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Abstract

July-September rainfall is a key component of Ethiopia’s annual rainfall and is a source of rainfall variability throughout
inland Greater Horn of Africa. In this study we investigate the relative influences of the Mascarene (MH) and South Atlantic
(AH) highs on July-September rainfall in a covarying region of the Greater Horn of Africa using CHIRPS observed rainfall
and the ERAS5 reanalysis. We show that a mixed metric using the circulation at 850 hPa of these two subtropical anticyclones
(AH-MH), is better correlated with rainfall than individual high circulations. Variations in remote circulation are translated
by changes in Central African westerlies and Turkana Jet wind speeds. We apply the AH-MH mixed metric to the CMIP5
and CMIP6 ensembles and show that it is a good indicator of mean July-September rainfall across both ensembles. Biases in
circulation are shown to be related to the Hadley circulation in CMIP5 atmosphere-only simulations, while causes of biases
in CMIP6 are more varied. Coupled model biases are related to southern ocean warm biases in CMIP5 and western Indian
Ocean warm biases in CMIP6. CMIP6 shows an improved relationship between rainfall and Turkana Jet winds and Central

African westerlies across the ensemble.

Keywords Africa - Precipitation - Atmospheric circulation - Subtropical high - General circulation models

1 Introduction

The July—September (JAS) rainfall signal in Africa is domi-
nated by Sahel rainfall extending east to what Nicholson
2014 has called the summer regime of Ethiopia and Sudan.
This season is critical for Ethiopia accounting for 50-80%
of annual rainfall (Philip et al. 2018). However, JAS rainfall
can be an important source of variability and uncertainty in
other parts of the Greater Horn of Africa (GHA) (Davies
et al. 1985) as shown in the 2020 season with lakes and dams
in Western Kenya being at critically high levels (REACH
2020; African-SWIFT 2020). Understanding variability
in this season, and how well this is represented in global
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climate models used for future projections will be critical to
development planning in this region.

While the El Nino-Southern Oscillation (ENSO) is a big
driver of JAS rainfall variability (Gleixner et al. 2017), the
influences of the Atlantic and Indian Ocean basins are also
important (Segele et al. 2015, 2009b; Zeleke et al. 2013;
Degefu et al. 2017) beyond simply modulating the impact
of ENSO events (Fischer et al. 2005). For instance, Atlantic
sea surface temperatures (SSTs) have been shown to have
significant correlations with Ethiopian rainfall when ENSO
effects were removed (Segele et al. 2009a; Camberlin et al.
2001). Two dominant features in these basins are subtropical
anticyclones: the Mascarene High (MH) located between
20° and 40° S in the Indian Ocean, and the South Atlantic
high (AH) located between 10° and 30° S in the Atlantic
Ocean.

The MH and AH interact with another important feature
in the JAS season, the Indian Monsoon. The transition to
JAS is characterised by a shift in rainfall to higher latitudes
and characterised by the development of the Somali Jet over
the coast of East Africa and a shift to southerly flow across
the equator that transports moisture into the Indian monsoon
(Riddle and Cook 2008). Indian Monsoon rainfall has been
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shown to be positively correlated with GHA and East Afri-
can rainfall through the modulation of the zonal pressure
gradient which influences low level circulation and through
the Tropical Easterly Jet (Camberlin 1995, 1997; Vizy and
Cook 2003). However, the influence of monsoon strength
has varying impacts through the GHA, and accounting for
local circulation changes as a response to larger regional
variability is important (Vizy and Cook 2003). The MH has
been shown to have an impact on the intensification of the
Indian Monsoon through westward movement of the MH
and intensification of the cross-equatorial flow and Somali
Jet (Terray et al. 2003; Vidya et al. 2020). However, mon-
soons and other regions of large-scale ascent such as the
Hadley circulation have also been shown to influence the
strength of sub-tropical anticyclones (Rodwell and Hoskins
1996, 2001). An inter-hemispheric influence has been shown
in several modelling studies, with the Indian Monsoon
shown to have an influence on the AH (Lee et al. 2013;
Richter et al. 2008).

The MH has previously been implicated in East Afri-
can rainfall using different metrics in both the October-
December (OND) and JAS seasons. For example, Ogwang
et al. (2015) showed in OND the position of the MH and its
orientation are important indicators of moisture flux into
East Africa with wetter conditions associated with a weaker
MH that is shifted to the east. Manatsa et al. (2014) also
argued that the zonal displacement of the high, described
by the longitudinal position of the eastern ridge influences
rainfall. Hirons and Turner (2018) showed that the eastern
ridge shifting to the east is associated with a positive Indian
Ocean Dipole (IOD) and increased rainfall in East Africa.
Sun (1999) also examined OND rainfall in East Africa argu-
ing that a weaker MH was associated with a southward shift
in the Intertropical Convergence Zone (ITCZ).

During JAS, and further north in Ethiopia, a strengthen-
ing of the MH has been associated with wetter conditions.
Studies show variation in the MH region has a positive rela-
tionship with Ethiopian JAS rainfall (Degefu et al. 2017;
Segele et al. 2009b, 2015; Korecha and Barnston 2007), sug-
gesting that MH intensity modulates the cross equatorial
flow and moisture flux into Ethiopia (Degefu et al. 2017,
Korecha and Barnston 2007), and the strength of the Somali
Jet (Segele et al. 2015; Korecha and Barnston 2007). How-
ever, Crossett and Metz (2017) and Vizy and Cook (2020)
show that nearer to the surface cross equatorial flow vari-
ability can result in cold air surges along the East African
coast that inhibit rainfall locally. Segele et al. (2009a) also
argue that a weakened MH, associated with warmer southern
Indian Ocean SSTs, leads to reduced Ethiopian summer rain-
fall. However, they also state that the influence of Atlantic
Ocean SSTs are more pronounced than Indian Ocean SSTs.

A number of studies evaluate the influence of the Atlantic
in JAS, implicating the intensification of both the MH and
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AH, with many arguing that the AH can modulate westerlies
flowing from the Gulf of Guinea to eastern Africa (Korecha
and Barnston 2007; Zeleke et al. 2013; Viste and Sorteberg
2013). Creese and Washington (2018) analysed Coupled
Model Intercomparison Project Phase 5 (CMIPS5) general
circulation models (GCMs) over the Congo Basin during
September—November and showed that wetter models had
a stronger MH and AH, but that AH circulation differences
were larger. Sun (1999) showed the importance of the South
Atlantic high as a moisture source, but also in shifting the
ITCZ further east during the short rains in East Africa dur-
ing the OND season.

Many of these studies focus on seasonal predictability
using observations or model experiments. There is less work
on understanding the representation of these circulation fea-
tures in GCMs such as the CMIP ensembles (Creese and
Washington 2018) and none focused on how their represen-
tation influences modelled GHA rainfall. We will examine
these features in CMIPS5, and CMIP6 using a process-based
assessment (James et al. 2018) as understanding the physi-
cal basis of projections is important if they are to be used in
resilience planning (Rowell 2019). We pay particular atten-
tion to Ethiopia but take a different approach, scaling up to
a larger region rather than dividing the country into small
regional domains. We also examine how more local circu-
lation features modulate the remote influence of the MH
and AH on Ethiopian and GHA rainfall. This study aims to
answer two questions:

— What are the relative strengths of, and mechanisms for,
the influence of the MH and AH on Ethiopian and GHA
rainfall in JAS?

— How do the CMIP5 and CMIP6 ensembles represent
these two anticyclones and do they capture the relation-
ship between the MH, AH and GHA JAS rainfall?

Models and datasets used in the study are described in
Sect. 2. A description of relevant methods and how we select
aregion of interest for JAS rainfall in Ethiopia and GHA fol-
lows in Sect. 3. A mixed metric identified with rainfall and
circulation composites is presented in Sect. 4. An evaluation
of AH and MH in CMIP5 and CMIP6 are shown in Sect. 5.
Finally, a discussion of these results and conclusions are
presented in Sect. 6.

2 Datasets

We use the CHIRPS rainfall dataset on a monthly timestep
for this study. The baseline period we use is 1981-2018
(38 years). We use CHIRPS because it incorporates both
satellite based infrared cold cloud duration observations,
and rainfall observations from an extensive network of
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gauges (Funk et al. 2015). This rainfall dataset has been
shown to be effective, and better at the monthly timescale
than other rainfall products in Ethiopia and East Africa
and includes more local station data than other datasets in
the region (Funk et al. 2015; Dinku et al. 2018). To show
that our results are not entirely dependent on the rainfall
dataset used we also include alternatives to Figs. 1b, 3 and
7 using the TAMSAT v3.1 dataset (Maidment et al. 2017,
Tarnavsky et al. 2014; Maidment et al. 2014) in Supple-
mentary Figure 1.

For atmospheric fields we use the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERAS
reanalysis for the same baseline period (Hersbach et al.
2019). This reanalysis is an improvement on the ERA-
Interim reanalysis, and was also selected because of its
improved horizontal resolution at 31 km compared to 80
km of ERA-Interim and 50 km of MERRAS5 (Hersbach
et al. 2020). Sea surface temperatures (SSTs) are from
the Met Office Hadley Centre’s sea ice and SST data set
(HadISST) (Rayner 2003). These SSTs are available at a
monthly time step and 1° X 1°.

We use both coupled historical and AMIP simula-
tions from the CMIP5 ensemble (Taylor et al. 2012). Our
CMIPS5 subset is limited to models run in both configu-
rations and the rlilpl ensemble member, with the low-
est forcing number used for each model. In the CMIP6
ensemble (Eyring et al. 2016) there are less AMIP/coupled
historical pairs but we include a similar number of simula-
tions from the same model families as CMIP5. Again, the
rlilpl ensemble member with the lowest forcing number
is used for each model in CMIP6. For both ensembles we
select the common period of 1981-2005.

3 Regional rainfall and methods

3.1 JASrainfall in Ethiopia and the Greater Horn
of Africa

When examining Ethiopian climate most studies disaggre-
gate Ethiopia into a number of smaller regions which are
homogeneous by some metric. Nicholson (2014) divides
Ethiopia into two, a summer and equatorial regime, while
Degefu et al. (2017) expands this to three regions. In exam-
ining teleconnections to sea surface temperatures Diro et al.
(2011) divides Ethiopia into six regions, whereas Riddle and
Cook (2008) divided Ethiopia up into 4 separate regions
based on CRU precipitation climatology. Viste et al. (2013)
use 14 homogeneous rainfall zones to examine drought,
while the National Meteorological Agency of Ethiopia
divide Ethiopia into 8 homogeneous regions (Korecha and
Sorteberg 2013). It is safe to say that examining Ethiopia’s
rainfall is made more complicated due to its heterogeneity.

We take the approach of expanding the regional analysis
by examining regions that covary using the CHIRPS rainfall
dataset. We divide Ethiopia into two regions, similar to those
of Nicholson (2014), and focus on the northwestern portion
of Ethiopia which has a broadly unimodal rainfall climatol-
ogy with the highest rain rates in JAS (insert of Fig. 1a). We
then calculate the spearman correlation, masked where the
two-sided p-value is < 0.1 (Fig 1a) Northwest Ethiopian JAS
rainfall is correlated with Sahel rainfall, but it is also strongly
correlated with inland East African rainfall. Further masking
this map by imposing a minimum correlation value of 0.5, the
correlation with this East African region becomes clearer and
forms the basis for masking a GHA JAS region. Our region

Fig. 1 Correlation between JAS northwest Ethiopia rainfall and Afri-
can JAS rainfall. Masked for p < 0.1 in (a) and for spearman correla-
tion > 0.5 in (b), using monthly CHIRPS rainfall from 1981 to 2018.

The GHA masked JAS rainfall region uses the highlighted grid points
within the green box (4° S-16° N, 27°-44° E) in (b)
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ends up being similar to Camberlin (1997) who used mean
rainfall to decide on their region, then dividing it into northern
and southern aggregate regions and Williams et al. (2012) who
then divided their region using Bombay and Sudan-Mediterra-
nean gradient sea level pressure. Although some of the masked
area will not have JAS as the main rainy season, there is still
importance in this season. For example, the Turkwel river
basin (REACH 2020) in northwestern Kenya has a trimodal
rather than bimodal rainfall climatology, unlike other parts of
Kenya, with the JAS season having higher rain rates than the
OND season. As we are interested in using the inter-annual
variation in the JAS season to identify important relationships
this region suits the purpose of this study.

The interior GHA region we use for the remainder of
this study is shown as the masked region within the green
boundary in Fig. 1b and will be referred to as ‘GHA masked’
throughout the study.

3.2 Methods

The eastern ridge longitude of the MH was calculated using
the methods outlined in Manatsa et al. (2014) and Hirons and
Turner (2018). First the location of maximum geopotential
height in the longitudinally averaged region 0°—45° S and
15°-120° E is found. The longitude where the 1540 m geo-
potential height contour intersects the latitudinal maximum is
considered to be the eastern ridge longitude.

AH and MH circulation was explicitly calculated using a
similar approach to Randel and Park (2006), who used this
to measure the strength of the anticyclonic flow of the Indian
monsoon in the upper troposphere along a contour of constant
geopotential height. This method has been similarly applied by
He et al. (2017) using characteristic contours for vorticity to
measure future changes in subtropical anticyclones. Here we
use the 1540 m geopotential height contour in the lower tropo-
sphere at 850 hPa, consistent with other metrics for the MH.
The AH region is (0°40° S, — 60°-15° E), the MH region is
(10-45°S,10-120°E). The definition of circulation is

C=}I§U~dl=7{(udx+vdy) 1)

However, for ease of calculation, we compute the area inte-
grated relative vorticity within this contour, equivalent via
Stokes’ theorem (Randel and Park 2006; Holton and Hakim
2012).

We also use 200 hPa velocity potential () representing
upper-tropospheric divergence to identify large-scale tropical
circulations.

V.V=-Vy )

V is the horizontal wind vector at 200 hPa. We use the
windspharm spherical harmonics library for this calculation
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Dawson (2016). We also apply a decomposition to 200 hPa
velocity potential detailed in Tanaka et al. (2004):

2@tx,0) =[x+ 7y + 17 @t xy) 3)

The first term is a zonal mean representing the Hadley cir-
culation, the second term is the time mean eddy component
representing the Walker circulation, and the third term is
the transient eddy component representing the monsoon
circulation.

In this study we composite the most extreme 8 wet and
dry JAS GHA masked rainfall seasons in CHIRPS. We also
create composites of the 8 weakest and strongest JAS sea-
sons of AH and MH circulation in ERAS. We calculate com-
posite differences against the 38 year JAS baseline (compos-
ite average—baseline average) and significance with a method
suitable for small samples described by Boschat et al. (2016)
originally proposed by Terray et al. (2003). Here we applied
it to spatial maps of composite differences in Sect. 4. We use
a random distribution of 1000 composites and apply a criti-
cal threshold of 0.1. We use the same compositing approach
for CMIP5 and CMIP6, however the wettest and driest 5 JAS
seasons are used to create wet and dry composites from the
shorter 25 year baseline. Correlations are calculated using
the Spearman correlation coefficient (r) with an accompany-
ing two-sided p-value or mask (usually p < 0.1).

The following regional definitions are used throughout
the study. Cross equatorial flux is measured over 5° S-5°
N, 40°-53° E at 850 hPa. The strength of the Somali Jet is
measured as in Boos and Emanuel (2009) over 5°-20° N,
50°-70° E at 850hPa. We create a Turkana jet (TJ) index
by taking the average of 850 hPa wind speed in the Turkana
channel region 1°-8° N, 32°-38° E. Finally, we create an
index for the westerly flux originating from Central Africa
(CAF) using wind speed in the region 4°~12° N, 18°-30° E
similar to that defined in Taye et al. (2021).

4 Rainfall and circulation composites

Wet and dry GHA masked JAS composite differences (years
shown in Table 1) of lower tropospheric winds and geo-
potential height (Fig. 2b, d) show anomalies in both the
Indian and Atlantic Oceans. In the Indian Ocean there are
increased (decreased) westerlies between 30° and 40° S in
wet (dry) seasons. These wind changes overlay a decrease
(increase) in geopotential height south of 30° S in wet (dry)
seasons. These changes in southern Indian Ocean SSTs are
consistent with geopotential height changes throughout the
basin, especially in the Arabian Sea. There is also a change
in winds along the coast of East Africa and into the Ara-
bian Sea with increased southwesterly flow in wet seasons
and a weakening of this flow in dry seasons resulting in
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Table1 Years used in wet and dry JAS season composites, and
strong and weak composites for MH and AH circulation

Composite JAS seasons Years

Dry masked GHA 1987 1984 2009 1997 2015 2002 1993
1986

Wet masked GHA 2001 2003 2011 1998 2017 2007 2012
1988

Weak AH 1984 1989 1981 1983 1985 1993 1996
2008

Strong AH 1998 2007 1991 2016 2017 2013 1995
2012

Weak MH 1996 1984 1981 1988 2011 1983 2013
2001

Strong MH 1982 1997 2018 2005 2006 1994 2004
2002

Where circulation composite years correspond to dry years they are
underlined, and where they correspond to wet years there are shown
in bold

weaker flow in the Turkana channel region during wet sea-
sons and stronger flow in dry seasons. In the Atlantic basin
wet (dry) seasons are associated with an increase (decrease)
in geopotential height in the south Atlantic. These changes
in geopotential height are accompanied by an increase in
southerly cross equatorial flow, and increased (decreased)
westerlies across the southern coast of West Africa in wet
(dry) composites. Figure 2a and c highlight the 1540 m geo-
potential height contour which show the spatial extent of
the MH being smaller in wet composite than it is in the dry
composite while the opposite is true for the AH.

Given the previous connections found between the posi-
tion and eastern extent of the MH with East African rainfall

Fig.2 850 hPa geopotential height (m), with a 1540 m geopoten-
tial height contour overlaid with 850 hPa winds (m/s), for a the wet
composite JAS GHA masked rainfall, and ¢ dry composite JAS GHA
masked rainfall. Wet (b) and dry (d) composite differences (com-

(Hirons and Turner (2018); Manatsa et al. (2014); Ogwang
et al. (2015)) we calculated the eastern ridge longitude (ER)
of the MH in baseline, wet and dry composites. There is a
consistent change in composite ER, with an eastward exten-
sion associated with less JAS GHA masked rainfall. This
relationship is also true for the majority of CMIP5 models
(see Supplementary Figure 2). A more eastern ER, associ-
ated with dryer conditions in JAS, is actually the opposite of
the connection between an eastward shift and wetter condi-
tions found for East African OND rains (Hirons and Turner
(2018); Ogwang et al. (2015)). However, this more eastern
ER would be an indication that the MH has not shifted to the
west and intensified in a way that has been shown to posi-
tively influence the summer Indian Monsoon in JAS through
low-level circulation and a modulation of the local Hadley
circulation (Terray et al. 2003). This would be consistent
with previous studies indicating that a more eastward MH
is associated with a weaker Indian Monsoon and also lower
rainfall in much of the GHA (Camberlin 1995, 1997; Vizy
and Cook 2003). Although there is a consistent relationship
between ER and composite rainfall, correlation of the long
term GHA masked rainfall and ER is low at — 0.12 (p =
0.46). This was also tested with northwest Ethiopian rainfall
and this correlation was — 0.06 (p = 0.74).

4.1 Two southern highs: the South Atlantic High
and the Mascarene High

While the positions of the MH and AH are not well corre-
lated with GHA masked rainfall, the strength of these sys-
tems do change in wet and dry composites. Because these
systems have been associated with rainfall changes and a

: xg-mz y 4 6.67

posite-full baseline) are in the second column. Composite difference
wind vectors are shown where either meridional or zonal wind differ-
ences are significant at a 0.1 threshold, and grey stippling indicates
a geopotential height difference significant at a 0.1 critical threshold
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change in moisture flows to GHA, we have calculated the
circulation strength of these two anticyclones in an effort
to measure this influence more directly (see Sect. 3.2). The
spatial correlations of these two circulation strengths and
African JAS rainfall are shown in Fig. 3. AH circulation is
positively correlated with eastern Sahel and northern Ethio-
pian rainfall, while MH circulation is negatively correlated
with GHA rainfall further south, including some areas in
southern Ethiopia. This indicates that there might be value
in using an index that combines the strength of these two
highs. The correlation of GHA masked JAS rainfall and MH
circulation is — 0.30 (p = 0.06), while for AH the correlation
is 0.36 (p = 0.03). However, the correlation of the difference
between these two circulation strengths (AH-MH) is 0.47
(p < 0.01).

Composite means determined using strong and weak cir-
culation strength for each high are shown in Fig. 4a—d high-
lighting the spatial extent and intensity of the highs, while
the composite differences are shown in Fig. 4e—h. Years for
composite JAS seasons are summarised in Table 1. There is
some overlap between wet seasons and strong AH and weak
MH, and dry seasons and weak AH and strong MH.

In strong MH composites there is expansion and intensi-
fication of the high. In the strong MH case there is increased
inflow to eastern Africa due to an increase in cross equa-
torial flow in the eastern and central Indian Ocean which
splits to weaken southerly flow in the western Indian Ocean
(similar to Fig. 2d) but increase local westerly flow across
India. In the weak MH composite the high is greatly reduced
in extent and southeasterly flow is weakened with westerly
anomalies extending to Central Africa. In the AH composite
differences there is a change in westerly flow in the same

AH Circulation and PR

northern boundary of the Congo Basin which extends west
to the Atlantic. This change is westerly in the strong AH
composite, and weaker and easterly in the weak AH com-
posite. The influence of a strong AH seems to have more
impact than a weak AH.

The complementary effect of a weakened MH and
strengthened AH (and vice versa) on GHA masked rainfall is
shown in Fig. 5 with increased rainfall composite differences
across the top row, and decreased rainfall composite differ-
ences across the bottom row. The wet GHA masked compos-
ite (Fig. 5a) shows the concurrent increase in rainfall across
the eastern Sahel, Ethiopia, and the inland region of East
Africa. The strong AH composite (Fig. 5b) shows a similar,
although less intense increase while the weak MH (Fig. 5¢)
change has isolated inland East Africa increases, opposite
in sign to the Sahel change, without a distinct increase in
rainfall in northern Ethiopia. GHA masked dry composite
rainfall differences (Fig. 5d) are opposite and similar in
spatial extent to wet differences. The same can be said for
the strong MH composite difference (Fig. 5f), which again
isolates changes in the GHA from the Sahel. However, the
weak AH composite rainfall difference (Fig. Se) changes are
mostly confined to decreases in the Sahel and northern Ethi-
opia. This asymmetric difference between the AH weak and
strong composite rainfall patterns can be related back to the
difference in strength of the change in 850 hPa westerlies in
Fig. 4e and g and more local circulation changes (Sect. 4.2).

4.2 Local circulation pathways

Given the potential remote influence of the MH and AH on
GHA rainfall we investigate how these highs might modulate

30

20

10

-10

-20

-30

-10

—20

-30

MH Circulation and PR

e - g

0.60
0.36
0.12
-0.12
-0.36
-0.60

-10 0 10 20 30 40 50

Fig.3 Spearman correlations between a JAS AH circulation and rain-
fall in Africa, and b JAS MH circulation and rainfall in Africa. Cor-
relations are masked for p-values above 0.1 using the baseline 1981—
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Fig.4 Composites (a—d) and composite differences (e-h) for AH cir-
culation (left) and MH circulation (right) JAS seasons. 850 hPa geo-
potential height (m) and horizontal wind composite means (m/s) with
a 1540 m geopotential height contour are shown above composite dif-

local circulation features that in turn have a direct influence
on rainfall. To do this we examine 850 hPa wind speed with
mean JAS baseline wind speed shown in Fig. 6a. None of
the composite changes involve flow reversal in the key fea-
tures to be examined (not shown). A number of features
stand out clearly in the GHA masked wet and dry compos-
ites (Fig. 6b,e) including winds in the Turkana channel (TJ),
winds to the north of the Democratic Republic of Congo over
Central African republic and South Sudan (CAF), winds off
the coast in the Somali Jet region, and a cross equatorial flow
region. In wetter conditions for all composites, TJ winds are
weaker, and CAF winds are stronger. There is also agree-
ment in wet composites on Somali Jet wind strength but AH
and MH composite wind speed anomalies are weaker than

6.67
3.33
0.00
-3.33
—6.67

-10.00

ferences. Composite difference wind vectors are shown where either
meridional or zonal wind differences are significant at a 0.1 threshold,
and grey stippling indicates a geopotential height difference signifi-
cant at a 0.1 critical threshold

in the wet/dry composites. Composites with dry conditions
show these same but opposite conditions except for the AH
weak composite where the TJ winds do not strengthen and
the CAF anomalies are shifted further north.

Strong AH changes do have many features that are simi-
lar to GHA masked wet composites. In particular, a strong
AH is associated with a large CAF anomaly that is diverted
by topography to the south of the Kenya highlands, to the
Turkana channel, and around the Ethiopian highlands with
increased northwesterly flow through the Red Sea into the
north of Ethiopia (see Supplementary Figure 3).

Using wind speed averages in regions shown in Fig. 6b
(see Sect. 3.2), we correlate wind speed with GHA masked
rainfall, AH, and MH circulations. The winds most
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0.5

0.0

0.5

0.0

Fig.5 Composite rainfall differences (mm/day) for a masked GHA seasons. Yellow stippling shows composite differences significant at
wet, d masked GHA dry, b strong AH circulation, e weak AH cir- a 0.1 critical threshold
culation, ¢ weak MH circulation, and f strong MH circulation JAS

Baseline

0.333

0.000

-0333
~0.667

-1.000

1.000
0.667
0.333
0.000
-0333
—0.667

-1.000

Fig.6 a Wind speed (m/s) at 850 hPa shown for the baseline JAS for cross equatorial flow, measured over 5° S-5°N, 40°-53°E. The
1981-2018 period. Composite differences for masked GHA rainfall blue box is the Somali Jet region, measured over 5°~20°N, 50°~70°E.
wet and dry (b, e), strong and weak AH circulation (c, f), and weak The orange box is the TJ index averaged over 1°-8°N, 32°-38°E. The
and strong MH circulation (d, g) JAS seasons with stippling indicat- yellow box is CAF winds over 4°-12°N, 18°-30°E

ing significant differences at a 0.1 critical threshold. The red box is
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strongly correlated with rainfall are the TJ (r = — 0.74, p
< 0.001) and CAF (r = 0.83, p < 0.001) with the Somali
Jet and cross equatorial flow having lower but significant
correlations. In fact, a linear regression of CHIRPS GHA
rainfall with CAF and TJ winds in ERAS over the avail-
able period had a good fit (R*> = 0.75) and reproduced this
opposing relationship with CAF having a coefficient of
0.71 and TJ of — 0.36. The TJ winds are correlated with
MH circulation (r = 0.46, p < 0.01), and Congo winds are
better correlated with AH circulation (r = 0.48, p < 0.01).
However, correlations between the wind speed in these two
regions and AH-MH are stronger for the TJ (r = — 0.6, p
< 0.001) and CAF (r = 0.54, p < 0.001).

These local features that vary in both rainfall and cir-
culation composites have previously been identified as
controls on moisture pathways into Eastern Africa and
Ethiopia (Taye et al. 2021; Viste and Sorteberg 2013).
In agreement with our results the CAF was identified by
Taye et al. (2021),Viste and Sorteberg (2013), and Wil-
liams et al. (2012) as being a moisture source for Ethiopian
and GHA rainfall, with stronger moisture flux increasing
rainfall in the highlands and the Awash basin regions.
Moisture from the Indian Ocean is important for Ethiopian
rainfall, but the TJ was not the most significant route for
Indian Ocean moisture into Ethiopia (Viste and Sorteberg
2013). A strong TJ has also been implicated in moisture
export from East Africa to the west, and strong divergence
locally which causes decreased rainfall around the channel
(Vizy and Cook 2019).

If we examine the correlations between local circulation
and rainfall at shorter timescales (daily with a rolling mean
of 5 days) the CAF and TJ still have the highest correlations,
with the TJ having highest correlations leading rainfall by
2 days and CAF having highest correlations leading rainfall
by 0-2 days. For correlations of circulation metrics with
850hPa winds with a 5 day rolling mean and various lead
times the strongest correlations occur between local winds
and AH-MH with winds lagging circulation by 2 days. How-
ever, the AH and MH timeseries have different characteristic
power spectra (not shown) and we therefore applied a larger
rolling mean window which showed improved correlations
with similar lead times.

These results suggest that a mixed metric of relative AH
and MH strength (AH-MH) is a good tool for understanding
rainfall in the GHA masked region we identified in Sect. 3.1.
The correlation map between the relative circulation strength
metric (AH-MH) and African JAS rainfall is shown in Fig. 7
where the correlation is primarily with the GHA masked
region, isolating the GHA and Ethiopia from the Sahel. The
AH-MH mixed metric is particularly useful for Ethiopia
where it relates to the western region that has a JAS rainy
season and doesn’t split north and south as the individual
metrics did in Fig. 3.

0.60
0.36
0.12
-0.12
-0.36
-0.60

Fig.7 Spearman correlation of the mixed circulation metric (AH-
MH) and JAS rainfall in Africa. Correlations are masked for p-values
above 0.1 and use the 1981-2018 time series for CHIRPS rainfall and
circulation calculated using 850 hPa winds from ERAS

This metric relates to inland rainfall which may be less
directly driven by coastal flows and local SSTs. In fact, GHA
masked rainfall has very low correlations with JAS Indian
Ocean SSTs above 20° S, the same being true for AH-MH
circulation (see Supplementary Figure 4 for SST correla-
tion maps). MH circulation is correlated with SSTs in the
northwestern Indian Ocean, the south Atlantic, and the cen-
tral and eastern Pacific. AH circulation is correlated with
central Pacific SSTs and a SST dipole in the south Atlantic
in JAS. However, both AH and MH JAS circulations are
correlated (oppositely) with March-May (MAM) equatorial
Atlantic SSTs. This is reflected in the GHA masked JAS
rainfall correlations with MAM SSTs in agreement with
Taye et al. (2021). JAS MH circulation is also correlated
with MAM SSTs in the southeast Indian Ocean (also true
for the JAS rainfall correlation with MAM SSTs). The influ-
ence of an anomalously cool southeast Indian Ocean and
the corresponding persistence of MH amplification through
the summer has been demonstrated by Terray et al. (2005).
Therefore both elements of the mixed metric may be able
to identify potential seasonal predictability indicators via
their lagged correlations with SSTs. Beyond seasonal time-
scales, the mixed metric may be a useful way of understand-
ing the influence of the Atlantic and Indian Ocean basins on
GHA rainfall in a changing climate. MH circulation shows
a small but statistically significant positive trend over the
baseline period (Kendall’s 7 = 0.34, p < 0.01) but AH, and
AH-MH don’t change significantly in strength. However,
future warming will be differentially distributed across these
basins and influence GHA rainfall remotely through the AH
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and MH. Therefore understanding how models represent the
AH and MH and their influence on rainfall in the historical
period is a meaningful basis for understanding future change
relationships.

5 The AH-MH in CMIP

The relationship between AH-MH circulation strength and
mean GHA masked JAS rainfall in models is summarised
in Fig. 8. In Fig. 8a (CMIP5) and b (CMIP6) models are
ordered from driest to wettest, and as models get wetter the
AH-MH difference tends to become smaller and eventu-
ally positive for some models. This relationship is quanti-
fied by positive correlations between rainfall and AH-MH
across both CMIP5 (r = 0.60, p < 0.01) and CMIP6 (r =

0.62, p < 0.01). There are two additional results that can
be summarised from these plots. First, most models vary in
a similar way to ERAS in that wet composites have higher
AH-MH values and dry composites have lower AH-MH
values. 35 out of 41 CMIP5 and 34 out of 39 in CMIP6
have a higher AH-MH in the wet composite mean. Second,
for a majority of CMIP5 models, comparing the AMIP and
Historical ensemble members, the wetter simulation has a
higher AH-MH value (14 out of 22 pairs). This is also true
for CMIP6 in all AMIP and Historical pairs but one, and
is consistently true within model families even when there
is not a direct AMIP-Historical pairing. This indicates that
within model families the relationship is consistent but dif-
ferences in baseline AH-MH need to be understood across
the ensembles.
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Fig.8 The AH-MH circulation (m%s) in CMIP5 (a) and CMIP6 (b)
models, ordered from driest to wettest along the x-axis. Bars repre-
sent baseline mean AH-MH circulation, where orange dots are the
mean AH-MH circulation strength in dry GHA masked rainfall years
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and green crosses are the same for wet years. Blue bars represent
AMIP model simulations (A) and red bars represent coupled Histori-
cal simulations (H). The single green bar represents ERAS
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There is a relationship between the AH-MH mixed-metric
and JAS GHA rainfall in models across the larger ensemble
and in model families however different models reproduce
the strength of this relationship differently. There are also
some consistent biases in model families in the two ensem-
bles. To understand the inter-model and ensemble differ-
ences in performance we have examined the strength of both
the AH and MH circulations and two local features identified
using composites: the CAF and the TJ.

5.1 Southern highs in CMIP5 and CMIP6
5.1.1 CMIP5

There are a number of factors that can influence the strength
of southern hemisphere highs including large-scale subsid-
ence. In particular, Reboita et al. (2019) state the Hadley cell
is the primary driver of AH during austral winter. As a proxy
for the Hadley cell strength we used the decomposition of
200 hPa velocity potential suggested by Tanaka et al. (2004)
(see Sect. 3.2) to distinguish between Hadley, Walker and
monsoon overturning.

Figure 9 shows a subset CMIP5 AMIP (Fig. 9a) and His-
torical (Fig. 9b) simulations ordered based on the strength
of JAS Hadley subsidence (20°-40° S) over the southern
oceans. We include a number of outliers as well as simu-
lations that have AH and MH circulations close to ERAS
and have been shown to have skill for Ethiopian rainfall in
the past (HadGEM2-A,MPI-ESM-MR,GFDL-CM3) (Dyer
et al. 2020). The correlation of AH circulation with Hadley
cell subsidence is high at — 0.78 (p < 0.01), and — 0.62 (p
< 0.01) for MH circulation across AMIP simulations. The
models with the weakest subsidence in AMIP (Fig. 10a) are
inmcm4 and IPSL-CM5A-MR and both have very weak
southern ocean highs. The AMIP simulation of MIROCS
has strong circulation in both the AH and MH and has the
strongest subsidence (Fig. 10a). This changes in the His-
torical ensemble (Fig. 10b) with inmcm4 and IPSL-CMS5A-
MR still having weak Hadley overturning and weak highs
but MIROCS having much weaker AH and MH highs than
its AMIP simulation. This is despite MIROCS having the
strongest subsidence in this ensemble.

Another aspect of the general behaviour in the two
ensembles is that AMIP models tend to have stronger circu-
lation in AH and MH (14/19 and 16/19 respectively for mod-
els that have both simulation types) in CMIPS. In CMIP5
this may be explained by coupled model SST biases. Fig-
ure 11a shows the ensemble mean of SST biases for CMIP5
which include a warm bias over the southern oceans (SO:
40°-60°S, -180°-180°E) that is particularly strong in the
Indian Ocean (SIO: 40°-60°S, 20°-90°E). Biases in the SO
are associated with weakened westerlies, although there is
some disagreement on the cause of the biases. Wang et al.

(2014) argue that increased mixing of subsurface and surface
waters due to biases in the Atlantic Meridional Overturning
Circulation cause the warming, while Hyder et al. (2018)
argue that warming is caused by net surface flux biases in
the un-coupled models caused by shortwave biases due to
errors in cloud representation.

We correlate the change in model circulation strength
(coupled Historical - AMIP) with the SST biases (model-
HadISST) shown in Fig. 11c. The full SO bias correlates
well with AH circulation biases (r = — 0.81, p < 0.01), and
the SIO correlates well with MH circulation biases (r =
—0.79, p < 0.01) across CMIPS5 models. In this ensemble,
MIROCS is the most extreme outlier in the coupled His-
torical simulations but both inmcm4 and MIROCS have the
warmest southern ocean biases.

It is therefore possible to understand variation across
CMIP5 AH and MH circulation using the strength of the
descending branch of the Hadley circulation over the south-
ern oceans in AMIP simulations with a stronger Hadley
overturning associated with both stronger AH and MH cir-
culations. In coupled simulations, SST biases in the south-
ern oceans can help explain AH and MH circulation with
a warm SO associated with a weak AH and a warm SIO
associated with a weak MH.

5.1.2 CMIP6

CMIP6 is less easy to explain with this set of indices. Mod-
els in Fig. 12 are selected as in Fig. 9. In AMIP simulations
the Hadley overturning circulation (Fig 13a) is well corre-
lated with AH strength if we exclude MIROC6 (r = — 0.67, p
< 0.01). Unlike in CMIP5, MIROCS® also has weak circula-
tion in the AMIP simulation with the Historical circulation
being even weaker. For CMIP6 we further examine all the
components of the 200hPa velocity potential decomposi-
tion (Sect. 3.2). Richter et al. (2008) argued that there is a
link between the AH and summer monsoons in the northern
hemisphere and Lee et al. (2013) showed that such diabatic
heating in the northern hemisphere produces subsidence in
the tropical southern hemisphere and influences the strength
of highs in the southern oceans. These studies suggest that
there is an atmospheric link between the warm pool, Indian
monsoon and circulation the tropical south Atlantic, indicat-
ing that there may be a remote influence on the AH strength.
Therefore, we tested the strength of the Walker and monsoon
overturning components against AMIP AH strength, with
warm pool velocity potential being better correlated (r =
0.74, p < 0.01) than monsoon region velocity potential (r =
0.48, p =0.01).

There are no clear correlations between MH strength
and the components of the overturning circulation in across
AMIP simulations. Some models have monsoon circu-
lations that are very strong with increased downwelling
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Fig.9 850 hPa geopotential a) inmcma_A =107 HadGEM2-A_A ~ 107
height (m) for a selection of a Z ;
CMIP5 AMIP simulations and
b CMIPS5 Historical simula-
tions. Contours in (a) and (b)
are 1540 m geopotential height
from each model (dashed pink)
and the ERAS reanalysis (solid =60 =300 0 B 80 20
green). Models are ordered _IPSL-CMSAMR_A
based on their JAS zonally aver-
aged 200 hPa velocity potential
between 20° and 40° S
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Fig. 10 JAS zonally averaged 200 hPa velocity potential between 20°
and 40°S profiles for available a CMIP5 AMIP and for b CMIP5 His-
torical simulations

in the southwest Indian Ocean and a stronger MH
(HadGEM-GC31-LL (Fig. 14c). Some models also have
strengthened but shifted Walker circulations with down-
welling over Africa, decreasing AH strength but increasing
African subsidence, potentially creating poor conditions for
GHA masked rainfall in multiple ways (HadGEM3-GC31-
LL, CNRM-ESM2-1 (Fig. 14d)). In many cases, it is a com-
bination of circulation components that can explain circula-
tion strength. For example, to explain why CESM2 has the
strongest AH in the ensemble but MH close to ERAS (see
Supplementary Figure 5 for individual AH and MH model
circulation strength), we must consider its relatively strong
Hadley component (Fig. 13a), westward shifted monsoon
component (Fig. 14c), and relatively strong Walker overturn-
ing component (Fig. 14d). One model we cannot explain as
easily is MIROC6, which remains an outlier.

In general, overturning circulations weaken in coupled
models compared to their AMIP counterparts (Fig. 14c,
d) and this is reflected in the strength of the highs (AMIP:
Fig. 12a), coupled: Fig. 12b). Compared to CMIPS a

smaller ratio of AMIP vs coupled model pairs has stronger
AH circulation (8/14) while a larger ratio has stronger MH
circulation (12/14) in CMIP6. However, there is no strong
inter-model correlation for any of the circulation compo-
nents. Similarly, SST biases also can’t explain AH and
MH biases as clearly as they did in CMIP5. Most models
have a warm SO bias of over one degree, and there is no
significant relationship between MH circulation strength
and SIO bias (we used absolute MH as many Historical
simulations that do not have AMIP counterparts).

A potentially important region of SST bias in CMIP6
is in the western Indian Ocean off the coast of East Africa
(WIO: — 5°-15° N, 45°-65°E) (Fig. 11b). This bias is
warmer and more widespread in CMIP6 and alters the
meridional SST gradient in the western Indian Ocean. It
is also a region shown to correlate with MH circulation
using ERAS and HadISST (see Supplementary Figure 4c).
Comparing MH circulation and western Indian Ocean SST
bias (Fig. 11d) there appear to be two model groups: one
with a nearly linear relationship between MH strength and
10 bias (r = 0.86, p < 0.01), and another group that have
weaker MH circulation than the first group.

In this second outlier group, MIROC and the INM-MC
models are familiar outliers with strong SIO biases. We
can understand other models using circulation biases, but
their behaviour is less easy to attribute to SST biases. For
instance, GISS-E2-1-G has weak Walker and monsoon
overturning but also a basin-wide warm bias in the Indian
Ocean and a dipole bias in the south Atlantic (not shown)
which is the opposite of the observed correlation pattern
between AH and JAS SSTs (see Supplementary Figure 4d)
that might have a bigger local effect on AH circulation. We
also looked into a possible relationship between southeast
tropical Atlantic (0°~10°E, 20°S-0) biases and circula-
tion biases. There was no clear relationship between these
known SST biases for either AH or MH strength in both
CMIPS and CMIP6. This is slightly surprising, however
there are a number of possible causes for these biases in
atmospheric model components (Exarchou et al. (2018);
Richter and Tokinaga (2020)), including biases in the AH
representation (Cabos et al. 2017).

In summary, some CMIP6 models have unrealistically
weak MH and AH circulation, including the IPSL-CM6A-
LR, MIROC6, GISS-E2-1-G, INM-CM4-8, and INM-
CMS5-0 models. The strength of AMIP AH circulation
is positively influenced by stronger Hadley and Walker
circulations, while explaining MH circulation required
multiple circulation components for individual models.
Similarly, coupled model behaviour is harder to gener-
alise in CMIP6 than CMIPS. Biases in northwest Indian
Ocean SSTs are potentially related to model MH circula-
tion, however biases in the southern and Atlantic Oceans
must also be considered.
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Fig. 11 Ensemble SST bias (K) averages for a CMIP5 Historical
simulations and b CMIP6 Historical simulations. Stippling indicates
80% of available models agree on the sign of the bias. Biases are
calculated relative to the HadISST sea surface temperature dataset.

5.2 Congo Basin flux and Turkana Jet in CMIP5
and CMIP6

CAF, and TJ (see Sect. 3.2) wind speed across CMIP5, and
CMIP6 are arranged in order of driest to wettest modelled
GHA masked JAS rainfall in Fig. 15a and b, respectively.
The majority of CMIP5 models have stronger CAF wind
speeds than ERAS, with the driest five models having lower
values, and the wettest models having much higher wind
speeds. There is a significant correlation between mean
model GHA masked rain rate and CAF flux (r = 0.52, p
< 0.001), however there is a lot of variability within the
ensemble. Conversely, there is no significant relationship
between TJ flux and rainfall and a great deal of variability
in CMIPS5 with a range between 1 and 7 m/s. The driest
models tend to have TJ flux values that are higher than CAF
flux, and the wettest models tend to have CAF fluxes that
are stronger than TJ fluxes. These results may reflect basic
modelling issues in East Africa. The TJ flux metric does not
evaluate whether wind in this region is part of a coherent jet,
and many models in CMIP5 fail to adequately capture the
Turkana channel due, in part, to coarse resolution.
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In CMIP6 (Fig. 15b) these relationships become more
consistent with a stronger positive correlation between mean
model CAF flux and GHA masked rain rate (r = 0.63, p
< 0.001) and a significant negative correlation between TJ
flux and rain rate (r = — 0.53, p < 0.001). There is less
inter-model variability in CAF flux, and less models over-
estimating this wind speed than in CMIPS5. There continues
to be overestimation of the TJ flux in many models. It is an
improvement that when there is an overestimation of one of
these features, it is reflected in the GHA masked rain rate
in CMIP6. Indeed, the strongly negative AH-MH circula-
tion values and dry masked GHA rain rates in the CMIP6
CNRM models would seem to be translated via a strong TJ
flux and relatively weak CAF flux. At the opposite end of
the ensemble MIROC6 models have two of the weakest TJ
flux values and relatively high CAF flux values.

Additionally, we performed a linear regression with CAF
and TJ wind against GHA rainfall in JAS for CMIP5 and
CMIP6 (see Supplementary Figure 6) in the same way as
ERAS in Sect. 4.2. 73% of models in CMIP5 and 79% in
CMIP6 have a fit R* >0.5 suggesting that beyond mean
biases these local drivers are associated with inter-annual
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rainfall variability. This exercise also highlighted an
improvement from CMIP5 to CMIP6, with models reproduc-
ing much more constrained CAF coefficients with no nega-
tive CAF coefficients in CMIP6. However, there continue
to be models with positive TJ coefficients in CMIP6. These
local circulation metrics indicate that some model GHA
precipitation may be overly sensitive to particular local cir-
culation pathways. This analysis suggests that the AH-MH
mixed metric is related to rainfall by these local features in
models and these local features would also be useful com-
panion diagnostics of model performance, especially in the
newer generation of CMIP6 models.

6 Discussion and conclusions
In this study we have developed a new mixed metric based
on the relative circulation strength of the AH and MH. We

investigated its influence on JAS rainfall using CHIRPS rain-
fall and the ERAS reanalysis, identifying a region similar

@ Springer

to the GHA masked region we identified using correlations
with Ethiopian JAS rainfall. We have also demonstrated its
utility in understanding GHA rainfall in both the CMIP5
and CMIP6 ensembles. We draw the following conclusions
about this metric and its connection to JAS GHA masked
rainfall variability:

1. The AH-MH circulation mixed metric is better corre-
lated with GHA masked rainfall than AH or MH circu-
lation in isolation. A positive change in this metric is
associated with increased rainfall.

2. AH circulation change drives changes in CAF westerlies
across the north of the Congo Basin which are connected
to TJ flow and flow around the Red Sea into northern
Ethiopia. Stronger AH circulation is associated with
increased rainfall.

3. MH circulation drives changes in TJ strength and out-
flow across the north of the Congo Basin and easterlies
in Tanzania. Stronger MH circulation is associated with
decreased rainfall.

Our finding that a relatively strong AH causes an increase
in GHA rainfall is consistent with its influence on other
areas of Africa, shown in different seasons in previous stud-
ies (Creese and Washington 2018; Korecha and Barnston
2007; Sun 1999; Zeleke et al. 2013; Viste and Sorteberg
2013). Conversely, where previous studies have found that
MH intensification is associated with increased JAS rainfall
(Korecha and Barnston 2007; Segele et al. 2015, 2009a, b)
we have found the inverse. However, unlike these studies,
our metric is one of circulation strength rather than pressure
or geopotential height, and the region of interest is not along
the coast or isolated to Ethiopia, capturing the influence of
different local drivers such as the TJ. The differentiation
between the inland and coast JAS climate in Kenya has pre-
viously been associated with the strength of westerlies in the
mid- to lower-troposphere (Camberlin 1996; Davies et al.
1985) and is in broad agreement with the results we have
shown for the influence of the CAF and TJ winds on regional
climate. However, understanding how different MH metrics
based on sea level pressure, geopotential height, location
and circulation capture the MH and its various influences on
African and Indian Ocean climate would be useful to better
understand the variability of the MH and its influence as a
semi-permanent feature changes throughout the year.

The MH may become an important driver of regional
climate as ENSO’s influence on the Indian summer monsoon
since the 1970s weakened and, based on regional sea level
pressure, the MH has intensified (Feba et al. 2019). Look-
ing beyond the JAS season, these circulation systems might
add useful information to forecasts beyond what is given
by ENSO as MAM SSTs and JAS circulation have signifi-
cant correlations similar to Taye et al. (2021), and MH has
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Fig. 14 Monsoon (a) and Walker (b) components of 200 hPa velocity
potential (m%/s) for ERA5 with the monsoon components of AMIP
and Historical simulations from a selection of CMIP6 models in (c)

a significant negative correlation with the southeast Indian
Ocean. Terray et al. (2005) have argued that SST anomalies
in the southeast Indian Ocean during February-March can
cause shifts in the MH. Through positive feedbacks these
anomalies can persist through to the JAS season and influ-
ence the IOD and ENSO. However, to better understand
these chains of impact it would be valuable to get a better
understanding of the variability of both the MH and AH and
feedbacks with other features like the Indian Monsoon on
shorter timescales in JAS.

We also examined the relationship between AH-MH
circulation strength and GHA masked rainfall in both the
CMIP5 and CMIP6 ensembles. In doing so we demonstrated
possible drivers of biases in AH and MH circulations in

and Walker components of AMIP and Historical simulations from a
selection of CMIP6 models in (d)

AMIP and coupled Historical simulations. We also related
this metric to the more local drivers of rainfall, the TJ and
CAF winds. Based on this analysis we draw the following
conclusions about the behaviour of the two ensembles:

Models in the CMIP5 and CMIP6 ensembles both have
positively correlated mean GHA masked rainfall and
AH-MH circulation.

In both ensembles wetter models within a model family
tend to have more positive AH-MH. AH-MH becomes
more positive in wet GHA masked composites and more
negative in dry composites.

In CMIPS, biases in AH and MH are explained by the
strength of large-scale descent in the southern hemi-

1.

2.

3.
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Fig. 15 CMIP5 (a) and CMIP6 (b) TJ and CAF wind speed with
models are ordered from driest to wettest along the x-axis. Bars rep-
resent baseline mean CAF wind speed. Blue bars represent AMIP

sphere due to zonal mean or Hadley overturning in
AMIP simulations, and the strength of warm biases in
the southern oceans in coupled Historical simulations.
In CMIP6, AH biases in AMIP simulations can be
understood using both Hadley, and Walker overturning
components. This is not the case in MH biases. SO SST
biases persist in CMIP6, but there is a better correlation
between MH circulation and warm biases in the WIO.
Mean CAF is correlated with GHA masked rainfall in
both ensembles, but this is stronger in CMIP6. In CMIP6
mean TJ wind speeds are negatively correlated with
GHA masked rainfall indicating potential improvements
in the representation of this feature in CMIP6.
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model simulations and red bars represent coupled Historical simula-
tions. The single green bar represents ERAS5. Teal dots are the mean
TJ strength in the model baseline (1981-2005)

We have suggested mechanisms for why AH, MH and
therefore the AH-MH metric may be biased in models
although further work is required to understand model
biases in CMIP6. Such a process-based analysis pro-
vides useful framing for impact assessments, informing
our confidence in future change. Rather than using this
information to select specific models, this adds informa-
tion to studies on precipitation and rainfall performance
(Dyer et al. 2020; Jury 2015). For instance, CMIP5 models
that perform well in Dyer et al. (2020) (MPI-ESM-MR,
HadGEM-AO, and GFDL-CM3) represent the AH, MH
and mixed metric reasonably well even in their coupled
simulations.



July-September rainfall in the Greater Horn of Africa: the combined influence of the Mascarene...

Based on the results presented here, it will be important
to understand the influence of future MH and AH changes
on GHA masked rainfall in CMIP6. While some metrics
show the MH strengthened in the historical period, He
et al. (2017) used a CMIP5 multi-model mean to show that
subtropical anticyclones in the south Indian and Atlantic
oceans will become weaker with global warming. How-
ever, Reboita et al. (2019) show (using HadGEM, GFDL,
and MPI in CMIP5) that the AH will expand poleward
but shows little change in intensity in an end of century
time slice. Investigating the importance of biases in the
western Indian Ocean SSTs would be a logical next step
as IOD seasonality in CMIP6 has shifted to start earlier
in September, with IOD events that are overly strong with
increased variability in July and August (McKenna et al.
2020). Connected to the influence of SSTs, biases in the
Indian Monsoon (Choudhury et al. 2021) and Walker cir-
culation (Richter and Tokinaga 2020) in CMIP ensembles
and their influence on GHA rainfall and subtropical anti-
cyclones will be important to understand as both local and
remote drivers of change and variability.

In summary, we have investigated the influence of MH
and AH circulation on GHA rainfall during the JAS season
and found that increased MH circulation is associated with
decreased GHA masked rainfall, with the opposite being
so for AH circulation. We have also shown that a mixed
metric of AH-MH circulation strength is a better metric for
understanding rainfall variability. This metric also relates
well to the variability of local circulation features, the TJ
and CAF, that influence GHA rainfall. In a process-based
assessment we have identified possible causes of biases
in the CMIP5 and CMIP6 ensemble representations of
the AH and MH, including characteristics of the large-
scale overturning in AMIP, and SST biases in the Indian
and southern oceans in coupled models. These results
will enable better interrogation of the causal relationship
between future changes in GHA rainfall and the AH and
MH circulation systems in the Indian and Atlantic Oceans.
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