air of the ridge also wraps cyclonically into the centréaflakas similar to the wrapping-up
during the ETs of Hanna and Choi-wan. The wrap-up of the P\astex and of the downstream
ridge reflect a poleward cyclonic wave breaking. The jet hamaimum at 180W, 4F¥N. The
340K PV maximum has moved to 1A% (labelled “1” in Figure 5.73c) and ahead of it in the
poleward jet exit region an extratropical cyclone has dgyetl & 995 hPa).

On 26 September 2010 Malakas is an intense extratropiclirey¢Figuré 5.73d). It has slightly
reintensified to a central pressure of 962 hPa. A very prooedimidge is present downstream
of Malakas. The ridgebuilding amplified the first downstreough (1) which emerged from
the 340K PV maximum and appears with a clear axis at aroundv¥5Bhead of trough 1
the extratropical cyclone has intensified and has mergddamtextratropical cyclone that has
developed ahead of the second downstream trough (2) durengrevious days. The newly
formed extratropical cyclone becomes the major low in tretexa North Pacific and initiates
ridgebuilding between trough 1 and the second downstreauglr (with the trough axis at
about 128W, labelled “2” in Figure 5.73d). The ridge that has beenttiring the previous
days over North America between trough 2 and the third dawast trough (labelled “3” in
Figure 5,73d) experiences an equatorward anticyclonievimeaking. In this wave breaking
trough 3 becomes a distinct tilted PV streamer &V8%nd at its southern end a cut-off has
formed (110W, 31°N, labelled “3C2"). Ahead of the PV streamer (trough 3) sotjh#ow
starts to advect subtropical moist air into the eastern USA.
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Figure 5.73: PV (in PVU, shaded), wind (grey vectors and lbldashed with a 20 ms contour interval for
V| > 50 m s1) at the isentropic level @=340K, and pmsl (black contours every 5 hPa) shown for the BGEM
analysis..Continued on page 189.
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At 12 UTC 27 September 2010 Malakas is a mature extratropycdbne over the central North
Pacific at 174E, 53N (Figure 5.73e). The first downstream trough (1) has beconagrawing
PV streamer at 14%V. Downstream the extratropical cyclone has produced amenyounced
ridge over western North America, filled with low PV air. Irsitentre a surface anticyclone
has formed at around 118/, 42°N indicating large-scale descending air masses. In théaeout
part of the ridge the cut-off 3C2 of trough 3 has merged withteoffrom trough 2 and easterly
flow is evident between the cut-off and the ridge to the nofthe northern part of trough 2
is transforming into a PV streamer at°®8 (Figure 5.78e). Slightly further downstream the
southern portion of trough 3 repeatedly cut off (labelle&™Band starts to merge with trough
2 over the eastern USA. To the east of this elongated cuttadhg southerly flow advects
subtropical moist air from the Gulf of Mexico along the US Easast. The northern portion of
trough 3 (labelled “3N”) has moved into the North Atlantic.

During the next two days Malakas is decaying in the centratiNBacific near 160V, 55°N
(Figurd’5.738f). The northern part of trough 1 has moved to@)®ut is linked with a narrow
PV filament to the southern portion that cut off near MO Trough 2 has become a narrow
PV streamer at 8%V and has merged with the cut-off (3S) of trough 3 (Figure§.70n its
western side cool air is advected to the Gulf and to its eastiele subtropical moist air is
advected northward. The upper-level low over southwedtiemth America resulting from the
merger of the earlier cut-off of trough 2 and cut-off 3C2 hawetbeastward and is located over
southern California.

At 12UTC 01 October 2010 Malakas has dissolved. The nortpertion of trough 1 has
merged with trough 2 at 88V (Figure 5.73g) and maintains the southerly advection bfrep-
ical moist air at the US East Coast.

The evolution of the upper-level flow is briefly summarisethwihe help of Hovriller diagrams
of 250 hPa meridional wind and relative vorticity (Figuré®). Trough (ridge) axes also depict
high (low) values of relative vorticity and are thereforecasionally better suited to track the
trough axes, when they tilt or move out of the averaging band.

At00 UTC 23 September 2010, the upstream trough (U) is evidi¢h an axis at around 130V
(Figurd’5.70). It remains almost stationary for about twgsdand two interacting Rossby wave
trains emerge downstream of the trough. The first Rossby waireémerges on 23 Septem-
ber 2010 and triggers a downstream trough at°¥§000 UTC 24 September 2010 (2, Fig-
urel5.70b) and another downstream trough is already pras@di0W, 00 UTC 23 September
2010 (3, Figure5.70b). Malakas recurves ahead of the w@wstteough (Figure5.70a) during
23-25 September 2010. On 24 September 2010 the ridgehyifidiwnstream of Malakas sig-
nificantly enhances the southerly flow on the eastern sideeofipstream trough (14%/, Fig-
ure’5.70a) and is likely responsible for the quasi-statibnaf the upstream trough. At 00 UTC
25 September 2010, the first downstream trough emerges & {B@ure 5.70b), reflecting the
triggering of the second Rossby wave train. On 27 Septembeidbebuilding downstream of
trough 1 is reflected in negative relative vorticity centeed 10W over western North Amer-
ica (Figure 5.70b). Along with this, trough 2 becomes theosdcdownstream trough of the
Rossby wave train emerging downstream of Malakas ET (Figle5b) and is merging with
the southern portion of trough 3 (Figlire 5.70b). The merddradh troughs results in a PV
streamer at 83V. On 29 September 2010 the PV streamer is regenerated bydfrgng of
trough 1 and trough 2 (Figure 5170b). This results in a rastetionary PV streamer at 3%/
from 26 September to 1 October 2010 (Fidure 5.70b). As a cpresee subtropical, moist air
Is continuously advected along the US East Coast, contgasiim cooler air advected to the
west of the PV streamer (Figure5.70a).
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(e) ANA, 12 UTC 27 September 2010
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Figure 5.73: Continuation of Figure 5173 ... The time is gadéd above each panel. The section shown in (a-€) is
shifted 10 east between two times and differs from (e-g).

The large-scale flow configuration gives an explanationterttigh impact weather events that
occurred in North America after the ET of Malakas. At 27 Sepgier 2010, when the heat
wave occurred in southwestern North America, the secondhdweam ridge established over
western North America accompanied by large-scale desegraidi masses (Figure5173e). At
the same time the merger cut-off 3C2 is located south of thgeridasterly descending flow
must be expected in the entire troposphere between theffcama the ridge and south of the
anticyclone at the surface. This leads to the productionaaivection of a very hot continental
air mass into the southwestern corner of the USA and exptam$ieat wave recorded there.
Archambault/(2011) has investigated the source of this inohass in more detail. She showed
that the hot air originated from large-scale descent in itigerand was advected within the
anticyclonic circulation enhanced at the southern sideéefidge by the cut-off (Figure 4.12 in
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Figure 5.74: 850 hPa temperature (shaded eve®),850 hPa wind vectors, and 850 hPa geopotential (thirkblac
contours every 50 gpm) at 00 UTC 28 September 2010.

ArghambaultLOjl). The 850 hPa temperature at 00 UTC 28 Sete2010 shows the hot air
mass centred with maxima above’8ver the elevated terrain in southern Nevada and northern
Arizona (Figuré 5.74 cf. Figufe5.772). In southern Califarthe 850 hPa temperature exceeds
27°C. The 850 hPa level is at around 1500 m amsl in this region (Eig4). Assuming a dry
adiabatic temperature gradient of 1 K(100rh)the temperature in the Los Angeles region at
sea level must peak at 4Q. With low surface wind speed (cf. Figure 5.72) and stronglatson

in an urban environment the measured temperature @ #5in agreement with the large-scale
circulation.

At 27 September 2010 the advection of subtropical, warmaathé east of the PV streamer
is seen with temperatures above’C5at 850 hPa along the US East Coast (Figure5.74). In
and to the west of the PV streamer a cooler air mass {&)L& advected southward to the
Gulf of Mexico. The first heavy precipitation period detdilm the introductory section (cf.
Figure 5.71a) occurs at the frontal zone between theseastintg air masses. At the frontal zone
extratropical cyclones form repeatedly accompanied byyheeecipitation. Until 12UTC 29
September 2010 (Figure 5173f) a first cyclone has moved warthto 73W, 49N and a second
cyclone forms at 80V, 3 N. Further south tropical storm Nicole is evident atf\B222°N.
The advection of subtropical moist air continues at the USt Eaast as the PV streamer is
regenerated by the merger of trough 2 and 1. This mergingyunated the second period of
heavy precipitation at the US East Coast (cf. Figurel5.71b).

In summary, the upper-level flow configuration downstreanthef ET of Malakas gives an
explanation for the high impact weather in the USA obsenetth@ end of September 2009.
In the following we aim to quantify the impact of Malakas omstlkevolution with the help of

COSMO simulation with and without the ET system.
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5.5.2 Technical details of the PV surgery

The impact of Typhoon Malakas on the Rossby wave train andigteimpact weather down-
stream is investigated with the help of PV surgery experisidror Malakas, two sets of control
and no-TC simulations are used. Reference simulation CM22a+idC simulation NM22 are
initialised at 00 UTC 23 September 2010 and the simulation&k&hd NM23 one day later
at 0OUTC 24 September 2010. The purpose of this approactoiald. The set CM22 and
NM22 is initialised when Malakas is well away from the midtiatle trough. However, the high
impact weather at the end of September 2010 occurs during-th@ 10-day forecast range
which in the previous studies has turned out to be a probienma€OSMO simulations. In the
ECMWEF no upper-level low PV air advection by the TC outflow antlettion of the midlatit-
ude wave guide is detected until 00 UTC 24 September 201BasaHis time is also a suitable
initialisation time. The set CM23 and NM23 thus should havestido forecast skill for the
high impact weather and comparing both sets enables usdy 8ta impact of the exact TC
removal time. Apart from the different initialisation timieoth sets are computed with the same
configuration (Table A.11). Six-hourly ECWMF analyses (witl2® horizontal resolution)
serve as boundary conditions. The horizontal model donmiars the entire North Pacific and
North America. The control simulations CM22 and CM23 are atiged from the unmodified
ECMWEF analysis. Malakas is removed from the ECMWF analysis fetirtftial conditions of
the no-TC runs NM22 and NM23 using the PV surgery technigeet{&13.2.4). Details of the
TC removal of Malakas are summarised in the Appendix, Tabl&A

5.5.3 Verification of the sensitivity experiments for Malaka S

The anomaly correlation coefficient (ACC, Figlre 5.75) of geeptial at 500 hPa and 200 hPa
indicates a very good forecast skill for both control sintiokas (blue colours). Until 12 UTC 27
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Figure 5.75: Anomaly correlation coefficient (ACC) of getettial at (a) 500 hPa and (b) 200 hPa. Data is from
the CM23 (blue) and NM23 (red) simulations initialised atWnNC 24 September 2010, and CM22 (light)
blue) and NM22 (orange) simulations. The ACC is calculatadh® subdomain 110-31B, 20-60N every
12 hours. The ECMWF analyses are used as the analysis datheaddily mean values of ERA-INTERIM
interpolated on a 0.2%0.25 horizontal grid is used as the climatology. Additionalletmean ACC for all
deterministic ECMWF IFS forecasts during 1 August 2010 to éxober 2010 calculated for the domain
110°E-300E, 20°N-60°N is shown in black.
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Typhoon Malakas from
analysis data (black),
CNTRL simulations
CM23 (blue) and CM22
(light blue), and NOTC
simulations NM23 (red)
and NM22 (orange).
Thick points 00 UTC
times, labelled with the
day of September 2010,
thin points 12 UTC times.
Pressure at mean sea level
(grey every 5hPa) from
o the analysis data shown
at OOUTC 27 September
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September 2010, the time when the heat wave and the first Ipeagipitation event occurred,
the ACC at mid and upper levels as well as low levels (not shasvapove 0.95. Subsequently
the ACC decreases but, remains well above the mean IFS-ACCleavet 8.6 - the threshold
for a meaningful forecast. Interestingly, the skill of thmslation CM23 initialised one day
later is lower than CM22 after 12 UTC 29 September 2010. Befusetime both simulations
exhibit a similar ACC and CM23 is slightly better at 1000 hPat (slmown). As expected, the
ACC at mid and upper levels for the simulations without Makkad shades) is lower than
for the control simulations and well below the mean foredagfradation in the IFS model. At
500 hPa the ACC is similar in both no-TC scenarios with the NM@@nario (orange) a little
closer to the analysis before 00UTC 27 September 2010 antiM23 (red) being a little
closer to the analysis afterwards. The ACC for NM23 increasgsficantly after 12 UTC 30
September 2010. The same pattern is evident at 200 hPa lliffdrences between the two no-
TC scenarios are larger. At 1000 hPa (not shown) both sanexhibit a similar ACC. As will
be shown later, an extratropical cyclone develops instéadiatakas in the no-TC scenarios.

. . . 1
The track of Malakas in control simulation ' 1 e

CM23 is almost exactly the same as in the |
analysis until 00 UTC 29 September 2010 (ct?® ]
dark blue and black tracks in Figure5.76). 1
However, COSMO needs about 36h to (re?% 7
)intensify Malakas to the strength as in the |
analysis (Figure5.77). Subsequently, the de°
cay is similar to the analysis. The track of
Malakas in CM22 (light blue) lags around 6 h%70
behind the analysis. Also, it requires longerto -
(re-)intensify to the analysis intensity which960 -
is reached at about the same time as in CM23. | 1 | |
Malakas in CM22 is slightly stronger but its 950 i i i
subsequent decay is similar to the analysis. In 23/00 25/00 27/00 29/00 1/00

both no-TC scenarios an extratropical cycloRgyyre 5.77: Minimum pmsl (in hPa) in the centre of
develops and strongly intensifies§0hPain  Malakas. The same labels and colours as in Fig-

urel5.76 are used.
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72 hours) ahead of the midlatitude trough in the region wMaikakas (re-)intensifies (red col-
ours in Figure$ 5.76 arild 5.77). In NM22 this cyclone (NMMZ2arge) forms at 09 UTC 24
September and starts to intensify after 00 UTC 25 Septem®#0.2 1t reached the strength
of Malakas in the corresponding reference simulation CM22kmiut 18 UTC 27 Septem-
ber 2010. Afterwards the decay is similar to the analysis light blue and orange lines in
Figure 5.77).At this time the track becomes identical totthek of Malakas, but the cyclone
NMM2 is about 12 h in advance (orange in Figure 5.76). In NM&8evolution of the extratrop-
ical cyclone (NMM3, red) is delayed about 12 h compared to IRMR reaches the intensity
of Malakas in CM23 at around 06 UTC 28 September 2010 and subgs#y decays (red in
Figure 5.77). However, the track of NMM3 is aboutsbuth of Malakas’ original track (red in
Figure 5.76). The strong extratropical development in thd @ scenarios contrasts the simul-
taneously steady decay of Malakas in the control simulatitmterms of diabatic processes the
extratropical development must have a different impacthenupper-levels than the decaying
mature ET system in the control simulations. We also notedh¢éhe end of the simulation
period scenarios CM22 and NM22 develop and maintain trogitaim Nicole in the Carib-
bean. In scenarios CM23 and NM23 Nicole also develops moreiththe analysis, but it does
not become as intense as in CM22/NM22.

The CM22/NM22 sensitivity experiments allow us to quanttig upper-level impact of Mala-
kas at 00 UTC 24 September (+24h), the initialisation tim€bf23/NM23 (Figuré 5.78). The
340 K isentropic PV does not show significant differencesiedpstream trough at 130, the
ridge that is evident over the western North Pacific, the seéaownstream trough at 16

or the third downstream trough at T48. We conclude that an initialisation time at 00UTC
24 September 2010 in CM23/NM23 is equally suitable for thegtigation of Malakas’ down-
stream impact. We thereby assume that the outflow anomadipeal in the precedent 24 hours
does not interact with the upper-level flow after 00 UTC 24t8eyer 2010 which is confirmed
by the subjective investigation of the upper-level flow exn in the analysis.

(a) IPV@340K, CM22-NM22, +24h, 00 UTC 24 Sep 2010
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Figure 5.78: Difference CM22 minus NM22 of PV (shaded) anddaiectors (grey) on the 340 K isentropic level.
Additionally the 340 K isentropic 2 PVU contour in CM22 (lighlue) and NM22(orange) is shown. Time is
00 UTC 24 September 2010 (+24 h) for the sensitivity expeninmatialised at 00 UTC 23 September 2010.
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The control simulations CM22 and CM23 represents well thesira of the upper-level Rossby
waves seen in the analysis (cf. Figures 5.79a,bland 5.70dferdhces occur mainly after
00 UTC 27 September 2010 when the ACC started to decrease. dstesignificant deviation

is in the merging of trough 2 and 3 at around'@0on 27 September and trough 1 and 2 near
90°W around 30 September 2010 (Figure 5.79c,d). Both mergeesaagpghtly more eastward
than in the analysis and the northward flow to the east of thetRRamer is not as intense as in
the analysis.

The scenario with Malakas removed at 00 UTC 23 September @O¥22) exhibits a slightly
faster propagation of the Rossby wave train that occurs dogars of cyclone NMM2 develop-
ing instead of Malakas (Figure 5179e). The downstream hdiding at 150E, 25 September
2010, is not as intense as with Malakas and particularly teedownstream trough (1) propag-
ates farther east on 28 September 2010 (Figure 5.79¢). Arrdéference in the simulation
with and without Malakas initialised at 00 UTC 23 Septemb@t@is the lack of the merger of
trough 1 and 2 at 8W after 00 UTC 29 September 2010. As this was important fosdwnd
heavy precipitation period at the US East Coast one mightatxgdéess severe downstream
impact of the Rossby wave train in NM22.

When Malakas is removed at 00 UTC 24 September 2010 (NM23 r&f®mid9f) the Rosshy
wave train downstream of cyclone NMM3 occurs slightly laé&d is much weaker than in
NM22 (Figureé5.709f cf. Figure5.79e). The difference in théflow anomaly at 15T, 25
September 2010 is larger than in CM22/NM22, indicating thatdiabatically enhanced ridge-
building downstream of the extratropical cyclogenesis M28 is weaker than in NM22 due to
the 24 hour later initialisation time. This is consistenthwthe lower final intensity of cyclone
NMM3 compared to NMM2 (Figure 5.77). This also explains theér ACC in NM23 at upper
levels compared to NM22 before 27 September 2010 (FiguE 5DUe to the earlier initialisa-
tion time the ridgebuilding downstream of the extratropmaclogenesis in NM22 is closer to
the evolution with Malakas than in NM23. Afterwards alb@itdoth no-TC simulations faster
than in the control simulations, the Rossby wave train in NNd@@pagates faster and earlier
eastward than in NM23 leading to a larger forecast degradl@ti NM22. Similar to NM22, in
particular, the first downstream trough (1) in NM23 exteraishier eastward and NM23 also
lacks of the merger of trough 1 and 2. In summary both setssitéty experiments are found
to be useful for the investigation of Malakas’ downstrearpat.

5.5.4 Quantification of Malakas’ downstream impact

When Malakas interacted with the approaching midlatitudegh a pronounced ridgebuilding
occurred to the north and downstream of the transitioniogyst At 12 UTC 25 September
2010 a poleward cyclonic wave breaking occurred as the krang downstream ridge wrapped
cyclonically into the centre of Malakas (Figure 5.73c). W&ees this is reflected in both control
simulations (blue colours in Figure 5/80a) CM23 (blue) isttelicloser to the analysis (black)
than CM22 (light blue) initialised one day earlier. At thism& an extratropical cyclone formed
in the early TC removal scenario NM22 leading to ridgebuitd{orange in Figure 5.80a) that
occurs later than with Malakas, is much less amplified, ared dhmt exhibit the wave breaking
and cyclonic wrap-up. In NM23 (red) only weak ridgebuildiisgevident in this region as an
extratropical cyclone has not yet developed. One day latdra control simulations the ridge
and first downstream trough (1) are close to the analysisi(Ei5.80b cf. Figure 5.73d).



5.5 The ET of Typhoon Malakas (2010)

(2) CNTRL=CM22 (b) CNTRL=CM23

23SEP2010 1

24SEP2010 .
25SEP2010 A
26SEP2010
27SEP2010
ZBSEPZOIO-H
29SEP2010

30SEP2010

10CT2010 1

B \VAY i o
120E 140E 160E 180 160W 140W 120W 100W 80W 60W 120E 140E 160E 160W 140W 120W 100W 80W

(c) ANA-CM22 (d) ANA-CM23
23SEP2010

24SEP2010 1

25SEP2010 1

26SEP2010 1

27SEP2010 1

28SEP2010 A

29SEP2010 1

30SEP2010 A

10c12010{

" . N Q. ‘,‘ . - D0 e\
120F 140F 160F 180 160W 140W 120W 100W 80W 60W 120F 140F 160F 180 160W 140W 120W 100W 80W

(e) CM22-NM22 (f) CM23-NM23
23SEP2010

24SEP2010 1

25SEP2010 A

26SEP2010 A

27SEP2010 1

28SEP2010 1

29SEP2010 1

30SEP2010 A

10CT2010

120W 100W 80

120E 140E 160E 180 160W 140W 120W 100W BOW  60W 120F  140F 160F
— ] I I N

-60 -50 -40 -30 -20 -10 -5 5 10 20 30 40 50 60
Figure 5.79: Hovriller diagrams of the meridional wind component at 250 hFigh(a5 m st contour interval)

control simulation CM22,CM23 (a),(b) (one-hourly). Hobher diagrams of the six-hourly meridional wind
component difference at 250 hPa (with a 5Th sontour interval) between ECMWF analysis and CM22,CM23
(c),(d) and CM22,CM23 and NM22,NM23 (e),(f). The data is idie@nally averaged from 3% to 55 N.
Forecast from 00 UTC 23,24 September 2010 (0 h) to 06 UTC,12 WDctober 2010 (198 h,180 h) shown in
(a,c,e),(b,d,f). The black solid line in (a,c,e),(b,d,fanks the track of Malakas in CM22,CM23; in (e),(f) in
grey of cyclone NMM2,NMM3 in NM22,NM23 and the dashed blaiielin (c,d) marks the track of Malakas
in the analysis.
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Ahead of the downstream trough ridgebuilding begins. Asritigebuilding downstream of

Malakas and ahead of the downstream trough is much strondke icontrol simulations, the
eastward propagation of the upstream trough-ridge coaplétof the first downstream trough
is delayed in the presence of Malakas compared to the tradgk-trough couplet that formed
with the extratropical cyclone in NM22 (orange) and is €dfabout 3 farther east. A weak

ridge and broad downstream trough (1) is forming in the NM@&3srio (red) as extratropical
cyclone NMM3 forms. The wave pattern has about the same pdmge the scenarios with
Malakas as the ongoing (weak) ridgebuilding downstream MM is hindering an eastward
propagation at this time.

The strong ridgebuilding due to the advection of low PV ailMglakas’ outflow is reflected in
the 340K difference PV at 00 UTC 26 September 2010 (Figurkehtf). South of the ridge in
CM23 (as represented by the cyan 2 PVU contour in Figure 5.8hjnimum of< —7 PVU
occurs. To the North of the minimum the difference wind spleasla maximum of more than
60ms L. Thus, as in to the previous cases Jangmi, Hanna, Choi-wer,upit, a strong accel-
eration of the jet core wind speed in the ridge downstrearh@BT system occurs. Although
the cyclonic wrap-up of low PV air occurred prior to the tinteown, it is still reflected in low
PV air east of 15¢E. Along with the ridgebuilding the positive anomalysf7 PVU at 160W
indicates the amplification of the first downstream troughwtien Malakas is present. The dif-
ferences are less pronounced between simulations CM22 argPNMialised one day earlier
(Figure 5.81a) as the extratropical cyclone NMM2 lead todgebuilding closer to Malakas
than in NM23.

At 12 UTC 27 September 2010 (Figlre 5.80c), the time when #a tvave struck the south-
western USA and heavy precipitation occurred at the EasttCibassignal of the second Rossby
wave train triggered during Malakas’ ET propagated dovasstr to eastern North America
(80°W, Figure 5.79(a,b) and (e,f)). Consequently, the contrdl@mTC scenarios exhibit dif-
ferences from the central Pacific to North America. Staréitpe western end of the wave train
the upstream trough and first downstream ridge east diWW&fre similar amongst the control
simulations and the analysis. However, the first downstnedge (axis at around 16W) in the
simulations without Malakas (orange, NM22; red NM23) isslesnplified in NM22 and much
less amplified in NM23 when smoothing the contour visualliso®the eastern part of the ridge
and the first downstream trough at T¥% are much more amplified in the analysis and control
simulations (Figure5.80c cf. Figure’5/73e). The strongetlilding ahead of the first down-
stream trough in the presence of Malakas delays the easprgpdgation and consequently the
first downstream trough is shifted 2L8astward in NM22 (orange) and astward and broader
in NM23 (red). This has implications for the second dowrestneridge over western North
America, which is amplified much more strongly in the analyand control simulations than
in the simulations without Malakas. Under the upstreameaiugiding the second downstream
trough (2) narrows near 9%/ and is shifted 5-10eastward compared to the no-TC simula-
tion. Over eastern North America the anticyclonic wave kirggresults in a complicated PV
structure (Figure 5.80c), that is discussed with the hetheflifference PV (Figuie 5.81c,d).

The PV streamer at around 84 resulting from trough 3 is up to°Surther east in the no-TC
simulations (orange, Figure 5!81c,d) compared to the obsitmulations (cyan). Together with
the more westward trough 2 (at around®§ this hinders the merging of both troughs in the
no Malakas simulations during the subsequent days. Thuseircantrol simulations as well
as in the analysis trough 2 and trough 3 approached closeacio @her over eastern North
America than when Malakas is not present. In the CM23/NM23Zarpent (Figure5.81d) a
strong dipole of negative difference PV to the west and p@sib the east at 98V reflects
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(a) 12UTC 25 September 2010

(b) 12UTC 26 September 2010
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Figure 5.80: 340K isentropic PV (2 PVU contour in (a-d), 3 P¥¢htour in (e)) in the different scenarios and
ECMWF analysis (black). The scenarios are CM23 (blue) and BI#i2d) initialised at 00 UTC 24 September
2010, and NM22 (light blue) and NM22 (orange) initialised8tUTC 23 September 2010. Time is indicated

above each panel.
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the farther east location of trough 2 in the control simolati This is due to the enhanced
ridgebuilding over western North America downstream afigio 1 and slightly less pronounced
in the CM22/NM22 experiment (Figure 5181c). The narrowdlband of positive difference PV
to the west and negative to the east at arourith\8@-igure 5.81.d) reflects the westward location
of trough 3 in the control simulation. This is more pronouhgethe CM22/NM22 experiment
(Figurd5.81c). With regard to the southwestern USA no gtrdifferences are seen amongst
the COSMO scenarios at the 340K level (Figures)5.80d and BlgImwever the cut-off 3C2
appears more southward in the COSMO scenarios centred avlth@n in the analysis.

Two days later at 12 UTC 29 September 2010, the northerngooofi trough 1 moved to about
100°'W in the analysis and control simulations (8.80d cf. Figuig§. The cut-off and PV
filament of the southern portion of trough 1 occurs at aboatdhme location at 13W in
the control simulations. The heat wave cut-off moved wesaliout 120W. However, the
pattern is farther east in the no-TC simulations. Over thsteza USA trough 2 and trough 3
merged. Although this occurs in the control simulation#ifar east (80W) than in the analysis
(85°W) the meridional orientation of the axis of the resulting Rkéamer is favourable for the
advection of subtropical moist air from the south. In cosifréhe PV streamer in NM23 (red)
appears much more strongly tilted and does not reach int&Gthieregion. The northern part
of the trough is farther east (7&/) than in the scenarios with Malakas. In NM22 (orange)
the PV streamer from trough 3 was completely absorbed bygltr@ithat has an axis at B4.
The more meridional oriented and westward located mergen frough 2 and 3 in the control
simulations is reflected in positive difference PV at aro86dV (5.81e,f). Trough 2 in NM22
appears with a strong negative difference PV centred ar66t\Y (5.81e) and the more tilted
PV streamer in NM23 as an elongated band of negative differ@yV (5.81f).

On 30 September 2010 the no-TC scenarios lack the mergevugtirl and 2 reflected in an
almost zonal orientation of the 3 PVU contour (orange, résl@®e). In the control simulations
trough 1 is much broader and less strongly amplified thaneratialysis (Figure 5.73f,g) and
trough 2 is rather absorbed nearr®b by the broad trough 1 than forming a PV streamer at
85°W as in the analysis.

In summary, the COSMO sensitivity experiments revealeditaakas’ ET causes significant
modifications to the Rossby wave train that develops dowastrever the Pacific. The outflow
of Malakas advects low PV air towards the midlatitudes, enba the tropopause PV gradient,
resulting in an accelerated jet streak. The ridgebuildia¢stthe eastward propagation of Mala-
kas upstream trough. This diabatically enhanced modificadi the upper-level flow, albeit
present as an extratropical cyclone develops, is weaketeangorally delayed in the no-TC
simulations. Therefore the amplification of the downstrdanssby wave train is weaker and
the propagation faster without Malakas, resulting in anartgnt shift of the ridge-trough pat-
terns over the North Pacific and North America. The first ddve@sn trough amplifies strongly
in the presence of Malakas and ahead of the trough an intetrsdrepical cyclone develops.
The ridgebuilding associated with this cyclone likewiséshthe eastward propagation of the
first downstream trough but amplifies and shifts eastwardgéoend downstream trough over
western North America. This yields in a narrowing of the setdownstream trough over
Central North America. In turn it approaches the third doweeh trough and both merge into
a PV streamer over the eastern USA. This chain of eventssglisgnct without Malakas and a
marked PV streamer resulting from the merger of downstreangh 2 and 3 is missing. How-
ever this PV streamer was essential for regenerating tiafraone at the US East Coast. In
the next section the implications of this modification fog #xtreme weather events in the USA
are explored.
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An important mechanism describing the modified Rossby waare propagation could be dis-
tilled: Initial ridgebuilding hinders an eastward propaiga of the upstream trough, meanwhile
amplifies the downstream trough and pushes it further eastgeRuilding ahead of the first
downstream trough results in a repetition of this proce$® dastward propagation of the first
downstream trough is delayed, but the ridgebuilding angslifind pushes eastward the second

downstream trough.

(2) IPV@340 K, CM22-NM22, +72 h, 00 UTC 26 Sep 2010

(b) IPV@340 K, CM23-NM23, +48 h, 00 UTC 26 Sep 2010
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Figure 5.81: Difference control minus no-TC simulation (EMNM22, left; CM23/NM23, right) of PV (shaded)
and wind (vectors and magnitude20 m s ! black contours every 20 nt$) and 2 PVU contours (cyan control,
orange no-TC, black dashed analysis) on the 340 K isentteyt. Data shown at (a,b) 00 UTC 26 September
2010, (c,d) 12UTC 27 September 2010, and (e,f) 12 UTC 29 Sdpme2010.
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5.5.5 Malakas’ role in the North American high impact weather

Finally, the role of Malakas in the high impact weather in thoAmerica is investigated. In
all sensitivity experiments the second downstream trosghccompanied with a hot air mass
over the western USA reflected in the 850 hPa temperatureldt @28 September 2010 (20
contours in Figure5.82a,b cf. with analysis Figure 5.74)e Warm air expands over a larger
area in the simulations with Malakas (solid black contowedjecting the stronger amplification
of the ridge compared to the simulation without Malakas. el downstream trough near
85°W is accompanied by 850 hPa temperature belowClihd the eastward shift of this trough
in the no-Malakas experiments is particularly distinct IMRR (Figure 5.82a). In the simulation
CM23 initialised one day after CM22 the warm air at 850 hPa edpaver a larger region and
exhibits stronger differences to the no-TC simulation NMB&n CM22 and NM22. This is
consistent with the prior finding, that CM22/NM22 exhibits extratropical cyclogenesis that
Is closer to the actual ET of Malakas, than CM23/NM23.

Albeit the control simulation CM23 exhibits a warm 2 m tempera anomaly of 0-4 K within

the more pronounced ridge over western North America (sigaidi Figure 5.82b), the temper-
ature differences of more than 6 K at the eastern and nortereasdges are striking, peaking
at more than 10K at the Coasts of northern California and Wgstin A negative temperature

(a) CM22-NM22, 00 UTC 28 Sep 2010 (b) CM23-NM23, 00 UTC 28 Sep 2010
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Figure 5.82: Difference of 2 m temperature between contrdlro-TC simulation (shaded, and contours every 2 K
for AT<10K) and 10, 20, 3@ contour of 850 hPa temperature from control (black, sa@it) no-TC (black,
dashed) simulation at 00 UTC 28 September 2010. In (c,d)sfixon southwestern North America. In (a,c)
data from the CM22/NM22 experiments is used and in (b,d) f@M23/NM23. Cf. with analysis data in
Figured 5.72 and 5.74.
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anomaly of up to -6 K near 9%V, 50°N reflects the more eastward position of trough 2 in the
CM23. Along the US East Coast a warm anomaly of up to 4 K refle&sattvection of sub-
tropical warm air ahead of trough 3 that is slightly more eastl in the control simulation.

The impact of Malakas in southwestern North America maylpantplain the heat wave (Fig-
urel5.82d). The 2TC contour of 850 hPa temperature expands further west in CN&8NIM23
(Figurd’5.82b,d) which may reflect an enhanced easterly fetwden the second downstream
ridge and the cut-off to the south resulting in enhanced waast advection of the hot contin-
ental air mass. Over southern California the 2 m temperaitfexehces are at about 2-4 K (up
to 6 K near San Diego and in Mexico) and align along the coashofe striking warm anomaly
(>12K) occurs near 122V, 37°N south of the San Francisco Bay region. Here the 10 m wind
indicates cool onshore winds:(L5°C) in the NM23 simulation, while the continental hot air is
advected eastward to the coast in CM23 (not shown). The a&ghof the maximum temper-
ature anomalies along the US West Coast indicates that thésflmwre off-shore in the control
simulation and may indicate that the rather small diffeesnare not due to random numerical
noise.

Regarding the Californian heat wave it may be concluded treatrtbdification of the Rossby
wave train by the ET of Malakas slightly enhanced the maxinmeamperatures making the
heat wave a record weather event. However, the overall titidle flow configuration was

favourable for a heat wave and the modification yields on-#K higher 2 m temperatures in
southern California. The eastward shift of the hot contiakair mass exhibits a larger impact
at the West Coast and in the entire western half of North Aragkegurée 5.82d).

Qualitatively similar results are found when comparing smulations CM22/NM22 (Fig-
ure’5.82a,c). The differences within the hot air mass aasegtiwith the anticyclone are weaker,
downstream trough 2 exhibits a larger negative temperanmmaly and the more distinct
shift of trough 3 results in a more pronounced positive arlgralong the US East Coast (Fig-
urel5.82a).

The two subsequent heavy precipitation periods at the USEaast at the end of September
2010 are simulated in the COSMO scenarios with similar intess(>350 mm in 72 h, not
shown), although the most intense rainfall is slightly wdfeast in the COSMO scenarios
compared to the measurements (Figurel5.71a).

For the first precipitation period from 25-28 September 2Qf6 precipitation is shifted east-
ward over the Atlantic when Malakas is not present. This feecéed in the difference of
precipitation between control and no-TC simulation beingifive along the US East Coast
and negative in a band off the coast (Figure 56.83a,b). Tlyetteb differences are stronger in
CM22/NM22 compared to CM23/NM23 consistent with the morewast location of trough
3in NM22. It has to be noted that scenarios CM22/NM22 devaiopi¢al storm Nicole in the
Caribbean and therefore exhibit more precipitation ovesthgheastern USA.

For the second period of heavy precipitation from 28 Septn 1 October 2010 the fore-
cast skill in all COSMO simulations is reduced. Thus we cary gt a qualitative picture of
a possible scenario with and without the impact of Malakaspdrticular an unrealistic dia-
batic Rossby wave occurs along the US East Coast in scenario/8IM22 and scenarios
CM23/NM23 maintain tropical storm Nicole during this perjaghile it actually had already
dissolved (see contours of pmsl in Figure 5.83d). Thereby &bkhibits a more realistic track
of Nicole to the east of Florida. Without considering theqipéation due to Nicole in the
Caribbean, CM23 exhibits much more precipitation along afdhef East Coast than NM23.
Similarly more precipitation is evident in CM22 along the USECoast. The higher rainfall
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(a) CM22-NM22, 12 UTC 25 Sep - 12 UTC 28 Sep 2010 (b) CM23-NM23, 12 UTC 25 Sep - 12UTC 28 Sep 2010
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Figure 5.83: Difference in 72 hour accumulated preciptabetween control and no-TC simulations (shaded, and
contours every 25 kgnt starting at 100 kgm?) along with pmsl in the control simulation. The periods are
12 UTC 25 September to 12 UTC 28 September 2010 in (a,b) and' @628 September to 06 UTC 1 October
2010 in (c,d). Data is from the CM22/NM22 simulations (a,nflaCM23/NM23 (b,d) scenarios. The same
domain as in Figufe 5.71 is shown.

amounts in the control simulations north of°8Dare due to the fact, that, in contrast to the
simulations without Malakas, the PV streamer of the mergenftrough 1 and 2 was present.

We also note that in the no-TC simulations precipitatioruosen southwestern North America

in the region of the more eastward upper-level cut-off low.

In summary we could link the upper-level flow modification idgrthe ET of Typhoon Mala-
kas in the western North Pacific to some hight impact weathents in North America. The
interaction of Malakas and the midlatitude flow lead to a cbheaged shift of the Rossby wave
pattern in the North Pacific North American region. As a reaypronounced hot continental
air mass formed over western North America. This air massatasit 2-4 K warmer in the
presence of Malakas enhancing the heat wave in the southed$SA. Further downstream
a stationary PV streamer developed from the successiveenseod the third and second, and
thirdsecond and first downstream troughs. The merging wae distinct and occurred further
west over land when the Rossby wave train was modified by thefMatakas. This yield in
an aggravation of the heavy precipitation period at the US Eaast.



6 Implications for the downstream impact
of ET

The detailed discussion of the individual ET cases reveadeamon features and general phys-
ical processes that determine the midlatitude impact of IR This chapter we highlight the
outflow-jet interaction directly downstream of an ET eve®é¢tion 6.11), the downstream im-
pact beyond the first downstream ridge (Sedtioh 6.2), andeheral implications of ET for the
reduction in predictability (Section6.3).

6.1 Outflow-jet interaction

The initial interaction of the TC outflow with the upper-léveidlatitude wave guide is a com-
mon feature of all ET cases presented in this study. The T{bauadvects low PV air at upper
levels towards the midlatitude wave guide. This leads tordityclonic deflection and an in-
crease in the tropopause PV gradient resulting in ridgdimgland an enhanced upper-level jet
streak downstream of the ET system. As the low-level cycld@i€@ circulation advects warm
moist air with typically low PV values northwards, this pess is enhanced in the presence of a
baroclinic zone. When the air impinges on the baroclinic Zmmyant convective ascent ahead
of the baroclinic zone and dynamically forced slantwiseeas@long the tilted (moist-) isen-
tropes occurs. The PV of the air parcels increases belovette df maximum condensational
heating above the PV reduces to the low values of the parstliting level or below. Thus
as a net effect of diabatic PV modification low PV air is tramsed to jet level, while a lower
and mid tropospheric PV maximum develops at the barocliaieez The cyclonic circulation

Table 6.1: Characteristics of the outflow-jet interactinnte different case studies as depicted from data shown in

Figure$ 6.1[, 6)2, arid 6.3. Case name, forecast hour, maximmagnitude of horizontal difference wind in m’s

([Vf — VhImax), maximum and minimum PV difference control-no-T8RVmaxmin = (PV® — PV")maxmin) in
PVU, maximum of wind speed difference in m'sbetween the control and no-TC simulatigvf| — [V )max),

sum of maximum and minimum difference in PV gradienPy° — OPV") close to the jet streald\(IPV =
(OPVE — OPV™M) max+ (OPVE — OPVM) min ~ OPVS . — OPVR,) in PVU(100 km) ! (represents the maximum
difference inOPV between control and no-TC). The following variables are digtctly seen in Figures 6.1,
[6.2,[6.3: maximum PV gradient in control ruRRV®) in PVU(100 km) 1, maximum wind speed of the first
downstream jet streak in control and in No-TC rii|max [Vi|max) in m s 1. The reference level for all cases
and variables i840 K.

case t |vch — vnh|max (APV)max | (APV)min (|vch| — |vnh|)max AOPV || (OPV®)max |vch‘max |vnh|max
Jangmi 66 45.0 6.0 5.4 39.9 1.4 55 81.1 59.9
Hanna 54 55.7 7.1 -10.6 52.0 2.1 7.7 75.4 65.9
Choi-wan| 60 54.9 6.8 -8.3 33.9 4.6 9.4 70.3 85.3
Choi-wan | 102 104.3 8.5 -8.6 58.8 1.2 9.3 79.9 76.3
Lupit 66 42.4 2.3 -7.2 42.3 3.8 8.5 81.2 53.6
Malakas | 45 74.5 10.1 -9.8 73.7 3.9 10.1 92.2 75.5
Malakas | 66 75.9 7.4 -10.1 66.9 -0.2 9.0 81.6 67.8
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6 Implications for the downstream impact of ET

(a) JangmP\e — PV, +66 h, 18 UTC 30 Sep 2008

(b) JangmiOP\e — OPV,, +66 h, 18 UTC 30 Sep 2008
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(c) HannaP\¢ — PV, +54 h, 06 UTC 8 Sep 2008 (d) HannalOP\¢ — 0PV, +54 h, 06 UTC 8 Sep 2008
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Figure 6.1: (a,c,e) Difference PV (shaded) and differenaewectors (vectors), along with magnitude of dif-
ference wind speef/f —vjj| > 20m s 1 (black contours every 20 mi$) on the 340K isentropic level. (b,d,f)
Difference of the horizontal gradient of 340 K isentropic EWPV¢ — OPV", shaded every 1 PVU (100 krm),
absolute wind speed differenf#| — |V11| on 340K (black contours every 10 m, and difference wind vectors
on 340K (as in (a,c,e)). The difference is taken between diné¢ral and no-TC simulations. These are in (a,b)
Jangmi S20-N20, Table5.1; in (c,d) Hanna SH20-NH30, anejf) Lupit IL25-NL20, Tablé5.8. The time
shown exhibits the minimum 340 K difference PV and is indéicbabove each panel. Additionally, the 3 PVU
contour for the control (cyan) and no-TC (red) simulatiosh®wn in each plot. The black TC symbol marks
the position of the TC in the control simulation. The extehthe domain is the same for each case in Figures
[6.1/6.2, and6l3.

induced by this PV maximum acts to sustain the interactidh thie baroclinic zone and thus to
sustain a continuous diabatically enhanced transportvoBg air to upper levels. In addition
to the low PV air of the TC outflow this low PV air is advected tgs the midlatitude wave
guide by the TC outflow which results in an increased tropepd&V (and temperature) gradi-
ent, enhancing the jet streak. While all ET cases studieddwibit this physical mechanism
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6.1 Outflow-jet interaction

the cases differ in the downstream propagation of this ufgwvel flow modification.

In the following a joint quantification of the outflow-jet Eraction is presented for all cases at
the time when the minimum difference PV occurred downstreathe ET system on the 340K
isentropic level (Figurés 6.1, 6.2, andl6.3 and Table 6.1).

In the case of Jangmi (Figure 6.1a,b) negative differencef®élow -5 PVU over Japan down-
stream of the decaying storm reflects weak ridgebuilding d$sociated difference wind speed
peaks at 45 ms near 150E (Figuré 6.1a). In the no-TC run a broad trough is evidenhis t
region and the wave pattern is shifted eastward and muchrwhlget streak is located east
of 160°E near the axis of a broad ridge. The absolute wind speeddéfiite over Japan has a
maximum of around 40 nTS in the same region where the maximum in the difference of the
PV gradients occurs (Figure 6.1b, Table 6.1). The absoliid speed maximum of the newly
developed jet streak over Japan in the control simulatiofisax= 81.1ms ! (Table€6.1).
This is about 20 ms! more than the wind speed at the same longitude but slightilgéusouth

in the tail of the jet streak in the no TC simulatiof}{max= 59.9 m s 1. The PV gradient is
about 1.4 PVU (100 kmt) higher in the presence of Jangmi, reflecting the warm frgenesis
at the baroclinic zone.

During the ET of Hurricane Hanna a strong amplification of dogvnstream ridge occurred,
reflected in negative difference PV extending over a larggion than in Jangmi and reaching
a much lower minimum of -10.6 PVU (Figure 6.1c, Tdble 6.1)e Tilagnitude of the difference
wind is higher also. The lowest difference PV is in the regidtere warm frontogenesis occurs.
However, the dipoles of difference PV gradient (Fidure pdnd wind speed difference reveal
a northern band of positive and a southern band of negativesareflecting a northward shift
of the jet stream in the control run which would be also presethnout Hanna. Although the
PV gradient increases by 2.1 PVU (100kH), the jet core wind speed is only about 10T s
higher.

In the case of Lupit, the widespread amplification of the fil@ivnstream ridge is reflected in
the negative difference PV (Figureb.1e). A strong PV graida up to 8.5 PVU (100 km?)

is evident along the midlatitude wave guide in the controidation which is about 3.8 PVU
(100 kn 1) higher than without Lupit. This results in a jet streak of Bt st in the simulation
with Lupit which is almost 30 ms! faster than in the simulation without the storm (Table 6.1).
The increase of the jet-level wind speed expands over a marger area than in the cases
of Jangmi and Hanna. Despite the strongly modified jet theaohfurther downstream was
relatively weak.

The outflow-jet interaction during the ET of Choi-wan and ofl&kas is two-fold (Figurels 6.2
and[6.3). A first minimum in difference PV occurs, as in thevpmes cases, when the storms
approach the midlatitudes. However, a second, strongeinmam follows when the storms
become a mature extratropical cyclone.

As Typhoon Choi-wan approaches the midlatitudes the iroudilow-jet interaction leads to a
north and westward extension of the downstream ridge (EiG#a). East of 17&, where a jet
streak is evident with and without Choi-wan, this shift angéfication of the first downstream
ridge results in positive difference PV. Consequently, #tesfreak wind speed in the control
simulation is 15m<s! less than in the no-TC simulation (Tablel6.1). However, tigé kliffer-
ence in the PV gradient and the positive wind speed differemcth of Choi-wan (Figuiie 6.2b)
indicate the extension of the jet streak in the control rua the region of enhanced ridgebuild-
ing and warm frontogenesis. Two days later very low diffeeeRV of -8.6 PVU northwest and
south of Choi-wan reflects the cyclonic wrap-up of low PV aildNTRL and the 20 west-
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6 Implications for the downstream impact of ET

(a) Choi-wanP\¢ — PV, +60 h, 12UTC 19 Sep 2009 (b) Choi-wanOP\¢ — OPV, +60 h, 12UTC 19 Sep 2009
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(c) Choi-wanP\¢ — P\, +102h, 06 UTC 21 Sep 2009 (d) Choi-wanOP\¢ — OPV;, +102 h, 06 UTC 21 Sep 2009
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Figure 6.2: As Figure6l1 but for Typhoon Choi-wan CNTRL-NOD®&t 12UTC 19 September 2009 (a,b) and
06 UTC 21 September 2009 (c,d).

ward shift of the first downstream ridge in CNTRL compared to KK{Figure 6.2¢). The very
high values of difference PV gradient and of absolute wirgksidifference downstream of the
reintensified storm (Figufe 6.2d) reflect the enhancemetiteofet streak and the strong differ-
ences in position and amplification of the first downstreaoudh. Thus Choi-wan significantly
hindered an eastward propagation of the Rossby wave pachtdting in an westward shift of
the first downstream ridge by 2@nd of the first downstream trough by°10’he jet core wind
speed in the control run increased to around 80 hvehich is slightly higher than in the no-TC
simulation (Table6]1).

In the case of Malakas, strong initial downstream ridgetg is reflected in a large area of
negative difference PV (Figure 6.3a). The ridgebuildingpatiggers a downstream trough re-
flected in a positive difference PV at around 1856 The very high values of difference wind
speed (Figure 6l3a) and of absolute wind speed differerigar@®.3b) reflect the significantly
northward shifted jet streak in the simulation with Malak@ke PV gradient in the control sim-
ulation has a maximum of 10.1 PVU (100 k#) which is 3.9 PVU (100 km?) higher than in
the no-TC simulation. Consequently, the jet core wind spedla presence of Malakas peaks
at 92ms ! which is almost 17 mst faster than in the no-TC simulation. One day later the re-
gion of negative difference PV has propagated downstreagui&6.3c). In addition, negative
difference PV to the northwest of Malakas indicates theayicl wrap-up of low PV air around
the centre of the maturing extratropical cyclone. Dowrastreof Malakas, at around 158/
positive difference PV indicates the shift and amplificatod the first downstream trough when
Malakas is present. Also, the maxima in difference PV gratdéad absolute wind speed dif-
ference have propagated downstream (Figure 6.3d). Desitower jet core wind speed of
82ms compared to the previous time shown it is still about 14 Hfster with the storm
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6.1 Outflow-jet interaction

(a) MalakasP\k — PV, +45 h, 21 UTC 25 Sep 2010 (b) MalakasOP\e — OPV, +45 h, 21 UTC 25 Sep 2010
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Figure 6.3: As Figurg 611 but for Typhoon Malakas CM23-NM22RAUTC 25 September 2012 (a,b) and 06 UTC
27 September 2010 (c,d).

than without Malakas (Table 6.1).

In all cases, the minimum in difference PV occurs two to thatags after the initialisation of
the sensitivity experiments, which was mostly during pedknsity of the tropical stage at a
time before recurvature and before interaction with thelatides was seen subjectively in
the ECMWF analysis. The lowest values of 340K difference RV—8.6 PVU, Tablé6.11)
occur in the cases with a significant modification of the flovitfar east of the first downstream
ridge (Hanna, Choi-wan, Malakas). In these cases also th& 3#flerence wind exceeds a
magnitude of 50 mst. Itis also striking that in these cases the spatial extediftérence PV
|APV| > 1PVU is much larger than in the case of Jangmi and Lupit, inctvimo significant
downstream impact was observed despite the modificatioheofitst downstream ridge and
jet streak. The cases of Choi-wan and Malakas exhibit a matlific of the second and third
downstream ridge-trough couplets. In both cases the highagimum PV gradients in the
control simulation and high differences between the maxrinRY gradients in the control and
no-TC simulations occur. However, Lupit has similar valé@sthese variables, although no
further downstream flow modification occurred.

In summary, the outflow-jet interaction is manifested ircakes by strong diabatically enhanced
negative 340 K difference PV directly downstream of the EStegn and south of the midlatitude
wave guide, an associated strong anticyclonic differeriod wirculation enhancing the jet core
wind speed, and an enhanced PV gradient at the midlatitude guade. In the cases in which
the midlatitude flow was characterised by a preexistent Bog&ve train or a pronounced
upstream trough a westward shift of the downstream ridgeirsccThe magnitude of these
anomalies is mostly larger if a downstream propagationisfrifodification occurs.




6 Implications for the downstream impact of ET

6.2 Modification of the midlatitude wave guide

In some of the cases, ET had a downstream impact beyond tpebudding directly down-
stream. This is summarised for all cases with the tempoxal#@en of the 340 K meridional
difference wind component between the control and no-T@awes (° — v") meridionally
averaged around the midlatitude wave guide representetieb340 K 2 PVU contour (Fig-
ure6.4). In all cases the downstream ridgebuilding is refteby a southerly difference wind of
V¢ — V" > 10m s 1 during the first 96 h of simulation. This southerly wind is riipsnore pro-
nounced to the east of the TC track. An exception is Choi-waju(e 6.4c) where the northerly
flow in the eastern part of the ridge is slightly more pronaththan the southerly flow in the
western part.

In the case of Jangmi (Figure 6.4a, see also Section 4.4.3)difioation of the upper-level
midlatitude wave guide is manifested in a weak (10ths |V¢ —V"| <20 ms™1) first down-
stream trough (axis at 178, 12 UTC 30 September 2008) and second downstream ridge (axi
at 150W, 00 UTC 01 October 2008). However, a dramatic downstreapaghand triggering

of a Rossby wave train occurs, when Jangmi is relocated mare2t% to the East or North of
its initial position (Figuré 6.4b, cf. Section5.1.3, Figit.11, page 118 and Figure5.12, page
[119).

During the ET of Hanna (Figufe 6.4c) the most striking feaisrthe downstream ridgebuilding
that lasts for almost 6 days. No Rossby wave train occurs idiffezence wind. This is reflected
in a dipole of southerly and northerlf — V" difference wind. The maximum dff —Vv"| >
30ms! on 9 September 2008 reflects the far southward extensioneogdbtern part of the
ridge and of the first downstream trough (see also Sectiod)5.After 00 UTC 10 September
2008 with the beginning wrap-up of the downstream ridgedipele decays and the southerly
wind component becomes located to the west of Ex-Hanna.i§ hiscompanied by a northerly
difference wind to the west after 00 UTC 11 September 2008 fedtecting the transformation
of Ex-Hanna’s trough into a PV streamer.

Downstream of Typhoon Choi-wan a very pronounced Rossby waiwedmerges with a strong
first and second downstream ridge-trough couplet (see astiof 5.3.3). This Rossby wave
train exhibits a phase shift of around°1i® the west in the presence of Choi-wan. This is re-
flected in the dipoles of northerly and southerly differemied (Figure 6.4d) which are shifted
westward compared to the dipoles in the CNTRL run (black casjolAlso the downstream
ridge-trough couplets are more amplified in the presence of-@hn, which is reflected in the
increase of absolute difference wind with time.

During the ET of Lupit the downstream impact was limited te todification of the first
downstream ridge-trough couplet (see also Settion/5.%h long-lasting amplification of the
downstream ridge is reflected in the southerly differencedwdaomponent east and along the
track of Lupit (Figuré 6.4e). Starting at 180, 00 UTC 26 October 2009, the first downstream
trough amplifies and subsequently transforms into a PV steear his is less pronounced when
Lupit is not present, and thus reflectedvin— V"'. As the forecast skill for the COSMO sens-
itivity experiments were poor after 00 UTC 29 October 2009omat a further discussion of
(Figure 6.4e).

Typhoon Malakas triggered a Rossby wave train in a midlagiteidvironment that was already
characterised by another Rossby wave train (Section 5.5ip8&c5.4). This lead to a complic-
ated interaction of both Rossby wave trains and a significadliincation of the first, second and
third downstream ridge-trough couplets. The triggeringhaf Rossby wave train downstream
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6.2 Modification of the midlatitude wave guide

(a) Jangmi control

(b) Jangmi scenario IW21 (shiftedB, 5°N)
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Figure 6.4: Hovriller diagrams of meridional difference wind componerit- V") at the 340K isentropic level
(shaded every 10n78). (a) Jangmi control simulation S20 minus N22 averaged fB®BCN, (b) Jangmi
scenario with a & and 5N shifted initial storm position IW21 minus N22 averaged fr8B55N, (c) Hanna
SH20 minus NH30 averaged from 358§ (d) Choi-wan CNTRL minus NOTC averaged from 3585 (e)
Lupit IL25 minus NL20 averaged from 30-34, (f) Malakas CM23 minus NM23 averaged from 352Bb
Track of the TCs in the control simulation/scenario in (byiigen by the black line. The abscissa and ordinate
of all plots span the same longitudinal and time ranges (exoe (d) showing 1 day more). Three-hourly (six-
hourly in (e)) data is used. Additionally the -10 and 10Th sontours of meridional wind speed in the control
simulation is shown.

of Malakas is clearly reflected in the dipoles of southerlg anrtherly meridional difference
wind emerging to the east of Malakas after 25 September 2Biirg 6.4f). Differences in
V¢ — V" after 28 September 2010 and east of MGeflect the modification of the initial Rossby




6 Implications for the downstream impact of ET

wave train by the interaction with the one triggered by Makak

In summary, the meridional difference wind highlights thmathe strong ET scenarios (Jangmi
IW21, Choi-wan, Malakas), in which the TC transitions in areirge extratropical cyclone, a
significant modification of the midlatitude wave guide occheyond a modification of the first
downstream ridge-trough couplets. One exemption is Luyhich reintensified to an intense
extratropical cyclone, but the downstream impact was mdindited to the first ridge-trough
couplet. In the weaker ET cases (Jangmi, Hanna) the dovamstredgebuilding and ridge
amplification constitute the major downstream impact.

6.3 The role of ET in reducing the midlatitude forecast skill

The reduction in predictability in downstream regions s tiggest challenge in the operational
numerical weather prediction of ET. The understanding efatysical and dynamical processes
that govern the interaction of the TC and midlatitudes hefddress this problem. The methods
developed in this study for investigating these procestes as for quantifying the reduction
of predictability associated with ET.

6.3.1 Measures for quantifying the forecast skill modificati on

As detailed in Section 3.3.3 the forecast skill is quantifireterms of the anomaly correlation
coefficientACC? of geopotential (wheré stands for the considered simulation anébr the
reference analysis). As climatologg {n Equation((3.19)) we use the daily mean values of
ERA-INTERIM interpolated on a 0.25x 0.25 horizontal grid. For the analyseswe follow
two approaches:

1. Using the operational ECMWF analyses+£ ANAin Equation([(3.19), as employed for
the ACCin the previous sections), allows us to quantify the foresk#l with respect to
the actual evolution. We name tiA€CNA

2. Using the COSMO control simulation as analysis{{ CNTRLin Equation[(3.19)) al-
lows us to quantify the forecast skill reduction with redpeche PV surgery (either TC
removal or TC relocation) in the COSMO model framework. We eahisACCENTRL

The COSMO simulations use the same model framework and hav&athe background flow.
Therefore the change CCENTRLshould reflect the forecast skill reduction that is mainlg du
to the modification of the initial conditions.

In addition to theACCfor the COSMO simulations, we consider the mé&&Cover the relevant
ocean basin of all deterministic ECMWEF IFS forecasts in Augtsptember, and October (with
00UTC and 12 UTC base times). These ma&Csare namedCCNA and were calculatefi

in the North Pacific for 2008, 2009 and 2010, and in the Nortlamic for 2008. An example
is shown for geopotential at 200 hPa (Figure 6.5). Intemghti theACGHY increased strongly
in 2010 improving the predictability by one day. When comparthe ACCYY* against the
ACCs for the COSMO simulations one has to consider that the COSkQiations are actually
hindcasts driven by the analysis at the lateral boundafiesrefore - as seen before (Figures
5.13[5.38,5.43,5.64,5]75) - the control runs mostly leikin ACC similar to ACG¥ in the
beginning and larger thamq“F'\‘SA at later simulation times when the skill of the freely rurgin

kindly provided by Simon Lang (KIT)
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IFS model decreases.

The foregoingACC definitions are used to define a relative measure for the dsteskill modi-
fication during ET.

ACGISRc— ACCENT
RoNTRL= CIQOTC CéNTRL (6.1)

ACCNTRL

whereCNT RLdenotes the COSMO control simulation, dd@T Cdenotes the COSMO simu-
lation in which PV surgery has been applied to the initialdibans (either removing or relocat-
ing the storm).RenTRLIS @ measure for the relative forecast skill modificationhe COSMO
model framework, i.e. it quantifies the forecast skill matdifion due to the PV surgery with
respect to the COSMO control simulation.

A measure for the reduction in predictability due to ET is thigerenceAt between the time
terit @and timet < terie at which ACCSNTRNt) is larger thanACCY(terit) for the first time.
This is illustrated in Figure 6.5 and becomes clear in theudision of Figure 617. As we have
twelve-hourlyACC valuesti; is only given in twelve-hourly time steps. E.gyit = 96 h and

t =24 h means that the predictability is reduced by at I1Agst = 48 h and the actual reduction
in predictability At is within the range 48+& Atmin < At < Atmax= 72 h. In the following we
discuss the reduction in predictability with respect tolthveer endAtyi, of this time range.

The ACC is calculated on a region centred around the midtsitmave guide in the respective
ocean basin. As the COSMO model domain in the scenarios slleghtly, the ACC is cal-
culated for a different region for each scenario. The regmvers the midlatitude wave guide,
while having enough distarié&om the boundaries of the model domain. For the westerntiNort
Pacific typhoons the ACC is calculated in the region extentlioign 20°N to 60°N in meridi-
onal direction. The region in the zonal direction extenadlangmi from 10€E to 115W, for

2at least 15 from the western and at least®om the eastern model domain boundary. As the flow is, in géne
into the model domain from the west and out of model domaihéreiast, less impact of the eastern boundaries
were found. The ACC domain is also chosen to cover the regibog/n in the detailed discussion of the
dynamical evolution in the previous chapter. Therefore nyed extend the ACC calculation domain over the
whole zonal range of the model domain. We found the ACC radbtiinsensitive to the exact distance to the
lateral boundaries as long as a distance of more thaves used.
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Choi-wan from 120E to 60°'W, and for Lupit and Malakas from 11B to 50W. The ACC for
the deterministic ECMWEF IFS forecasts is calculated for thehtons in the Northern Pacific
in the band 118E-60°W, 20°N-60°N. For Hurricane Hanna in the North Atlantic the region for
the ACC calculation extends from 28 to 55°N and 80W to 20°E. The same region is used for
the COSMO scenarios and deterministic ECMWEF IFS forecastshdridllowing we discuss
the forecast skill for geopotential at 200 hPa represerttirgupper levels (jet level). Qualitat-
ively similar results are found at 500 hPa and 1000 hPa arse thiets are given without further
discussion in the Appendix (Figures A.2 -'A.6).

6.3.2 Control and no-TC experiments

In all TC removal experiment&:nTrL indicates a reduction of the forecast skill for geo-
potential at 200 hPa during the first 96 h (Figure 6.6). Theaye ACC reduction (dashed
in Figure 6.6) relative to the control simulation reache8&olsfter 72h. This is mostly due
to the lack of the ridgebuilding by the TC outflow. The averagél reduction remains at
15% until 120 h forecast. After this time the cases depideddt behaviour. For Jangmi,
Hanna, and Malakas CM22/NM2RcnTry increases as thaCCiRf - of the NOTC simula-
tion is higher thamACCGANF R, at the end of the calculation period. In the case of Choi-wan
and Malakas CM23/NM23 a maximum ACC reduction of up to 40% isisda these scen-
arios strong modification and a shift of the Rossby wave trawrgtream of ET occurred.

60 L ! ! ! L
| T e [ To give an idea of the implications of the re-
40 - —— . Chowdn N2} R _lative ACC reduction during ET for the pre-
] i 1 | | dictability, we consider th&CC{NTRE of the
oo 1 P aed S - - no-TC simulations relative to the correspond-
]  coSMO mean | § § L ing control simulations (Figufe 8.7a). For all
scenarios th&CCNIR-decreases during the
0 : first 72 h of simulation. This reduction is lar-
ger than the reduction of the mean ACC in
20 - the IFS model. On average tHRCCINTR-
| dropped to about 0.87 after 72h. In the IFS
40 model theACGY{ typically reaches this level
i after 5 (2008) to 6 (2010) days (cf. Fig-
s ; ; ; ; ; ure6.5). Thus a reduction in predictability by
- I I I I I

at least 2 days would occur in a forecast that

misses the ET system completely. This meas-

Figure 6.6: Relative forecast skill modificatidkntr. Ure for reduction in predictability is shown
(in %) of geopotential at 200hPa in the differenfn Figurg6.7b. The reduction in predictabil-
COSMO TC removal experiments with respect to tt]fy after 72 h forecast is on average at least 2

corresponding COSMO control simulation. The ab d f | d .
scissa indicates the forecast hour. The black sh&@yS and ranges irom at least 1 day (LUD't)

dashed line is the average, and the grey shading i@-at least 3.5 days (Hanna) within the scen-
dicates the average 1 standard deviation. arios (Figuré6.7b). After 96 h the average
ACCSNIRL reduction (Figure6l7a) continues
but the decrease is no longer as pronounced as foA(ﬂﬂ}AF'\‘SA. However, this still means a
reduction in predictability by on average at least 1.5 d&ygure 6.7b). The predictability re-
duction peaks by at least 4 days after 48 h forecast in theafddalakas CM23/NM23 and on
average by at least two days after 60 h. At later times Choidauitstanding. The reduction
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Figure 6.7: (a) Anomaly correlation coefficieACCSNI R of geopotential at 200 hPa for the different COSMO
sensitivity experiments. The corresponding control satiahs are used as the analysis data. The mm/;\:gf*
for the Pacific in 2010 (black, solid, IFS PAC 2010) is giveh) ©n the ordinate the time differenéynax =
teric —t (in h, but only in 12 hourly steps) between the simulatioretirand the timei; at whichACCGNIEHt) >
ACCY¥(tcrit ) is valid for the first time is shown. THECCY for the corresponding region and year is used to
calculatetii. In (a) and (b) the abscissa indicates the forecast hidhe black short dashed line is the average
of the COSMO TC removal experiments, and the grey shadingates the average 1 standard deviation.

in predictability exceeds at least 4.5 days after 132 h fmsed~or both Choi-wan and Malakas
a strong modification and shift of the Rossby wave train oezurr

In summary, we could show that on average the anomaly ctimeleoefficient at upper levels is
reduced by 10-20% when the ET system is not present in thdatiom (discussion oRcnTRL
Figure6.6). During the first 72 h forecast tAECINTRE of the simulations without the TC
relative to the control simulation showed a strong decreasgéch was stronger than in the
typical mean IFS forecasts (Figufes|6.7aland 6.5). The dsereontinued during the following
forecast time and remained below the mé®@C Y of the IFS model in scenarios Choi-wan
and Malakas, that exhibited a strong modification of the Rps#dve train. This decrease in
ACCNTRLis accompanied by a reduction in predictability peaking thgast 2 days during the
first three days of simulation (6.7a). Afterwards it remadnsaverage at a level of at least 1.5
days. We conclude that a first significant reduction in foseskill is linked to the interaction of
the TC outflow and the midlatitude wave guide. In the contmoiutations with TC this lead to
downstream ridge building and an acceleration of the jet édso Section 6l1), that is missing
in the no-TC scenarios. The reduction in predictabilityttier increased or remained at a high
level in the scenarios in which the downstream Rossby wawe Wwas significantly modified
by the TC (Malakas, Choi-wan, see also Sectioh 6.2). In theratbenarios the forecast skill
reduction at later times was less significant compared tons@n reduction represented by the
ACGINA. A similar behaviour of the forecast skill reduction wasridiat 500 hPa and 1000 hPa
and the corresponding plots are given in the Appendix (Bigét.2 {A.3).

6.3.3 ET scenarios with relocated storms

In the Jangmi scenarios with relocated storms (Table 5.1ge (1 10) the forecast skill reduction
in terms of the ACC of 200 hPa geopotential is much more procedithan in the TC removal
case studies presented in the previous section. The avieragast skill reduction is about 20%
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60 after 72 h forecastRenTrL, Figuré6.8). At
| this time a maximum reduction of 55% is
40 reached in the early reintensifying scenarios
IW21 and IW22 (B east, 8 and 2.5 north).
20 ] The scenario with Jangmi relocated east of
| — Taiwan (IW27) and dissipating at the Chinese
Coast depicts a small forecast improvement.
0 After the initial peak in skill reduction in the
other scenariosRcnTRL iNCreases but neg-
20 - ative values indicate a forecast skill reduc-
| tion until 120 h simulation. Interestingly, in
40 the scenarios in which Jangmi reintensifies
1 RcenTre drops below -15% at some forecast
50 ] : : : : : time. The scenarios that produce a strong
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Rossby wave train at the end of the forecast
period (IW22, IW23) indicate a reduction by

Figure 6.8: As Figure 616 biRenrfor the Jangmi scen-more than 30% by the end of the calculation
arios with respect to the COSMO control simulatioperiod.
CNTRL=S20.
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The two main scenarios - decaying Jangmi
and reintensifying Jangmi - are also clearly separateddAGC{NT R of the PV surgery exper-
iments relative to the control simulations t (Figure 6.9)e decay scenarios IW26 (12&ast)
and IW27 are very close to the control simulation. Decay stetd/25 (2.5 east) is close to
the meamACGINA of the IFS model. The intensification scenarios all depicA@ESNT &  that
is well below the mea\CCH¥ (except at the end of the simulation for IW24 (2%orth)).
This is clearer in the predictability reductid (Figure 6.9b). The decay scenarios - if present
at all - only depict a reduction in predictability by at mo&tH (IW25). If the storm is relocated
by only 1.25 (128 km) further east the reduction in predictability ireses to a maximum of
at least 2 days (IW28). Thus the predictability in the reistfing scenarios to the northeast
of the bifurcation point is at least 1.5 days lower than farsiin which Jangmi remains to the
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Figure 6.9: As Figure 617 but for the Jangmi scenarios wisipeet to the control simulation CNTRL=S20.
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6.3 The role of ET in reducing the midlatitude forecast skill

Southwest of the bifurcation point and decays (cf. Secti@rEy. The predictability reduction
in the decay scenarios is also less than the reduction inadhEhexperiment (at least 2 days
after 72 h). The predictability reduction in the intensifioa scenarios is on average larger than
2 days after 48 h forecast. The strongly reintensifying ages IW21, IW22 have a peak pre-
dictability reduction of at least 5.5 days after 84 h foreéeaml IW23 of 4.5 days two days later,
reflecting practically no forecast skill for the downstrefiow, if the ET system is predicted’5
to far to the east.

In the case of Lupit the storms were only re-
located about few grid points (Table5.3 om.o -
page[176). The forecast skill reduction in |
these scenarios is very weak and strongest in -
the no-TC scenario (Figure6.10). Although?® ]
the ACCSRTRL for the relocated storms de-
creases to the end of the calculation periodoir6 |
remains above the meaCCH in the IFS
model. Therefore the relocations exhibitno | = | | | I
reduction in predictability £t=0). The scen- 9.4 4 ——— gt T -
ario without Lupit has a reduction in predict- ‘ ‘ ‘ ‘ ‘ I
ability between of at least 1 day after 48h

{ —— 25

forecast time (Figurle 6.7b). 0.2 ——*:\;LSE&F))ACZOOQ ,,,,,,,,,, o -
In summary, the Jangmi and Lupit scenarios { === cOSMOmean | : :

confirm the qualitative picture of forecast skil}, , | : : : : :
reduction seen for the no-TC scenarios (Sec- o4 48 72 96 120 144
tion[6.3.2). The interaction of the outflow_ _ NTRL _
with the midlatitudes yields a peak in forefigure 6.10: (a) asFiguies.7a ACCF5r - for the Lupit

t skill reduction durina the earlv stages of scenarios and with respect to the COSMO control sim-
cast sxill reduction g the early Stages ot ation CNTRL=IL25.
ET. If the storms reintensify (reintensification
scenarios Jangmi, Choi-wan, Malakas, Lupit)
the forecast skill reduction persists or even increasebe@ise, if the storms decays (decay
scenarios of Jangmi) the forecast skill reduction weakénsimilar behaviour of the forecast
skill reduction was found at 500 hPa and 1000 hPa and thespwneling plots are given in the
Appendix (Figures§ AJ4-Al6).
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/ Summary

This thesis presents a quantification of the midlatitude taopical cyclone contributions to
the downstream impact of extratropical transition (ET)ealrcase studies. Physical processes
during ET are explored that are responsible for the modifinaif the midlatitude flow and the
downstream impact in midlatitude regions remote from thesigJtem.

Typhoon Jangmi in September 2008 is used as an archetypaa&el for this investigation.
Jangmi occurred during the THORPEX Pacific Asian Regional Cagnpehich provides a very
good model analysis and observational data basis. Althdaglgmi recurved and underwent
the transformation stage of ET (Klein el al. 2b02), it did n@intensify but decayed. As the
midlatitude flow during recurvature was characterised byatdlow with a primary low to
the northeast, Jangmi underwent the northeast type of Efarckassification Ombd

). However, a distinct outflow-jet interaction and atraropical cyclogenesis directly
downstream occurred. A PV surgery method and other analytiols are developed and enable
us not only to quantify Jangmi’s role in the acceleration afidlatitude jet over Japan but also
to answer why Jangmi did not reintensify and what would hampened if Jangmi had phased
differently relative to the midlatitude flow. Thus, despite rather unusual actual ET, scenarios
based on Jangmi allow us to conduct a more general invastigaitthe physical processes that
govern the downstream impact of ET. The analytical toolsetged for Jangmi are applied to
four other real ET cases. The cases were selected with regardossible downstream impact
of ET beyond the initial ridgebuilding in different midlaiide flow configurations. The impact
of the ET system on the downstream midlatitude flow evoluttoquantified for these cases.
In the following, the main results are summarised, diretifor future work given, and the
research questions raised in the introduction are answered

Jangmi was a very intense Typhoon in the western North PaciSeptember 2008. It formed
in the Philippine Sea and headed westnorthwestward whilshsifying. Shortly after reaching
peak intensity it made landfall at the northern tip of Taiwaffter landfall the symmetric
TC structure collapsed, the storm started to recurve ndrifaisvan and to transform into an
extratropical system. During this transformation the sungtd TC outflow was directed towards
a jet streak over Japan. Weak ridgebuilding occurred doeast of Jangmi due to the advection
of low PV air by the TC outflow. The jet became stationary owagyah and the jet core wind
speed increased to more than 80Th at the 340K isentropic levek{ 200nPa). At the same
time, a weak trough approached from the west. Subsequerttyndi moved eastward phase-
locked to the south of the trough axis (Secfion 4.1).

The verification of the ECWMF analysis against aircraft anelste observations during the
outflow-jet interaction confirmed a very good representatibthe TC outflow, the midlatitude
jet and the baroclinic zone in the model analysis (Sectigh 4.

A complex interaction of the low-level TC circulation anetimidlatitude baroclinic zone which
is linked to the interaction of the upper-level TC outflow a&hd midlatitude jet was revealed
by the detailed analysis of the three-dimensional®y,and jet structure along with trajectory
calculations (Sectidn4.3). This interaction governs ttracsural changes during the ET of
Jangmi from the erosion of the TC inner core to an accelefjatestreak. The interaction also
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7 Summary

explains how Jangmi acts to transport tropical air to je¢l@nd the role of the baroclinic zone
thereby.

During the early stages of ET air parcels with initially low Ralues from the TC environment
experience convective buoyant ascent in the TC inner corad€ltsational heating leads to a
strong increase of the parcels’ PV by diabatic PV producitotne low and mid troposphere
below the level of maximum heating. Above, PV steadily dases and reaches values as in
the lower troposphere or lower. Reaching the upper tropaspliee air parcels are advected
by the TC outflow towards the jet streak following the (mqgisentropes. Thus, as a net effect
of diabatic heating, low PV air from the low levels is trangpd towards jet level. The Falcon
dropsondes indicate that at its eastern side Jangmi adwepisal air poleward towards the
baroclinic zone. This air mass exhibits strongly unstabigisication of® and high values of
CAPE. At the baroclinic zone rather neutral stratificatiod an CAPE are evident. Within the
unstable air mass, convective bursts occur ahead of thatitidle baroclinic zone and lead to
additional upright ascent within a new PV tower supporting transport of low PV air to jet
level. Also the low-level cyclonic flow induced by this new BMver and the low-level cyclonic
TC circulation advect tropical air poleward on their east@de. When the air impinges on the
baroclinic zone, dynamically forced slantwise ascent@libr tilted (moist-)isentropes occurs
and likewise transports low PV air to jet level. Similar isepic upgliding was reported by

Atallah and Bosart (2003) during the ET of Hurricane Floyd9@p

Both the upright ascent within the TC inner core and within mewvection ahead of the baro-
clinic zone and the slantwise ascent along the tilted (m@shtropes zone have a dramatic
impact on the midlatitude upper-level flow. Low PV air is tsgorted to jet level elevating the
tropopause and increasing the tropopause PV gradient. Assequence, weak ridgebuilding
occurs directly downstream of Jangmi and the jet core wirekdpgncreases. This transport
of low PV air to upper levels is confirmed quantitatively bytatistical analysis of variables
traced along the trajectories. Similar changes of the ujgvert flow during ET were observed
by |Agusf-Panareda et al. (2004) without giving a detailed explanatThe results presented
here add some more physical background on the dynamicatgges that determine the modi-
fication of the upper-level flow during ET.

The strengthening of the jet by the transport of low PV air pper levels, enhances the con-
ditions favourable for extratropical cyclogenesis in tiggi@&orward jet entrance region which
has implications for the downstream flow evolution. Quasesgrophic diagnostics reveal that
the position of Jangmi relative to the weak midlatitude ¢lowvas unfavourable for extratrop-
ical reintensification. Jangmi missed the region of uppeel forcing ahead of the midlatitude
trough and in the equatorward jet entrance region. Consdégudangmi did not reintensify
and subsequently decayed. However, slightly downstreadamdgmi a new extratropical cyc-
lone developed in that region.

When the air parcels that ascend slantwise along the tiltexis{Risentropes pass through a
region of condensational heating, positive PV anomaliegppanduced in low and mid levels at
the baroclinic zone. Above the region of condensationatihgahe air parcels ascend almost
isentropically to jet level. The positive PV anomalies & tharoclinic zone likewise induce
a cyclonic flow that sustains the advection of tropical awaals the baroclinic zone further
downstream. This triggers a process of diabatic Rossby Vexelownstream propagation
(Parker and Thorp b:oBcher and Wernli 2011) of the PV anomaly along the baralin
zone. At later stages of ET the tropical PV towers collaps&di @ complete transition from
upright ascent within the TC inner core and new convectiogadhof the baroclinic zone to
(moist-)isentropic upgliding along the baroclinic zoneweed. The new extratropical cyclone
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developed from the positive PV anomaly below the equatahjedrentrance region and propag-
ated quickly over the Pacific as a frontal wave. However, dube¢ slower propagation speed
of the midlatitude trough, the cyclone lacked upper-leeeting from the trough and did not
further intensify. It became secondary to a steering low éaska and dissipated at the North
American coast.

A PV surgery method based on PV inversion (Section 3.2.4inigleyed to remove Jangmi in
the initial conditions of a COSMO simulation. Comparing ths TiC run against a control
simulation with unmodified initial conditions allows us taantify the impact of Jangmi on the
midlatitude jet streak and the development of the extratedyclone (Section 4.4). Compar-
ing the jet-level wind in both simulations revealed that ititeraction of the outflow of Jangmi
and the midlatitude jet resulted in an acceleration of thegee wind speed of about 25 m's

In conjunction with the northward shift of the jet streak pJ¥apan an absolute wind speed dif-
ference of more than 40 mi$ occurred. At the same time, a weak upper-level ridgebuildin
occurred downstream of Jangmi whereas without Jangmi alliroagh developed. As a con-
sequence, the midlatitude jet is rather zonally orientetiénpresence of Jangmi while a wave
pattern with a broad trough over Japan and a broad ridge teates present without Jangmi.
Thus the complex interaction of Jangmi with the baroclimoe and the midlatitude jet acts to
zonalise the midlatitude upper-level flow. The flow of thetsopical anticyclone to the east of
Jangmi was enhanced with a magnitude of up to 20hby the TC outflow. In the presence of
Jangmi the flow between the subtropical anticyclone and aTrt#ll further east was signific-
antly accelerated also, the TUTT cell was more pronouncddaated further westward at the
end of ET. This may constitute a feedback of the ET of Jangniiedropics.

Trajectory calculations revealed that the upright ascerthé region of Jangmi and ahead of
the baroclinic zone is completely missing without Jangntie process of sustained advection
towards the baroclinic zone and subsequent developmenpmamhgation of a diabatic PV
anomaly along the baroclinic zone is absent also. Thus th&oun lacks the sustained
transport of low PV air to upper levels. In the control sintigda this transport and the northward
shift of the midlatitude wave guide due to the weak ridgabog are reflected in the 340K
difference PV which is more than 6 PVU lower south of the jegai than in the no TC run. As
a consequence, there is no enhanced equatorward jet entegyion without Jangmi. However,
upper-level forcing by the broader midlatitude trough -edilmot very strong - triggers low-
level cyclogenesis at the baroclinic zone which results froatal wave-like cyclone. As the
trough exhibits a slower propagation than the jet streakercbntrol run, the weak extratropical
cyclone has a significantly slower propagation speed andydeearlier than the DRW-like
cyclone in the control run.

The importance of the relative position of a tropical cy@and the midlatitude flow during
ET is investigated in realistic scenarios (Section 5.1)er€fore Jangmi is relocated at initial-
isation time with the help of the PV surgery method. A first@e¢xperiments is designed so
that Jangmi becomes located ahead of the approaching iud&atrough. In these scenarios
Jangmi reintensifies and triggers a pronounced downstreagsiiavave train that propagates
across the Pacific. It is remarkable that the ET of these agddcstorms results in a highly
amplified midlatitude wave guide, whereas during the adiiatather zonal flow dominates.
Motivated by the idealised studies|of Scheck étlal. (201&)mpact of the longitudinal relo-
cation was addressed. It turned out that similar to theinriiggl a critical eastward relocation
point exists. If Jangmi was moved east by°2ds less it would have decayed and the weak
frontal wave-like extratropical cyclone would have deysd. A shift by more than 2°5vould
have lead to a reintensification of Jangmi and the triggeoing Rossby wave train. Beyond
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that critical eastward shift, the more Jangmi was relocébethe east the more pronounced
and amplified the Rossby wave train was. The Rossby wave tiggeting occurred earlier if
Jangmi was additionally shifted northward. The relocasoanarios were designed so that the
initial position of Jangmi varies in the order of typicaldkaerrors in current numerical weather
prediction models, e.g. the ECWMF ensemble prediction systéms indicates that the pos-
ition of Jangmi relative to the midlatitude trough and to tmigical bifurcation point explains
the uncertainty seen in the operational ensemble forecasts

During the tropical stage until around recurvature theit@lpcyclone motion was dominated
by the environmental background flow, represented by thp ger mean wind of the no TC
experiment. However, we found that during the transforomatitage of ET only the trough-
relative non-divergent environmental background flow espnts the TC motion correctly. In
this frame of reference solely the reintensification scesaecurve. It turned out that a critical
bifurcation point in the trough-relative stream functiotists, that determines whether the storm
recurves or not. Thus, the theoretical existence of thed¢ation point shown bm al.
) is proven in a realistic scenario. This bifurcatumint is defined as a saddle point in
the trough-relative stream function south of the axis ofgpproaching midlatitude trough. In
theory, all storms to the northeast of this bifurcation pamust recurve and reintensify whereas
all storms to the southeast move back to the tropics and dd¢eysum of the trough-relative
wind components being zera,(+v; = 0m s 1) defines a critical line that separates the region
to the northeastif +v; > 0ms1) and southwestig +v; < 0ms™1) of the bifurcation point.
However in the case of Jangmi, we found the vertical averagm fL00 to 300 hPa ofi, +
v =10ms?! as a criterion to discriminate decay from reintensificatmenarios, which is
simpler to derive than the discriminating parameters defing Ritchie and Elsberry (2007).
For all reintensification scenariog+ Vv, was larger than 10 m$, for all decay scenariag + Vv,
was smaller than 10 8. Provided that the environmental background flow is knowsa th
allows for determining regions favourable for extratr@piceintensification and may give a
better forecast guidance in operational prediction of therdstream impact of ET. Forecasts in
which a TC recurves close to a bifurcation point should besm@ared to exhibit more forecast
uncertainty than forecasts in which the TC moves well awagnfa bifurcation point.

In the remainder of this thesis the downstream impact of Eheémmidlatitudes has been quan-
tified in four other ET case studies selected to cover a wapétdifferent midlatitude flow
configurations (Sections 5.2-5.5).

In the case of Hurricane Hanna over the Atlantic in SepterBb68 repeated diabatic processes
associated with the ET system and an extratropical cyclgséream had a crucial impact in
modifying the upper-level Rossby wave guide (Grams ket al12@kction 5.2). In addition to
the findings of Grams et al. (2011), the focus here lays on thendtream impact of Hanna.
During ET, Hanna moved into a preexistent ridge over the evasiorth Atlantic. The PV
surgery experiment revealed that downstream ridgebujltiad to a stronger amplification of
this ridge and an amplification of the first downstream troughdownstream cyclone asso-
ciated with this trough moved closer to the British Isles apda50 mm more precipitation
occurred in the UK. The southern part of the amplified dovesstr trough cut off off the Mo-
roccan coast in the presence of Hanna and triggered pregapitin the Madeira region. The
cyclonic wrap-up of Ex-Hanna’s downstream ridge and ridgieing by an extratropical cyc-
lone upstream lead to an elongation of Ex-Hanna’s troughs faugh formed a PV streamer
and cut off over the western Mediterranean region. The hdd@ing due to Hanna’s outflow
lead to a more eastward position of this cut-off. This re=xiiin an important shift of heavy
precipitation patterns associated with a cold frontalcite ahead of Ex-Hanna'’s PV streamer




and a Mediterranean cyclone that developed along with theftu

The investigation of the ET of Typhoon Choi-wan over the wesiacific in September 2009
was motivated by the presence of a preexistent Rossby wavwvetli@d became much more
pronounced following the ET (Sectibn5.3). The PV surgeigesinent showed, that Choi-wan
lead to a significant westward shift of the Rossby wave pattehich had crucial impact on
the triggering of high impact weather in North America. A pooinced second downstream
ridge developed over the eastern North Pacific and westertih Monerica and a PV streamer
formed from the second downstream trough. Between the sedmndstream ridge and the
PV streamer northerly advection of cool air over the mounttas regions of western North
America lead to a drop of the maximum 2 m temperature by up t &iihin one day. Further
west the warm and dry continental air mass shifted westwatlide centre of the ridge and lead
to unusual warmth along the US West Coast. The PV streameeguéstly cut off over the
central USA and triggered heavy precipitation there. ThH& shthe Rossby wave train also
lead to a northward deviation of an extratropical cyclored tteveloped over the Pacific ahead
of the first downstream trough. Without Choi-wan this cyclarmaild have hit Vancouver Island
and would have caused heavy precipitation. Instead an aatlynn heat wave occurred.

Typhoon Lupit one month later in October 2009 recurved alwad strongly amplified mid-
latitude trough and a pronounced Rossby wave train occumachstream of the ET system
(Section5.4). This Rossby wave train lead to the formatioma &V streamer that advected
tropical moist air to the US East Coast resulting in a heavgipitation and flooding event.
Although modifying the first downstream ridge and troughpitinad no further downstream
impact and the Rossby wave train developed with and with@uEthsystem as revealed by PV
surgery. We also tested the sensitivity on different regionthe removal of moisture associated
with Lupit. Further the additional or solely removal of a Wdarl system that occurred close to
Hawaii was tested. None of these sensitivity experimerag/eld an impact on the evolution of
the strongly amplified PV streamer over North America. Thuthis case, the evolution of a
Rossby wave train was completely forced by the midlatitude #ad the ET of Lupit did only
play a role in modifying the first downstream ridge.

Lastly the ET of Typhoon Malakas in the western North PacifiSeptember 2010 was invest-
igated (Section515). Malakas recurved into a broad ridge the Pacific and interacted with
a narrow PV streamer. As in the previous typhoon cases a pnmeoa Rossby wave train oc-
curred downstream of the ET system. Following the ET, a verysual heat wave occurred in
southern California and northwestern Mexico. The US East Gogeerienced two subsequent
periods of heavy precipitation with accumulated prectmtain excess of 500 mm in six days
at some places. It turned out that a Rossby wave train preexisthe midlatitude flow. How-
ever, Malakas triggered a second Rossby wave train whichteadcomplicated interaction
of the troughs, cut-offs and ridges of both Rossby wave trairgs interaction resulted in a
small enhancement of the heat wave in southern Californigghwiade it a record event, and
a westward shift of the PV streamer in the eastern USA. As aemurence, the region of heavy
precipitation was located along the US East Coast in the pcesef Malakas rather than over
the Atlantic when Malakas would not have been present.

Finally more general aspects of ET based on the cases stugliedire elucidated (Chapitér 6).
The complex interaction of the TC circulation with the bdic zone and the midlatitude jet
identified and discussed in detail for the ET of Jangmi wasgmao exist during the ET of
Hanna with the help of trajectory calculations. Althoughagtangian analysis was not done
for the other cases, in all cases upper-level 340K PV wasdbM16 PVU lower over a vast
region in the downstream ridge in the presence of the ET systampared to the simulation
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without the ET system. This suggests that low PV air is noy @uvected from the outflow
anomaly but also transported to upper levels by diabaticgsges as shown for Jangmi and
Hanna.

The transport of low PV air to upper levels results in an dkyaropopause and enhanced
ridgebuilding directly downstream of the ET system. Thusraportant result of this study
is that the upper-level outflow-jet interaction can only bg@lained in conjunction with the
interaction of the low-level TC circulation and the baraaizone. The transport of low PV air
towards the upper-levels also leads to an enhancement obihgpause PV gradient by 1.4 to
3.9 PVU(100km) ! in all cases. Consequently, the jet core wind speed was aataieby up to
28 ms 1 in the presence of the ET system. The spatial extent of therdppel ridgebuilding
was much larger in the cases which exhibited a strong motidicaf the downstream flow
(Hanna, Choi-wan, Malakas). In these cases the strong acagiliin of the first downstream
ridge lead to an amplification of the first downstream trougktratropical development ahead
of this trough lead to subsequent triggering of a Rossby wae.tThus a strong downstream
impact beyond the initial amplification of the first downsineridge occurred.

In all case studies an extratropical cyclone (the new cyelarthe case of Jangmi) developed
in the no TC runs at about the region of the reintensifying E3tesm in the control runs. We
showed that despite this a significant modification of thelatitide wave guide occurred bey-
ond the first trough-ridge couplet in the cases that exhikir@ng downstream impact of ET.
This suggests that ET alters the timing and location of éxtpécal development. In the cases of
Choi-wan and Malakas this was expressed in a strongly anmpRessby wave train and a more
westward location of the second and third downstream ridmggh couplet which was due to
the different timing of the diabatic PV modification at upevels in the (re-)intensifying ex-
tratropical cyclones. Thus the initial ridge amplificati@tards the downstream propagation of
Rossby waves, in agreement with the findings of Riemer|et alg0The ET of Hanna does
not fit into this picture as here a more eastward location afteoff occurred. However, this
was linked to the interaction of the ET system and the upstregaugh. Interestingly, in the
case of Lupit which exhibited a strong reintensificatior tlownstream impact was limited to
the first downstream ridge. Thus the Rossby Wave train engedgiwwnstream of the ET system
was primarily midlatitude forced and may have favoured #wirvature of the TC. The Jangmi
scenarios with relocated initial storm position showed Eikcan trigger a pronounced Rossby
wave train in an otherwise unperturbed midlatitude flow.

The PV surgery experiments enable us to elucidate the fstrekil reduction that is attributable
to ET. Therefore the anomaly correlation coefficient of gegeptial of the no TC simulation

with respect to the control simulation has been investijathis quantifies the forecast skill
reduction in a forecast that completely misses the ET evéhtr@spect to a correct simulation
of the ET. We could show that in all cases an initial reductiofiorecast skill for the upper

levels of on average 15% is linked to the first downstreametidgding which resulted from the

interaction of the TC with the baroclinic zone and the mitlliake jet. Compared to the typical
anomaly correlation coefficient in the operational ECMWEF IF&del this means a reduction
of predictability by on average at least 2 days. The prefility further decreased dramatically
in the scenarios that exhibit a strong modification of the mEtweam Rossby wave train. On
average the reduction in predictability remained at abdutays.

This study opens various directions for future researcme&S@commendations on the technical
side are made. The vast region affected by ET requires thesihttmainain to cover at least
an entire ocean basin. Furthermore, the impact of westerthNRacific ET may propagate
downstream into the Atlanti¢_(Martius et/al. 2d)08). Thus fisture studies quantifying the




downstream impact of ET in real case studies we recommendsth@®f a global or at least a
hemispheric or channel model. Boundary conditions, if ndedave to be selected carefully to
avoid having Rossby wave signals via the model boundaridgin® TC simulation.

A main result of this study is that the outflow-jet interaat@nd initial downstream ridgebuild-
ing during ET can be explained only with the contributiontw# tnteraction with the midlatitude
baroclinic zone. Details of the condensational processe doaroclinic zone should be invest-
igated in numerical simulations that resolve convectigplieitly. This gives more insightin the
transition from upright ascent in the TC inner core and cotive bursts ahead of the baroclinic
zone to slantwise ascent along the tilted isentropes. Thig aso help to assess the relative
contribution of upright and slantwise ascent to the trarispdow PV air to jet level.

In all the cases presented here a weaker extratropical reyaeveloped also if the TC was
removed and weak Rossby wave activity occurred. This raisesgwestion if an approaching
midlatitude trough is necessary to attract the TC towardsildlatitudes and for ET to occur.
The existence of the critical bifurcation point in the Jamgoenarios gives some evidence for
this assumption. The work bf Archambatilt (2011) also pdimtsat direction. Future research
should investigate if such a bifurcation point explainsréniatensification in other ET cases and
thus ifitis a common feature of ET. However, all the casedistlihere are undergoing a more or
less “baroclinic mode” of reintensification ahead of a mttllale trough. Therefore midlatitude
forcing for extratropical development must be expectedtuifeustudies should also quantify
the downstream impact of ET in the rarer “tropical mode” ohtensification at the poleward

jet exit region in which the ET system is supposed to play aonajle tIMmgmﬂﬁndMes
2000; McTaggart-Cowan et al. 2£b04). In this type of ET thetexise of a bifurcation point is

not expected.

Arghambagltl(;Ojl) opens a climatological perspective estarn North Pacific ET using a
composite technique. We plan to quantify the downstreanaghf ET in this composite using
the PV surgery method. This allows for a quantification ofrtfidlatitude and TC contribution

to the downstream impact of ET in a more climatological vieert from individual case studies.
This also helps to assess if a midlatitude trough is necg$ealET to occur and if in that

case a bifurcation point governs the reintensification. ttarmore, the quantification of the
downstream impact of ET in a composite framework could beeslpd to North Atlantic ET.

This thesis is finished by summarising the main results wikkcgic answers to the research
guestions raised in the introduction (Chapter 1).

Which physical processes govern the structural changesguhe ET of Jangmi from the
erosion of the tropical cyclone inner core to the interantiwith a zonal jet stream?

In this study we reveal the joint interaction of both the I@vel TC circulation with
the midlatitude baroclinic zorendthe upper-level TC outflow with the midlatitude
jet as the crucial process governing the transformatianantextratropical cyclone
and the interaction with the jet. The differential adveestif drier, cooler air to
the west and moister, warmer air to the east of Jangmi by thddweel TC circu-
lation results in the formation of a frontal system at theololnic zone. Moreover,
buoyant upright ascent in convective bursts in the unststinétified warm air and
dynamically forced slantwise ascent along the baroclioiezead to a diabatically
enhanced net transport of low PV air from lower levels togeel and a lifting of the
tropopause. The TC outflow advects this low PV air togethén environmental
low PV air poleward, enhancing the midlatitude PV gradient.
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Which contribution did Jangmi have to the acceleration @& gt streak over Japan? Which
role did the interaction of Jangmi with the baroclinic zonays?

PV surgery experiments revealed that PV is up to 6 PVU lowé¢hecssouth of the
jet streak and the PV gradient around 1.4 PVU (100 Khmigher in the presence of
Jangmi. As a consequence, the jet core wind speed incregsgutb 25 ms?t. As
outlined in the answer to the previous question, the intemaavith the baroclinic
zone was crucial for the transport of low PV air to jet levehisTphysical process
Is completely absent when Jangmi is not present.

What are the implications of the modified jet for the evolutié the downstream flow?

The PV surgery experiment also showed that a weak uppédrti@gebuilding
occurred downstream of Jangmi whereas a broad trough agd vigre present
without Jangmi. Jangmi accelerated the flow around the gpictl anticyclone
to its east and thereby indirectly influenced the track of ppen-level TUTT cell.
This may constitute a feedback mechanism to the tropics.

Why did Jangmi decay and an extratropical cyclone develmgrty downstream?

The QG-diagnostics showed that Jangmi misses the regionifalle for extratrop-
ical reintensification ahead of the approaching midlagttrdugh and decays. The
scenarios with relocated initial position of Jangmi reeeathat the ET of Jangmi
crucially depends upon the phasing of Jangmi and the appraaenidlatitude
trough. When Jangmi becomes located ahead of the midlatitodgh it rein-
tensifies and becomes a pronounced extratropical cyclone.

Which role does the phasing of Jangmi and the midlatitude fllayy for the uncertainty in the
track forecast prior to recurvature?

The scenarios further allowed to detect a critical bifuaratpoint south of the
trough axis in which the track of Jangmi diverges. As Jangroves very close
to the bifurcation point this gives an explanation for theemain track forecast
prior to recurvature.

Which role does the position of the tropical cyclone relatio the midlatitude flow play for the
reintensification of the ET system and its downstream impact?

In addition to the bifurcation point, the Jangmi scenaria$ nelocated storm pos-
ition revealed a critical line defined by the sum of the trouglative non-divergent
wind components of the background flow. The region beyorsl ¢htical line is

favourable for poleward motion and reintensification. Ihg@i moved in this
region it would reintensify otherwise it would decay. Théntensification scen-
arios exhibit a strong downstream impact by triggering a Rpssave train or

a PV streamer remote from the ET system. Moreover the ET daskes for

Hanna, Choi-wan, Lupit and Malakas showed that the interaatiith an upper-
level trough is crucial for the downstream impact of ET.

What are the physical processes involved in the interactith the baroclinic zone and what
implications do they have for the modification of the midilete flow?

The interaction of the low-level TC circulation with the rfatitude baroclinic zone
associated with an upper-level interaction of the TC outfiowd the midlatitude
jet was detected in all case studies. Therefore the crueiairansport of low PV
air to upper levels, detailed for the case of Jangmi, is a compnocess in the ET
cases studied here. Furthermore, the low- and mid-levélatia PV production



at the baroclinic zone can trigger a propagation along thedliaic zone, that has
characteristics of diabatic Rossby waves.

Is an acceleration of the midlatitude jet streak a commonuieaof ET? What governs the
outflow-jet interaction? What are the implications for thenshstream flow?

A lifting of the tropopause, ridgebuilding and an assodlateceleration of the mid-
latitude jet was seen in all our ET case studies. The interacf the low-level TC

circulation and the baroclinic zone together with the iatéion of the TC outflow
and the upper-level flow govern this outflow-jet interactidime ridgebuilding dir-

ectly downstream of the ET system hinders the eastward pgedipa of upper-level
Rossby waves. In the cases of strong ridgebuilding (Hannai-@&o, Malakas)

an amplification of the midlatitude wave guide beyond the fievnstream ridge
occurred, associated with a strong modification of the dtneam flow.

Which contribution does the tropical cyclone remnants havihe midlatitude flow evolution
beyond the ridgebuilding directly downstream of the ET sg8te

In the cases of Choi-wan and Malakas the interaction of the\&tem with the
midlatitudes results in a phase shift and an amplificatiaihn@idownstream Rossby
wave train. This alters the location of weather systems |taads to high impact
weather in downstream regions.

Does a Rossby wave train or uncertainty downstream of an E€rmsystiginate from ET or is
it preexistent in the midlatitude flow?

In the no TC run of all ET cases studied here an extratropicaboe developed in
the region of the removed storm and also a Rossby wave traimrrect This sug-

gests that the midlatitude flow plays a primary role in the dstneam evolution.

However, the scenarios with relocated position of Jangdicate that the TC rem-
nants can be crucial for the downstream flow evolution. Atstihe other scenarios
the TC remnants caused a significant modification of the diveas flow. Thus

both the midlatitude flow and the TC remnants are importantife downstream
flow evolution in our case studies. Small shifts in the re&fposition of the TC

undergoing ET and the midlatitude flow can result in a différevolution of the

downstream flow, explaining the increased forecast unogytduring ET.

To what extent does ET contribute to reduced predictabifity\ahich are the physical processes
primarily involved?
The TC removal experiments allowed to quantify the reduatibpredictability due
to ET in our case studies to on average 2 days. An initial reolu predictability
occurs due to the ridgebuilding directly downstream of theskstem. In the cases
that exhibit a strong amplification of the downstream Rossayenrain (Choi-wan,
Malakas) this reduction persists or increases.
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A Appendix

Technical details of the PV surgery

Table A.1: Details of the model domain and simulation pefardall COSMO runs oflangmi.

model domain

longitudinal extent 831E - 259.5E (83.0E - 100.5W) i=707
latitudinal extent 40N - 63.5N =239
model half levels z(1)=28377 m, z(80)=0 my(1)=2.7 hPapp(80)=1000.0 hPa n+1=80
simulation period

dates 00 UTC 28 September 2008 - 06 UTC 04 October 2008
output hourly model output for forecast O h - 150 h

resources

CPUs 128 CPUs, 16 in zonal and 8 in meridional direction

numerical timestep  60s

Table A.2: Details of the parameters for the PV surgergasfgmi performed on the ECMWF analysis at 00 UTC
28 September 2008. See also Figures in Section/3.2.4.

PV inversion domain

longitudinal extent 821 - 260.5E (82.0E - 99.5W) i=715, i/3=239
latitudinal extent 3.0N-64.5N j=247, j/3=83
vertical extent 900 hPa - 100 hPa, every 25 hPa

horizontal bnd. cond. © from model data
PV removal domain

domain 118.0E - 127.0E, 18.0N-26.C°N

vertical extent 900 hPa - 100 hPa, every 25 hPa

PVihres 0.3 PVU constant threshold

PBL treatment

method 30% linear wind speed reduction 8rectional wind change
affected levels kpgL=65< k< 79=n

anomaly definition T™ p«™ u™, v™ on model full levels

modification region 851k - 145.0E, 5.0N-40.C°N, k=25-79 & 100-1000 hPa)
mask criteria Prerit = —0.5hPa,  Weip = —2.0-10 ®nést

smoothing 10 grid pointsT(, px), 15 grid points , V)

anomaly definition w™ on model half levels

modification region 1181E - 127.0E, 18.0N-26.0°’N, k=25-79 & 100-1000 hPa)
replaced by level average™ of total domain

anomaly definition g on model full levels
modification region 1181 - 136.0E, 14.0N-31.0°N, k=25-79 & 100-1000 hPa)
mask criterion qr > e = 0.9 q", qvact=0.9,q": level average modification region
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Table A.3: Details for the TC relocation of Typhodangmiat 00 UTC 28 September 2008 based on the anomaly
definition in Tabl€A2.

relocation of anomaly in T™, p*™, u™, v™

anomalies as defined in Table'A.2 added at new location

relocation of anomaly in w

original vertical velocity in the box as defined in Table /Adtad at new location
relocation of anomaly in off!

original values within thgl' masks as defined in Tallle A.2 replag@ at the new location.

Table A.4: Details of the model domain and simulation pefamdhe COSMO runs oHanna.

model domain

longitudinal extent 970V - 36°E i=533
latitudinal extent 6.0N - 67.C'N j=245
model half levels z(1)=28377 m, z(80)=0 my(1)=2.7 hPapp(80)=1000.0 hPa n+1=80
simulation period

dates 00 UTC 6 September 2008 - 06 UTC 14 September 2008
output hourly model output for forecast Oh - 198 h

resources

CPUs 128 CPUs, 16 in zonal and 8 in meridional direction

numerical timestep  40s

Table A.5: Details of the parameters for the PV surgeridahna performed on the ECMWF analysis at 00 UTC
6 September 2008.

PV inversion domain

longitudinal extent 98.0V - 50.0W i=193, i/3=65
latitudinal extent 10.tN - 55.0N j=181, j/3=61
vertical extent 900 hPa - 25 hPa, every 25 hPa

horizontal bnd. cond. © from model data
PV removal domain

domain 87.0W - 72.0W, 22.0N-38.5N

vertical extent 900 hPa - 200 hPa, every 25 hPa

PVihres 0.3 PVU constant threshold

PBL treatment

method 30% linear wind speed reduction 8rectional wind change
affected levels kpgL=65< k< 79=n

anomaly definition T™, p*™ u™,v™ on model full levels

modification region 950V - 68.0W, 15.0N-45.0°N, k=38-79 & 200-1000 hPa)
mask criteria P'eit = —0.1hPa,  Wgit = —2.0-10 6nPs™?

smoothing 5 grid pointsT{, p*), 10 grid points {, V)

anomaly definition w™ on model half levels

modification region 900V - 72.0W, 22.0N-52.0°N, k=1-79 & 2-1000 hPa)
replaced by level average™ of total domain

anomaly definition g on model full levels
modification region 900V - 50.0W, 22.0N-55.0°'N, k=1-79 & 2-1000 hPa)
mask criterion qr > g"es= 0.9 q", qvract=0.9,q": level average modification region
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Table A.6: Details of the model domain and simulation pefadCOSMO runs of Typhoohoi-wan.

model domain

longitudinal extent 921E - 319.0E (92.0E - 41.0W) i=909
latitudinal extent 5.0N - 78.0°’N j=293
model half levels z(1)=28377 m, z(80)=0 my(1)=2.7 hPapp(80)=1000.0 hPa n+1=80
simulation period

dates 00UTC 17 September 2009 - 00 UTC 27 September 2009
output hourly model output for forecast O h - 240 h

resources

CPUs 128 CPUs, 16 in zonal and 8 in meridional direction

numerical timestep  10s

Table A.7: Details of the parameters for the PV surgery ofibgnChoi-wan performed on the ECMWF analysis
at 00 UTC 17 September 2009.

PV inversion domain

longitudinal extent 1171E - 165.0E i=193, i/3=65
latitudinal extent 3.ON -42.0°N j=157, j/3=53
vertical extent 900 hPa - 100 hPa, every 25 hPa

horizontal bnd. cond. © from model data
PV removal domain

domain 137.06E - 145.0E, 17.0N-24.CN

vertical extent 900 hPa - 100 hPa, every 25 hPa

P\Vihres 0.3 PVU constant threshold

PBL treatment

method 30% linear wind speed reduction; 8rectional wind change
affected levels kpgL=65<k<79=n

anomaly definition T™, p*™ u™, v™ on model full levels

modification region 1201 - 160.0E, 7.0N-34.CN, k=27-79 & 100-1000 hPa)
mask criteria P'eit = —0.5hPa, Wit = —2.0-10 6nPst

smoothing 5 grid pointsT(, p*), 20 grid points (, V)

anomaly definition w™ on model half levels

modification region 1361 - 145.0E, 16.0N-25.0C°N, k=1-79 & 2-1000 hPa)
replaced by level average™ of total domain

anomaly definition g on model full levels
modification region 130 - 160.0E, 13.0N-40.C°N, k=1-79 & 2-1000 hPa)
mask criterion qr > g = 1.0 ', qvrac=1.0,07": level average modification region

Table A.8: Details of the model domain and simulation pefadall COSMO runs ot upit .

model domain

longitudinal extent 921E - 319.0E (92.0E - 41.0W) i=909
latitudinal extent 5.6N - 70.C°’N j=261
model half levels z(1)=28377 m, z(80)=0 my(1)=2.7 hPapp(80)=1000.0 hPa n+1=80
simulation period

dates 00 UTC 24 October 2009 - 11 UTC 02 November 2009
output hourly model output for forecast 0 h - 227 h

resources

CPUs 128 CPUs, 16 in zonal and 8 in meridional direction

numerical timestep  40s
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Table A.9: Details of the parameters for the PV surgeriugbit performed on the ECMWEF analysis at 00UTC

24 October 2009.
PV inversion domain
longitudinal extent 100E - 145.0E i=181, i/3=61
latitudinal extent 5.0N - 50.0°N j=181, j/3=61
vertical extent 900 hPa - 100 hPa, every 25 hPa

horizontal bnd. cond. © from model data
PV removal domain

domain 122.5E - 126.0E, 19.0N-24.0N

vertical extent 900 hPa - 100 hPa, every 25 hPa

PVihres 0.1 PVU constant threshold

PBL treatment

method 30% linear wind speed reduction; 8rectional wind change
affected levels kpgL=65< k< 79=n

anomaly definition T™, p*™ u™,v™ on model full levels

modification region 1104 - 140.0E, 12.0N-30.C°’N, k=35-79 & 170-1000 hPa)
mask criteria P'eit = —0.1hPa,  Wgit = —2.0-10 6n?s?

smoothing 5 grid pointsT(, p*), 15 grid points {,V)

anomaly definition w™ on model half levels

modification region 1209E - 128.0E, 16.0N-24.C°N, k=27-79 & 100-1000 hPa)
replaced by level average™ of total domain

anomaly definition g on model full levels
modification region 1161 - 180.0E, 14.0N-37.0°N, k=27-79 & 100-1000 hPa)
mask criterion oy > qhes=0.8 ay', qviact=0.8,q1": level average modification region

Table A.10: Details for the TC relocation btipit at 00 UTC 24 October 2009 based on the anomaly definition in
Tabl€A9.

relocation of anomaly in T™, p*™, u™, v™

anomalies as defined in Table' A.9 added at new location

relocation of anomaly in w

original vertical velocity in the box as defined in Table Addad at new location
relocation of anomaly in off!

original values within thel' masks as defined in Tallle A.9 replag@ at the new location.

Table A.11: Details of the model domain and simulation pgfar COSMO runs of TyphooMalakas.

model domain

longitudinal extent 921E - 319.0E (92.0E-41.0W) i=909
latitudinal extent 5.0N - 70.0N j=261
model half levels z(1)=28377 m, z(80)=0 my(1)=2.7 hPapy(80)=1000.0hPa n+1=80
simulation period CM22 and NM22

dates 00 UTC 23 September 2010 - 06 UTC 01 October 2010

output hourly model output for forecast O h - 198 h

simulation period CM23 and NM23

dates 00 UTC 24 September 2010 - 12 UTC 01 October 2010

output hourly model output for forecast 0h - 180 h

resources

CPUs 128 CPUs, 16 in zonal and 8 in meridional direction

numerical timestep 40s




Table A.12: Details of the parameters for the PV surgery @hibonMalakas performed on the ECMWEF analysis
at 00 UTC 23 September 2010 for NM22 (middle) and at 00 UTC Zxte3sber 2010 for NM23 (right)

parameter

\ NM22, 00 UTC 23 Sep 2010 \ NM23, 00 UTC 24 Sep 2010

PV inversion domain

longitudinal extent
latitudinal extent
vertical extent
horizontal bnd. cond.

PV removal domain

119.0E - 170.0E; i=205, i/3=69
5.0°N - 50.C°N; j=181, j/3=61
900 hPa - 100 hPa, every 25 hPa
© from model data

110.0E - 170.0E; i=241, i/3=81
5.0°N - 56.C°N; j=205, j/3=69
900 hPa - 100 hPa, every 25 hPa
© from model data

domain
vertical extent
P\'{hres

138.0 - 145.0E, 22.0 - 29.0N
900 - 100 hPa, every 25 hPa
0.3 PVU constant threshold

138.0 - 146.0E, 16.0 - 23.0N
900 - 100 hPa, every 25 hPa
0.3 PVU constant threshold

PBL treatment for NM22 and NM23

method
affected levels

anomaly definition T™, p«™, u™

30% linear wind speed reduction,3@irectional wind change
kgL =65<k<79=n

,v™ on model full levels

modification region

mask criteria NM22 and NM23

anomaly definition w™ on mod

130.0 - 155.0E, 12.0 - 30.6N,
k=37-79 & 200-1000 hPa) k=38-79 & 200-1000 hPa)
Prerit = —0.5hPaWgit = —2.0-10 6nés1
smoothing 5 grid pointsT{, px), 15 grid points , V)

125.0 - 157.6E, 12.0 - 36.0N,

el half levels

modification region

135.0 - 150.0E, 14.0 - 26.0N, | 135.0 - 155.0E, 15.0 - 33.0N,
k=25-79 & 90-1000 hPa) k=1-79 (= 2-1000 hPa)
replaced by level average™ of total domain

anomaly definition g on model full levels

modification region

mask criterion

132.0 - 170.0g, 13.0 - 37.0N, | 125.0 - 202.0E, 15.0 - 55.0N,
k=25-79 & 90-1000 hPa) k=1-79 ( 2-1000 hPa)
or > qM"es= 0.8 @', qVract=0.8 or > qMes=1.0 ", qVfact=1.0

oy level average modification region
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Steering of Jangmi

(a) total flowu, 300-850 hPa (b) storm zonal propagation (c) trough relative flowu, 100-300 hPa
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Figure A.1: Wind components (in nt$) along the tracks of Jangmi in the scenarios. (a),(d),@&f} @olumn)
total background flow, v vertically averaged from 300-850 hPa. (c),(f),(i) (riglalwmn) non-divergent flow
Ur,Vy in the frame relative to the trough moving with constant 2gmapagation speed @f=0.5" h—* vertically
averaged from 300-850 hPa. The data in (a),(d),(g) and)(€).(s six-hourly from NOTC and the average
of a 2x2° box centred on the storm location. (b),(e),(h) (middle oo} components of the storm propaga-
tion speed §; + v, in ms1) calculated from one-hourly track data, smoothed with a didtprunning mean.
Reintensifiers are shown with solid contours, decayersethshhe top, middle, bottom rows show the zonal,
meridional and zonal+meridional components. X-axis iaths DD/HH day (DD) and hour (HH) in UTC of
September/October 2008.




Complementary ACC plots

(a) 500 hP&RcNTRLNO-TC

(b) 500 hPACCENTREno-TC

(c) 500 hPa reduction in predictability no-TC
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Figure A.2: (a) as Figufe 8.6 but at 500 hPa. (b,c) as Flgitbit at 500 hPa.
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(a) 500 hP&RcNTRL Jangmi (b) 500 hPACCSNTRE Jangmi () 500 hPa reduction in predictability Jangmi
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Figure A.4: (a) as Figufe 6.8 but at 500 hPa. (b,c) as Flg@re@t at 500 hPa
(c) 1000hPa reduction in predictability
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Figure A.5: As Figure A4 but at 1000 hPa.
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Figure A.6: As Figure6.10 but at 500 hPa and 1000 hPa.
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