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Abstract

Rainfall is of vital importance to livelihoods in Africa, yet progress in its forecasting remains
relatively slow. The Hadley and Walker circulations strongly influence mean precipitation
patterns and variability. These circulations are far from spatially symmetric, motivating
a local perspective. Here, the i/-vector method is applied to reanalysis-derived vertical
velocity (1960-2022) to decompose the three-dimensional circulation into meridional and
zonal components and to examine their relationship with observed rainfall variability,
including influences from the Indian Ocean Dipole (IOD) and equatorial Kelvin waves.

The reanalysis-derived ascending total mass flux reproduces observed mean precipitation
patterns well, with the meridional component (local Hadley circulation) generally show-
ing higher correlations with rainfall variability than the zonal component (local Walker
circulation). Recent rainfall trends (2000-2020) exhibit pronounced seasonal and regional
differences. Decreased December-February (DJF) and March-May (MAM) rainfall over
Madagascar is linked to weaker meridional flux in the south and weaker zonal flux along
the coasts. Increased rainfall over East Africa during MAM results from a more northward-
focused ascending branch of the local Hadley circulation, whereas the observed increase
in September—November (SON) rainfall is driven by a positive trend in zonal mass flux.
Over the western Sahel, increased June—August (JJA) rainfall is associated with comparable
changes in both circulation components. Finally, decreased SON rainfall over Southern
Africa is related to reduced zonal mass flux in the northern part of the region and reduced
meridional mass flux in the south.

The local Hadley circulation responds as strongly, or more strongly, than the local Walker
circulation to the IOD. During positive events, the ascending branch shifts northward over
the eastern Indian Ocean, with anomalously high meridional mass flux over the western
basin, whereas during negative events, anomalously high meridional mass flux is confined to
the Java—Sumatra region, with anomalously low flux elsewhere across the Indian Ocean.

Equatorial Kelvin waves induce meridional and zonal mass flux anomalies comparable in
magnitude to the mean strength of the local Hadley and Walker circulations, acting through
both their zonal wind component and convective coupling. Kelvin wave-related meridional
mass flux anomalies are confined to regions of mean ascent, while the East African highlands
block much of the overall wave signal, especially the zonal component, although weakened
meridional anomalies persist aloft

Together, these findings highlight the spatially asymmetric and transient nature of the
large-scale tropical circulations. They provide the first quantitative insight into the response
of the local Hadley circulation to the IOD and further support the emerging view that
synoptic variability plays a key role in modulating the large-scale tropical circulations.






Zusammenfassung

Niederschlag ist fiir die Lebensgrundlagen in Afrika von zentraler Bedeutung, doch die Fort-
schritte bei dessen Vorhersage erfolgen nur langsam. Die grofirdumige tropische Zirkulation,
in Form der Hadley und Walker Zirkulationen, beeinflusst die mittlere Niederschlagsver-
teilung und deren Variabilitit stark. Da diese Zirkulationen nicht rdumlich symmetrisch
sind, ist eine regionale Betrachtung erforderlich. Die {/-Vektor-Methode wurde auf ERA5-
Vertikalgeschwindigkeiten (1960-2022) angewendet, um die dreidimensionale Zirkulation
in meridionale und zonale Komponenten zu zerlegen und deren Zusammenhang mit be-
obachteter Niederschlagsvariabilitit zu untersuchen, einschliellich Einflissen durch den
Indischen Ozean-Dipol (IOD) und dquatoriale Kelvin-Wellen.

Der aus Reanalyse-Daten berechnete Gesamtmassenstrom spiegelt die beobachtete mittlere
Niederschlagsverteilung gut wider. Dabei korreliert der meridionale Massenfluss (lokale Had-
ley Zirkulation) im Allgemeinen stiarker mit dem Niederschlag als der zonale Massenfluss
(lokale Walker Zirkulation). Trends der letzte zwei Jahrzehnten (2000-2020) zeigen ausge-
pragte saisonale und regionale Unterschiede: Riickgange des Niederschlags im Dezember-
Februar (DJF) und Marz-Mai (MAM) tiber Madagaskar stehen im Zusammenhang mit einem
general abgeschwachten meridionalen Massenfluss und abgeschwiachten zonalem Massen-
fluss an der Kiistse; Der verstarkte Niederschlag iiber Ostafrika wahrend MAM resultiert
aus einem nach Norden verschobenen aufsteigenden Ast der lokalen Hadley-Zirkulation,
wihrend der beobachtete Anstieg des Niederschlags in September—-November (SON) durch
einen positiven Trend im zonalen Massenfluss verursacht wird; Niederschlagsanstiege im
Juni—-August (JJA) uber Teilen des westlichen Sahel resultieren aus etwa gleich starken
Anderungen im zonalen und meridionalen Massenfluss; SON-Trockenheit im siidlichen
Afrika ist auf reduzierten zonalen Massenfluss im Norden und meridionalen Massenfluss
im Siiden zuriickzufiihren.

Die lokale Hadley Zirkulation reagiert auf den IOD ebenso stark oder sogar starker als
die lokale Walker Zirkulation, wobei sie wahrend positiver Ereignisse einen nach Norden
verschobenen aufsteigenden Ast iiber dem 6stlichen Indischen Ozean zeigt und iiber dem
westlichen Indischen Ozean verstarkt wird. Wahrend negativer Ereignisse verstarkt sich
der meridionale Massenfluss in der Region Java-Sumatra, wahrend er iiber weite Teile des
Indischen Ozeans zunimmt.

Kelvinwellen induzieren meridionale und zonale Massenflussanomalien, die in ihrer Stirke
mit der mittleren Stdrke der lokalen Hadley und Walker Zirkulation vergleichbar sind,
sowohl iiber ihre zonale Windkomponente als auch iiber konvektive Kopplung. Die meridio-
nalen Massenflussanomalien im Zusammenhang mit Kelvinwellen sind auf Regionen mit
mittlerem Aufstieg beschrankt. Das ostafrikanische Hochland blockiert einen Grofteil des
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Gesamtsignals der Wellen, insbesondere der zonalen Komponente, obwohl abgeschwéchte
meridionale Anomalien in héheren Atmosphiarenschichten bestehen bleiben.

Zusammen verdeutlichen diese Ergebnisse die raumlich asymmetrische und transiente Na-
tur der grofiskaligen tropischen Zirkulationen. Sie liefern den ersten quantitativen Einblick
in die Reaktion der lokalen Hadley Zirkulation auf den IOD und stiitzen zudem die zuneh-
mende Auffassung, dass synoptische Variabilitit eine zentrale Rolle bei der Modulation der
grof3skaligen tropischen Zirkulation spielt.
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AMO Atlantic Multidecadal Oscillation

ARC African Rainfall Climatology Version 2
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SAM Southern Annular Mode
SON September—November

SST sea surface temperature

TAMSAT Tropical Applications of Meteorology using SATellite
WA West Africa
WIO western Indian Ocean






1. Introduction

1.1. Motivation

The African continent is currently home to over 1.5 billion people, and, as the fastest-
growing continent, it could reach up to 2.8 billion inhabitants by 2050 (Simane et al., 2025).
This expected growth will further strain water resources that are already stressed. Nearly
93% of Sub-Saharan Africa’s agricultural land is rain-fed (UNDPAfrica, 2012) and roughly
60% of Africans are employed in the agriculture sector (Simane et al., 2025), making their
livelihoods acutely vulnerable to precipitation changes.

Rainfall variability is a systemic threat with far-reaching consequences that extend beyond
food production. Extreme hydrometeorological events such as droughts and heavy precipi-
tation are becoming increasingly frequent (Intergovernmental Panel On Climate Change
(IPCC), 2023). Moreover, the spread of diseases such as malaria, dengue, cholera, and menin-
gitis is closely linked to precipitation patterns and is sensitive to their variability (Kurane,
2010; Ahmed et al., 2018; Mafwele and Lee, 2022; Cliff et al., 2025). Even the transition to
cleaner energy is vulnerable, as hydropower, which supplies an average of 17% of Africa’s
electricity (exceeding 80% in some countries), faces growing climate risks due to the long
operational lifespan of infrastructure being exposed to decades of climatic fluctuations (IEA,
2020).

The physical mechanisms driving rainfall itself are complex and controlled by multi-scale
processes from large-scale global modes of climate variability to small-scale local convective
dynamics. This complexity is also partly reflected by the slow progress in weather and
seasonal forecasting in Africa, which is critically hampered by persistent gaps in scientific
understanding, observational data, and numerical model capability (Lamptey et al., 2024).

1.2. Connection between Tropical Large-Scale Circulation and
Rainfall

Large-scale circulation in the tropics is strongly characterized by vertical overturning
(Hartmann, 1994). Two of the most prominent large-scale circulations are the Hadley and
Walker circulations. They can be understood as the meridional response of the wind field
to the zonally averaged net heating in the tropics and the zonal response of the wind field
to the zonal asymmetries in the meridionally averaged net tropical heating, respectively.
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These thermally driven circulations, in turn, strongly influence precipitation patterns in the
tropics (Ma et al., 2018).

1.2.1. Rainfall and the Hadley Circulation

For the Hadley circulation, several studies have shown that changes in both its strength
and meridional position shape precipitation patterns across the tropics and subtropics
(Schwendike et al., 2015; Lau and Kim, 2015; Burls et al., 2019; Joseph et al., 2024). Schwendike
et al. (2015) show a systematic southward displacement of the local Hadley circulation from
Africa to the Pacific and a strengthening over parts of the Americas and the Atlantic from
1979 to 2009, with precipitation trends closely following these changes. Lau and Kim (2015)
corroborate these findings by demonstrating that poleward shifts of the Hadley circulation
edges are associated with enhanced subsidence and reduced precipitation on the poleward
flanks of the circulation. Such an expansion of the Hadley circulation has been linked
both to multidecadal declines in rainfall days in South Africa (Burls et al., 2019) and to
increased precipitation in regions such as Northwest India (Joseph et al., 2024). Moreover,
rainfall in the Sahel has long been understood to follow shifts in the interhemispheric
temperature gradient, which displace the ascending branch of the Hadley circulation and
change monsoon rainfall (Schneider et al., 2014).

1.2.2. Rainfall and the Walker Circulation

Similarly, numerous studies have highlighted that changes in the Walker circulation are
closely tied to shifts in tropical precipitation patterns. Schwendike et al. (2015) show that
relative changes in the local Walker circulation are larger than those in the local Hadley
circulation, with significant regional weakening over the Indian and Atlantic Oceans and
enhanced zonal overturning over Africa, the Maritime Continent, and South America. Over
the Indo-Pacific sector, sustained warming of the Indian Ocean has driven a westward
extension of the Walker circulation’s Indo-Pacific ascending branch, suppressing convection
over East Africa and contributing to the post-1980 decline in March-May (MAM) rainfall
(Williams and Funk, 2011). Furthermore, intensification of the Indian Ocean Walker cell
has been repeatedly linked with drought in the region (Funk et al., 2023). This relationship
might be subject to change, as projected weakening of the Indian Ocean Walker cell under
positive Indian Ocean Dipole (pIOD)-like warming is expected to enhance rainfall over
East Africa while reducing it over the Maritime Continent (Sharma et al., 2022). Beyond
Africa, strong Atlantic-Pacific sea surface temperature (SST) gradients have been associated
with a strengthened ascending branch of the Walker cell over Amazonia and increased
flooding across the Amazon Basin (Barichivich et al., 2018). In the Pacific, the Walker
circulation is projected to weaken under global warming (Deser et al., 2010; Tokinaga et al.,
2012; Bellomo and Clement, 2015; Watanabe et al., 2023), yet it has intensified in recent
decades (Watanabe et al., 2023). These circulation changes are expected to reshape regional
precipitation accordingly.
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1.3. Methods for Studying Hadley and Walker Circulations

The Hadley and Walker circulations are often calculated based on zonal and meridional
averages (Hartmann, 1994; Oort and Yienger, 1996; Williams and Funk, 2011; Stachnik
and Schumacher, 2011; Mathew and Kumar, 2019; Yu and Zwiers, 2010; Yu et al., 2012;
Bayr et al., 2014; Wang et al.,, 2021; Sharma et al., 2022). However, significant regional
differences in these circulations are obscured when they are averaged over a limited area.
This motivates the need for methods that can locally split the circulation into zonal and
meridional parts. One such approach is the y-vector method (Schwendike et al., 2014,
2015, 2021), which, through Helmholtz decomposition, unambiguously separates the three-
dimensional circulation into two-dimensional components that each independently satisfy
continuity. A more complex three-dimensional decomposition has been developed by Hu
et al. (2017) and accounts for the vorticity contributed by the three-dimensional divergent
motions, which traditional two-dimensional methods attribute wholly to the rotational
wind. However, the results remain similar to the two-dimensional decomposition in the
tropics, particularly at 500 hPa (Hu et al., 2017).

Studies specifically focusing on Africa have applied a wide range of methods to investigate
the Hadley and Walker circulations. These include the zonal-mean meridional mass stream
function (Mahlobo et al., 2019; Longandjo and Rouault, 2024; Mahlobo et al., 2024; Ramotubei
et al., 2025), the meridional-mean zonal mass stream function (Longandjo and Rouault, 2020),
the meridional-mean vertical velocity (Hua et al., 2016) alongside the meridional-mean
zonal wind (Munday and Washington, 2018; King et al., 2021) or the divergent zonal wind
(Cook and Vizy, 2016), as well as the /-vector method (de Oliveira et al., 2018; Mahlobo
et al., 2019; Zhao and Cook, 2021). Overall, although the /-vector method allows for a more
unambiguous local perspective, averaging-based approaches remain common in recent
studies focusing on Africa, highlighting a continued reliance on traditional methods

The same is true for the previously mentioned studies discussing trends, which mainly use
proxies for changes in the Hadley or Walker circulation such as: mean sea level pressure
(Burls et al., 2019; Joseph et al., 2024), atmospheric heating (Funk et al., 2023), or mean-
meridional vertical and zonal winds (Williams and Funk, 2011). In contrast, using the
y-vector method, Schwendike et al. (2015) examined circulation trends directly, revealing
significant long-term zonally and meridionally asymmetrical trends in the local Hadley and
Walker circulations. However, their study did not examine the potential drivers of these
trends, and it relied on older reanalysis products. Applying their framework to the newer
fifth-generation European Centre for Medium-Range Weather Forecasts Reanalysis (ERA5)
(Hersbach et al., 2020) provides an opportunity to reassess these circulation changes with
higher-quality data and to take the next step by speculating about potential drivers. More-
over, through a comprehensive comparison with multiple rainfall datasets, uncertainties in
the observed reanalysis trends can be better constrained.
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Figure 1.1.: Brightness Temperature (Band I5, Day) from the Visible Infrared Imaging Radiometer
Suite (VIIRS) onboard the NOAA-20 satellite, obtained from NASA Worldview (https://go.nasa.
gov/481D2ps), for 6 September 2019. This date falls within an extreme positive Indian Ocean Dipole
event; on the same day, a Kelvin wave was observed over Ethiopia (see Fig. A.1).

1.4. The Indian Ocean Dipole

Using the i/-vector method, Schwendike et al. (2014) found that, while the classical focus had
been on the response of the Pacific Walker cell to the El Niflo-Southern Oscillation (ENSO),
the local Hadley circulation in the Pacific has a stronger response, indicating that ENSO
cannot be viewed solely as a zonal phenomenon. A related mode of variability in the Indian
Ocean is the Indian Ocean Dipole (IOD), which is characterized by a zonal pattern of SST
anomalies, with cooler (warmer) SSTs near the coast of Sumatra and warmer (cooler) SSTs in
the western Indian Ocean during the positive (negative) phase (Saji et al., 1999). These SST
changes subsequently alter convection and precipitation across the Indian Ocean (evidenced
by the cloud-free conditions over Sumatra and Java in Fig. 1.1). During a pIOD event,
warmer SSTs in the western Indian Ocean enhance convection over East Africa, whereas
during a negative Indian Ocean Dipole (nIOD), cooler SSTs suppress it. As a result, the IOD
plays a major role in regulating variability in the short rainy season (September—-November
(SON)) (Black et al., 2003; Behera et al., 2005; Bahaga et al., 2019). Yet, both the modeling
and the physical understanding of IOD events remain less well developed than for ENSO
events (Wang et al., 2024a).

Many studies have identified changes in the Indian Ocean Walker cell as a key feature
of IOD events, and there is broad agreement that zonal overturning changes drive IOD-
associated rainfall variability (Saji et al., 1999; Webster et al., 1999; Hameed and Yamagata,
2003; Cai et al.,, 2013; Mohtadi et al., 2017; Lu et al., 2018). However, not only zonal but
also meridional changes play an important role in IOD dynamics. Since the IOD was first
identified, changes in the southeasterly trade winds linked to monsoon variability have been
recognized as a key process in its development and evolution (Saji et al., 1999). Despite this
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early insight, the exact nature of the IOD-monsoon interaction remains poorly understood.
Subsequent studies consistently emphasized that, during an IOD event, variations in the
southerlies modulate coastal upwelling and evaporative cooling, thereby affecting SSTs in
the eastern Indian Ocean (EIO) (Vinayachandran et al., 1999; Saji et al., 1999; Spencer et al.,
2005; Cai et al., 2013; Zhang et al., 2020; Wang et al., 2020). Building on this mechanism, it
has been proposed that an anomalously northward-displaced Hadley circulation can help
trigger a pIOD event (Kajikawa et al., 2003; Fischer et al., 2005; Rao et al., 2009), and that
further intensification of pIOD events may arise from IOD-monsoon interactions during
strong monsoon years (Swapna and Krishnan, 2008). This connection appears robust across
timescales: proxy evidence also links more pIOD-like conditions in the past to a northward-
shifted Intertropical Convergence Zone (ITCZ) (Griffiths et al., 2010). Extreme pIOD events
(such as the 2019 one) are also associated with unusually strong monsoon rainfall over India
(Ratna et al.,, 2021), which is evident in the satellite image shown in Figure 1.1.

In addition to the well-known zonal SST gradient, the IOD is also linked to a meridional
SST gradient of comparable magnitude in the EIO, which has been suggested to induce
meridional circulation anomalies (Weller and Cai, 2014). Notably, this meridional gradient
exhibits a relationship with EIO precipitation that is as strong as that of the zonal gradient
(Weller and Cai, 2014). However, more work is still needed to improve our understanding of
the IOD-Hadley-monsoon connection (Wang et al., 2024a). Since the studies cited above rely
primarily on proxies for Hadley circulation changes, such as pressure, rainfall, and wind,
applying the /-vector method will provide the first quantitative assessment of IOD-related
Hadley circulation changes.

1.5. Kelvin Wave Impacts on the Local Hadley and Walker
Circulations

While the traditional, zonally symmetric view of the Hadley circulation has been useful,
recent work has highlighted the importance of zonal asymmetries and transient fluctuations
on time scales from days to months in shaping its dynamics (Horinouchi, 2012; Hoskins et al.,
2020; Hoskins and Yang, 2021; Tomassini and Yang, 2022; Thakur et al., 2024). The Walker
circulation also exhibits a transient nature (Yano et al., 2002) and can be interpreted as the
combined response of stationary Kelvin and Rossby waves to diabatic heating (Stechmann
and Ogrosky, 2014). Temporal variability on synoptic timescales and zonal asymmetries in
the Hadley and Walker circulations are a necessary precondition for organized convection
to actively modulate, rather than passively respond to, large-scale overturning motions
(Tomassini, 2020). Taken together, the view of the large-scale tropical circulation that
emerges is not a steady, axisymmetric feature but rather a dynamically varying system
whose strength and structure are closely tied to tropical convection. Daily snapshots
of brightness temperature (Fig. 1.1) illustrate that what emerges as “circulation” is the
cumulative effect of constantly evolving convective activity.
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Equatorial waves constitute a major component of this synoptic variability in the tropics,
and indeed, mixed Rossby-Gravity wave (MRG) activity has been shown to play a significant
role in modulating the strength of the local Hadley circulation over the Atlantic and Eastern
Pacific Ocean (Tomassini and Yang, 2022; Baruah et al., 2025). Similarly, the Madden-Julian
Oscillation (MJO) has also been shown to strongly modulate both local Hadley and Walker
circulations (Schwendike et al., 2021). These findings confirm that synoptic variability plays
a central yet underexplored role in governing the transient variability of the large-scale
overturning circulations. Equatorial waves are both a product of latent heat release by
moist convection and, in turn, modulators of tropical convection itself (Kiladis et al., 2009).
By coupling with convection through regions of convergence and divergence, they can
enhance or suppress rainfall depending on their phase.

Among the equatorial waves, Kelvin waves (such as the one over Ethiopia in Fig. 1.1)
account for a large fraction of the wave-related rainfall variability across Africa (Lubis and
Jacobi, 2015; Schlueter et al., 2019). While their effects on rainfall are well documented,
their dynamical implications for the large-scale circulation are less well studied. What
is known, is that through the two-way coupling with convection, equatorial waves can
influence the local Hadley circulation both directly, by their meridional flow component,
and indirectly, through interactions with moist convection that enhance upper-level outflow
(Tomassini and Yang, 2022, and references therein). Given their potential zonal component
and close coupling with convection, equatorial waves likely exert a similar influence on
the Walker circulation, although this relationship remains less well established in the
literature. Therefore, by applying the i/-vector, the present work aims to contribute to the
understanding of how equatorial waves modulate Local Hadley and Walker circulations
over Africa.

1.6. Research Questions

This study addresses the overarching question of how local Hadley and Walker circulations
influence observed rainfall variability over Africa, including trends, and influences of the
IOD and equatorial Kelvin waves.

The main questions each section tries to answer are as follows:

+ Section 4.1: How do the mean local and regional Hadley and Walker circulations
vary across Africa, and how are these variations linked to observed rainfall?

« Section 4.2: How well does ERA5 data correlate with observed precipitation, and to
what extent can rainfall variability be attributed to local circulation components?

« Section 4.3: How have precipitation and local circulation patterns changed over the
past two decades, and what physical mechanisms drive these trends?

+ Section 4.4: How does the IOD influence local Hadley and Walker circulations and
the associated rainfall response over Africa and the Indian Ocean?
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« Section 4.5: How do Kelvin waves influence the local Hadley and Walker circulations
over Africa?

Overall, the present work provides several novel contributions: the first qualitative compari-
son between local circulation (trends) and rainfall (trends) from many observed precipitation
datasets; the first quantitative assessment of the local Hadley circulation response to IOD
events; and the first study to show the effects of Kelvin waves on the local Hadley and
Walker circulations.






2. Theoretical Background

2.1. The Hadley Circulation

The Hadley circulation is traditionally known as a large-scale overturning circulation that
extends roughly between the Tropics of Cancer and Capricorn, covering about half the
globe (Fig. 2.1). It plays a central role in Earth’s energy balance by redistributing heat from
the equator to higher latitudes and can be thought of as the meridional response of the
wind field to the zonally averaged net heating in the tropics.

Precipitation, rather than temperature, defines the seasonal cycle over most of Africa,
with regional climates shaped by the alternation between rainy and dry periods. These
precipitation patterns are largely governed by the seasonal progression of the ascending
branch of the Hadley circulation, which influences the meridional position, intensity, and
timing of the tropical rain belt (Lim Kam Sian et al., 2023). It thereby determines the modality
of rainy seasons across the continent; in West Africa, the rainy season occurs once per
year when the tropical rain belt reaches its maximum poleward extent, whereas equatorial
regions experience two rainy seasons as the rain belt passes over them twice. In contrast,
the strength and location of the subsiding branches influences the location of arid regions
and deserts. This is true around, not only in Africa, but around the globe and combined the
Hadley Circulation influences the climate experienced by most of the world’s population,
both by shaping habitable regions over the long term and by affecting shorter-term climate
events such as ENSO (Diaz et al., 2004).

The scientific foundations of what is now known as the Hadley circulation were laid in the
late seventeenth and early eighteenth centuries, when British scientists such as Sir Edmund
Halley and Sir George Hadley sought to explain the persistent trade winds reported by sailors
(Halley, 1686; Hadley, 1735). Halley assembled one of the earliest near-global climatologies
of surface winds, producing maps that captured tropical wind patterns with remarkable
accuracy and that remain broadly valid even to today. In the same work, he already proposed
that the observed winds were linked with a vertically overturning circulation driven by
differential solar heating, featuring poleward flow aloft and a compensating equatorward
return flow near the surface. However, Halley could not account for the easterly direction of
the trades. Hadley resolved this by incorporating the effect of Earth’s rotation and angular
momentum conservation, providing the first correct physical mechanism for the trade winds
and the conceptual basis of the modern Hadley circulation.

Hadley’s theory, which proposed a single, thermally driven overturning cell from the equator
to the poles, was ultimately too simple to capture the full complexity of Earth’s atmosphere
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Figure 2.1.: Idealized representation of Earth’s major atmospheric circulation cells (Hadley, Ferrel,
and Polar) under equinox conditions. Source: Kaidor, CC BY-SA 3.0 https://creativecommons.org/
licenses/by-sa/3.0, via Wikimedia Commons.

(Fig. 2.1). In the nineteenth century, new observations revealed that midlatitude surface
westerlies had a mean poleward component, contradicting the equatorward return flow
predicted by a single Hadley cell (Lorenz, 1983). To reconcile theory with observations,
Thomson (1892) and Ferrel (1860) introduced a secondary, shallow, thermally indirect
meridional circulation cell beneath the Hadley circulation. They made use of a "new" force,
the one that we now know as the Coriolis force, and noted that the flow in higher latitudes
should be deflected towards the east. Furthermore, they proposed that due to friction, these
near-surface westerlies should be significantly weaker than the upper-level flow, while
the strength of the pressure gradient decreases more slowly, creating a force imbalance
that drives air poleward. In this arrangement, the Coriolis force on the surface poleward
wind approximately balances surface drag. They still believed the upper branch of the large
Hadley cell extended from equator to pole, to transport angular momentum.

With further advances in upper-air measurements in the early twentieth century, it became
clear that this poleward upper-level flow assumed by Hadley and Ferrel did not extend
to the poles and instead terminates in the subtropics (Lorenz, 1983) (Fig. 2.1). The theory
then shifted to incorporate the critical role of atmospheric macroturbulence and eddies
(large-scale transient weather systems) in the mid-latitudes (e.g., Defant, 1921). These eddies
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were understood to be the new primary mechanism for transporting heat and angular
momentum poleward outside of the tropics.

A natural question then emerged: if midlatitude eddies play such a dominant role in
transporting heat and momentum poleward, to what extent can the Hadley circulation be
understood using axisymmetric theory at all? Beginning in the late 1970s, two complemen-
tary theoretical frameworks developed in parallel. One was the axisymmetric limit, used
in studies such as Schneider (1977) and Held and Hou (1980), which examined the Hadley
circulation in the absence of eddies and derived analytical predictions for its strength and
latitudinal extent. Although highly idealized, these models proved influential; they showed
that the width of the tropical overturning circulation could be predicted from planetary
parameters, and this framework became foundational to many later studies of tropical
expansion.

In contrast, the second approach emphasized the eddy-driven, small-Rossby-number limit,
in which the strength of the Hadley circulation is linearly related to the eddy momentum flux
divergence in the subtropics, and changes in its extent are related to baroclinic instability
(Walker and Schneider, 2006). In a sense, the observed contraction of the Hadley circulation
during an El Nifio event (Levine and Schneider, 2015) can be seen as a direct consequence
of this dependence on baroclinicity. During such an event, the tropics warm relatively
compared to the subtropics, the meridional temperature gradient increases, and the Hadley
circulation contracts (Levine and Schneider, 2015).

Both theories remain relevant, but in different dynamical regimes. Axisymmetric theory
best describes situations where eddy influence is weak, such as in the solstitial winter
cell, whereas the small-Rossby-number limit is more appropriate near equinox, when eddy
momentum fluxes strongly influence the circulation (Lionello et al., 2024). However, both
frameworks are fundamentally dry and omitting water in the form of ocean heat transport
and moist atmospheric convection leaves out processes that are central to the real circulation.
This omission is notable, given that in the tropics, the ocean transports as much or more
energy poleward than the atmosphere (Fasullo and Trenberth, 2008), and that the ascending
branch of the Hadley circulation near the ITCZ is dominated by deep moist convection.
Therefore, a complete understanding of the Hadley circulation requires considering the
coupled ocean—atmosphere energy balance and the moist convection driving the ascent.

The ocean plays a fundamental role in shaping the Hadley circulation because it determines
the spatial distribution of heat across both hemispheres. SST patterns set the hemispheric
energy balance, and the atmosphere adjusts its circulation to compensate. A well-known
example is the mean position of the ITCZ, which lies north of the equator because the
Atlantic Meridional Overturning Circulation transports heat into the Northern Hemisphere,
requiring the atmosphere to transport energy southward (Schneider et al., 2014).

Moreover, shifts in the ITCZ are also closely tied to oceanic changes. Kang et al. (2009)
showed that when ocean heat is redistributed southward, the ITCZ shifts southward and
the Northern Hemisphere Hadley cell strengthens to supply the required compensating
northward atmospheric heat transport. Chemke (2021) further demonstrated that changes
in ocean heat uptake substantially reduce the projected weakening and widening of the
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Hadley circulation, offsetting nearly two-thirds of the weakening and about one-third of
the hemispheric widening. These results make it clear that the ocean actively modulates
Hadley cell strength and structure, rather than simply providing a boundary condition.

Both meridional and zonal SST gradients help explain how this oceanic influence operates.
Meridional SST gradients redistribute heating between hemispheres and therefore modify
the overturning circulation, while zonal gradients can couple variability across basins.
An example of both these processes working in tandem is presented by Zaplotnik et al.
(2022), for the Atlantic Multidecadal Oscillation (AMO). During a positive AMO phase,
anomalously warm tropical Atlantic SSTs increase the meridional gradient, strengthening
the regional Atlantic Hadley circulation. The enhanced Atlantic—Pacific SST contrast
intensifies easterlies over the western Pacific, cools the eastern Pacific through the Bjerknes
feedback, and strengthens the Walker circulation, which in turn locally strengthens the
Hadley circulation in the Indo-Pacific. This sequence shows how basin-scale SST anomalies
can propagate through the coupled system and influence overturning circulations far beyond
their region of origin.

Examples like these highlight an important point: there may be no meaningful sense in
which a single, global Hadley circulation exists; basin-wide circulations have their own local
response. As emphasized by Lionello et al. (2024), the idealized global cell masks the strong
zonal asymmetries in both ascent and descent, as well as in the climate responses across
basins. Furthermore, just as the Hadley circulation is not zonally uniform, it is also not
temporally uniform. Its variability on seasonal to interannual timescales is shaped not only
by midlatitude eddies but also by tropical transient disturbances. Indeed, Tomassini (2020)
argues that zonal and temporal variations in the Hadley-Walker system are a prerequisite
for organized convection to actively influence, rather than merely respond to, the large-scale
overturning. This perspective suggests that moving forward, the Hadley circulation should
be assessed regionally and with explicit attention to the role of transient eddies and coupled
variability.

2.2. The Walker Circulation

The zonal counterpart to the Hadley circulation was recognized much later, with early hints
appearing in the work of Sir Gilbert Walker, who investigated pressure anomalies associated
with what he termed the Southern Oscillation (Walker, 1925). However, it was Bjerknes
(1969) who first clearly postulated a zonal overturning circulation along the equatorial
Pacific and coined the term Walker Circulation. Bjerknes interpreted this Pacific east-west
cell as a thermally direct atmospheric circulation driven by the longitudinal SST gradient
and strongly coupled to ocean—atmosphere feedbacks in the equatorial Pacific.

In its classical form, the Pacific Walker cell consists of low-level easterly winds across the
tropical Pacific, rising motion over the warm western Pacific, an upper-tropospheric return
flow to the east, and subsidence over the cooler eastern Pacific. The circulation is associated
with relatively low sea level pressure and warm lower-tropospheric temperatures in the west,
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Figure 2.2.: Schematic representation of the Walker circulation and its cells, along the longitude-
height plane. Reprinted from Encyclopedia of Atmospheric Sciences, K-M Lau, S. Yang, Walker
Circulation, Pages 2505-2510, Copyright (2003), with permission from Elsevier.

and higher pressure and colder conditions in the east. The resulting basin-wide pressure
gradient drives the surface easterlies and maintains a state of strong zonal asymmetry in
both the tropical ocean and atmosphere.

Although originally identified only in the Pacific, subsequent observations and theoretical
work have shown that similar zonal overturning cells exist across the other tropical basins
(Lau and Yang, 2003). Today, the term Walker circulation is used more broadly to denote
the family of zonal overturning circulation cells along the equatorial belt (see Fig. 2.2).
In addition to the dominant Pacific branch, interconnected Walker cells occur over the
Indian and Atlantic Oceans. Over the Indian Ocean, rising motion is centered over the
Maritime Continent, and subsidence occurs over the western Indian Ocean, producing
lower-tropospheric westerlies. Across the Atlantic, ascent is found over Africa and South
America, while subsidence dominates over the Atlantic.

The formation and maintenance of Walker circulations arise from the strong zonal asymme-
try of tropical SST, which is itself shaped by the coupling between surface winds, ocean
currents, upwelling processes, and the atmospheric response to convection. This con-
figuration converts available potential energy into kinetic energy through a thermally
direct circulation, maintaining the pattern of rising warm air, upper-level return flow, and
subsidence in cooler regions.

A defining characteristic of the Walker circulations is their strong sensitivity to interannual
SST variations. Bjerknes’s original hypothesis, that variability in the Walker circulation is
tightly linked to ENSO, has since been confirmed by decades of observational and modeling
work. During El Nifio events, the weakening of the Pacific easterlies leads to reduced
upwelling and a more zonally uniform thermocline and SST distribution, weakening the
Pacific Walker circulation. In contrast, La Nifia conditions strengthen the surface easterlies,
enhance the zonal thermal gradient, deepen the thermocline in the west, and reinforce the
zonal overturning. And as mentioned in section 1, a similar coupled mode of variability
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exists in the Indian Ocean, where changes in SST associated with different phases of the
IOD are closely linked to fluctuations in the Indian Ocean Walker cell.

Recent work has shown that, much like the Hadley circulation, the Walker cells are highly
regional in character, with their position and intensity varying markedly from season to
season (Schwendike et al., 2014, 2015). Instead of representing a steady, quasi-permanent
overturning structure, they exhibit substantial transient variability on short timescales. As
mentioned before, the passage of a Madden—Julian Oscillation event can temporarily double
the strength of a regional Walker cell or cause it to collapse entirely (Schwendike et al.,
2021). Thus, as with the Hadley circulation, the Walker circulations are best examined from
a regional perspective and with explicit attention to their transient variability.
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3. Data and Method

3.1. The {/-Vector Method

The /-Vector Method, originally developed by Keyser et al. (1989) and later adapted by
Schwendike et al. (2014), enables the decomposition of the irrotational winds into two
independent, orthogonal overturning circulations, each satisfying continuity in a Cartesian
framework formulated in spherical pressure coordinates.

Starting with the continuity equation in pressure coordinates:

V, -0+ — =0, 3.1
Pt o (3.1)

where V,, is the horizontal gradient operator in isobaric coordinates, v is the horizontal
wind field, w is the vertical pressure velocity and p is the pressure.

According to Helmholtz’s theorem, the horizontal wind field (u) can be split into two
components

U = Ugiy + Urot, (3.2)

where ug;, corresponds to the divergent part of the flow (curl-free) and w4 to the rotational
part of the flow (divergence-free). The divergent part can furthermore be related to a velocity
potential () by

Udiy = VX (3-3)

Keeping in mind that the divergence of the rotational part of the horizontal wind field is
zero, the new continuity equation is then

Vi y+—=0. (3.4)

A potential function p is introduced so that the velocity potential can be expressed as
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_ o
X= 5 (3.5)

This substitution removes the vertical derivative in the continuity equation and reduces it
to a horizontal Poisson equation. The resulting expression

Vip=-— (3.6)

can then be inverted and solved with spherical harmonics to obtain p.

Introducing the vector stream function

Y =—Vpu (3.7)

allows equation 3.7 to be written as

Vy ¥ =w, (3.8)

where ¢/ points towards regions of upward motion and away from regions of downward
motion.

Combining equations 3.1, 3.5 and 3.7, the divergent wind can be decomposed into zonal and
meridional components by writing it in terms of the stream function as

Wy oY

- o o —), (3.9)

Udip = (uljjs uﬂ) -

where uy and u; denote the meridional and zonal components of the divergent part of the
horizontal wind and ¥4 and y;, represent the corresponding meridional and zonal stream
functions. This relationship makes intuitive sense: if the maximum vertical velocity is
assumed to be located at mid-levels, then the low-level flow is parallel and the upper-level
flow antiparallel to the i/-vector. This means that ascent is accompanied by low-level
convergence and upper-level divergence, consistent with divergent motion.

The vertical velocity can then be partitioned into meridional and zonal components accord-
ing to

Wy COS P = l—d)(% cos¢p) = (cos ¢—), (3.10)

1o 1
a o a?cosd A’

w) COS P = (3.11)
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where wy and w, denote the vertical velocity associated with the meridional and zonal
direction, and a is the Earth’s radius. The mass fluxes associated with the meridional and
zonal directions are then

my = wgcosd/g and m) =w;cosg/g, (3.12)

where ¢ is the gravitational acceleration.

The result is a decomposition of the vertical motion, on a point basis, into meridional and
zonal components, which are referred to as the local Hadley and local Walker circulations
in the tropics, respectively. By taking the zonal or meridional average of the local Hadley
or Walker circulation over a restricted latitude/longitude belt, a latitude/longitude height
cross-section of the overturning circulation is obtained. The averaging operators are

PR S o 1 [P
[A]ﬁ = M/ AdAand < A >¢f: v Add, (3.13)
At ¢ o3}
where A is any given variable, the integral boundaries are the initial and final longi-
tudes/latitudes, and AA/A¢ is the difference between the integral boundaries. This average
over a restricted area is referred to as the regional Hadley circulation ([m¢]ﬁ12) and the re-
gional Walker circulation (< m; >¢j). One must be careful choosing the averaging interval,
especially for the local Walker circulation, as the contribution of the meridional component
cannot be ignored, especially over thin latitude belts. The same averaging can be done for
the decomposed horizontal and vertical wind fields and allows the wind to be represented

in the plane of the cross-section used for the regional circulations.

3.2. The ERAS Global Reanalysis

In this study, the /-vector method is applied to the ERA5 dataset (Hersbach et al., 2020),
at 0.25° x 0.25° horizontal grid spacing, with 27 pressure levels from 1000 hPa to 100 hPa,
on a daily time scale, covering the period 1960-2022 as made available by the Weather-
Bench 2 project (https://weatherbench2.readthedocs.io/en/latest/data-guide.html)
(Rasp et al., 2024).

Reanalysis products have become indispensable in climate research because they provide a
continuous, physically consistent representation of the historical atmosphere. By combining
data assimilation techniques with short-term numerical forecasts, reanalyses transform
diverse past observations into a unified global dataset. ERA5 employs four-dimensional
variational assimilation (4D-Var; Dimet and Talagrand, 1986), which ensures temporal
consistency by assimilating observations over a finite time window rather than treating
each measurement independently. This approach allows the resulting fields to evolve
smoothly in time while remaining closely constrained by available observations.
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The expansion of meteorological satellite monitoring has dramatically improved global
observational coverage and, with it, numerical weather prediction (NWP) skill (Bauer
et al.,, 2015). Satellites can deliver accurate retrievals for several key variables, such as
outgoing longwave radiation (OLR), total column water vapor, (sea) surface temperature,
and precipitation. Nevertheless, satellite systems also exhibit important limitations. Cloudy
regions often produce incomplete or uncertain measurements; precipitation retrievals
remain highly uncertain over land and areas with complex topography; and many dynamical
variables, such as vertical velocity, are currently not available from large-scale retrievals.
As a result, satellites alone cannot provide the temporally and spatially consistent global
fields required for all climate applications. In situ and ground-based observations, in turn,
are spatially inhomogeneous, being concentrated mainly in wealthier populated regions
and largely absent over remote areas.

For these reasons, reanalysis is particularly well-suited for the objectives of the present
work. Reanalysis data provides a homogeneous, continuous, physically constrained, global
representation of the large-scale circulation, making them the most reliable and complete
datasets available for obtaining vertical velocity. However, reanalyses are not perfect
depictions of historical weather: inaccurate, sparse, or evolving observing systems introduce
uncertainties, and the underlying NWP models inevitably carry structural assumptions and
biases. Ideally, the method would be applied to multiple reanalysis products to capture
model uncertainty. Due to time constraints, this was not done, which represents a limitation
of the present work. Schwendike et al. (2015) showed that, while the general pattern of
mass flux is consistent across four different reanalyses, there are notable differences in
magnitude and trend, which would not be captured in the present work. Even tough, as
mentioned, observational precipitation datasets have their own uncertainties, examining
both reanalysis and observational data in tandem allows uncertainties in both precipitation
estimates and reanalysis products to be better understood.

3.3. Observational Precipitation Datasets

Multiple (quasi-) observational precipitation data sources were used to investigate the rela-
tionship between precipitation mass flux and precipitation. Specifically, ERA5 precipitation,
the Global Precipitation Climatology Project (GPCP) version 2.3 (Adler et al., 2018) (avail-
able at: https://cds.climate.copernicus.eu/datasets/satellite-precipitation), and
the Integrated Multi-satellitE Retrievals for GPM (IMERG) version 7.0 Final Run (Huffman
et al., 2023) were used. The GPCP dataset provides monthly precipitation estimates at a
spatial grid spacing of 2.5° x 2.5° from 1979 onward, offering a long-term record that enables
the construction of a robust climatology, while also encompassing many positive and nega-
tive IOD events for the analysis of associated anomalies. In contrast, IMERG offers higher
spatial grid spacing (0.1° x 0.1°), but its data record begins in 2000 onward, allowing for more
detailed spatial analyses over a shorter period. Due to its finer spatial grid spacing, IMERG is
employed for comparison with regional circulation features, as the coarser GPCP grid would
yield only a few bars in the bar plot (e.g., Fig. 4.2). For the Kelvin wave anomaly analysis, the
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daily GPCP product was used. IMERG data are available over a comparable time period and
offer finer spatial resolution. However, using IMERG would have substantially increased the
computational cost of generating the 1000 random anomalies required for the significance
estimation (see Sec. 3.6). Given that Kelvin wave anomalies are large-scale features, the
finer grid spacing was not considered essential. Therefore, the coarser-resolution GPCP
data were chosen as a practical trade-off to reduce computational expense.

Additionally, the Frequent Rainfall Observations on GridS (FROGS) database (Roca et al.,
2019) (available from: https://ipsl.pages.in2p3.fr/espri/espri-obs/distribution/doc
pages/How_to_download_frogs/) was used to analyze the consistency of rainfall trends be-
tween different observational sources and to assess the degree of correlation between
precipitation and meridional/zonal mass flux. The FROGS database includes several gridded
daily precipitation datasets at a 1° x 1° spatial grid spacing, thereby providing a straightfor-
ward means to compare multiple datasets. The datasets that are compared in the present
work are: ERA5, IMERG v07b Final Run, GPCP v3.2, African Rainfall Climatology Version 2
(ARC) (Novella and Thiaw, 2013), Global Precipitation Climatology Centre (GPCC) Full Data
Daily V2022 (Schneider et al., 2022), Climate Hazards Infrared Precipitation with Stations
(CHIRPS) version 2.0 (Funk et al., 2015b), and Tropical Applications of Meteorology using
SATellite (TAMSAT) version 3.1 (Maidment et al., 2017). GPCP and GPCC are only availible
until 2020 and thus for the trend calculation all datasets have been limited to this year. For
the correlation and trend comparison, the ERA5, GPCP and IMERG used are those derived
from the FROGS dataset. For the decomposition of the correlation, native ERA5 is used.

3.4. Identification of IOD Events

For the identification of positive and negative phases of the IOD, the monthly Dipole Mode
Index (DMI) (Saji et al., 1999), based on the HadISST1.1 sea surface temperature dataset
(Rayner et al., 2003) and provided by the National Oceanic and Atmospheric Administra-
tion Physical Sciences Laboratory, was used (available at https://psl.noaa.gov/data/
timeseries/month/DMI/). The DMI was calculated as the difference between SST anomalies
averaged over the western tropical Indian Ocean (50°E-70°E, 10°S-10°N) and the southeast-
ern tropical Indian Ocean (90°E-110°E, 10°S-0°). A positive (negative) IOD event was defined
as a period comprising at least three consecutive months with DMI values exceeding 0.4°C
(falling below -0.4°C) (Jain et al., 2025).

3.5. Identification of Kelvin Waves

Kelvin waves were identified by applying wavenumber-frequency filtering to daily ERA5
OLR data over the 1960-2022 period and the 5°N-5°S band, following the method of Wheeler
and Kiladis (1999). First, deseasonalized OLR anomalies were calculated by constructing a
daily climatology, smoothing it by removing the first three harmonics, and subtracting the
result from the original data. The anomalies were then detrended and transformed into the
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wavenumber-frequency domain using a two-dimensional fast Fourier transform. Kelvin
wave signals were isolated by retaining only spectral components within the Kelvin-wave
ranges defined by Wheeler and Kiladis (1999): periods of 2.5-20 days, zonal wavenumbers
1-14, and equivalent depths of 8-90 m. Finally, an inverse Fourier transform was applied to
reconstruct the filtered Kelvin-wave variability in longitude-time space. Following (Riley
et al., 2011), the filtered signal (W1) and its time derivative (W2) were standardized by their

standard deviation. The local wave amplitude was then calculated as A = /le + sz, and a

wave was considered active if A > 1. The local wave phase is given by 8 = arctan(W;/W,).
The 360° phase cycle was divided into eight phases: phase 1 (157.5° < 6 < 202.5°) corresponds
to the local dry phase, phase 5 (337.5° < 6 < 22.5°) to the local wet phase, and phases 3 (67.5°
< 0 < 112.5°) and 7 (247.5° < 0 < 292.5°) represent neutral phases.

Besides the frequency-wavenumber filtering method used in the present work, another
major approach for identifying equatorial waves is the two-dimensional spatial projection
technique based on parabolic cylinder functions (Yang et al., 2003). In this method, wind
and geopotential fields are projected onto the theoretical meridional structures of equatorial
wave modes, and the resulting projection amplitudes provide a measure of how closely
the observed or simulated fields resemble these idealized wave patterns. Typically, a time-
space filter is still applied beforehand to separate eastward- and westward-propagating
components.

The non-dispersive nature of Kelvin waves generally leads to good agreement between
different identification techniques (Knippertz et al., 2022). Nevertheless, the narrow filter
windows used in the frequency-wavenumber filtering method have been shown to occasion-
ally extract coherent-looking patterns from random data (Knippertz et al., 2022). Therefore,
it is recommended to use another identification method, such as the spatial projection
method, alongside the frequency-wavenumber filtering. This issue is partly mitigated in
the present work, as only waves with a relatively high amplitude are considered. In short,
since the present work focuses exclusively on Kelvin waves, the limitations associated with
relying on a single identification technique are reduced, though they cannot be eliminated.

Another shortcoming of OLR-based wave detection methods is that they miss the dry waves.
However, since the present work is primarily concerned with precipitation variability and
therefore with convectively coupled waves, it is not problematic. Moreover, the present
work adopts a climatological perspective, analyzing more than 60 years of data. The long
time series ensures that the frequency-wavenumber filtering method, which requires a
relatively wide temporal window, can be applied without limitation.

3.6. Composite Anomalies

Dates corresponding to the phenomenon of interest (IOD or Kelvin wave phases) were first
identified by the methods mentioned above. A composite was then calculated by averaging
the variable over the selected dates, and then the anomaly was obtained by subtracting the
1960-2022 climatology. Statistical significance was assessed using a bootstrap resampling

22



3.6. Composite Anomalies

approach (Hesterberg, 2011). For each anomaly, the same number of dates (as the identified
event) was randomly selected from the same season of the full dataset 1,000 times without
replacement, and the corresponding random composites were computed and compared
to the climatology. At each grid point, the 2.5th and 97.5th percentiles of the resulting
distribution of random anomalies defined a 95% confidence interval. Observed anomalies
falling outside this interval were considered statistically significant at the 0.05 level.
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4. Results

4.1. Local to Regional Mean Hadley and Walker Circulations and
Associated Precipitation

To establish a baseline for subsequent analysis, this section presents the mean local and
regional Hadley and Walker circulations and discusses their connection to the observed
precipitation patterns.

4.1.1. Local Hadley and Walker Circulations

Figure 4.1 shows the mean 1960-2022 daily mass flux at 500 hPa with the mean daily
precipitation rate from GPCP overlaid as contours. The panels are arranged with columns
representing the total (first column), meridional (second column), and zonal (third column)
mass fluxes, and rows representing the seasons December-February (DJF), MAM, June-
August (JJA), and SON. Because this study covers the entire African continent, the division
into the four classical seasons was chosen as a reasonable way to separate thermal and
pluvial regimes, although it may not be perfectly representative for all regions of Africa.
The black boxes drawn in the last two columns indicate the regions over which the mass
flux will later be averaged to construct the regional Hadley and Walker circulations. The
three regions marked by the black boxes in the second column of Figure 4.1 are hereafter
referred to as West Africa (WA), Central Africa (CA), and East Africa (EA).

The total mass flux is the sum of the meridional mass flux and the zonal mass flux. The
main regions of ascent are Central tropical Africa (DJF, MAM & SON), the Guinea Coast
(MAM, JJA & SON), the East African highlands (MAM, JJA & SON), and Madagascar (DJF).
The main regions of descent are the Sahara, the Subtropical Atlantic Ocean, and the Horn
of Africa. From Figure 1a, d, g, and j, it can be seen that there is a strong link between total
mass flux and precipitation, as the distribution of areas with positive total mass flux (ascent)
matches the mean observed precipitation distribution from GPCP.

The local Hadley circulation is characterized by zonally stretching bands of ascent and
descent that migrate meridionally over the continent throughout the year. The ascending
branch reaches its southernmost position around 20°S in DJF and then progresses north until
its maximum northward position at around 15°N in JJA. The ascent/descent is strongest
in the summer/winter hemisphere, and both are most prominent in JJA. The local Hadley
circulation shows distinct regional differences. In WA, there is only one main region of
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Figure 4.1.: The total mass flux (first column), meridional mass flux (second column), and zonal mass
flux (third column) (kg m~2 s™1) at 500 hPa calculated from the ERA5 (1960-2022) for the seasons
December—February (DJF) (a-c), MAM (d-f), June-August (JJA) (g-i), and SON (j-1). Mass fluxes
are shown as shaded colors, with red indicating ascent and blue indicating descent. Dotted black
contours show mean GPCP precipitation (1979-2022), with contour levels from 2 to 12 mm day~! in
steps of 2 mm day~!. Solid black lines mark the areas defining the regions used for calculating the
regional Hadley and Walker circulations.

ascent, which is most prominent in JJA and overall tends to stay at or north of the equator.
In CA, there is one main region of ascent in MAM, JJA & SON, and two main regions of
ascent in DJF. Ascent in CA is most prominent in SON. In EA, there is one main region
of ascent in DJF and JJA, two main regions in SON, and three regions in MAM. The local
Hadley circulations shown in Figure 4.1 closely resemble those reported by Schwendike
et al. (2015), for other reanalysis datasets.

The local Walker circulation is characterized by meridionally stretched areas of ascent
and descent. The main region of ascent are Africa south of the equator (DJF, MAM &
SON) and the East African Highlands (year-round). Unlike the local Hadley circulation, the
positions of the regions of descent and ascent in the local Walker circulation are relatively
stable, and changes in strength mostly dominate the seasonal variability. The local Walker
circulation is most prominent in DJF and SON, both marked by strong ascent over the
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continent and descent over the Atlantic and Indian Ocean. In DJF there is also strong
zonal ascent over Madagascar. In MAM, the circulation weakens, with significant ascent
remaining only over the East African Highlands. By JJA, the pattern is dominated by
widespread descent, and ascent is confined to the East African Highlands and the Upper
Guinea Coast. The DJF patterns in ERA5 agree well with those reported for other reanalysis
datasets by Schwendike et al. (2015), whereas the JJA patterns show larger differences. This
is consistent with their finding that over Africa, agreement among reanalysis datasets for
the local Walker circulation is generally higher in DJF and weaker in JJA.

4.1.2. Regional Hadley Circulations

The previous section showed that the local Hadley and Walker circulations over Africa
exhibit distinct regional characteristics. However, examining only the 500 hPa level may
overlook important vertical variations in the circulation structure. In this section, therefore,
the full vertical profiles of the regional Hadley and Walker circulations, as derived from the
averaging intervals outlined by the black boxes in Figure 4.1, are analyzed and compared
with observed precipitation. For all regional circulation, the main wet seasons will be the
focus; all other seasons can be found in the appendix (see Fig. A.2-A.6).

4.1.2.1. West Africa

The West African monsoon is among the most extensively studied circulation systems in
Africa (Sultan et al., 2003; Sultan and Janicot, 2003; Nicholson, 2013; Biasutti, 2019). Its
seasonal rainfall is vital to the region’s population’s socioeconomic well-being. To illustrate
the main features of the regional circulation, Figure 4.2 shows the zonally averaged mean
daily meridional mass flux (also called the regional Hadley circulation), the time-mean
zonally averaged divergent circulation, and the zonally averaged mean daily JJA IMERG
precipitation for West Africa (17.5°W-4.5°E). Areas below topography are blanked out.

Three main circulation features are evident: (1) A deep cross-equatorial circulation char-
acterized by a narrow ascending branch between 0° and 15°N, upper-level southward flow
leading to a broad subsidence region between 0° and 25°S, and a strong southward flow
in the lower troposphere (900-750 hPa) with a very shallow return flow near the surface
from 28°S to 0° (1000-900 hPa), closing the cell back toward the rising branch. (2) A shallow
Atlantic-Guinean cell extending from approximately 3°S to 3°N, confined below about 550
hPa, with ascent near the Guinean coast and descent over the equatorial Atlantic. (3) A
shallow Saharan cell spanning roughly 15°N-30°N, with pronounced ascent around 15°-25°N
and strong descent farther north, from 25°N to 30°N, within the 900-550 hPa layer.

The large-scale circulation pattern identified here is broadly consistent with previous studies
of the West African monsoon. The deep meridional overturning cell is a robust feature found
across all studies covering this region (Nicholson, 2009; Meynadier et al., 2010; Thorncroft
et al,, 2011; Fink et al., 2017; Raj et al., 2019; Niang et al., 2020). However, unlike in some
earlier analyses (Nicholson, 2009; Thorncroft et al., 2011; Fink et al., 2017), the present
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Figure 4.2.: The regional Hadley circulation over West Africa (leftmost box in Figure 1, second
column) calculated from ERA5 (1960-2022) for JJA, averaged over the longitudes 17.5° W-4.5°E
The mean meridional mass flux (kg m~? s~!) is shown as shaded colors. Mean IMERG precipitation,
averaged over the same longitudes, is shown as bars spaced every 0.5°. Vectors represent the divergent
circulation components (ug, @s). The solid black line marks the zero contour. Fields below the

maximum orography are omitted.

results do not show a clear poleward flow to the north from the main ascending branch.
The shallow Saharan circulation, associated with the Saharan Heat Low, is also a recurrent
feature in the literature (Nicholson, 2009; Meynadier et al., 2010; Thorncroft et al., 2011; Fink
etal., 2017; Raj et al., 2019; Niang et al., 2020) and is well captured here. In contrast, a shallow
monsoon circulation connecting the Saharan Heat Low to the Guinean coast, characterized
by a southward return flow (Nicholson, 2009; Thorncroft et al., 2011; Fink et al., 2017), is
not evident in our results. Instead, a southward flow into the main ascending core and a
shallow circulation cell with descent to the north of the heat low are found, consistent with
Raj et al. (2019). A further shallow circulation cell is found between the Guinea Coast and
the Atlantic. This Guinean Coast cell is identified in some studies (Raj et al., 2019; Niang
et al., 2020) but absent or weakly represented in others. As stated by Nicholson (2009),
the maximum in precipitation is not collocated with the surface trade-wind convergence
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Figure 4.3.: Same as Figure 4.2, but for Central Africa (8° E-28° E) and the seasons MAM and SON.

(around 20°N). Instead, as was shown in Figure 4.1, it coincides with the region of strongest
ascent at 500 hPa.

4.1.2.2. Central Africa

Compared with West Africa, the central African climate has generally received less attention
(Pokam et al., 2022). Its main circulation characteristics are illustrated in Figure 4.3, which
shows the regional Hadley circulation, the time-mean zonally averaged divergent circulation,
and the zonally averaged mean daily IMERG precipitation for MAM and SON over Central
Africa (8°E-28°E).

Two main features stand out. First, both seasons exhibit a classical Hadley-like structure,
with a deep and narrow ascending branch near the equator and broad descent to the north
and south. The flow diverges aloft and flows poleward in both hemispheres, however
no low-level return flow is observed. Unlike Longandjo and Rouault (2024), a shallow
circulation cell embedded within the main ascending branch is not evident here. Instead, a
pronounced shallow ascent occurs around 10°N in both seasons, particularly strong during
SON. In SON, this shallow feature closely resembles the Saharan Heat Low observed during
JJA over West Africa, with low-level convergence centered in the Northern Hemisphere.
Thus, rather than representing a distinct shallow circulation cell, this feature may be better
interpreted as a heat low. The core deep ascent remains centered near the equator at mid-
to upper levels, giving the circulation a slightly tilted vertical structure. As in West Africa,
the maximum precipitation is collocated with the maximum meridional mass flux at 500
hPa. Similarly to what was found by Nicholson (2018) and Longandjo and Rouault (2020,
2024), this region does not coincide with the surface wind convergence, suggesting that
precipitation formation here is largely decoupled from the “classical ITCZ” and is likely
influenced moisture transport and the resulting mid-tropospheric moisture convergence
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Figure 4.4.: Same as Figure 4.2, but for East Africa (28°E-50°E) and the seasons MAM and SON.

(Longandjo and Rouault, 2024). The highest precipitation amounts occur in SON, coinciding
with stronger and more confined ascent.

4.1.2.3. East Africa

The regional Hadley circulation weakens considerably over East Africa (28°E-50°E), which,
like Central Africa, experiences two main rainy seasons. These are typically the long rains
(MAM) and the short rains (October-December (OND)), but for consistency with the rest of
this study, SON is used here (results for OND and SON are similar, but everything is shifted
more southwards).

Over East Africa, only a broad region of deep ascent is observed, with no evidence of a
shallow circulation. The upper-level poleward flow is relatively weak, and no low-level
return flow or associated low-level convergence can be identified. Unlike in the other regions,
ascent does not occur in a single homogeneous core: three distinct centers of deep ascent are
present during MAM, and two during SON. These ascent regions are centered over areas of
high topography, and precipitation peaks are collocated with these zones of relatively strong
ascent. In general, as in the other regions, precipitation coincides with upward motion.
However, an exception is found between 20°S and 40°S, where relatively high precipitation
occurs in a region of descent. This area is mostly oceanic, and the precipitation there is
likely associated with the rotational circulation, such as passing cyclones. Another cause for
the observed high precipitation could be shallow orographic precipitation associated with
the southeasterly trade winds. Overall, the contrast between the strong, deep ascent over
West and Central Africa and the weaker, topographically fragmented ascent over East Africa
again highlights the Hadley circulation’s strong regional structure across the continent.

In general, when the regional Hadley circulations of all three regions defined in the present
work are compared to the regional Hadley circulation shown in de Oliveira et al. (2018), the
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Figure 4.5.: The regional Walker circulation over Africa south of the equator (box in Figure 1, third
column) from ERA5 (1960-2022) for DJF and SON, averaged over the latitudes 0°S—-34.5°S. The mean
zonal mass flux (kg m™2 s™!) is shown as shaded colors. Mean IMERG precipitation, averaged over
the same latitudes, is shown as bars spaced every 0.5°. Vectors represent the divergent circulation
components (u), ;). The solid black line marks the zero contour. Fields below the maximum
orography are omitted.

added benefit of choosing smaller sub-regions becomes apparent. The circulations in WA,
CA, and EA all have their own distinct spatial and seasonal characteristics, which are lost
when averaging over a broader longitude band.

4.1.3. Regional Walker Circulations

The focus now moves from the zonally averaged circulation to the meridionally averaged
circulation. Previous studies have primarily focused on Equatorial Central Africa and have
identified a deep zonal overturning circulation as an important feature (Pokam et al., 2014;
Cook and Vizy, 2016; Longandjo and Rouault, 2020; Zhao and Cook, 2021). Pokam et al.
(2014) and Longandjo and Rouault (2020), furthermore identify a co-occurring shallow
zonal circulation cell, termed the Congo Basin cell. However, as shown in Figure 4.1, the
circulation extends beyond the equatorial region: a broad zone of ascent spans from the
equator to the Cape, characterized by rising motion over the continent and subsidence
over the adjacent oceans. To better understand this broader zonal structure, therefore, the
regional Walker circulation over Africa south of the Equator is discussed here.

Figure 4.5 presents the meridionally averaged zonal mass flux, the associated divergent
circulation, and the meridionally averaged daily mean precipitation over Africa south of
the Equator (0-34.5°S) for DJF and SON.

Four distinct zonal circulation cells can be seen: (1) An anticlockwise circulation with ascent
over continental Africa and descent over the subtropical Atlantic is present in all seasons.
(2) A clockwise circulation with ascent over continental Africa and descent over the Indian
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Ocean is present in SON. (3) An anticlockwise circulation with ascent over Madagascar and
descent over the adjacent Mozambique-Channel is present in DJF. (4) Another anticlockwise
circulation, featuring descent over the western Indian Ocean and ascent toward its eastern
side, occurs in MAM, JJA, and SON.

Cell (4) corresponds to the well-known Indian Ocean Walker cell identified in previous
studies. It is very weak in DJF, largely masked in the meridional mean by the strong ascent
over Madagascar, and relatively weak in SON because its climatological position lies north
of the averaging regions. Cell (1), the Africa—Atlantic circulation, appears distinct from the
deep Congo Basin Walker cell described by Cook and Vizy (2016), as it reaches peak intensity
in DJF and SON rather than in June-September (JJAS). Consistent with Longandjo and
Rouault (2020), a shallow (below 550 hPa) zonal cell extending from the African continent
toward the Atlantic (20°E-8°E) is also identified, present in SON and JJA but not year-round
as previously suggested for the shallow Congo Basin cell. In DJF, only a deep circulation over
the African continent and Madagascar is present. In particular, zonal ascent over Madagascar
is found consistently in many reanalysis products (see Fig. 7 in Schwendike et al., 2015),
but is known to be missing in many climate models (Munday and Washington, 2018). This
inaccuracy results in a misrepresentation of the water balance between Madagascar and
subtropical southern Africa in these models. However, Munday and Washington (2018) find
that ascent over Madagascar is part of the larger Indian Ocean Walker cell, whereas the
present work identifies a distinct Madagascar-Mozambique Channel cell.

As with the regional Hadley circulation, regions of ascent generally coincide with enhanced
precipitation. In some areas, however, elevated precipitation occurs alongside zonal descent;
this apparent mismatch arises because precipitation is primarily controlled by the total mass
flux, not the zonal component alone. Within the averaging region defining the regional
Walker circulation, strong meridional ascent persists. The relatively high precipitation thus
indicates that in these areas, the local Hadley circulation mainly drives it.

4.2. Correlation Between Mass Flux and Precipitation

The previous section has shown that the mean mass flux patterns closely match the observed
precipitation patterns. However, it remains to be determined whether total mass flux
and precipitation also exhibit similar variability. To address this question, the Spearman
correlation between total mass flux and precipitation was computed using multiple rainfall
products from the FROGS dataset. To ensure spatial consistency with the FROGS data, the
mass flux fields were regridded to a 1° x 1° grid spacing using conservative remapping as
implemented in the Climate Data Operators (Schulzweida, 2023). The resulting Pearson
correlations between total mass flux and precipitation from various sources for the period
2000-2021 are shown in Figure 4.6. Gridpoints with mean precipitation below 1 mm day ™!
are blanked out.

Among the different rainfall products, ERA5 shows by far the strongest correlation with
the total mass flux in all seasons, as expected given that ERA5 precipitation and vertical

32



4.2. Correlation Between Mass Flux and Precipitation

velocity are both derived from the same assimilation and forecasting system. However, the
Spearman correlation is not one at every gridpoint; notable areas with lower correlation
are regions with low positive or negative mass flux (see Fig. 4.1) and over the Congo Basin.
The lower correlation suggests that deep ascent is not the primary driver of precipitation
variability in these areas. Instead, variability is likely influenced by the rotational circulation
features, shallow orographic precipitation, shallow circulations, and more.

Overall, the solely station-based GPCC shows the weakest correlation with the total mass
flux across all seasons. In contrast, all precipitation products that use satellite observations
exhibit similar spatial patterns of semi-strong correlation, but with lower magnitudes than
ERAS5. These weaker correlations are expected, as the comparison involves modeled mass
flux versus observed precipitation. Two notable exceptions are observed: (1) all products
show particularly low correlations in JJA, and (2) correlations are low to near zero over the
Congo Basin for all seasons.

Previous studies have reported relatively good agreement between ERAS5 precipitation and
the Climatic Research Unit (CRU) gauge dataset during JJA/JJAS over the Sahel-Guinea
coast area (Quagraine et al., 2020; Steinkopf and Engelbrecht, 2022). They furthermore
showed that CRU in the same season has a high correlation with other datasets such as
GPCC and CHIRPS, suggesting that these datasets should also be reasonably well correlated
with ERA5. However, both studies used monthly data and periods spanning roughly 1980-
2016/2017. The low correlations observed here during JJA may therefore reflect the shorter
analysis period or the higher temporal resolution (daily) used in this study. When focusing
on a shorter and more recent period (1998-2018), Hersbach et al. (2020), like the present
work, report relatively weak correlations over the Sahel-Guinea Coast region, even though
their analysis is based on monthly data. This supports the interpretation that the reduced
agreement arises at least partly from the shorter evaluation period. Another possible
explanation for the lack of correlation could be that mesoscale convective systems (MCSs)
dominate precipitation in this region (Feng et al., 2021), and the spatial pattern of MCS
contribution to total precipitation closely matches the areas where ERA5 performs poorly.
This could also explain why ERAS5 precipitation exhibits weak correlations with observed
rainfall over the Congo Basin, as was also found by Hersbach et al. (2020). Like over the
Sahel, MCSs dominate rainfall over the Congo basins. In general, the finding that correlation
is reduced due to MCSs would align with previous work showing that ERA5 misrepresents
MCS-related precipitation and is known to underestimate it (Chen et al., 2022; Torsah et al.,
2025). For the Congo Basin, part of the low correlation between mass flux and observed
precipitation comes from the fact that ERA5 itself shows a weaker mass-flux—precipitation
relationship in this region. Because observational datasets generally correlate even less
strongly with mass flux than ERAS5 precipitation does, this already-weak baseline further
reduces the mass-flux-observed-rainfall correlation. Despite these areas of lower correlation,
the reasonably strong correlation in other regions indicates that ERA5 mass flux can provide
insights into observed precipitation variability.
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Figure 4.6.: Spearman rank correlation between total mass flux (kg m~2 s™1) and precipitation from multiple precipitation products (mm day™!) for
the seasons DJF (first row), MAM (second row), JJA (third row) and SON (fourth row) for the period 2000-2020.
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Figure 4.7.: Spearman rank correlation between ERA5 precipitation (mm day™!) and total (first
column), meridional (second column) and zonal mass flux (third column) (kg m~2 s~1) for the seasons
DJF (first row), MAM (second row), JJA (third row) and SON (fourth row) for the period 2000-2020.

4.2.1. Correlation Between Local Circulation Components and Precipitation

By examining correlations between ERAS5 precipitation and not only the total mass flux but
also its meridional and zonal components, we can assess whether the local Hadley or Walker
circulation contributes more to rainfall variability. Figure 4.7 shows the Spearman correlation
coefficient between the daily ERA5 precipitation and total mass flux (first column), the
meridional mass flux at 500 hPa (second column), and the zonal mass flux at 500 hPa
(third column). Areas with a mean precipitation rate of below 1 mm day~! have been
omitted. The correlation pattern between meridional mass flux and ERA5 precipitation
closely resembles that between total mass flux and precipitation, suggesting that the local
Hadley circulation accounts for most of the rainfall variability. The meridional mass flux is
especially weakly correlated over the Congo Basin, which explains the lack of correlation
between total mass flux and precipitation. The areas with the highest correlation in the
zonal mass flux are generally high-elevation regions, such as the East African and Angolan
Highlands. Both these mountain ranges are North-South orientated, and the high correlation
between zonal mass flux and precipitation might indicate the importance of deep orographic
precipitation. Outside these concentrated areas, the local Walker circulation shows relatively
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low correlations, even in seasons when its mass flux is equal to or greater than the meridional
mass flux. Interestingly, the zonal mass flux exhibits similar correlation levels in JJA, when
zonal ascent is largely absent, as in DJF and SON, the seasons with the strongest ascent.

4.3. Trends in Mass Flux and Associated Trends in Precipitation

In previous work, Schwendike et al. (2015) applied the /-vector method to multiple reanalysis
datasets to examine global trends (1979-2009) in the local Hadley and Walker circulations,
demonstrating its advantages for regional trend analysis and its usefulness in studying
precipitation changes. This section aims to apply the same method to investigate recent
changes in the local Hadley and Walker circulations over Africa and to compare these
trends with modeled and observed precipitation trends, ultimately providing insight into
the drivers behind the precipitation changes.

Figure 4.8 shows the linear trends from 2000 to 2020 in total mass flux at 500 hPa and daily
precipitation from various gridded rainfall products derived from the FROGS data. As with
the correlation, the mass flux fields were regridded to a grid spacing of 1° x 1° to ensure
consistency. As shown in Figure 4.1, the mean total mass flux and mean daily precipitation
share similar spatial patterns. Figure 4.8 further reveals that their linear trends over time are
also highly consistent (in regions where precipitation occurs). Overall, there is reasonable
agreement among the rainfall products, particularly between ERA5, IMERG, GPCP, CHIRPS,
and TAMSAT. CHIRPS and TAMSAT show similar spatial patterns but generally exhibit
lower-magnitude trends than the other datasets. The ARC data especially stands out, when
all other data shows a patchwork of increasing/decreasing trends, the ARC data shows a
big homogeneous area of strongly increasing precipitation. When looking at the time series
averaged over the area with a strong trend (not shown), it shows that in all seasons the
positive trend is due to a rapid increase from 2019 to 2020, reaching a 70% per year increase
in JJA.

Several coherent precipitation trends emerge across the majority of the datasets analyzed.
In Madagascar, there is a notable decrease in rainfall during DJF and MAM. This decline
is consistent with station-based analyses by Randriamarolaza et al. (2022), who report a
pronounced decline in annual precipitation indices and an increase in drought indices
during these seasons since the 2000s. Supporting this, Rigden et al. (2024) show that soil
moisture and the Normalized Difference Vegetation Index (NDVI) in Madagascar have
sharply declined since the start of the 20th century, further indicating a long-term drying
trend.

In contrast, rainfall in East Africa has increased during MAM and SON. The positive
trend in MAM precipitation has been previously observed by Wainwright et al. (2019) and
Palmer et al. (2023), who used CHIRPS, ARC, GPCP, and TAMSAT data. This increase
represents a reversal of the long-term drying trend previously observed in the region (Funk
et al., 2005, 2008; Williams and Funk, 2011; Funk et al., 2015a) and reflects a recent rainfall
recovery, likely associated with a lengthening of the rainy season (Wainwright et al., 2019).
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Figure 4.8.: Trends in total mass flux at 500 hPa (first column) (kg m~2 s™! day™!) and in precipitation from multiple precipitation products (mm

day~?) for the seasons DJF (first row), MAM (second row), JJA (third row) and SON (fourth row) for the period 2000-2020.
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The increase in SON precipitation over East Africa has also been reported previously by
Manatsa and Behera (2013) and Nicholson (2015), and is attributed to recent, more pIOD
like conditions.

Over the Sahel, an increase in JJA precipitation is evident in all products, although it is
mostly confined to the western Sahel in ERA5 and GPCC. This finding aligns well with
multiple studies documenting the post-1980s recovery of Sahel rainfall (Sanogo et al., 2015;
Biasutti, 2019; Nicholson et al., 2018a). ERA5 actually shows a negative trend over the
eastern Sahel and fails to capture the drying over the eastern Guinea Coast that appears
in the other products and was previously reported by Efon et al. (2023). Furthermore, the
Sahel rainfall recovery is mostly absent from the 1983-2020 ERA5 trend (Fig. A.7). This is
surprising, given that the 80s were a historical rainfall minimum in the Sahel, from which a
distinct recovery is evident in the other datasets. Together, these inconsistencies further
highlight the mismatch between observed and modeled JJA rainfall in the region.

The last trend that shows broad consistency across datasets is the decline in SON precipita-
tion over Southern Africa. This drying has been partially reported by Mahlalela et al. (2020),
who analyzed both station and CHIRPS data and found a declining trend in the Eastern
Cape region between 1981 and 2018. The trend in southwestern Africa appears to continue
the generally drier conditions observed during the ON season for the 1980-1999 period
(Nicholson et al., 2018b).

A prominent trend, visible across all seasons in the ERA5 data but not clearly present in
the other products, is a decrease in precipitation and, consequently, in total mass flux over
Central Africa and the Congo Basin. The GPCC data also shows some areas of decreasing
precipitation over Central Africa, whereas the satellite products exhibit noisier, less coherent
trends in this region. The drying trend over Central Africa appears to be a robust, long-term
feature in ERA5. As shown in Appendix A.7, ERAS5 is the only dataset to show a substantial
decrease in precipitation over Central Africa across all seasons since 1983. As with the
low correlation found for JJA mass flux, the mismatch between modelled and observed
trends over the Congo Basin is consistent with previously reported weak correlations in
this region. The negative trend in precipitation over the Congo Basin in reanalysis datasets
has been the subject of numerous studies (see Kenfack et al., 2024), and its discrepancy with
observed precipitation trends has also been noted before by Gleixner et al. (2020).

4.3.1. Trends in the Local Circulation Components

Areas showing coherent rainfall trends across different observational and reanalysis products
offer greater confidence that the detected changes are physically meaningful rather than
artifacts of individual datasets. Investigating the corresponding trends in the local Hadley
and local Walker circulation mass fluxes can thus shed light on possible mechanisms
responsible for these rainfall variations. Figure 4.9 shows the decomposition of the total
mass flux trend shown previously in Figure 4.8.

Firstly, the decrease in DJF and MAM precipitation over Madagascar is primarily associated
with a reduction in meridional mass flux over the southern part of the island and a decrease
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Figure 4.9.: Trends in total (first column), meridional (second column) and zonal mass flux (third
column) (kg m~2 s~1) for the seasons DJF (first row), MAM (second row), JJA (third row) and SON
(fourth row) for the period 2000-2020.

in zonal mass flux mainly along the eastern and western coasts. The reduction in zonal mass
flux along the coasts is accompanied by an increase over central Madagascar, suggesting a
strengthening and contraction of the Madagascar-Mozambique Channel Walker cell. This
strengthening also contributes to the observed increase in precipitation over the northern
part of the island. Projected drying trends over southern Madagascar are ascribed to an
expansion of the Hadley circulation by Rigden et al. (2024). However, this explanation
does not entirely match the observed changes in meridional mass flux, which indicate a
decrease in the strength of both the ascending and descending branches of the local Hadley
circulation in DJF and a northward shift of the ascending branch in MAM.

Moving from the southwestern Indian Ocean to East Africa, the increase in MAM pre-
cipitation over East Africa appears to be driven primarily by an increase in zonal mass
flux, complemented by a strengthening of the meridional mass flux near Kenya and So-
malia. Wainwright et al. (2019) identified the cooling of March SSTs south of Madagascar
as a potential driver of this recent rainfall recovery, as it promotes the northward pro-
gression of the seasonal rainband. The increase in meridional mass flux during MAM is
concentrated mainly around the northern part of the mean ascending branch of the local
Hadley circulation (Fig. 4.9), indicating a more northward-focused rainband, consistent
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with the mechanism proposed by Wainwright et al. (2019). For SON, the observed increase
in precipitation has been proposed to be linked to pIOD conditions (Manatsa and Behera,
2013; Nicholson, 2015). Indeed, the trend in zonal mass flux (Fig. 4.91) during SON closely
resembles the zonal mass flux anomaly associated with a typical pIOD event (Fig. 4.10e),
supporting this explanation.

Further to the west over the Sahel, the increase in JJA precipitation results from roughly
equal contributions of enhanced meridional and zonal mass fluxes. The dry conditions in
the Sahel during the 1980s are often attributed to an anomalously southward position of
the ITCZ, and consequently, a southward displacement of the ascending branch of the local
Hadley circulation. However, there is no strong signal in the meridional mass flux trends
indicating a recent northward migration. This may partly reflect the comparatively weak
recovery of Sahel rainfall in the ERAS5 data and should be interpreted with caution given
the generally low correlation with observed precipitation in this area.

Moving from the Sahel to Southern Africa, the decrease in SON rainfall is associated with
a decrease in meridional mass flux in the southern part of the region and a decrease in
zonal mass flux further north. Mahlalela et al. (2020) suggest that changes in the South
Atlantic and South Indian Ocean semi-permanent anticyclones could be among the drivers
of reduced SON precipitation over the Eastern Cape region, and they find no clear link
to large-scale climate modes. However, as shown later and also noted by Mahlalela et al.
(2020), pIOD events generally lead to drier conditions over Southern Africa. Furthermore,
there has been an observed and projected increase in consecutive pIOD events (Wang et al.,
2024b) as well as a projected increase in extreme pIOD events (Cai et al., 2014). Thus, as
with the increase in SON precipitation over Eastern Africa, part of the observed drying
trend may be explained by changes in the IOD, which could become even more influential
in the future.

Finally, the drying trend over Central Africa, which is unique to ERA5, is mainly driven
by a decrease in zonal mass flux. This is accompanied by an increase in zonal mass flux
near the western and eastern coasts, indicating an overall weakening of the Africa-Atlantic
and Africa-Indian Ocean Walker cells. This link between the drying trend and the Walker
circulation was already proposed in earlier work by Malhi and Wright (2004), who noted
that the African tropical rain forest zone is sensitive to small fluctuations in the Walker
circulation. Consistent with this large-scale dynamical perspective, Kenfack et al. (2024)
attribute the decrease in precipitation to a decline in the atmospheric heating source,
accompanied by reduced vertical moisture advection, vertical velocity, and horizontal MSE
advection. These findings are consistent with a weakening of the African Walker cells.
Consequently, the observed zonal mass flux trends and the discrepancy between observed
and ERAS rainfall trends may stem from an inaccurate representation of atmospheric heating
trends in ERAS.
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Figure 4.10.: Indian Ocean Dipole (IOD) phase anomalies of the local Hadley and Walker circulations
and their combined anomaly at 500 hPa with respect to the 1960-2022 mean. The total (top row),
meridional (middle row), and zonal mass flux (bottom row) (kg m~2 s~!) for positive IOD phase
(left column) and negative IOD phase (right column). The total mass flux anomaly (first column) is
overlaid with the corresponding GPCP precipitation anomaly (black contours) at levels of -5, -2, -1,
-0.5, -0.25, 0.25, 0.5, 1, 2, and 5 mm day_l. Areas with statistically significant anomalies at the 95%
confidence level are dotted. The solid magenta contours denote the zero line of the annual mean
local Hadley and Walker circulations.

4.4. The Indian Ocean Dipole

Interannual changes in Indian Ocean SSTs, expressed through the 10D, are well known to
be closely linked to variations in the Indian Ocean Walker cell. Associated changes and
interactions with the Asian summer monsoon and thus with the local Hadley circulation
have also received considerable attention, but have not been fully quantified. This section,
therefore, examines how the IOD modifies the local Hadley and Walker circulations and
how these circulation changes translate into rainfall anomalies over Africa and the Indian
Ocean.

Figure 4.10 shows total, meridional, and zonal mass flux anomalies at 500 hPa for the
positive (pIOD; first column) and negative (nIOD; second column) phases of the IOD in
SON (the season with matured IOD). Note that years with ENSO-IOD concurrence, and
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thus the influence of ENSO, have not been filtered out. The first row shows the total mass
flux anomaly (shading) together with the associated GPCP precipitation anomaly (black
contours). The second row shows the meridional mass flux anomaly (shading) with the mean
zero contour of the meridional mass flux (magenta line), while the third row shows the zonal
mass flux anomaly (shading) with the mean zero contour of the zonal mass flux (magenta
contour). Shading in the first row is restricted to significant total mass flux anomalies,
stippling in the first row indicates significant precipitation anomalies, and stippling in the
second and third row indicates significant mass flux anomalies.

The IOD is characterized by changes in the zonal SST gradient between the western and
eastern tropical Indian Ocean (Saji et al., 1999). Because of this predominantly zonal pattern
of SST anomalies, it is straightforward to infer that IOD events involve changes in the
Walker circulation, with enhanced convection over the warmer western Indian Ocean
(WIO) and suppressed convection over the cooler EIO during the positive phase. This
zonal signal is also evident from the results of the decomposition shown in Figure 4.10e-f,
where, during a pIOD event, a positive zonal mass flux anomaly is observed over the WIO
and a corresponding negative anomaly over the EIO, separated by the mean zero contour
(magenta contour Fig. 4.10e), thus signaling a weakening of the Indian Ocean Walker cell.
The influence extends past the Indian Ocean; a pIOD event is accompanied by a decrease
in strength of the Africa-Atlantic and Africa-Indian Ocean Walker cells, with a negative
zonal mass flux anomaly over the continent and positive anomalies over the bordering
oceans. This could be explained by a reduction in the zonal temperature gradient between
the continent and the Indian Ocean, which weakens the Central Africa-Indian Ocean Walker
cell. Since transport from the east is essential for supplying moisture to Central Africa in
SON (Kenfack et al., 2024), this could make ascent less favorable and thus help explain the
weakening of the Africa-Atlantic Walker cell.

Less obvious, is the response of the Hadley circulation to an IOD event. Previous studies have
argued that changes in monsoon winds or a northward-shifted ITCZ may link the IOD to
meridional overturning anomalies, but these mechanisms have not been well quantified. The
observed IOD-related meridional SST anomaly in the EIO, which is as strongly correlated
with rainfall anomalies as the zonal SST anomaly (Weller and Cai, 2014), suggests that
perhaps a response in the meridional circulation should be expected. The actual response
of the local Hadley circulation becomes evident from Figure 4.10 c-d; its magnitude is
comparable to or even larger than that of the local Walker circulation, particularly during a
pIOD event. During a pIOD event, there is a strong negative meridional mass flux anomaly
over the EIO, especially near Sumatra, and a positive anomaly over the WIO. The negative
meridional mass flux anomaly is collocated with the negative SST anomaly (Saji et al.,
1999) and lies exactly at the location of the mean southern edge of the ascending branch
of the local Hadley circulation (see Fig. 4.10c). Furthermore, near the northern edge of
the ascending branch, there is increased meridional mass flux. Combined, this suggests
a northward shift of the ascending branch, and consequently, of the ITCZ. These results
provide strong support for previous hypotheses linking positive pIOD events to a northward
displacement of the local Hadley circulation. The associated northward shift represents the
dominant anomaly during pIOD events, extending westwards across much of the Indian
Ocean basin to approximately 70°E.
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The positive pIOD-related SST anomalies in the WIO are distributed meridionally homo-
geneously (Saji et al., 1999); however, a response of the local Hadley circulation is still
observed. The positive meridional mass flux anomaly appears as two regions straddling
the equator, similar to the mean ascending branch of the local Hadley circulation over the
WIO in SON, which is also split about the equator (see Fig. 4.1k). This suggests that the
meridional response represents a local intensification of the mean pattern, likely associated
with increased moisture availability. Although the absolute change in meridional mass
flux highlights two localized regions of strengthening, the percentage change (not shown)
is relatively homogeneous across most of the WIO, indicating that the apparent spatial
structure primarily reflects an amplification of the existing mean circulation rather than a
distinct localized response. For a nIOD event (Fig. 4.10 second column), the signal over the
Indian Ocean is reversed, but with an overall weaker amplitude, particularly near Sumatra.
This is in line with previous literature (Ogata et al., 2013) and is attributed to the reduced
efficiency of coastal downwelling near Java-Sumatra, given the already deep thermocline.
Over Africa, the signal is less reversed: during nIOD events, Central Africa experiences
anomalously low meridional mass flux (with no anomaly observed during pIOD events),
the zonal mass flux shows no significant change, and the Sahel exhibits anomalously high
meridional mass flux, a pattern also seen during pIOD events.

The net effect of the changes in the local Walker and Hadley circulation closely matches
the changes in observed precipitation. Changes in East African rainfall associated with
IOD events are well documented (Latif et al., 1999; Birkett et al., 1999; Black et al., 2003;
Behera et al., 2005) and as can be seen from Figure 4.10, these rainfall anomalies can be
primarily attributed to modifications in the local Walker circulation, with an additional
contribution from the local Hadley circulation during pIOD events. Confirming the findings
of Weller and Cai (2014), and perhaps extending them further, changes in precipitation near
Sumatra appear to result as much from changes in the meridional circulation as from zonal
circulation, if not more so. Both pIOD and nIlOD events enhance precipitation over the
central Sahel by strengthening the meridional mass flux. Although exactly how the same
pattern can occur in both pIOD and nIlOD events remains unclear. During pIOD events,
rainfall decreases over southern Africa. This is caused by a reduction in zonal mass flux
in the northern part of the region, along with a decrease in meridional mass flux in the
southern part. Another drying signal is also evident over Central Africa: consistent with
(Moihamette et al., 2022), nIOD events seem to suppress precipitation in the region, mainly
due to weakened meridional mass flux over South Central Africa.

4.5. Kelvin Waves

Figures 4.11-4.13 show the annual mean total, meridional, and zonal mass flux anomalies
at 500 hPa associated with the dry, first neutral, wet, and second neutral phases of a
Kelvin wave detected at 6.5°W (Fig. 4.11), 17°E (Fig. 4.12), and 39°E (Fig. 4.13). Although
seasonal differences occur, mainly in the location of the meridional mass-flux anomalies,
the overall pattern is similar. To keep the number of figures manageable, the annual mean
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Figure 4.11.: Total (first column), meridional (second column), and zonal mass flux (third column)
anomalies at 500 hPa associated with the dry, transition 1, wet, and transition 2 phases of a Kelvin
wave detected at 6.5°W. The intersection of the dotted black lines indicates the latitude-longitude
point used for wave identification. The total mass flux anomalies are overlaid with corresponding
GPCP precipitation anomalies (black contours; -5, -3, -1, 1, 3, and 5 mm day~!). The vectors show
anomalies in the 850 hPa divergent flow (ug4, uy) (m s™'), vectors below topography are omitted.
Areas with statistically significant mass flux anomalies at the 95 % confidence level are dotted. Solid
magenta contours denote the zero line of the annual mean local Hadley and Walker circulations.

was chosen. The latitude-longitude point used for identification is indicated on each plot by
the intersection of the two dotted black lines. The total mass flux anomaly (first column) is
overlaid with the corresponding GPCP precipitation anomaly (black contours) at levels of -5,
-3,-1, 1, 3, and 5 mm day ~1 The vectors indicate anomalies in the divergent circulation (u¢
and u,), revealing areas of convergence and divergence. Areas with statistically significant
mass flux anomalies at the 95% confidence level are dotted. The solid magenta contours
denote the zero contour of the annual mean local Hadley and Walker circulations.

Looking from one row of the Figures to the next, the wave’s movement across the continent
can be seen. Precipitation anomalies follow a pattern of alternating dry and wet areas
(consistent with previous works, e.g., Schlueter et al., 2019; Ayesiga et al., 2022; Phadtare
and Fernando, 2025) collocated with the areas of divergence/convergence as well as de-
creased/increased total mass flux. Furthermore, consistent with Ayesiga et al. (2022), near
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Figure 4.12.: Same as Figure 4.11 but for Kelvin waves detected at 17°E.

the West African Coast, strong anomalous westerlies collocated with the mass flux anoma-
lies are observed (Figs. 4.11g,j; 4.12d,g), which likely play an essential role in strengthening
the mass flux by increasing moisture flux convergence. While theoretical dry Kelvin waves
are characterized solely by a zonal wind component, the presence of strong meridional wind
anomalies (first column in Figs. 4.2, 4.3, 4.4) indicates that convective coupling, enhanced
by moisture flux convergence, further modulates the total Kelvin wave response.

The observed zonal mass flux anomalies closely resemble the theoretical Kelvin wave
structure (see Kiladis et al., 2009), exhibiting equatorially symmetric, horizontally aligned
bands of enhanced and reduced zonal mass flux corresponding to the regions of convergence
and divergence. The anomalies are strongest on the equator and decrease in magnitude
poleward. The zonal mass flux anomalies are often of comparable or even greater magnitude
than their meridional counterparts. This implies a relatively larger fractional change, since
the mean zonal mass flux is generally smaller than the mean meridional mass flux. This
may reflect that the local Walker circulation, with its zonally-driven flow, is sensitive to
both zonal wind perturbations and to the convergence-divergence patterns associated with
a passing Kelvin wave, whereas the meridionally oriented local Hadley circulation responds
only to the latter. The relative amplitude of these anomalies can reach up to 50% for the
local Hadley circulation and up to 100% for the local Walker circulation (i.e., a doubling

45



4. Results

i}

Al

"

! ..-.-
L,

e

lI-l

L e Iy |
Figure 4.13.: Same as Figure 4.11 but for Kelvin waves detected at 39°E.

or near-complete suppression of its strength), similar to the results found for the MJO by
Schwendike et al. (2021). This further highlights the significant influence of these transient
phenomena on the variability of the large-scale tropical circulation. The strongest anomalies
in both total mass flux are observed over Central Africa, where then the largest precipitation
anomalies also occur. This is mainly due to the anomalies in zonal mass fluxes strengthening
sharply over Central Africa. The second-strongest modulations appear near West Africa,
but as they are mostly over the ocean, the anomalies over Central African are most relevant
for livelihoods.

The local Hadley circulation response is characterized by meridionally elongated bands of
enhanced and reduced mass flux, centered around regions of low-level convergence and
divergence. These regions are primarily located straddling the equator, except over West
Africa, where they are slightly shifted into the Northern Hemisphere, following the mean
position of the ascending branch of the local Hadley circulation (consistent with: Straub
and Kiladis, 2002). This indicates that the Kelvin waves tend to change meridional mass
flux in areas of preexisting ascent. In contrast, the change in zonal mass flux is evident in
both the mean ascent and descent regions. This can be explained by the fact that Kelvin
waves have no meridional wind component, so they affect only the meridional mass flux
through their convective coupling, and thus only in the area of mean ascent.
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The meridional mass flux anomalies have a larger zonal extent than the zonal mass flux
anomalies (particularly over the ocean) and a much narrower meridional extent. A Kelvin
wave moves relatively fast, thus leaving little time for the atmosphere to respond and
possibly re-balance; therefore, only very localized responses are seen (e.g., no strengthening
of the Hadley downwards branch when ascent in the upward branch increases). There is
likely some local ascent/descent that cancels out the increased descent/ascent at the margins,
thus thinning out the anomaly patterns.

Multiple regional differences in the Kelvin wave response have already been discussed.
Perhaps the most apparent difference is the change in the wave signal when approaching
30°E. At this longitude, the wave signal decreases in both area and strength, as illustrated by
the transition from Figure 4.12a,g to 4.12d,j and from Figure 4.13d to 4.13e. This weakening
of the wave as it passes the East African highlands is a known behavior (Mounier et al., 2007;
Baranowski et al., 2016). Ayesiga et al. (2022) ascribe it to a reduction in moisture supply,
due to the highlands disrupting the anomalous westerlies. Phadtare and Fernando (2025)
corroborate that the highlands disrupt low-level convergence but adds that the upper-level
signal and precipitation still propagate eastwards.

Examining the decomposed signal during this transition, both the meridional and zonal
mass-flux anomalies weaken after crossing the highlands. Before the highlands are fully
cleared, the zonal anomalies remain relatively strong but contract in spatial extent (Fig.
4.12c¢,i to 4.12f]), whereas the meridional anomalies are already substantially reduced (Fig.
4.12b,h to 4.12e,k). For waves in the wet phase detected at 39°E (Fig. 4.13, third row), which
have passed the highlands, the zonal mass-flux signal has almost entirely degraded, while
the meridional signal weakens only slightly. If the highlands block low-level zonal wind
convergence, the zonal mass flux signal is expected to degrade strongly, and the reduced
moisture supply would also weaken the meridional mass flux. The fact that the Hadley
circulation passes the highlands aligns with the findings of Phadtare and Fernando (2025),
as the meridional signal is strongest in the upper levels (not shown) and can therefore pass
the highlands and later reinvigorate over the moist ocean (Fig. 4.13.k).
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5. Conclusions and Outlook

5.1. Main Findings

Using data from ERAS5, the /-vector method, and multiple rainfall datasets for the periods
1960-2022 and 2000-2020, the present work analyzed the climatology, variability, and trends
of local Hadley and Walker circulations over Africa, as well as their relationships with
precipitation, the IOD, and equatorial Kelvin waves.

The two main methodological advantages of the present study are: (i) the use of the y-vector,
which enables an unambiguous separation of the three-dimensional divergent flow into
meridional and zonal components, and (ii) the comparison of many independent rainfall
products, which helps to understand uncertainties.

The main findings are:

1. Rainfall and mass flux relationship:

ERAS5-derived total ascending mass flux reproduces observed mean precipitation
patterns well, both in latitude-pressure cross-sections and in latitude-longitude
maps.

Total ascending mass flux has reasonably high correlations with most observa-
tional rainfall products, except during JJA and over the Congo Basin.

The meridional mass flux exhibits higher correlations with rainfall than the zonal
mass flux, indicating that the local Hadley circulation plays a dominant role in
rainfall variability in Africa.

Recent precipitation trends (2000-2020): Consistent precipitation trends
across multiple datasets include: (i) decreasing DJF and MAM rainfall over Mada-
gascar; (ii) increasing MAM and SON rainfall over East Africa (iii) increasing JJA
rainfall in parts of the Sahel; (iv) decreasing SON rainfall in Southern Africa

Circulation trends driving these changes:

— Madagascar drying: weakened meridional mass flux over southern Madagas-
car and decreased zonal mass flux along the coasts, consistent with weaker
local Hadley circulation and stronger Madagascar-Mozambique Channel
Walker cell.
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— East Africa rainfall recovery: increased meridional mass flux near the north-
ern edge of the local Hadley circulation in MAM and increased zonal mass
flux in SON.

— Western Sahel rainfall recovery: roughly equal contributions from changes
in zonal and meridional mass flux.

— Southern Africa drying: reduced zonal mass flux in the northern part and
reduced meridional mass flux in the southern part.

2. Response to IOD events:

« Local Hadley circulation responds as strongly or more strongly than the local
Walker circulation.

« A pIOD is characterized by a northward displacement of the local Hadley cir-
culation over the EIO, a strengthening over the WIO, and a weakening of the
Africa-Atlantic and Africa-Indian Ocean Walker cells.

« During nIOD events, a strengthening of the circulation is observed near the
Java-Sumatra region, accompanied by a weakening across much of the Indian
Ocean and a decrease in meridional mass flux over southern Central Africa.

3. Equatorial Kelvin waves:

 Kelvin waves substantially modulate the large-scale circulations over Africa,
altering the intensity of the local Hadley circulation by ~50% and the local
Walker circulation by ~100%.

« Strong meridional mass flux anomalies emerge despite theoretically purely zonal
wind perturbations. These anomalies are confined to regions of mean ascent,
causing the total wave signal to travel along the mean ascending branch of the
local Hadley circulation.

« East of 30°E, the Kelvin wave signal weakens sharply, primarily due to a reduction
in the zonal mass flux perturbation. In contrast, the meridional response persists
at upper levels and passes over the highlands.

5.2. Placein the Broader Context

5.2.1. Precipitation and Mass Flux

The ERA5-derived total ascending mass flux shows a high correlation with ERAS5 precip-
itation, and, consistent with previous literature, also a good correlation with observed
precipitation (Hersbach et al., 2020). As also noted in Hersbach et al. (2020), there is a
distinct lack of correlation with precipitation over the Sahel-Guinea Coast and Congo Basin
regions. For the former, the low correlation may be due to the recent time period (2000-2020)
used in this study. For both, another possible explanation is the misrepresentation of MCSs
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in ERA5, as the areas of low correlation coincide with regions where MCS precipitation
contributes a high percentage of total observed rainfall (Feng et al., 2021). Precipitation
associated with MCSs is known to have inaccuracies and to be underestimated in ERA5
(Chen et al., 2022; Torsah et al., 2025).

The coherent rainfall trends identified here are broadly consistent with previous work,
and the associated changes in meridional and zonal mass fluxes help to confirm or nuance
previously proposed processes behind these trends. The finding that Madagascar’s drying is
related to a weakened meridional mass flux and reduced coastal zonal mass flux aligns with
earlier evidence of a long-term decline in rainfall and general drying (Randriamarolaza et al.,
2022; Rigden et al., 2024), but it nuances prior explanations by showing that the local Hadley
circulation has not simply expanded; instead, both its ascending and descending branches
have weakened, while the Madagascar Walker cell has strengthened and contracted.

The recent rainfall recovery in East Africa is also in line with previous work (Wainwright
et al.,, 2019; Palmer et al., 2023). In MAM, strengthened meridional mass flux occurs precisely
along the northern edge of the mean ascending branch of the local Hadley circulation, sup-
porting the idea that cooler SSTs south of Madagascar promote a more northward position
of the rain belt (Wainwright et al., 2019). In SON, the zonal mass flux trends closely mirror
the canonical plOD-related circulation anomalies, consistent with the findings of Manatsa
and Behera (2013) and Nicholson (2015). For the Sahel, most rainfall products support the
well-established narrative of a recent rainfall recovery (Sanogo et al., 2015; Biasutti, 2019;
Nicholson et al., 2018a), while ERA5 shows a more mixed picture, with a recovery in the
western Sahel but a negative trend in the east. This again highlights the mismatch between
observed and modeled JJA rainfall in the region. Finally, the identification of Southern
African drying as a combined reduction in northern zonal and southern meridional mass
flux partly aligns with regional evidence of declining SON rainfall (Mahlalela et al., 2020),
as with the changes in East Africa, trends could be explained by increasingly frequent
plOD-like conditions.

5.2.2. TheIndian Ocean Dipole: Meridional Response

The zonal response to an IOD event has long been recognized (Saji et al., 1999; Webster et al.,
1999; Hameed and Yamagata, 2003; Cai et al., 2013; Mohtadi et al., 2017; Lu et al., 2018), and
significant zonal mass flux anomalies have also been observed. However, the present work is
the first to explicitly quantify the strength and spatial pattern of the local Hadley circulation
response, showing that it can be comparable to or even exceed the local Walker circulation
changes, particularly during pIOD phases. Furthermore, this suggests that changes in the
meridional circulation are a key driver of observed precipitation anomalies, consistent
with the findings of Weller and Cai (2014). The anomalously northern position of the local
Hadley circulation is not merely a response to a pIOD event, but has been suggested to help
trigger (Kajikawa et al., 2003; Fischer et al., 2005; Rao et al., 2009) and further intensify them
(Swapna and Krishnan, 2008). The present results support these hypothesizes and one can
speculate on a mechanism for this feedback: the IOD-related SST anomaly near Sumatra is
primarily located in the Southern Hemisphere (Saji et al., 1999).
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During a pIOD event, increased ocean heat uptake (as a result of the SST decrease) locally
cools the Southern Hemisphere, enhancing the inter-hemispheric temperature gradient
and promoting a northward migration of the ITCZ (Schneider et al., 2014). A northward-
shifted ITCZ tends to strengthen the Southern Hemisphere trade winds (Green and Marshall,
2017), locally intensifying low-level southerlies along the Java—Sumatra coast. Increased
southerlies along a western coast in the Southern Hemisphere (such as the Java-Sumatra
coast) increase upwelling of cold water south of about 5°S, and thus further cooling SSTs near
Sumatra and completing the loop. This feedback would be most effective during JJA-SON,
when the ascending branch of the local Hadley circulation and the ITCZ is closest to Sumatra
(Schwendike et al., 2014). Therfore, this mechanism helps explain the seasonal locking of
the IOD. It furthermore provides a pathway through which monsoon variability influences
IOD development: a stronger JJA monsoon shifts the ascending branch northward, favoring
pIOD conditions. Conversely, a weaker monsoon would reduce this tendency.

In addition, the proposed feedback may interact constructively with the Bjerknes effect,
further intensifying SST anomalies in the EIO and providing an additional pathway for
pIOD growth. The seasonal progression of pIOD development also supports these potential
mechanisms (see Fig. 2 in Saji et al., 1999). Southerly wind anomalies first emerge in
May-June along with a negative SST anomaly near Java. These signals then strengthen
and spread from July to August, with both the southerlies and the cooling intensifying
across the eastern basin. Only after this east-side development is well established do the
easterly wind anomalies and warm SST anomaly in the WIO appear and grow. However,
migrations of the ITCZ are known to be dampened by changes in trade winds and the
resulting atmosphere-ocean interactions (Schneider et al., 2014; Green and Marshall, 2017),
potentially limiting this ITCZ- IOD linkage.

5.2.3. Kelvin Wave Impacts on the Local Hadley and Walker Circulations

Recent work has highlighted the central role of moist convection in driving variability of the
Hadley circulation. It suggests that zonal asymmetries and fluctuations on time scales from
days to months are crucial to its behavior (Horinouchi, 2012; Hoskins et al., 2020; Hoskins
and Yang, 2021; Schwendike et al., 2021; Tomassini and Yang, 2022; Thakur et al., 2024).
The present results reinforce this view: Kelvin waves induce large meridional and zonal
mass flux anomalies that are comparable in magnitude to the mean circulation itself. The
zonal response resembles the theoretical Kelvin wave structure (Kiladis et al., 2009), while
the meridional anomalies reveal how convective coupling and moisture-flux convergence
generate a meridional response from a wave with a theoretically purely zonal wind pertur-
bation. This supports the view proposed by Tomassini and Yang (2022) that both the wind
perturbations associated with equatorial waves and their coupling to convection can shape
the large-scale tropical circulation. Notably, as was observed for the MJO (Schwendike et al.,
2021), the local Walker circulation exhibits the largest relative anomalies, suggesting that
the superposition of direct wind perturbations and convectively driven mass flux changes
produces the strongest fractional response.
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As the wave moves over the continent, the net total mass flux and precipitation signal prop-
agate near the equator, following the main ascending branch of the local Hadley circulation.
The total mass flux anomalies are shifted north of the equator and exhibit their broadest
meridional extent near the Guinea Coast. Over Central Africa, these anomalies reach their
maximum intensity, particularly for the local Walker circulation, likely due to strong west-
erly wind anomalies, in agreement with Ayesiga et al. (2022). Consistent with Mounier
et al. (2007) and Baranowski et al. (2016), the Kelvin wave signal significantly weakens as it
crosses the East African highlands. In particular, the zonal mass flux perturbations diminish,
probably due to reduced zonal moisture supply and lower-level convergence (Ayesiga et al.,
2022; Phadtare and Fernando, 2025). The meridional component also weakens but remains
sufficiently strong at higher levels to traverse the highlands, consistent with Phadtare and
Fernando (2025).

Research has now addressed mixed Rossby—-gravity (MRG) waves (Tomassini and Yang,
2022; Baruah et al., 2025), the MJO (Schwendike et al., 2021), and Kelvin waves, providing an
initial understanding of how these features influence large-scale circulation. Tomassini and
Yang (2022) show that upper-level Hadley circulation variability often exhibits structures
associated with equatorial waves, which drive variability both directly via meridional
winds and indirectly by exciting convection through low-level convergence. Baruah et al.
(2025) find that strong east Pacific Hadley circulation seasons coincide with pronounced
MRG activity, with wave-induced low-level convergence triggering deep convection and
influencing circulation strength. Schwendike et al. (2021) demonstrate that both local Hadley
and Walker circulations are enhanced when overlapping with convectively active MJO
phases, causing shifts in subtropical jets toward regions of enhanced convection. These
findings align with the present results, which show that Kelvin waves enhance local Hadley
and Walker circulation when overlapping with the region, both by inducing low-level
convergence that triggers convective coupling and through their zonal wind component.

5.3. Future Work

5.3.1. Precipitation and Mass Flux

To deepen the understanding of both the observed correlation between mass flux and
precipitation and the drivers behind the detected trends, it would be valuable to extend this
analysis to additional reanalysis products. Agreement across multiple reanalyses would
increase confidence in the results, while regions of disagreement could help identify sources
of uncertainty.

Regarding the trends themselves, much of the current reasoning is based on a qualitative
comparison with previous studies and visual pattern matching. A more rigorous approach
would involve directly analyzing the time series with quantitative methods. For example,
instead of inferring an IOD influence from spatial similarity, one could examine the correla-
tion between the trends and an IOD index, or apply other statistical tests to evaluate the
strength and significance of the relationship.
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5.3.2. Towards a Deeper Understanding of the IOD

Not every IOD event is the same: some authors distinguish between three types of pIOD
events (Jiang et al., 2022), and some events are particularly strong relative to others (Lu
et al., 2018; Ratna et al., 2021). A natural next step would be to analyze not only the
mean response, but also individual events. Moreover, it would be valuable to examine
not only the mature phase (SON) but also the periods preceding and following an event.
This approach would allow for a better understanding of in which years, and in what
types of IOD events, significant changes occur in the local Hadley circulation, as well as
when during the development (initiation or decay) these changes are most pronounced. It
would also enable analysis of differences in behavior during years with and without ENSO
co-occurrence. More broadly, further investigation into the ENSO connection would be
valuable, given that ENSO and the IOD are linked, the IOD and the monsoon are linked,
and ENSO also influences the monsoon. Focusing on more variables in addition to mass flux
and precipitation would then also allow for a test of the ITCZ- IOD feedback hypothesis.

A further area worth exploring is the role of the southern Indian Ocean in shaping IOD
events. Previous studies propose that variations in this region, linked to phases of the
Southern Annular Mode (SAM), influence the position and strength of subtropical highs
and may induce southerly wind anomalies that trigger pIOD events (Zhang et al., 2020). On
the other hand, research suggests that during the 2019 extreme pIOD event, IOD-related
Rossby wave trains may have interacted with the observed stratospheric vortex weakening
(Lim et al., 2020), implying that changes in the SAM might not only contribute to triggering
a pIOD event, but that a pIOD could also influence the SAM. This interaction is particularly
important because both the IOD and changes in the stratospheric vortex, together with the
SAM, have been associated with the hot, dry conditions in eastern Australia that fueled
the severe wildfire season (Lim et al., 2021). The zonal mass flux patterns at the bottom of
Figure 5.1c, which resemble Rossby waves extending far north, depict conditions during
the extreme pIOD event and suggest a negative phase of the SAM. This indicates that both
processes were present at the same time, yet their interaction and mutual influence remain
unclear, underscoring the need for targeted research to clarify the underlying mechanisms
and assess their broader climate implications.

The findings of the present work, combined with potential future work, deepen our current
understanding of the IOD and may lead to better forecasting of events or provide potential
pathways in which a process such as climate change could alter the behavior of these events.
For example, one could ask: if the Northern Hemisphere warms relatively faster than the
Southern Hemisphere, does the ITCZ shift northward, and does the likelihood of pIOD
events increase as a result?

5.3.3. Incorporating the Full Range of Equatorial Wave Types
Future work could extend the growing literature on interactions between equatorial waves

and large-scale circulations to additional wave types, helping to build a more complete
picture of their combined influences. Such work could also shed light on how the individual
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effects of different wave types, along with their superposed interactions, collectively shape
the mean large-scale circulation. As mentioned in Section 3.5, employing multiple identifica-
tion methods, particularly for wave types beyond Kelvin waves, would be ideal. Expanding
the analysis to other regions would allow investigation of how local conditions influence
the wave-circulation interaction. In addition, using a wider range of reanalysis products
and model datasets would help assess how different models capture the wave-circulation
interaction, to see how robust the split of the total wave signal into meridional and zonal
components found for the ERA5 data is.

5.3.4. How Does the Large-Scale Circulation Emerge?

The present work shows that the local Hadley and Walker Circulations are strongly localized
in both their mean structure and their variability across long-term, interannual, and synoptic
time scales. Although dividing the circulation into a Hadley circulation and a Walker
circulation is conceptually useful, the atmosphere rarely behaves as a set of symmetric,
steady-state cells. Figure 5.1 illustrates this point: alongside the satellite image from the
introduction, which shows reality as semi-random, noisy cloud structures rather than a
neat steady state, the decomposed mass-flux components reveal similarly irregular and
strongly asymmetric patterns of ascent and descent. These snapshots remind us that
the atmosphere does not separate neatly into distinct branches and that there is no clear
boundary between small-scale convection and large-scale circulation. Coherent structures
emerge only through temporal averaging; on shorter time scales, the system is continuous,
transient, and far less orderly. These conceptual distinctions remain valuable, but they
should be treated as idealizations of an inherently dynamic system. Taken together, this
underscores a key ambition for future research: to bridge the gap between the rapidly
evolving day-to-day circulation and the coherent, time-averaged structures that define the
large-scale circulation.

5.4. Concluding Remarks

Large-scale circulation and its associated rainfall are vital for livelihoods across Africa and
beyond. The present work contributes to current understanding in several ways. It confirms
or refines proposed mechanisms behind recent rainfall trends over Africa. It quantifies
the response of the local Hadley circulation to IOD events, showing a northward-shifted
ascending branch over the EIO and a strengthening over the WIO during positive events.
During negative events, the circulation strengthens near the Java-Sumatra region, while
across much of the Indian Ocean, it weakens. Furthermore, the present work contributes to
emerging evidence showing that synoptic-scale variability is crucial in shaping large-scale
circulation. Convectively coupled Kelvin waves can amplify the local Walker circulation by
up to a factor of two and modulate the local Hadley circulation through their convective
coupling.
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Figure 5.1.: Panels show data for 6 September 2019: (a) Brightness temperature (Band I5, Day)
from VIIRS onboard NOAA-20, obtained via NASA Worldview (https://go.nasa.gov/481D2ps); (b)
meridional mass flux and (c) zonal mass flux, both derived from ERAS5 .
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Figure A.1.: latitude-lognitude OLR map produced on 10-09-2019 by the North Carolina Institute for
Climate Studies. Shading shows anomalies from climatology in the past. In the future, shading is
either the sum of all modes or the NCEP coupled forecast system model forecast and its departure
from its own climatology. Contours identify the MJO, equatorial Rossby waves, Kelvin waves, and the
low-frequency background (> 120 days). Source: https://ncics.org/pub/mjo/archive/2019/2019-
09-10/v2/
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Figure A.3.: Same as Figure 4.2, but for the seasons MAM and SON.
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Figure A.4.: Same as Figure 4.2, but for Central Africa (8° E-28° E) and the seasons DJF and JJA.
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Figure A.5.: Same as Figure 4.2, but for East Africa (28°E-50°E) and the seasons DJF and MAM.
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Figure A.6.: Same as Figure 4.5, but for the seasons MAM and JJA.
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