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Abstract

The Thermohaline Circulation (THC) is an oceanic circulation, important for global heat transport
and long-term storage of atmospheric gases and chemicals. With its global extent, the THC can
impact the whole planet and regulate its climate system. The circulation has its strongest branch
in the Atlantic, which is also the more climate-sensitive part. As a consequence, this thesis will
focus on the Atlantic Meridional Overturning Circulation (AMOC) and investigate its character-

istics and links to the atmosphere.

Through interconnections, the AMOC can exert an influence on the European storm tracks. A
large heat import by the AMOC from the tropics changes the Sea Surface Temperatures (SSTs)
and the meridional temperature gradient over the North Atlantic ocean, both of which influence
the low-level baroclinicity and the position and strength of the storm track over the North Atlantic

and Europe.

Previous studies suggested that a change in the climate will impact the AMOC and alter its char-
acteristics. The expected future warming and increased ice melting will most likely lead to a
weakening of the global ocean circulation and reduce its climate mitigation abilities. With a re-
duced northward heat transport, the lower-troposphere warming over the high latitudes due to
polar amplification is locally offset. This effect causes a strengthening of the meridional temper-
ature gradient, while the general atmospheric response to climate change exhibits a weakening in
the equator-pole temperature gradient. Under such an AMOC impact, the local low-level baroclin-
icity in the central mid-latitude North Atlantic is expected to increase, leading to an enhancement

and a shift of storm tracks northeastward toward the European continent.

The above-described physical relationship has been examined for historical and future climate
scenarios but has not yet been analysed under past climate conditions. Understanding whether this
physical relationship also holds in varied climate conditions can be helpful in correctly projecting

future changes and gauging the effects of these new climatic conditions.

During paleoclimate periods very specific climate conditions developed, with distinct solar inso-
lations, Greenhouse Gas (GHG) concentrations, and global Surface Air Temperature (SAT). As
an example of these past periods, the mid-Holocene and the Last Glacial Maximum (LGM) are
analyzed. The LGM was chronologically the first period approximately 21,000 ka BP and during
a glacial age in our earth’s history. Climatologically the GHG-concentrations were lower and the
SAT cooler than our current conditions. Extensive ice sheet over North America and northern
Europe modulated the storm track path and the salinity and SST changes had an impact on the
AMOC. The other investigated period is the mid-Holocene, a period starting approximately 8
ka BP after solar insolation changes had led to large-scale melting of the LGM ice sheets. This
period has similar climate conditions to the pre-industrial times (1850-1880), with similar albeit

still slightly lower GHG concentrations and SATs.
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Under these different climatic situations, both the AMOC and the storm tracks exhibit different
characteristics. The here used model depicts a greater strength during the LGM and a very sim-
ilar strength of the mid-Holocene compared to the pre-industrial time. Here-found results of the
storm tracks suggest that during the LGM a strengthening and southeastward shift.For the mid-
Holocene, the current analysis indicates a slight strengthening of the storm track. Altogether, the
here plotted climatic conditions and changes to the AMOC and storm tracks are in agreement with
other studies, indicating them as a good physical basis to investigate the connection between the

oceanic circulation and the European storm tracks during the paleoclimate.

To study the relationship between the two climate components, both a linear regression (for the
future period) and a composite analysis were performed. The composite analysis compares the
difference of storm track features between weak- and strong-AMOC years, and the result shows a
qualitative consistent trend over the central North Atlantic in past, present, and future climates. A
weakening of the AMOC led to a strengthening and eastward shift of the storm tracks, an outcome
also supported by the linear regression. This result has been found in all four (historical, future
under the Shared Socioeconomic Pathway (SSP) 5-8.5, mid-Holocene, and LGM) analyzed time
periods and is an indication of the robustness of the relationship between the AMOC and the Eu-

ropean storm tracks in the North Atlantic region under contrasting climate conditions.

v



Zusammenfassung

Die Thermohaline Zirkulation (THC) ist eine ozeanische Zirkulation, die fiir weltweiten Wiarme-
transport und die Speicherung von atmosphérischen Gasen und Chemikalien sorgt. Da die THC
vier der fiinf (Atlantik, Pazifik, Antartik und Indik) Ozeanbecken miteinander verbindet, hat sie
einen globalen Einfluss und reguliert das Klima des ganzen Planeten. Der intensivste Zweig der
Zirkulation befindet sich im Atlantik, welcher auch am empfindlichsten auf die Anderungen auf-
grund des Klimawandels reagiert. Aufgrund dessen konzentriert sich diese Masterarbeit auf die
Atlantische Meridionale Durchmischende Zirkulation (Atlantic Meridional Overturning Circulati-

on (AMOC)) und untersucht genauer deren Charakteristiken und ihre Verbindung zur Atmosphére.

Die verschiedenen Teile des Klimasystems beeinflussen sich gegenseitig und ermoglicht es der
AMOC eine Wirkung auf die europdischen Storm Tracks auszuiiben. Wirme, die durch die
AMOC von den Tropen in die hoheren Breiten transportiert wird, erhoht die Oberflichentem-
peraturen (Sea Surface Temperature (SST)) und éndert den meridionalen Temperaturgradient iiber
dem Nordatlantik. Beide Faktoren sind relevant fiir die oberflichennahe Baroklinitdt und beein-

flussen die Position und Stédrke des Storm Tracks iiber dem Nordatlantik und Europa.

Vorangehende Studien legen nahe, dass der Klimawandel die AMOC beeintrichtigen wird und
sich deren Charakteristiken dndern werden. Die erwartete globale Temperaturerhohung und die
Zunahme der Eisabschmelzung werden sehr wahrscheinlich die Ozeanzirkulation abschwichen
und ihren Einfluss auf das Klima reduzieren. Mit einem verringerten Wéarmetransport nach Nor-
den wird die starke Erwdrmung der nordlichen Gebiete aufgrund der polaren Verstirkung (polar
amplification) lokal schwicher. Dieser Effekt fiihrt zu einer Verstiarkung des meridionalen Tem-
peraturgradienten, wihrend die globale atmosphérische Reaktion eine Verringerung des Tempe-
raturgradienten zwischen dem Aquator und den Polen aufweist. Aufgrund dieses Einflusses der
AMOC nimmt die oberflichennahe Baroklinitit im zentralen Nordatlantik der mittleren Breiten
zu, was dazu fiihrt, dass der Storm Track sich intensiviert und nach Nordosten Richtung Europa

verlagert.

Das beschriebene physikalische Verhiltnis wurde bereits fiir historische Zeiten und verschiedene
zukiinftige Szenario untersucht, wurde aber bisher noch nicht griindlich fiir die Paldoklimatologie
getestet. Ein besseres Verstindnis dafiir, ob die Verhiltnisse auch fiir die vergangenen Zeitperi-
oden giiltig sind, kann helfen, die Zukunft mit grolerer Genauigkeit vorherzusagen und die Effekte

der Klimadnderungen besser einschitzen.

Wihrend der paldoklimatologischen Perioden sind sehr spezifischen Klimabedingungen entstan-
den, mit einer bestimmten solaren Einstrahlung, Treibhausgaskonzentrationen und globale Ober-
flachentemperaturen. Als Beispiel fiir diese vergangenen Zeiten werden das Mittelholozin und
das letzte glaziale Maximum (Last Glacial Maximum (LGM)) analysiert. Das LGM war chronolo-

gisch die frithere Periode, war vor ungefihr 21 000 Jahren und fand wéhrend einer glazialen Eiszeit



unserer erdgeschichtlichen Zeit statt. Klimatologisch betrachtet war die Treibhausgaskonzentra-
tion niedriger und die Oberflichentemperaturen geringer als heutzutage. Erheblichen Eisschilde
iiber Nordamerika und Nordeuropa verinderten die Bahn der Storm Tracks und Anderungen in
der Salinitit und den Meeresoberflichentemperaturen beeinflussten die AMOC. Die andere ana-
lysierte Zeitperiode ist das Mittelholozén, das vor ungefihr 8 000 Jahren begann, nachdem eine
Anderung der solaren Einstrahlung zu einem groBskaligen Abschmelzen der Eisschilde des LGM
gefiihrt hatten. Diese Periode hatte dhnliche Klimacharakteristiken wie die vor-industrielle Zeit

(1850-1880), mit leicht niedrigeren Treibhausgaskonzentrationen und Oberflachentemperaturen.

Aufgrund dieser anderen klimatischen Bedingungen wiesen sowohl die AMOC wie auch die
Storm Tracks andere Charakteristiken auf. Das hier verwendete Model hat eine stirkere AMOC
wihrend des LGM und eine Zirkulation dhnlich der vorindustriellen Zeit wihrend des Mittelholo-
zén. Erhaltene Befunde des Storm Tracks legen eine Intensivierung und Siidwirtsbewegung wih-
rend des LGM nahe. Fiir das Mittelholozin deutet die aktuelle Analyse eine leichte Intensivierung
der Storm Tracks an. Insgesamt sind die hier dargestellten Klimabedingungen und Anderungen
der AMOC und Storm Tracks iibereinstimmend mit anderen Studien. Dies deutet darauf hin, dass
sie eine gute physikalische Basis sind, um das Verhiltnis zwischen der ozeanischen Zirkulation

und den europdischen Storm Tracks zu untersuchen.

Um die Verhiltnisse zwischen der AMOC und den Storm Tracks untersuchen zu konnen, wur-
den eine lineare Regression (nur fiir die Zukunft) und eine Composite Analyse durchgefiihrt. Bei
einem Composite werden die verschiedenen Storm Track-Eigenschaften zwischen starken und
schwachen AMOC Jahren verglichen. Das Ergebnis zeigt einen konsistenten Trend im zentralen
Nordatlantik fiir die Vergangenheit, Gegenwart und Zukunft. Eine Abschwichung der AMOC
fiihrt zu einer Intensivierung und Verschiebung Richtung Nordost des Storm Tracks, ein Resultat
welches von der linearen Regression bestitigt wird. Diese Anderung wurde bei allen vier analy-
sierten Zeitperioden (historisch, Zukunft unter dem gemeinsam genutzter soziookonomischer Pfad
5-8.5 (Shared Socioeconomic Pathway (SSP) 5-8.5) Szenario, Mittelholozin und dem letzten gla-
zialen Maximum (LGM)) gefunden.

vi



Contents

(1 _Introductionl 1
[2  Background Information| 5
2.1 General Climate System| . . . . .. ... .. .. ... ... .. ......... 5
[2.2  The Thermohaline Circulation (THC)| . . . . .. ... ... ... ... ..... 6
[2.2.1  Path of the Circulation through the Global Ocean| . . . . . . ... .. .. 6

2.2.2 Defimition of the Thermohaline Circulationl . . . . . .. ... ... ... 8

[2.2.3  Forcing of the Thermohaline Circulation| . . . . .. ... ... ... .. 10

[2.2.4  Projected Changes of the Thermohaline Circulationf. . . . . . . . .. .. 11

23  The Storm Tracksl . . . . . . . . . . L 15
[2.3.1 Placement of the Storm '[racks 1n the Global Climate System|. . . . . . . 15

[2.3.2 Life Cycleof Cyclones| . . . . . ... ... ... ... .. .. ...... 16

2.3.3 Defimtion of the Storm Tracks| . . . . . ... ... ... ... .. ... 17

[2.3.4  Projected Changes of Extratropical Cyclones| . . . . ... ... ... .. 18

[2.3.5  Projected Changes of the Storm Tracks| . . . . .. ... ... ... ... 19

[2.4  Relationship between the THC and the Storm Tracks| . . . . . .. ... ... .. 21
[2.4.1  Present-Day Relationship between the THC and the Storm Tracks| . . . . 21

[2.4.2  Projected Changes to the Relationship between the THC and the Storm |

| Tracksl. . . . . . 21
[2.5 Large-Scale Conditions in Paleoclimate Times|. . . . . . . ... ... ... ... 23
5.1 ChmateProxzesl. . . . ... . ... o o oo 23

252 TheHolocenel. . . . . ... . ... 24

253 The LastGlacial Maximum| . . . ... ... ... ... .. ....... 27
(3Data and Methods| 33
[3.1 Model Data Description|. . . . . . . ... ... ... ... .. ... .. 33

32 Methods| . . . . . .. 34
[3.2.1  Analysis of the Large-Scale Climatic Conditions| . . . . . . .. ... .. 35

[3.2.2  Strength of the Thermohaline Circulation| . . . . . .. . ... ... ... 35

3.23 Calculation of the Storm Tracks| . . . .. ... ... ...... .. ... 35

[3.2.4  Relationship between the AMOC and the Storm Tracks|. . . . . ... .. 36
[4_Results 39
4.1 Depiction of the Atlantic Meridional Overturning Circulation| . . . . . . . . . .. 39
{4.1.1  Latitudinal Position of the Atlantic Meridional Overturning Circulation| . 39

|4.1.2  Comparison of the Employed Models| . . . . ... ... ... .. .... 40

vii



Contents

viii

4.2 Description of the Historical Conditions| . . . . . . . .. ... ... ... .. .. 40
4.3 Analysisofthe Future]. . . . . . .. ... ... ... ... ... 43
|4.3.1 Chimate Change Impacts| . . . . . ... ... ... ... .. ....... 43

|4.3.2  Climate Change Impact on the Storm Tracks and the Atlantic Meridional |

| Overturning Circulation| . . . . . .. .. ... ... ... ... ..... 44
4.3.3  Linear Regression| . . . . .. .. ... ... ... .. .. 47

4.4 Paleochimatology| . . . . . . . . . . . .. . .. 47
4.4.1 Large-Scale Climate Conditions| . . . . . . ... ... ... .. ..... 48

|4.4.2  Aspects of the Storm Tracks and the Atlantic Meridional Overturning Cir- |

| culationl . . . . . .. 49
4.5 Composite Analysis|. . . . . .. . . ... 51
[E_Discussionl 53
BI1 Climaticconditionsl . . . . . . . . . .. . 53
5.1.1 _ Future under the SSP3-8.5 Scenario . . . . . . .. ... ... ... ... 53

5.1.2 Paleochimatel . . . ... ... ... 55

[5.2  Characteristics of the Atlantic Meridional Overturning Circulation| . . . . . . . . 57
15.2.1  Oceanic Northward Heat Transportf . . . . ... ... ... ... .... 57

522 AMOC in the Historical Time Periodl . . . . . . ... ... .. ... .. 58

523 AMOC in the Future Time Period| . . . . . . ... ... ...... ... 58

524 AMOC in the Paleochimatel . . . . . . . ... ... ... .. 58

[5.3  Evaluation of the Composite Analysis| . . . . . ... .. ... ... ... .... 58
[5.3.1  Outcomes of the Composite Analysts| . . . . . ... ... ... ..... 59

15.3.2  Comparison of the Composite Analysis to Model Outcomes and Scientific |

[ Studies| . . . .. L 59
[5.4 Comparison of Linear Regression Results between the CMIP6 and CMIP3 Models| 61

63
ppend 65

7.1 Employed Models|. . . . ... ... ... . ... ... 65
(/.2  Evaluated Variables| . . . . . . . ... ... o 66
(3 _Climate Conditions for the Pre-industrial timef . . . . . . . .. ... .. ... .. 67
DA TCeCOVEr .« o v oot e e e 68
Bibliography, 78



List of Figures

1.1 Deviation of the surface air temperature from the zonal mea@in. . . . . . . 2

2.1 Overview over the different subsystems of theclimate . . . . .. ... ... ... 6
2.2 Simpli ed sketch of the path of the Thermohaline Circulation from Rahmstorf
(2006) . . . . 8
2.3 Sketch of extreme cases with only thermohaline mixing and only wind-driven up-
welling from Rahmstorf (2006) . . . . . . . . . . . . ... .. ... .. ..... 11
2.4 Multi-model time series of the AMOC anomaly at 86of CMIP5 and CMIP6
ensembles from Fox-Kemper etal. (2021b) . . ... ... ... ... ... ... 12
2.5 Example of the development of the AMOC strength for a control run and a hosing
experiment with the 10-year running averages superimposed from Bellomo et al.

(2023) . . . e 13
2.6 The response of the Sea Surface Temperature and Sea Surface Salinity to a hosing

of 1 Sv for 100 years from Yin und Stouffer (2007) . . . . . .. ... ... ... 14
2.7 Conceptual model of the Subtropical Gyre (STG) and related ocean currents dur-

ing the early and late Holocene from Repschlageretal. (2017) . . . .. ... .. 15
2.8 Horizontal cut and global view of the meridional circulation . . . . ... .. .. 16

2.9 Conceptual models of cyclone evolution in the lower-tropospheric geopotential
height and frontal systems for the Norwegian and the Shapiro-Keyser model from

Schultzetal. (1998) . . . . . . . . . . e 17
2.10 Track density for the NH DJF for ERA-40 from Catto et al. (2011) . . . . . . .. 18
2.11 DJF present-day and DJF multi-model mean future (SSP2-4.5) minus present-day

storm tracks in hPa from Harvey etal. (2020) . . . ... ... ... ... .... 19

2.12 End of century response of the winds in 850 hPa from Zappa et al. (2015) and
Storm track changes for a doubled £€@inus control experiment from Catto et al.
(2011). . . . e 20
2.13 Conceptual diagram of impacts of the warming in the high latitudes and a weaker
Hadley circulation from Routsonetal. (2019) . . . . .. ... ... ... .. .. 20
2.14 Annual mean change in near-surface air temperature and precipitation in a hosed
experiment from Bellomo etal. (2023) . . . . . . . .. . ... ... ... ... 22
2.15 Plots of the multi-model regression slope between the AMOC and storm tracks,
SAT, and U850hPa changes over the North Atlantic and Europe. . . . . . . . .. 23
2.16 Monthly mean insolation difference at the top of the atmosphere between the mid-
Holocene and the pre-industrial from Shi etal. (2020). . ... ... ... .. .. 25



List of Figures

2.17 Simulated anomalies of the SATs between the mid-Holocene and the pre-industrial

from Shietal. (2020). . . . . . . . . . 26
2.18 Simulated annual mean AMOC difference between the mid-Holocene and the pre-
industrial overturning circulation from Zhang etal. (2021) . . ... ... .. .. 27
2.19 Airtemperature anomalies from Kageyama et al. (2021) and the SST changes from
Cauquoin et al. (2023) between the LGM and the pre-industrial. . . . . . .. .. 28
2.20 Ensemble mean of annual mean jet position and strength and the difference be-
tween the control and the LGM simulation from Ludwig et al. (2016) . . . . . . 29
2.21 Simulated modern and glacial AMOC from Rahmstorf (2006) . . . ... .. .. 29
2.22 Schematic of the storm track and the jet stream for the present day and the LGM
from Raible etal. (2021) . . . . . . . .. ... 30
2.23 Storm tracks simulation for the control and the differences to the LGM from Lud-
wigetal. (2016) . . . . . ... 31
2.24 Histogram showing the cyclone intensity over the North Atlantic for the pre-
industrial and LGM climate from Pinto und Ludwig (2020) . . . . .. .. .. .. 31

3.1 Assumed C@concentrations under the most frequently employed scenarios and
scenario matrix with the favored combinations of forcing levels and SSP scenario

from Michael Bottinger (2015) . . . . . . . . . . . .. 34
3.2 Plot showing the AMOC strength for the historical period as an example to illus-
trate the composite method. . . . . . . . . . .. ... ... 36

4.1 Development of the AMOC strength at 4&nd 25N for the historical and future

periods. . . . . .. e 40
4.2 \Vertical structure of the AMOC for the historical period and predicted changes
under the SSP5-8.5scenario. . . . . . . .. . . . ... ... 40
4.3 Mean AMOC strength of different models for the historical period. . . . . . . . . 41
4.4 DJF mean of the near-surface air temperatures and sea surface temperatures in the
historical time period. . . . . . . . . . . . 41
4.5 DJF mean of the evaporation and precipitation in the historical time period. . . . 42
4.6 DJF mean of the Sea Surface Salinity and eastward winds in 250 hPa in the histor-
icaltime period. . . . . . . .. e e 43
4.7 AMOC and storm tracks for the historical period. . . . . ... ... ... .... 43

4.8 Changes of the near-surface air temperature and the atmospheric water vapor con-
tent compared to the pre-industrial period by the end of the century under the
SSP5-8.5scenario. . . ... ... 44
4.9 Changes of the eastward wind in 250 hPa and the Sea Surface Salinity compared
to the pre-industrial period by the end of the century under the SSP5-8.5 scenario. 44
4.10 Latitudinal cut of the total oceanic northward heat transport and difference to the
pre-industrial. . . . . . . ... 45
4.11 Development of the AMOC strength at 46r the historical and future periods. . 46



List of Figures

4.12 Storm track for the pre-industrial period and change under the SSP5-8.5 scenario
compared to the pre-industrial stormtracks. . . . . .. . ... ... ... . ... 46

4.13 Plot of the multi-model regression slope between the negative changes of the
AMOC and changes of the storm track, near-surface air temperatures, and east-

ward wind in 850 hPa over the North Atlantic and Europe. . . . . . .. .. ... 47
4.14 Top of the atmosphere incident shortwave radiation difference of the mid-Holocene
and the LGM compared to the pre-industrial period. . . . . . .. ... ... ... 48
4.15 Near-surface air temperature difference of the mid-Holocene and the LGM com-
pared to the pre-industrial period. . . . . . . .. ... ... Lo 48
4.16 Eastward wind at 250 hPa depicting the difference of jet stream during the mid-
Holocene and the LGM period compared to the pre-industrial time. . . . . . . . . 49
4.17 Atmospheric water vapor content difference of the mid-Holocene and the LGM
compared to the pre-industrial period. . . . . . .. ... ... .. .. ... ... 49
4.18 Temporal Development of the AMOC during the mid-Holocene and the LGM. . . 50
4.19 Yearly AMOC development for the four relevant time periods. . . . ... .. .. 50
4.20 Storm track differences of the mid-Holocene and the LGM compared to the pre-
industrial period. . . . . ... 51
4.21 Difference of the lower and upper tertile of the historical, the SSP5-8.5 future, the
mid-Holocene, and the LGM periods. . . . . . . . .. .. ... ... ...... 52
7.1 Near-surface air temperature and eastward wind at 250 hPa in the pre-industrial . 67
7.2 Top of the atmosphere incident shortwave radiation and atmospheric water vapor
contentinthe pre-industrial . . . . . . .. .. ... ... ... .. .. .. ..., 67
7.3 Mean of the evaporation and precipitation in the pre-industrial. . . . . .. .. .. 67

7.4 Mean of the sea surface temperature and sea surface salinity in the pre-industrial . 67
7.5 Mean storm track changes from the historical to the pre-industrialera. . . . . . . 68
7.6 Sea and land ice cover during the historical (left in rst row), future (right in rst

row), mid-Holocene (left in second row), and LGM (right in second row) periods. 68

Xi






List of Tables

3.1
3.2

7.1

7.2

Analyzedtimeperiods . . . . .. . .. ... 33
Used models for the data analysis from Kageyama (2017a) and Kageyama (2017b). 35

Nominal resolution and vertical level number for the used models from WCRP

(2015) . . . . 65
Analyzed variables with description, unit and temporal resolution from DKRZ

(2023). . o, 66

Xiii






Abbreviations

AABW Antarctic Bottom Water

ACC Antarctic Circumpolar Current

AMO Atlantic Multidecadal Oscillation

AMOC Atlantic Meridional Overturning Circulation
AO Artic Ocean

AR Assessment report

CMIP Coupled Model Intercomparison Project
DJF December-January-February

DKRZ Deutsche Klimarechenzentrum

FSIS Fennoscandinavian Ice Sheet

GCM Global Climate Model

GHG Greenhouse Gas

IPCC Intergovernmental Panel on Climate Change
ITCZ Intertropical Convergence Zone

LGM Last Glacial Maximum

LIS Laurentide Ice Sheet

MSLP Mean Sea Level Pressure

NADW North Atlantic Deep Water

NH Northern Hemisphere

NAO North Atlantic oscillation

NAWH North Atlantic Warming Hole

PMIP Paleoclimate Modelling Intercomparison Project

PSU Practical Salinity Unit

XV



List of Tables

RCP Representative Concentration Pathway

SAT Surface Air Temperature

ScenarioMIP Scenario Model Intercomparison Project
SH Southern Hemisphere

SPA Shared Climate Policy Assumption

SPG Subpolar Gyre

SSP Shared Socioeconomic Pathway

SSS Sea Surface Salinity

SST Sea Surface Temperature

STG Subtropical Gyre

THC Thermohaline Circulation

XVi



1 Introduction

The global climate system has many subsystems, all interlinked with each other. Oceanic pro-
cesses for example are in uenced by and in uence the atmosphere, which is in turn nudged by the
ground and the ice cover. Analyzing just one component, while neglecting the entire rest provides
an incomplete picture, and potentially important feedback is ignored. It is therefore instrumental

to consider multiple pieces of the climate system and investigate their effects on each other. With
different predictabilities, understanding the inter-connections can be instrumental in improving

the seasonal/inter-annual/inter-decadal predictions and climate projections.

The ocean is an important part of the climate system, storing heat and gases for millions of years
and playing a vital part in the global energy distribution (Clark et al., 2002). It is a climate regula-
tor, in uencing the more short-lived atmosphere and moderating daily, seasonal, and interannual
temperature uctuations. Differences in surface warming, vertical strati cation, and wind forc-
ings lead to diverse types of currents, and circulations at all longitudes, latitudes, and depths. An
important circulation in the ocean is the THC, connecting the Arctic with the Antarctic and reach-
ing from the surface levels to the deep ocean, transporting large water volumes through all ocean
basins. Sinking in the high latitudes and dense water owing to the Antarctic at the bottom are
balanced by warm and saline surface currents reaching the polar regions (Stouffer et al., 2006).

An effect of this circulation is the balance of the global insolation difference and the warming of
polar regions. The THC also affects the sequestering of air and heat in the ocean. Especially the
deep water formation (for more information, see 2.2) in the polar regldnk (W andR in Fig-

ure 2.2) is important for the long-term storage of dissolved gases (both anthropogenic and natural
greenhouse gases (GHG), (Weaver et al., 1999)), nutrients, and heat (Kostov et al., 2014) in the
deep ocean. Additional impacts of the THC are on the marine ecosystem, surface winds, precipi-
tation, evaporation, and soil moisture (Garcia-Soto et al. (2021), Vellinga und Wood (2002)).

As for the impacts in the North Atlantic-European area, the surface currents of the circulation ow
through the tropical regions and are heated because of the stronger solar warming. This means
that the ocean water transports heat of approximately 1 B et al. (2007), Stouffer et al.

(2006), Clark et al. (2002)) from the Southern Hemisphere into the Northern part. This leads to

a change in Sea Surface Temperature (SST) and air temperature, which can be seen best in the
North Atlantic and the climate of Europe. If considering the zonal mean of the near-surface air
temperature, then the Atlantic Meridional Overturning Circulation (AMOC) causes a warming of
5K (see Figure 1.1) over the north-eastern ocean and the northern parts of Europe. Because of
the warmer temperatures, there is a decrease in the sea ice extent. This leads to an ice-albedo-
feedback resulting in an additional warming of 5K over parts of the Atlantic Ocean (Rahmstorf,
2006). Therefore, the climate in Europe is milder compared to the rest of the latitudes.

11PW =1 Petawatt = 2§ W



1 Introduction

The interconnection of the different climate components implicates an impact of the THC on the

Figure 1.1: Deviation of the surface air temperature from the zonal medh limsed on Rahmstorf (2006)
their Figure 11

atmospheric circulation. Here the focus will be on the oceanic in uence on the mid-latitude storm
tracks in the North Atlantic. These tracks depict the mean path taken by extratropical cyclones
through their respective region. During their lifetime, cyclonic systems are associated with strong
wind gusts, heavy precipitation, and storm surges. The passing of a storm in uences the air tem-
perature and the cloud cover. For the climate system, cyclones are important as heat, momentum,
and moisture transport from the tropics northward and a general mixing of the atmosphere (Priest-
ley et al. (2020), Bengtsson et al. (2006)).

In the last two decades, several strong storms have hit Germany, Kyrill in 2007, and Lothar and
Martin in 1999 among the most memorable. In January 2007, Kyrill caused damage of 1 billion

€ and the storm season in December 1999 created damage of 18.5®il{0atto et al., 2011).

This shows that cyclones have a great socioeconomic impact and that there is a need for accurate
forecasts and characterization.

While the properties of the North Atlantic THC and the storm tracks are mostly well understood
under present-day conditions, the consequences of the changing climate are still not fully under-
stood. Additionally, a change in the THC will in uence the strength of its connection to the North
Atlantic storm tracks, and their detailed development in response to climate change could bene t
from further investigation.

A different approach to increase the understanding of climatic impacts on components of the
climate system is to investigate the paleoclimate. During these past time periods, the orbital po-
sitioning, earth's surface con gurations, and atmospheric gas compositions (Ludwig et al., 2016)
were very speci ¢ and occasionally highly dissimilar to today's climate conditions. The in uence

of the individual past climates on the THC, storm tracks, and on their relationship has not yet
been intensively investigated. Understanding the changes in past climates could provide important
insights into their potential variability under different climate conditions, which can bene t future
projection studies. This analysis will be performed for the two available paleoclimate periods of
the mid-Holocene and the LGM.



The speci ¢ goals of this thesis are

* to depict the large-scale climate conditions for the paleoclimate and the future relative to the
pre-industrial time,

* to investigate the link between the Thermohaline Circulation and the storm tracks in the
future SSP 5-8.5 (SSP5-8.5) scenario, and

* to asses if the relationship is also valid for the paleoclimatic time slices of the mid-Holocene
and the LGM.

The thesis continues with the second chapter, containing the fundamental descriptions of the THC
and the storm tracks, their link, and the paleoclimatology. Next are the utilized methods, followed
by a presentation of the results. The subsequent discussion will put the ndings into a larger
context and the summary will conclude the thesis.






2 Background Information on the
Thermohaline Circulation and the
Storm Tracks

This chapter will begin with a description of the global climate system. Next the Thermohaline
Circulation and the European storm tracks will be introduced and their connection will be ex-
plained. Afterwards, the paleoclimate conditions and the states of the oceanic circulation and the
storm tracks will be summarized.

2.1 General Climate System

The climate system consists of ve major components all interconnected with each other: the
atmosphere, biosphere, hydrosphere, cryosphere, and lithosphere. A representation of the ve
spheres is shown in Figure 2.1. Observing one subsystem of an individual sphere separately from
the others is almost impossible because each element is in uenced by multiple others.

» The atmosphere is the fastest sphere with temporal scales down to seconds and minutes.
It encompasses the air above the earth's surface and reaches a height of approximately
10,000 kilometers (Society, 2023), containing next to trace gases liquid droplets, and solid
particles. In the atmosphere (mostly in the troposphere or the lowest 8-18km) all the
weather regimes like wind, precipitation, clouds, and storms take place. This climate part
is, for example, in uenced by the lithosphere's ground through friction, and by the hydro-
sphere with moisture availability. The precipitation from the atmosphere, in turn, affects
volcanic eruptions from the lithosphere or creates changes to the cryo- and hydrosphere.

» The biosphere includes the plant life of the earth like trees, owers, and grass, and can
be found on land, as part of the cryosphere in the form of permafrost, or in the ocean
as phytoplankton. This widespread implies the dependants of this section, for instance,
to atmospheric precipitation and snow cover by the cryosphere. With evapotranspiration,
albedo, and friction can this sphere in uence the other parts of the climate system. The
biosphere has temporal scales from the stomata response time (less than 30 minutes) to the
tree growth (hundreds of years).

» The hydrosphere encompasses all bodies of water on our planet like the oceans, lakes, and
rivers, and has a larger area than the continents. An important role of the ocean is to store
atmospheric heat and gases and regulate continental warming. For the cryosphere, it is a
reservoir of water that can be frozen. At the surface, the water exchange can be much more
quickly with evaporation and precipitation moving the water from the hydrosphere to the
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atmosphere and back respectively. In contrast to this rather quick time scale is the water
transport through the deep ocean, which can take thousands of years.

» The cryosphere describes the frozen water in the climate system and applies to the sea ice,
glaciers, and permafrost. Because of the solid state of water, this climate component needs
low temperatures. Therefore heat transport by the hydro- and atmosphere can lead to ice
melting and lithospheric earthquakes can break ice sheets apart. Normally the temporal
scale of this climate component is slow, but with fast warming, for example, due to climate
change, the ice melting process has been greatly accelerated.

» The nal sphere is the lithosphere, encompassing the earth's crust and the upper earth's
mantle where earthquakes and volcanic activities originate. Volcanic eruptions release large
amounts of ash, gases, and magma into the atmosphere and onto the biosphere. The particles
are a basis for cloud droplets, gases like sulfur in uence the incoming solar radiediush
the magma can both destroy the biosphere but is also responsible for one of the most fertile
soils. On atemporal scale, this part of the climate system is very slow with processes taking
millions to billions of years.

From all these interacting climate system components, this thesis will focus on the hydrosphere's
ocean and the North Atlantic mid-latitudes in the atmosphere.

Figure 2.1: Overview over the different subsystems of the climate

2.2 The Thermohaline Circulation

The Thermohaline Circulation (THC) is, as the name suggests, an oceanic circulation driven both
by temperature and salinity gradients. It stretches over both hemispheres and has currents in almost
all the basins of the ocean.

2.2.1 Path of the Circulation through the Global Ocean

A sketch of this circulation can be found in Figure 2.2 where the red and blue lines depict the
path of the currents. The yellow circles show deep water formation regions and are located in

1 Gas emissions from strong volcanic eruptions can lead to a global cooling of G.§Bisasters, 2021)
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the high latitudes of the Northern Hemispheres (NHs) and Southern Hemispheres (SHs) where
the densest water can be found. Ocean density is in uenced by both salinity and temperature
and water becomes denser with a decrease in temperature and an increase in salinity (Rahmstorf,
2003). In the ocean, salinity has a great spatial variance, depicted in the sketch (Figure 2.2),
where salty regions with salinity above 36%. are in green and fresh regions (S < 34%.) colored in
blue. The densest waters are in the subtropical regions, linked to the trade winds and evaporation.
Fresher ocean waters can be found in the global polar regions, the tropics, and the Oceanic warm
pool. These lower salinity values are caused by freshwater run-off from the (Ant-) Arctic ice
and rivers in the high latitudes and precipitation by the Intertropical Convergence Zone (ITCZ).
Salinity therefore decreases the density in the high and low latitudes, while the density increases
in the subtropical regions. The temperature, on the other hand, has its highest values in the tropics
and cools down poleward. Since lower temperatures mean denser water, the cold high latitudes
create the densest water at the poles. This means that the salinity produces the densest water in
the subtropics, the cool temperatures of the high latitudes generate a higher density there. With
the conditions of our planet, the temperature effect is stronger, and therefore the dense water
formations can be found in the cold and fresher polar areas below the ice-free oceanic surface.
These deep water formation regions are located in the Greenland-NorwkgraRigure 2.2) and

the Labrador Sed () in the NH, and the Ros$)) and the Weddell Sed\() in the SH (Rahmstorf,

2006).

After the very dense water is formed in the NH, it convectively sinks down (Wunsch, 2002).
This water is then transported through western boundary currents to the Antarctic (Stouffer et al.,
2006), which is depicted in Figure 2.2 with the light blue lines for deep water ows. When
reaching the Antarctic, the dense water becomes part of the Antarctic Circumpolar CAGENt (

which encircles the Antarctic continent. The circulation is (partly or entirely) wind-driven, has

a vertical extend from the surface to the bottom, and acts as a natural boundary against warm
tropical currents to the southern pole (Barker und Thomas, 2004). The driving atmospheric winds
blow clockwise around the Antarctic and are, next to maintaining the ACC, also an important
forcing for the THC. These winds create Ekman currents which are directed towards the left
of the wind directions, generating ocean surface currents towards the equator and away from the
poles. This creates a strong wind-driven upwelling (circles with a point in Figure 2.2), that leads
to a resurfacing of the deep ocean currents.

But not all Antarctic bottom water returns to the surface through this upwelling. Another portion of
the dense water leaves the ACC as deep or bottom (purple lines in Figure 2.2) water into one of the
three big ocean basins (Atlantic, Paci ¢, and Indian Ocean). In the North Atlantic, the Antarctic
Bottom Water (AABW) rejoins the deep currents from the Northern Pole to the Antarctic. The
bottom water owing into the Paci c mostly stays in the deep ocean and returns to the Southern
Ocean as deep water. In the Indian Ocean, the dense ocean water experiences mixing-driven
upwelling (red circle with a dot in Figure 2.2), bringing the bottom water to the surface. This
mixing takes place mostly in the low latitudes where the water is the warmest.

The water can also leave the Antarctic Circumpolar Current (ACC) at the surface. An exemplary
path could be water traveling rst to the Eastern Paci ¢ then through Oceania to the Indian Ocean,

2 Because of the SH
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where the current merges with the upwelled water from the Indian Ocean. The water ows as a
surface current past the Cape of Hope in South Africa as a part of the Agulhas Current. Then the
water crosses the southern Atlantic and moves past northern South America as the Brazil current.
Next, from the tropical insolation strongly heated water travels along the eastern North American
coastline as the Gulf Stream. Afterwards, the warm water ows to Europe and in uences the
climate there greatly. Finally, the water returns to the northern high latitudes to become once
again part of the deep water formation and sink as dense water to the ocean bottom.

This cycle takes multiple thousand years to be completed. In reality, there are of course many
different routes a water package can take and it can always leave this circulation due to hard-to-
predict small-scale turbulence. Additionally, is the circulation not an enclosed system, but the

ocean water experiences mixing with the surrounding water, changing its properties. However, the
Figure 2.2 gives a good overview of the main characteristics of the THC and the global span of

this circulation.

Figure 2.2: Simpli ed sketch of the path of the Thermohaline Circulation with the abbrevia@Gahstand-
ing for Antarctic Circumpolar Current from Rahmstorf (2006)

2.2.2 De nition of the Thermohaline Circulation

The THC is a long and branched circulation throughout the ocean making reliable observations
describing it rather limited. Additionally, the de nition poses another problem. Up to this day,
there is not one clear de nition of the term “Thermohaline Circulation but at least seven different
ones (Wunsch, 2002) that are used in papers. These describe the THC as:

1. acirculation of mass, heat, and salt,
2. the abyssal circulation,

3. the meridional overturning circulation (MOC) of mass,
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4. the net export of chemical substances (e.g. protactinium) by the North Atlantic,
5. a global conveyor belt carrying heat and moisture from low to polar latitudes,
6. a circulation driven by surface buoyancy forcing, and

7. acirculation driven by pressure and/or density differences in the deep ocean.

The rst de nition is the broadest one while the other de nitions are all only partial descriptions

of the Figure 2.2. For example, the second, third, and fourth items suggest that the circulation
only takes place in parts of the ocean either only at a certain depth (second) or a speci c ocean
basin (third and fourth), here for instance in the North Atlantic. In addition, the third item omits
the zonal component of the circulation, only focusing on the meridional ows. The fth de ni-
tion only describes a transport from the tropics to the poles but neglects the cross-equatorial part
of this circulation. Finally, the last two descriptions name either surface buoyancy or internal
pressure/density differences as the sole driver for the THC. But the circulation, as described by
Rahmstorf (2006), has both a surface wind forcing and a thermohaline forcing moving the ocean
masses. To sum up, the concept of the thermohaline circulation has no uniform de nition.

The reason is that the THC is more of a conceptual idea and is very hard to measure. On the one
hand, the vertical motions are too slow to accurately ascertain. On the other hand, the surface
currents are a part of the wind-driven horizontal circulation, making it dif cult to separate out the
THC.

The path of the THC depicted in Figure 2.2 shows that two out of the four deep water formation
regions and the largest part of the circulation outside of the Antarctic region can both be found in
the North Atlantic Ocean. In the polar Paci ¢ Ocean, virtually no deep water formation is taking
place and no vigorous and narrow meridional circulation can be found. Instead, the oceanic circu-
lation reaches only up to 68 and has a broad and weak ow (Weaver et al., 1999).

There are multiple reasons for the missing deep water formation. For example, the Sea Surface
Salinity (SSS) in the Paci c is signi cantly lower than in the Atlantic (see Figure 2.2), leading to

a more stable strati cation. The salinity difference is caused by the northward heat transport of
the THC resulting in higher Sea Surface Temperature (SST) values in the North Atlantic. These
warmer surface waters produce more evaporation and therefore a higher salt content. Because of
the existing THC circulation in the Atlantic, more saline waters are transported faster from the
subtropics northwards and these waters spend less time in strong-precipitation areas. Instead, the
salty waters are transferred directly to the deep water formation regions, where they sink to the
deep ocean (Weaver et al., 1999).

The above-mentioned factors all at least partly depend on an existing overturning circulation.
Other, independent of the AMOC, elements are the further northward extension of the North At-
lantic Ocean, in uencing the waters by the cold Arctic Ocean. The smaller east-west width of
the Atlantic Ocean makes the waters subject to continental climates, meaning evaporated moisture
loss and advection of dry continental air. Additionally, atmospheric water vapor transport takes
place from the Atlantic to the Paci c Ocean across the American and Afro-Eurasian continents.
This can lead to a total freshwater export of 0.66 Sv in the low latitudes to the east and in the
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mid-latitudes to the west (Dey und D66s, 2020). A nal difference is the in uence of inland seas.
These, almost completely enclosed, basins experience stronger warming, and more evaporation
and have therefore a greater salinity content. Through out ows, these salty waters in uence the
salt content of the neighboring oceans. With the Mediterranean and the Gulf of Mexico, the At-
lantic is impacted by more saline water mixing from the inland seas.

Not only has the Atlantic THC a greater overturning, but atmospheric temperature changes caused
by climate warming are more prominent in higher latitudes. Since the Paci ¢ Ocean reaches only
up to 60N, the greatest SAT and SST changes do not affect the Paci ¢ THC. The Indian Ocean
is only in the (sub-) tropical regions, which are less affected by temperature change overall. This
means that the THC branches in the Indian and Paci ¢ Oceans are less climate-sensitive (Wang
und Mysak, 2000).

Given its predominant role in the entire THC and the potentially high sensitivity to climate change,
this thesis will focus on the analysis of the THC in the Northern Atlantic, also known as the
AMOC.

2.2.3 Forcing of the Thermohaline Circulation

The oceanic circulation has two main drivers, the turbulent downward mixing of heat and salt
(the thermohaline forcing) and wind-created Ekman divergence (wind-driven forcing). Model
experiments have shown that both mechanisms are relevant and that a circulation without one
would be much weaker (Rahmstorf, 2006).

Thermohaline Forcing

The thermohaline forcing consists of a haline and a thermal part. Higher latitudes receive on
average weaker heating than tropical regions and therefore, the thermal circulation at the surface
ows from low latitudes into polar regions. The haline part is on the one hand controlled by the
freshwater input in high-latitude regions because of river run-off, precipitation, and glacial and ice-
sheet melting. On the other hand, the stronger evaporation in lower latitudes creates saline waters
there. This means that the haline surface circulation would ow from the polar to the tropical
regions, opposite the thermal surface ow. In Earth's oceans, the thermal forcing is stronger and
dominates over the haline drive, thus the ow is thermally moved polewards with a haline limiting
factor (Clark et al. (2002), Caesar et al. (2021)).

Heating and cooling of the ocean are realized through solar insolation and radiative cooling, both
processes taking place only in the upper hundreds of meters if the lower geothermal heating is
neglected. This creates a problem, addressed by the Sandstrom theorem (by Johan Sandstrom
in 1908) (Kuhlbrodt et al., 2007) in regards to the continuation of circulations. If the heating
and cooling of a system take place at the same depth, then after approximately 1000 years the
densest water would be at the bottom, which would in turn terminate the entire circulation. This
prerequisite is ful lled for this ocean circulation because the thermal heating and cooling only
take place at the surface. To avoid a cessation of circulation, the heating of the ocean needs to take
place at a greater depth than the cooling to create a stable circulation. This effect can be achieved
by turbulent downward mixing of heat.

10
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The case of the sole thermohaline forcing can be seen in the sketch in Figure 2.3 on the left side.
Here, deep water formation on the right leads to a sinking of the dense water with the density
r1 below the lighter water withr,. The wavy arrow shows the downward mixing of warmer
surface waters, creating heating below the surface and cooling in the high latitudes. With this, the
thermohaline forcing can partly maintain the THC.

Wind-driven Forcing

Effects of the wind-driven forcing are most clearly evident in the Southern Ocean. The sketch
on the right side in Figure 2.3 represents an example of the wind-driven forcing in a latitude-
depth cross section (left-right reaching from the Northern to the Southern Pole). In the SH, strong
westerly winds ow around the Antarctic continent, denoted by the circle with the dot in the sketch.
These near-surface winds create an Ekman spiral in the ocean waters, meaning a divergence of the
surface currents towards the tropicsThis northward ow leads to an upwelling (the upward

arrow in the sketch) to maintain the mass balance. The wind-driven forcing pulls up deep water
by moving the surface water toward the tropics. For the THC, the wind-driven forcing is also

in uenced by tidal forcing, but the wind component is a greater source of energy.

Figure 2.3: Sketch of extreme cases with only thermohaline mixing (case 1 on the left) and only wind-driven
upwelling (case 2 on the right). On the right side of each case, the deep water formation takes
place, creating the denser water Y compared to the lighter water {). The line depicts the
thermocliné separating the differently dense waters from each other. Straight arrows describe
volume transports and wavy arrows heat uxes due to mixing from Rahmstorf (2006)

2.2.4 Projected Impacts by the Climate Change on the Thermohaline
Circulation

In historical times, the North Atlantic oceanic circulation transported warm and salty subtropical
waters into the high latitudes and exported fresh and cold waters in the deep to the SH (Stouffer
et al., 2006). The most current Intergovernmental Panel on Climate Change (IPCC) Assessment
report (AR) (AR6) shows a broad probable circulation strength in the Atlantic between 15 to 30 Sv
(1Sv=16m3s 1) for the historical experiment of the models in Coupled Model Intercomparison
Project 6 (Coupled Model Intercomparison Project (CMIP)6) (with a slightly higher spread than

3 Because in the SH, the Ekman divergence is directed to the left. On the NH, it would be to the right
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for the CMIP5) (Fox-Kemper et al., 2021b). In the Antarctic circumpolar currents, the transport
has a volume of approximately 15 Sv (Rahmstorf, 2006), meaning a total THC transport of 25 to
45 Sy for the historical period.

In the past, the THC has experienced changes both from natural variability as well as due to cli-
mate change. Estimates in the ARG predicts a likely reduction in the Atlantic part of the circulation

by approximately 25 % to 40 % by 2100 depending on the scenario (Fox-Kemper et al., 2021b),
but has little con dence in the timing and exact magnitude of the reduction (see Figure 2.4). Such
a slowdown is unprecedented in the past thousand years (Caesar et al., 2021).

The low con dence in the prognosis is caused by the dif culties in measuring the THC, the

Figure 2.4: Multi-model time series of Atlantic Meridional Overturning Circulation anomaly relative to
1850-1880 at 35\ of CMIP5 and CMIP6 ensembles from Fox-Kemper et al. (2021b)

lack of an available long time series needed for a reliable prediction, and the high uncertainty in
models. Two different approaches are generally used to investigate the climate change effect on
the oceanic circulation (Stouffer et al., 2006).

One approach to investigating the THC changes in response to global warming is through ideal-
ized simulations by adding larger than natural freshwater inputs into the Arctic regions, also called
hosing experiments (see Stouffer et al. (2006), Vellinga und Wood (2002), Kuhlbrodt et al. (2009),
Woollings et al. (2012)). For these "perturbation experiments" (Stouffer et al., 2006) different
freshwater amounts (mostly 0.1 to 1 Sv) are pumped into parts of the ocean (mostly the North
Atlantic) over different time periods (usually between 100 and 500 years). This way, it is possible
to observe the likely reaction of the ocean circulation to large-scale ice sheets and glacier melting.

The other approach is to analyze Global Climate Model (GCM) simulations under varied GHG-
forcings either with those assumed in different SSP scenarios or with prescribddr€iags (e.g.

doubled CQ concentration) (Vellinga (2008), Thomas F. Stocker (1997), R. J. Stouffer (2003)).
Due to the non-linearity and complex, coupled physics in GCMs, the simulated THC change in
the second approach is usually weaker as its response can be affected/counteracted by changes in
other components of the model and therefore shows less clear signals of change.

Both methods exert changes in the density of the deep water formation regions in the high lati-
tudes. The hosing experiment means a reduction in the surface density because of the freshwater
input. In the SSP scenario, the world experiences a warming resulting in a strong SST increase
in the high-latitude NH because of the polar ampli cation. In addition, there will be an increased

12
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input of freshwater due to the melting of glaciers and ice sheets, both effects leading to a density
reduction at the surface in high latitudes. The change in density near the surface results in an
increase in vertical strati cation in the ocean. Since the THC strongly depends on vertical mixing,
freshwater hosing or climate warming both lead to a reduction in circulation strength. The right
plots in Figure 2.5 depict vertical cuts of the AMOC during a control and hosed experiment. In
the lower plot, the weakened circulation features a reduced depth and an approximately halved
overturning strength in the mid-to-high latitudes. In all papers where a realistic freshwater input
was used (e.g., Bellomo et al. (2023) and Vellinga und Wood (2002)), the geographical origin of
the freshwater pulse is important for the magnitude and duration of AMOC reaction (Clark et al.,
2002).

However, there was no permanent collapse of the oceanic circulation reported in any of those
studies. The models all showed a (partly strong) reduction of its strength, but the ocean always
recovered after the cessation of the freshwater forcing. In the left plot in Figure 2.5, the hosing
was terminated after 100 years and almost immediately afterwards, a recovery of strength can be
observed. A complete shutdown of the circulation would require a freshwater input of at least 1 Sv
which is unrealistic with the current climate projections (Stouffer et al., 2006).

But even a short-term slow-down (for a few hundred years) of the THC can have a large impact on

Figure 2.5: Example of the development of the AMOC strength for both a control run (preindustrial con-
ditions of 1850) and a hosing experiment (0.3 Sv added uniformly for 140 years poleward of
50 N in Atlantic and Arctic Ocean). The dark purple lines show the control experiment and
the lighter blue shows the perturbed run. Both time series are superimposed with the 10-year
running averages. The two vertical cuts on the right side show the AMOC strength during the
control (top) and hosed experiment (bottom) during the grey-shaded time in the left plot from
Bellomo et al. (2023)

the global climate. The slowdown of the THC, caused by surface freshening or warming, would
weaken global water transport and impact both the ocean and the atmosphere. A consequence
for the North Atlantic Ocean would be the reduced northward transport of heat and salinity. Esti-
mates expect a reduction of poleward heat transport in the Atlantic to be almost halved until the
end of the century (Fox-Kemper et al., 2021b). The weaker cross-equator heat transport means
increasing temperatures in the SH and cooling, especially in the North Atlantic. Figure 2.6 shows

13



2 Background Information

in the left plot the resulting SST changes under strong hésamgl depicts the warming of the

SH and the cooling in the Northern Atlantic. The strongest reduction takes place near the deep
water formation regions in the high latitudes, the prior nal location of the warm surface waters.
Lower SSTs favor the sea-ice formation and can lead to local SSS increases. However, the reduced
northward salinity transport caused by the weakened THC and the increased freshwater input by
ice melting have a stronger and more large-scale effect. The right plot in Figure 2.6 depicts the
SSS changes under the same forcing as the SST and shows a freshening, especially in the high
latitudes in addition to the hosing freshening.

Figure 2.6: The response of the Sea Surface Temperature (left pl@f) iand Sea Surface Salinity (right
plot in Practical Salinity Unit (PSU)) to a hosing of 1 Sv for 100 years for the model years 81 to
100 from Yin und Stouffer (2007)

Furthermore, the weakened deep convection in addition to the ocean-atmosphere interaction leads
to subsurface warming which impacts the recovery of the circulation (Shi und Lohmann (2016),
Umling et al. (2019)). Subsurface transports are relevant because they are an indicator for the
STG/Subpolar Gyre (SPG) inter-gyre dynamics, which can stabilize not only the climate but also
compensate for high latitude freshening and might even be able to restart halted AMOC circula-
tions. A weakening or shutdown of the AMOC would lead to a reduced SPG, an increased STG
strength, and an increased in ow of saline Atlantic waters into the Nordic Sea. The Figure 2.7
shows the further northward extension of the STG and the greater northward water transport.

Through the East Greenland Currents, these saline waters would be transported into the Labrador
Sea, where deep-water convection would be strengthened or restarted on the one hand (Rep-
schlager et al. (2017), Zhu et al. (2014), Thornalley et al. (2009)). On the other hand, the warm
Atlantic waters can ow under the ice sheets and melt them from below, re-enabling the heat
exchange between ocean and atmosphere and further helping the restart of the overturning (Rep-
schlager et al., 2015). These strengthening effects probably happened in the past after an AMOC
weakening for example at 6-5 and 2.8 ka BP (Thornalley et al., 2009).

5Hosed for 100 years with 1 Sv at 530 N.
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Figure 2.7: Conceptual model of the STG and related ocean currents during the early Holocene, dominated
by meltwater from the glaciers and ice sheets (left), and late modern Holocene (right). The
abbreviation AC stand for Azores Current from Repschlager et al. (2017)

2.3 The Storm Tracks

Storm tracks describe the paths that midlatitude cyclones take over the ocean and continental areas.
In this thesis, the main focus will be on the tracks of extratropical cyclones over the North Atlantic
Ocean and the European continent.

2.3.1 Placement of the Storm Tracks in the Global Climate System

The main atmospheric driver is the incoming solar radiation or rather the differences between the
tropics and the polar latitudes. In the tropical regions, more energy from the sun reaches the atmo-
sphere than in the high latitudes leading to a stronger warming in lower latitudes. The atmosphere
tries to balance this disequilibrium with northward heat transport through the ocean and the atmo-
sphere. Oceanic northward heat transport in the Atlantic is mostly covered by the aforementioned
THC dominating the (sub-) tropics. In the atmosphere, storms and the meridional circulation are

strongly responsible for moving heat to the poles. The meridional circulation (see Figure 2.8) can

be divided into three cells, the Hadley, the Ferrell, and the polar cell.

Because of the strong solar insolation in the tropics, the SATs are heated and the air rises. During
the ascent, the air parcels cool down and, if saturation is reached, leads to cloud formation and
possibly precipitation. This is known as the near-equatorial trough or ITCZ. The ascending air
rises to the top of the troposphere, where it is redirected to the north and south. Because of the
Coriolis force the winds are diverted to the right in the NH and the left in the SH. At approximately
30 N/S the winds at the tropopause blow parallel to the ITCZ, creating the subtropical jet stream
(the right green circles in the left sketch in Figure 2.8). At the same latitude, the air sinks down
to the ground creating a high-pressure belt. It either returns as the dry trade winds to the equator,
completing the Hadley cell, or ows polewards as part of the Ferrell cell.

In the polar regions, the small incoming radiation creates low temperatures, leading to a sinking
of the air and a high-pressure system at the ground. This surface air ows to the south and is
redirected by the Coriolis force to the right (left) in the northern (southern) hemisphere. At ap-
proximately 60N/S the polar air meets the northward owing air from the Ferrell cell. The lighter
subtropical air from the Ferrell cell rises while being mixed with the polar air, is advected, and
returns at the top of the troposphere partly back to the subtropical region. Because of mixing with
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the warmer air, the polar air is lifted as well and ows below the tropopause back to the poles.

Where the warm subtropical meets the cooler polar air, the boundary is called the polar front,
and this interaction between different air masses drives the unstable mid-latitude weather. At the
surface, a low-pressure trough develops. Meanwhile, the greater temperature gradient leads to an
increasing westerly wind with heights (due to the so-called "thermal wind balance"), leading to a
polar jet stream at the upper troposphere (BBC, 2023).

The cells can be categorized into thermally direct (Hadley and polar) and indirect (Ferrell) ones.
The Ferrell cell is thermally indirect because the air experiences sinking in the warm subtropics
and lifting in the subpolar. In the thermally direct cell, the air rises in the warmer areas and moves
downward in the colder regions.

The other possibility of transport next to the meridional circulation is with transient eddies, which

Figure 2.8: Left plot: Horizontal cut of the global wind circulation pattern. Red lines show the troposphere
height and fronts, black arrows indicate the ow direction, and green circles show the wind
strengths of the jets from Grif n et al. (2017). Right Plot: Global wind circulation pattern. The
red arrows denote the warm trade winds and westerlies, while the blue ones show the polar
easterlies. The blue areas around the globe show the meridional cells from Society (2020)

are deviations from the zonal mean state, important for moving heat and momentum northward
(Priestley et al., 2020). Examples are tropical and extratropical cyclones. In the following subsec-
tions, the development and impacts of extratropical cyclones are depicted.

2.3.2 Life Cycle of Cyclones

Extratropical cyclones are rotating (counterclockwise on the NH) air masses characterized by a
low central pressure and, unlike their tropical counterparts, a cold core. Over the North Atlantic,
extratropical cyclones are particularly active along the Gulf Stream, and they generally travel from
the eastern coast of North America toward Europe. The main driver for extratropical cyclone gen-
eration and maintenance is the baroclinicity of the atmosphere, which is tied closely to the SST
gradient and the position of the jet stream. Other in uencing factors include the orographic effect
(for example the Rocky Mountains in America and Canada), heat uxes from the underlying sur-
face, and diabatic processes (Brayshaw et al., 2009a).

There are two conceptual models describing the life cycle of extratropical cyclones. One is the
Norwegian model and the other is called the Shapiro-Keyser model.

For a storm to form, a disturbance in the lower layers of the polar jet stream is rst caused by
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atmospheric waves or surface obstacles. The more common Norwegian model has an early dis-
turbance spreading vertically through the entire atmosphere with the wave-like formation starting
to rotate anti-clockwise. This creates a low-pressure system with the surface manifestation ahead
(more eastward) compared to the upper level (around 300 hPa) low-pressure region, also described
by a slanted vertical axis. The cyclone intensi es with diabatic heating (solar irradiation, latent
heat) and other large-scale processes creating stronger baroclinicity. During this intensi cation,

it creates fronts and sectors (see Figure 2.9 on the left, Step Il). First, the warm sector is on the
equatorward side with the warm front on the eastward side as a separation from the cold sector.
Likewise, there is a cold front on the western side between the different sectors. Behind the fronts
air masses are transported, meaning that the cold polar air moves southward and the warm tropical
air is shifted towards the poles. With time, the steeper and faster cold front comes closer to the
other front, leading to a horizontal shrinking of the warm sector. When the cold front catches up
with the warm front, the warm air is lifted on top of the colder air and a so-called occlusion front

is created. At this time, the low-pressure system at jet stream height has also caught up with the
surface pressure depression, meaning that the upper low-pressure system is above the ground low-
pressure system and the vertical axis of the cyclone is no longer slanted. This means that virtually
no further intensi cation of the cyclone is possible and the weather system will either dissipate or
be reintegrated into the jet. It is also possible that a cyclone at the end of its life cycle experiences
a re-intensi cation if it encounters strong baroclinicity and gains strength again.

The other cyclone model, describing a Shapiro-Keyser cyclone, has a frontal fracture, where the
normally linked cold and warm front break apart in the center of the storm (see Figure 2.9 on the
right, Step II). This leads thereto that the warm front wraps around the low-pressure center, the
orientation of the cold front becomes nearly perpendicular to the orientation of the warm front,
and phenomena like the sting jets can be observed.

Figure 2.9: Conceptual models of cyclone evolution in the lower-tropospheric geopotential height and
frontal systems for the Norwegian model (a) and the Shapiro-Keyser model (b) from Schultz
et al. (1998)

2.3.3 De nition of the Storm Tracks

Storm tracks are the prevailing paths of the cyclonic systems and represents a collective quantity.
They are helpful to investigate the mean behaviour of cyclones in a region, without having to
analyze each individual storm.

For the initial formation, the cyclones need either a large orography, the land-sea contrast, or SST
anomalies (Bengtsson et al., 2006). These requirements lead to the main genesis for the NH re-
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gions being found on the lee side of the Rocky Mountains and the Tibetan Plateau and over the
Mediterranean. Secondary storm formation regions are over the ocean, where moisture availability
leads to instability and baroclinicity increase. Here, the Gulf Stream region is the most prominent
one (Catto et al., 2011).

Figure 2.10: Track density (number of cyclones in a certain area) for the NH DJF for ERA-40 from Catto
etal. (2011)

After the formation, the cyclone develops and generally travels eastward. Over the northern At-
lantic Ocean, the tracks are more uniformly spread compared to over the continent with a slight
tendency to follow the Northern American and Greenlandic coast. But over the Eurasian conti-
nent, there are two preferred tracks (see Figure 2.10): One denser track over the Norwegian Sea
bringing strong precipitation and mild weather over northwestern Europe. And another smaller
southern track starting over the Mediterranean, bringing precipitation to South Europe and cold
weather to the northern parts of Europe (Bengtsson et al., 2006). Next to the generation area,
the large-scale atmospheric oscillations like the phase of the North Atlantic oscillation (NAO),
Artic Ocean (AO) and even ENSO (EIl-hb Southern Oscillation), can lead to some inter-annual
and inter-decadal variabilities of the climatological picture and in uence the preference for the
different tracks (Bengtsson et al. (2006), Ulbrich et al. (2009)).

2.3.4 Projected Impacts by the Climate Change on the Extratropical
Cyclones

Theoretically, the future warmer climate and the polar ampli cation will lead to a weaker large-
scale meridional temperature gradient (Raible et al., 2021), which will decrease the low-level
baroclinicity, and reduce the number and intensity of cyclones over the Atlantic. On the other
hand, higher temperatures will increase the atmospheric water vapor content by 7%/K according
to the Clausius Clapeyron equation, which could potentially strengthen the intensity of the storms
via latent heat release (Brayshaw et al. (2010), Raible et al. (2021)). Another consideration should
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