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Abstract 19 

 Walker circulations near East Africa are identified and their influence on the 20 

interannual variability of East African rainfall is explored in multiple reanalyses and 21 

observational precipitation datasets. The robustness of methodology for identifying 2-22 

dimensional overturning circulations in a three-dimensional flow is investigated. Three 23 

Walker circulations with potential relevance to East African rainfall are identified, 24 

namely, the East African, the Congo Basin, and the Indian Ocean Walker circulations.  25 

Consistent anti-correlations across the reanalyses exist for the upward and 26 

downward branches of the Indian Ocean Walker Circulation during September – March, 27 

with strongest connections during October – December; they do not emerge for the other 28 

two Walker circulations. Less (more) precipitation occurs over East Africa in the short-29 

rains season when the Indian Ocean Walker Circulation is anomalously strong (weak). 30 

These rainfall variations are associated with anomalous mid-level moisture divergence 31 

that primarily results from variations in wind divergence rather than atmospheric 32 

moisture. The anomalous horizontal advection of moist static energy can be important in 33 

modulating convection, but this argument is not conclusive considering the unclosed 34 

budget and the variations within the composites. The associations above do not indicate 35 

causality. Caution is advisable when using the concept of Walker circulations because a 36 

two-dimensional streamfunction can over-simplify the complexity of the three-37 

dimensional circulation. 38 

 39 

Keywords: East Africa; East African precipitation; East African short rains; Walker 40 

circulation; Indian Ocean Walker Circulation; Congo Basin Walker Circulation  41 
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1 Introduction 42 

Most regions in East Africa have bimodal seasonal precipitation, with an overall 43 

arid or semi-arid climate (Ongoma and Chen 2017). Much of the precipitation is 44 

delivered during March-May and October-December, known as the long rains and the 45 

short rains seasons, respectively. For most of the year, the lower atmosphere over these 46 

bimodal regions is convectively-stable (Yang et al. 2015), and dominated by convergence 47 

near the surface, mid- level divergence, and upper-level convergence. Mid-level 48 

subsidence is present throughout the year, except during the long rains. Some studies 49 

relate these regional-scale circulation and precipitation features to larger-scale Walker 50 

circulations (Hastenrath 2000; Williams and Funk 2011; Liebmann et al. 2014, 2017). 51 

The purpose of this paper is to better understand the role of Walker circulations in 52 

influencing East African rainfall. Communities in East Africa are heavily dependent on 53 

rainfall for agriculture and water resources, which makes them vulnerable to climate 54 

variation and change (Cook and Vizy 2013). However, coupled general climate models 55 

do not accurately simulate East African climate, underestimating the long rains and 56 

overestimating the short rains (Yang et al. 2014; Tierney et al. 2015; Ummenhofer et al. 57 

2018). This undermines confidence in projected precipitation changes with global 58 

warming, although the relationship between a model’s ability to accurately represent the 59 

current climate and produce reliable projections is not simple (Rowell et al. 2016; Walker 60 

et al. 2019). An improved simulation of present and future rainfall over East Africa 61 

requires further investigation of the physical processes. Here we focus on the 62 

relationships between the Walker circulations and East African rainfall; the processes that 63 
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drive the development and variation of the Walker circulations are outside the scope of 64 

this study.  65 

Section 2 reviews the general concepts of Walker circulations, as well as previous 66 

work on Walker circulations near East Africa and their relationships with local rainfall. 67 

Section 3 describes the datasets and the methodology used to identify and measure 68 

Walker circulations, regional moisture sources, and energetics. Results are presented in 69 

section 4, and section 5 includes a summary and conclusions. 70 

 71 

2 Background 72 

The term “Walker circulation” was first introduced by Bjerknes (1969) to 73 

describe the thermally-driven, zonal, overturning circulation over the equatorial Pacific 74 

Ocean. Later studies postulated that Walker circulations occur over other longitudes 75 

(Flohn and Fleer 1975; Newell 1979; Webster and Chang 1988; Holton and Hakim 2013; 76 

Lau and Yang 2015), such as in the Atlantic (Kidson 1975; Wang 2002a; Jiang et al. 77 

2015).  78 

There are various ways to quantify Walker circulations. Indirect indices can be 79 

based on sea level pressure (Vecchi and Soden 2007; L’Heureux et al. 2013; Kociuba and 80 

Power 2015), the mid-level CO2 (Jiang et al. 2010, 2013, 2015), water vapor transport 81 

(Sohn and Park 2010) and coral records (Stevenson et al. 2014;). Direct measures of 82 

Walker circulations often involve surface wind (England et al. 2014), divergent wind 83 

(Krishnamurti 1971; Sasaki et al. 2014; He and Soden 2015) and the 500-hPa vertical p-84 

velocity (Wang 2002b; Chung et al. 2019). Several methods have been developed to 85 
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isolate the effects of Walker circulations from Hadley or monsoon circulations (Tanaka et 86 

al. 2004; Gastineau et al. 2009; Yu and Zwiers 2010; Schwendike et al. 2014, 2015).  87 

The Indian Ocean Walker circulation  has its descending branch over equatorial 88 

East Africa and the western Indian Ocean and its ascending branch over the Martime 89 

Continent. Some studies reported that it is present only during the boreal fall (Hastenrath 90 

2000, 2007a; Hastenrath and Lamb 2004). However, other studies apply different metrics 91 

to measure Walker circulations and find different structure and seasonality. Pohl and 92 

Camberlin (2011) suggested the Indian Ocean Walker circulation exists throughout the 93 

year except the boreal summer, based on the anti-correlation between lower- and upper-94 

level zonal winds over the equatorial central Indian Ocean. With the zonal streamfunction 95 

or the Ψ-vector method, the Indian Ocean Walker circulation was found stronger during 96 

the boreal summer and weaker during boreal winter (Yu et al. 2012; Schwendike et al. 97 

2014). Schwendike et al. (2014) also showed the Indian Ocean Walker Circulation is 98 

centered over the west coast of Australia during the boreal winter. 99 

The strength of the Indian Ocean Walker Circulation, often represented by the 100 

low-level zonal wind over the equatorial central Indian Ocean, has been linked to the East 101 

African short rains (Hastenrath et al. 1993; Hastenrath 2007b; Pohl and Camberlin 2011; 102 

Lyon 2014; Limbu and Guirong 2019). Similar connections have been identified with 103 

rainfall-related variables, such as lake levels (Bergonzini et al. 2004) and the δ18O 104 

composition of rainfall (Vuille et al. 2005). Accompanying an anomalous Walker 105 

Circulation are changes in vertical motion, low-level divergence and precipitable water 106 

amounts over East Africa and the western Indian Ocean, which favor anomalies of the 107 

East African short rains (Hastenrath and Polzin 2005).  108 
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The relationship between the Indian Ocean Walker Circulation and the East 109 

African long rains is not clear. First, there is no agreement about whether there is a 110 

Walker Circulation over the Indian Ocean during the boreal spring (Liebmann et al. 2014, 111 

2017). In addition, the studies have not reached a consensus about the relationship with 112 

the East African long rains. On interannual time scales, Pohl and Camberlin (2011) 113 

showed a weak but significant correlation between the zonal wind (shear) over the Indian 114 

Ocean and the long rains, while Lyon (2014) found no statistically significant correlation.  115 

 The Congo Basin Walker Circulation is also located near East Africa, with an 116 

upward branch over the Congo Basin and a downward branch over the eastern equatorial 117 

Atlantic Ocean. Seasonality of this Walker circulation is not fully consistent among the 118 

few available studies. Pokam et al. (2014) suggested that the Walker circulation is present 119 

throughout the year, strongest in June – August and weakest in March – May. Longandjo 120 

and Rouault (2020) proposed a similar seasonality. However, Cook and Vizy (2016) 121 

indicated that the Walker circulation only occurs during June – October when the 122 

Atlantic cold tongue has formed. There is agreement that this Walker circulation has 123 

minor influence on Congo Basin rainfall. While no relationship has been identified 124 

between the Congo Basin Walker Circulation and East African rainfall, the advection of 125 

moisture from the Congo Basin has been associated with East African rainfall 126 

(Nicholson, 1996; Diem et al. 2019). 127 

 The purpose of this paper is to understand the influence of Walker circulations on 128 

East African rainfall. We identify Walker circulations near East Africa and investigate 129 

their relationships with monthly East African precipitation on interannual time scales. We 130 
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further focus on the link between the strength of the Indian Ocean Walker Circulation and 131 

East African rainfall and examine the underlying processes.  132 

 133 

3 Methodology 134 

Four reanalyses are examined to provide monthly estimates of atmospheric 135 

circulation variables. They are the 1.5-resolution ERA-Interim Reanalysis (ERAI; Dee et 136 

al. 2011), the 1.25-resolution Japanese Reanalysis (JRA-55; Kobayashi et al. 2015), the 137 

0.625×0.5-resolution (longitude-by-latitude) Modern-Era Retrospective analysis for 138 

Research and Applications, Version 2 (MERRA-2; Gelaro et al. 2017), and the 0.25-139 

resolution ERA-5 reanalysis (Copernicus Climate Change Service, 2017). The analysis 140 

periods are 1979-2018 for ERAI, JRA55 and ERA5, and 1980-2018 for MERRA2.  141 

Four precipitation datasets are used, rather than relying on reanalysis rainfall 142 

rates. They are the 0.25°-resolution NOAA Precipitation Estimation from Remotely 143 

Sensed Information using an Artificial Neural Network Climate Data Record 144 

(PERSIANN; Ashouri et al. 2015), the 0.05°-resolution Climate Hazards Group InfraRed 145 

Precipitation with Station Data, Version 2 (CHIRPS2; Funk et al. 2015), the 0.25°-146 

resolution Tropical Rainfall Measurement Mission Multi-satellite Precipitation Analysis 147 

(TMPA; Huffman et al. 2007), and the 0.1°-resolution NOAA Climate Prediction Center 148 

African Rainfall Climatology Version 2.0 dataset (ARC2; Novella and Thiaw 2013). The 149 

records start in 1981 for CHIRPS2, 1983 for PERSIANN and ARC2, and 1998 for 150 

TMPA. CHIRPS2 provides precipitation estimates for land only, and ARC2 provides 151 

rainfall estimates over a limited area (20°W-55°E, 40°S-40°N).  152 
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Harmonic analysis is used to identify an analysis region that is relatively uniform 153 

in its precipitation seasonality over a large and contiguous area, following Yang et al. 154 

(2015) and Dunning et al. (2016). Using the discrete Fourier Transform, the time series of 155 

precipitation at each grid point is transformed into a same-length series in the frequency 156 

domain. Seasonality is categorized by comparing the amplitudes of the semiannual (c2) 157 

and annual (c1) harmonics in the transformed series. A region is categorized as bimodal 158 

when its semi-annual precipitation variance is larger than its annual variance (i.e., 159 

log2|c2/c1|>0).  160 

The Ψ-vector method developed by Keyser et al. (1989) and Schwendike et al. 161 

(2014) is used to visualize overturning zonal circulations. The vector stream function,
 

162 

Ψ = (𝜓𝑥, 𝜓𝑦), projects onto the zonal and meridional planes and provides an objective 163 

way of separating a three-dimensional circulation into two mass-conserved independent 164 

components. Accordingly, the vertical p-velocity (ω) is decomposed into zonal and 165 

meridional components (ωx and ωy). To identify Walker circulations, only the zonal 166 

components (𝜓𝑥 and ωx) are considered. 167 

A solution for 𝜓𝑥 can be found either by vertically integrating the divergent 168 

component of the zonal wind or by taking the gradient of the inverse Laplacian of the 169 

vertical p-velocity along a pressure surface (Hu et al. 2017). We find that these two 170 

solutions yield similar results.  Here we present results for 𝜓𝑥 calculated from the 171 

divergent component of the zonal wind, u
D

, according to  172 

 𝜓𝑥 = − ∫ 𝑢𝐷
𝑝

0
𝑑𝑝 (1) 173 

similar to the methodology used by Trenberth et al. (2000), Yu and Boer (2002), Bayr et 174 

al. (2014), and others. Then, ωx is defined as: 175 
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 𝜔𝑥 =
1

𝑎𝑐𝑜𝑠𝜙

𝜕𝜓𝑥

𝜕𝜆
 (2) 176 

where a is the radius of the Earth (6371.2 km), ϕ is latitude in radians, and λ is longitude. 177 

A straightforward method to solve for u
D

 globally is by the Helmholtz 178 

decomposition. However, its application over a limited domain introduces a harmonic wind 179 

component that is induced by vorticity and divergence outside the domain (Adames et al. 180 

2014; Cao et al. 2014). The harmonic wind component is irrotational and nondivergent, 181 

which leads to internal cancellation between ωx and ωy (Keyser et al. 1989). 182 

To solve for u
D

 over a limited domain, Bishop (1996) and Adames et al. (2014) 183 

developed an attribution technique using free-space Green’s functions. For a zonal 184 

channel from 10S to 10N, 185 

 𝑢𝐷(𝜆, 𝜙) =
1

4𝜋𝑎
∑ ∑ 𝐹𝑘𝑙

𝑐𝑜𝑠𝜙𝑘𝑙
′ sin(𝜆−𝜆𝑘𝑙

′ )

1−𝑐𝑜𝑠𝛾𝑘𝑙

𝑁−1
𝑙=1

𝑀−1
𝑘=1 , (3)186 

  187 

where the grid is indexed by 1 < k < M-1 in longitude (λ) and 1 <  < N-1 latitude (ϕ). F
kl

 188 

is the flux element centered at the midpoint (𝜆𝑘𝑙
′ , 𝜙𝑘𝑙

′ ) of the kl th  grid estimated (Bishop 189 

1996) as 190 

  𝐹𝑘𝑙 =
𝑎𝛥𝜆𝑐𝑜𝑠𝜙

2
(𝑣𝑘+1,𝑙+1 + 𝑣𝑘,𝑙+1 − 𝑣𝑘+1,𝑙 − 𝑣𝑘𝑙) +

𝑎𝛥𝜙

2
(𝑢𝑘+1,𝑙+1 + 𝑢𝑘+1,𝑙 − 𝑢𝑘,𝑙+1 − 𝑢𝑘𝑙), (4) 191 

where u and v are the zonal and meridional winds, Δλ and Δϕ denote longitude and latitude 192 

increments, and γ is the central angle between (λ, ϕ) and (𝜆𝑘𝑙
′ , 𝜙𝑘𝑙

′ ). The domain is selected 193 

to capture divergence near the equator and retain a buffer for inaccuracies near the lateral 194 

boundaries. By excluding the background flow induced by vorticity and divergence outside 195 

the tropics, this method is aimed at minimizing internal cancellation between ωx and ωy. 196 

l
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Because partitioning a three-dimensional circulation into zonal and meridional 197 

streamfunctions is inherently unphysical, we compare 𝜓𝑥  values with u
D

 calculated by 198 

both the Helmholtz decomposition and by the limited-domain attribution technique. In 199 

addition, we interpret 𝜓𝑥 in relation to the full wind field. 200 

Several indices are calculated from the 500-hPa vertical p-velocity (ω500), u
D

 and 201 

𝜓𝑥 to measure the strength of the Walker circulations, following previous studies (e.g., 202 

Hastenrath 2000; Yu and Zwiers 2010; Cook and Vizy 2016). The seasonal cycle is 203 

removed from these fields by subtracting climatological means averaged from 1979 (1980 204 

in MERRA2) to 2018, and linear trends are removed from the deseasoned time series. A 205 

“flywheel check” is used to understand the extent to which the Walker circulations 206 

identified by 𝜓𝑥 can be envisioned as overturning modes characterized by anti-correlations 207 

between ω500 values in the vertical branches of the circulations. Table 1 summarizes the 208 

indices used, and Figure 1 shows the averaging regions for these indices. 209 

The atmospheric column moisture budget (Lenters and Cook 1995; Seager and 210 

Henderson 2013) is used to investigate the moisture sources associated with East African 211 

precipitation anomalies. For the time mean, over which water vapor trends in the 212 

atmospheric column are negligible, this water mass conservation statement can be written 213 

as 214 

 P =ET +C+A+R  (5) 215 

where P is precipitation, ET is evapotranspiration, C is the convergence term, A is the 216 

moisture advection term, and R is the residual that represents precipitation due to 217 

orographic uplift  and transient eddies as well as numerical error. C and A are defined as 218 
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 , (6) 219 

and 220 

 , (7) 221 

where ρw is the density of water, ps is surface pressure, g is gravitational acceleration, q is 222 

specific humidity, and  is the horizontal wind vector. 223 

The column-integrated moist static energy (MSE) budget (Hill et al. 2017) is 224 

employed to examine anomalous energetics of convection anomalies. MSE is a 225 

combination of thermal, potential and latent energy, which can be denoted as  226 

 h = c
p
T + gz+ L

v
q ,                       (8) 227 

where h is the MSE, c
p
 is the specific heat capacity of dry air at constant pressure (1004 228 

Jkg-1K-1), T is temperature, z is geopotential height, and L
v
 is the latent heat of 229 

vaporization of water (2.5×106 Jkg-1).  230 

The time-mean column-integrated MSE budget can be expressed as   231 

 ,          (9) 232 

where x  is the sum of internal, potential and latent energy, F
net

 is the net energy input and 233 

R*  is the residual. 〈 〉 ≡
1

𝑔
∫ ( )𝑑𝑝

𝑝𝑠

100hPa
.
 
𝜉 = 𝑐𝑣𝑇 + 𝑔𝑧 + 𝐿𝑣𝑞, where c

v
 is the specific heat 234 

capacity of dry air at constant volume (717 Jkg-1K-1). 𝐹𝑛𝑒𝑡 = 𝐿𝑣𝐸 + 𝐻 + 𝑅𝑡 − 𝑅𝑠, where 235 

L
v
E  and H are turbulent latent and sensible heat fluxes, and R

t
 and R

s
 are net radiative 236 

fluxes at the top and bottom of atmosphere.  237 
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 The column-integrated MSE budget is an approximation (Betts 1974; Hill and 238 

Ming 2016) and h is not a conserved variable (Neelin 2007; Romps 2015). In particular, 239 

the budget is not closed when using reanalysis values because of mass and energy 240 

imbalances due to data interpolation (Trenberth 1991) and the relatively coarse time 241 

resolution (Haimberger et al. 2001). Previous studies (Trenberth 1991; Hill et al. 2017) 242 

introduce procedures for correcting imbalances, but they require estimates of the column-243 

integrated MSE flux divergence using spherical harmonics that are sensitive to truncation 244 

limits (Trenberth et al. 2001, 2002; Trenberth and Stepaniak 2003). Thus, we admit that 245 

the budget is not closed and focus on the understating gained by examining changes in the 246 

horizontal and vertical MSE advection (H
adv

 and V
adv

). These are calculated using second-247 

order centered finite differencing at each pressure level and then vertically integrated.  248 

 249 

4. Results 250 

a. Rainfall seasonality over East Africa: Selection of the analysis region 251 

Figure 2a displays log2|c2/c1| from the harmonic analysis described in the 252 

Methodology section using TMPA precipitation for 1998-2018. Bimodal precipitation 253 

(log2|c2/c1|>0; red shading) regions include eastern Kenya, Somalia, and southeastern 254 

Ethiopia, and a zonal equatorial region extending from Guinea to Uganda.  (See Fig. 1 in 255 

Dunning et al. 2016). Results are similar using the other three precipitation datasets. The 256 

bimodal area to the east of 35E and from 3S – 3N is our “equatorial averaging region” 257 

(stippled in Fig. 2a). 258 

Figure 2b shows the monthly precipitation climatology averaged over the equatorial 259 

averaging region in various datasets. Reanalyses are included to evaluate their performance 260 
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in capturing rainfall seasonality, since we analyze circulation fields using these datasets. 261 

The datasets are generally in good agreement, with the two rainy seasons well represented. 262 

However, ARC2 produces rainfall rates that are about 0.5-1 mm/day lower than the other 263 

datasets from April through November, and ERAI has rainfall rates during November-264 

December that are about 0.5 mm/day higher. 265 

The bimodal area identified in Fig. 2 extends to 12N, but rainfall seasonality across 266 

this large meridional extent (3ºS – 12ºN) varies. Fig. 2c presents the monthly precipitation 267 

climatology averaged over land points in the northern part of the bimodal area (from 3ºN 268 

to 12 ºN) shown in Fig. 2a. The long rains season here has a shoulder in May, unlike the 269 

equatorial averaging region, and the short rains season is shifted earlier. Peak rainfall rates 270 

for both rainy seasons are about 1 mm/day lower than those in the equatorial averaging 271 

region. When the relationships between overturning circulations and East African 272 

precipitation are examined below, the northern part of the bimodal region is evaluated 273 

separately from the equatorial averaging region. 274 

 275 

b. Identification of overturning zonal circulations near East Africa 276 

Figure 3 shows cross sections of the monthly climatology of 𝜓𝑥 (shading) along 277 

with vectors composed of u
D

 and ωx multiplied by -100; all values are from ERAI and 278 

averaged between 3S and 3N. u
D

 is solved by the Helmholtz decomposition.  279 

Three overturning zonal circulations that are potentially relevant to East African 280 

rainfall occur in January (Fig. 3a). A clockwise zonal circulation appears over East Africa 281 

(25E – 35E) that extends from 200 to 600 hPa and tilts westward with height below 600 282 

hPa. We refer to this circulation as the East Africa Walker Circulation. Its downward 283 
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branch is located over East Africa and the western Indian Ocean (40E – 60E), and its 284 

upward branch is over the Congo Basin (10E – 30E). To its west, there is a 285 

counterclockwise zonal circulation over 170W – 25E, referred to as the Congo Basin 286 

Walker Circulation (Cook and Vizy, 2016). It is centered at 600 – 800 hPa and has its 287 

downward branch over the Atlantic Ocean (170W – 40E). 288 

Another counterclockwise zonal circulation is present over the Indian Ocean (40E 289 

– 100E) centered at 300 – 600 hPa. This Indian Ocean Walker Circulation has a downward 290 

branch over East Africa and the western Indian Ocean (40E – 60E), and an upward 291 

branch near 100E. 292 

The Indian Ocean Walker Circulation persists throughout the year (Figs. 3a – 3l). 293 

It is weakest in January and strongest in June – September. The East Africa Walker 294 

Circulation is present year-round except during June and July, and is strongest in February 295 

– April and September – November. The Congo Basin Walker Circulation exists 296 

throughout the year; it is weakest in May and strongest in August.  297 

Using the other three reanalyses (JRA55, MERRA2 and ERA5; not shown) results 298 

in similar overturning zonal circulation systems, but their magnitudes and structures vary 299 

somewhat. In addition, MERRA2 has a clockwise zonal circulation in the upper 300 

troposphere over 10 – 20E in March – May. All of the reanalyses produce discontinuities 301 

in the streamfunction field, but in different locations. Taking January as an example, ERAI 302 

has discontinuities over 100 – 110E (Fig. 3a). Over these regions, the downward ωx and 303 

upward ωy values cancel, which is not physical.  JRA55 has discontinuities in 𝜓𝑥 over 70 304 

– 80E and 90 – 100E, and MERRA2 and ERA5 have discontinuities over 15 – 20E and 305 

90 – 100E. 306 
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To interpret 𝜓𝑥, and especially to understand its discontinuities, we compare it with 307 

the total wind field. Figure 4 shows a vertical cross section of January winds averaged over 308 

3S – 3N in ERAI as an example. ω is upward from 60°E to 120E, including the regions 309 

where ωx is downward and 𝜓𝑥 is discontinuous in Fig. 3a. This deficiency is due to the 310 

nondivergent component included in u
D

, as discussed in Section 3. Similar discontinuities 311 

are found in the other months, with internal cancellation between a downward ωx and an 312 

upward ωy over East Africa and the Western Indian Ocean (40E – 60E).  313 

The limited-domain attribution technique to solve for u
D

 is tested
 
to see if it 314 

reduces the discontinuities. Figures 5a – 5d show the results for four representative months, 315 

January, April, July, and October, respectively. The general patterns are similar to Fig. 3. 316 

Except in September – October (November), 𝜓𝑥 is clockwise over 100E – 120E (100E 317 

– 140E) as exemplified by Fig. 5d. Differences in magnitude also occur. If the latitudinal 318 

extent of the equatorial channel is broadened in the attribution technique, 𝜓𝑥  is more 319 

similar to the Helmholtz decomposition results. Since the choice of the equatorial domain 320 

in the attribution technique is arbitrary and the discontinuities remain, the Helmholtz 321 

decomposition methodology is selected for the following analysis. Caution is appropriate, 322 

however, because the internal cancellation between ωx and ωy indicates that the overturning 323 

zonal and meridional circulations are not cleanly separated.  The Ψ-vector method also has 324 

limitations in resolving interference from topography (Trenberth et al. 2000).  325 

We now explore the extent to which these circulation systems can be envisioned as 326 

“flywheels” characterized by significant anti-correlations between the vertical velocity 327 

over equatorial East Africa and the remote upbranches of the three overturning zonal 328 

circulations. Figure 6 presents correlations between the 500-hPa vertical p-velocity 329 
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averaged over the equatorial averaging region (ω500EA) and the 500-hPa vertical p-330 

velocity throughout much of the tropics in ERAI. Correlation coefficients with amplitudes 331 

exceeding the 95% confidence level are stippled. In January (Fig. 6a), there is significant 332 

anti-correlation between equatorial East Africa and the Maritime Continent (9S – 9N, 333 

110 – 150E) in ERAI. The other three reanalyses indicate similar, weak anti-correlations 334 

but the significant areas are more scattered (not shown). In February (Fig. 6b), weak and 335 

mostly insignificant anti-correlation persists over the Maritime Continent in ERAI, but 336 

JRA55 and ERA5 retain significant anti-correlations (6S – 6N, 140 – 170E). MERRA2 337 

shows almost no anti-correlation over the Maritime Continent. In March – September 338 

(Figs. 6c – 6i), no significant and consistent anti-correlations emerge. In October – 339 

December (Figs. 6j – 6l), there are significant anti-correlations in all four reanalyses, 340 

stronger than those in January – February. We conclude that ω500EA is anti-correlated 341 

with the upward branch of the Indian Ocean Walker Circulation in October – February.  342 

The degree of anti-correlation between ω500EA and the Congo Basin is not 343 

consistent among the reanalyses. In January – June (Fig. 6a – 6f) and October – December 344 

(Fig. 6j – 6l), no significant anti-correlation appears over the Congo Basin in ERAI. 345 

However, significant anti-correlations with central equatorial Africa occur in the other 346 

reanalyses for a few months, namely, February for MERRA2, April for JRA55, and April 347 

but further north of the equator in MERRA2 and ERA5.  In July – September (Fig. 6g – 348 

6i), significant anti-correlations emerge over the Congo Basin in ERAI. However, ERA5 349 

does not reproduce these significant anti-correlations, and MERRA2 only agrees for 350 

September. JRA55 shows significant anti-correlation in September, but at 3 – 9N.   351 
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Since there is little agreement among the reanalyses, we cannot conclude that there 352 

is a robust correlation between ω500EA and the East African/Congo Basin Walker 353 

Circulation. To confirm, we correlate ω500CBj (Table 1) with ω500 over the tropics. 354 

Figure 7 presents the correlations with ω500CB3 (3S – 3N, 20 – 30E) in June through 355 

September. In the other months (not shown), there are few cases of significant anti-356 

correlations over East Africa. In ERAI, a significant anti-correlation appears over northern 357 

Tanzania and southeastern Kenya in June (Fig. 7a), which extends over Somalia in July 358 

(Fig. 7b). Significant anti-correlations persist over northern Tanzania and southeastern 359 

Kenya in August and September (Fig. 7c – 7d). MERRA2 also indicates significant anti-360 

correlations over Tanzania in June – August (Fig. 7e – 7g), which extend over eastern 361 

Kenya and southern Somalia in September (Fig. 7h). In contrast, JRA55 (Fig. 7i – 7l) and 362 

ERA5 (Fig. 7m – 7p) do not produce significant anti-correlations over East Africa. 363 

Performing the correlation analysis with other ω500CBj indices or at different pressure 364 

levels (850 hPa, 700 hPa, or 300 hPa) produces no consistent or significant anti-correlations 365 

over equatorial East Africa (not shown). 366 

To confirm the anti-correlation between ω500EA and the upward branch of the 367 

Indian Ocean Walker Circulation in October – February (Figs. 6), ω500 averaged over the 368 

Maritime Continent is correlated with ω500 over the tropics. Multiple subareas are used 369 

for averaging (Fig. 1) to better locate the upward branch and to avoid mixing heterogeneous 370 

vertical motion over the Maritime Continent. These include subareas at the equator, where 371 

the Coriolis force is weak and the upward branch ideally should be located, and subareas 372 

off the equator.   373 
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October shows the strongest anti-correlations between the equatorial indices, 374 

ω500IO3j (Table 1), and equatorial East Africa/western Indian Ocean in the four reanalyses. 375 

Averaging over the subarea located at (3S – 3N, 100S – 110N) generates the strongest 376 

anti-correlations in JRA55 and MERRA2, and relatively strong anti-correlations in ERAI 377 

and ERA5 (Figs. 8a – 8d). In ERAI (Fig. 8a), significant anti-correlation occurs across the 378 

bimodal areas of East Africa and the western Indian Ocean from 3S to 9N. The other 379 

three reanalyses produce similar anti-correlations, although the locations and amplitudes 380 

vary somewhat. The significant anti-correlations over East Africa occur over 0 – 9N, 3S 381 

– 6N, and 0 – 9N in JRA55 (Fig. 8b), MERRA2 (Fig. 8c), and ERA5 (Fig. 8d).  382 

Significant anti-correlations between the equatorial indices and equatorial East 383 

Africa and/or the equatorial western Indian Ocean in the four reanalyses also occur in 384 

September – March, but not exactly over the equatorial East Africa/western Indian Ocean 385 

region in December and March in MERRA2 and ERA5 (not shown). The significant anti-386 

correlations are isolated over the equatorial western Indian Ocean in February in MERRA2 387 

and ERA5. In April – August (not shown), there is no consistent and significant anti-388 

correlation between the ω500IO3j indices and the equatorial East Africa/western Indian 389 

Ocean region among the four reanalyses.  390 

Some of the off-equator Maritime Continent indices (ω500IO1-2j, 4-5j) produce 391 

stronger anti-correlations over the equatorial East Africa/western Indian Ocean region than 392 

the equatorial indices (ω500IO3j), but their presence and locations vary with the reanalyses. 393 

However, significant correlations are clustered around the southeastern Indian Ocean in 394 

November for all four reanalyses. As an example (Figs. 8e – 8h), ω500IO42 generates 395 

significant anti-correlations over the East African bimodal areas and the western Indian 396 
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Ocean in all four reanalyses. ERAI and ERA5 indicate additional significant anti-397 

correlations over Uganda and Tanzania. This is also the case for December (Figs. 8i – 8l), 398 

when such indices are grouped around the subarea (3 – 9N, 110 – 120E) in all four 399 

reanalyses. ω500IO23 shows significant anti-correlations over the equatorial East Africa 400 

and the western Indian Ocean in the four reanalyses, but the anti-correlations are smaller 401 

in areal extent and magnitude compared to those in October – November. Significant anti-402 

correlations also emerge over eastern Tanzania in JRA55, MERRA2 and ERA5, western 403 

Ethiopia in MERRA2, and Uganda in MERRA2 and ERA5. 404 

We conclude that the Indian Ocean Walker Circulation passes the “flywheel check” 405 

in September – March with significant correlations between the upward and downward 406 

branches. However, the circulation is still far from an idealized Walker circulation. The 407 

upward branch of the Indian Ocean Walker Circulation is not always centered over the 408 

equator, and the divergent wind generally contains strong meridional components. Due to 409 

the close connection between mid-tropospheric vertical motion and precipitation, the 410 

overturning mode of variability over the Indian Ocean identified by the flywheel check 411 

implies relationships between East African rainfall and the strength of Indian Ocean 412 

Walker circulation on interannual time scales for the months of September – March. In the 413 

next section, this potential relationship is examined directly. 414 

 415 

c. Relating the Indian Ocean Walker Circulation to East African precipitation 416 

Table 2a shows correlations between the mean precipitation over the equatorial 417 

averaging region (Fig. 2) in PERSIANN and various indices of the Indian Ocean Walker 418 

circulation (𝜓𝑥IO, uD850 and uD150; Table 1) from ERAI in September – March. The other 419 



20 
 

three reanalyses (not shown) produce similar results. Significant correlations appear 420 

between equatorial East African rainfall and the circulation indices in October – February, 421 

but not in September and March. Note, however, that a correlation between a horizontal 422 

index and East African rainfall is not necessarily indicative of a connection to a zonal 423 

overturning circulation. 424 

Table 2b presents correlations between equatorial East African rainfall and 425 

ω500IOij for different reanalyses. The indices that generate the strongest anti-correlations 426 

over the equatorial East Africa/western Indian Ocean region in most reanalyses are 427 

selected. Although the selection is somewhat subjective, they represent clusters of 428 

significant correlation. Consistent and significant correlations are seen in October – 429 

February. Combined with Table 2a, we can conclude that less (more) rain falls over 430 

equatorial East Africa with a strong (weak) Indian Ocean Walker Circulation in these 431 

months. However, such a relationship is not seen in September and March. As discussed 432 

in Section 4b, the anti-correlation between the vertical branches of the Indian Ocean 433 

Walker Circulation is weaker during these two months when the downward branch of the 434 

circulation is mainly located over the western Indian Ocean. Correlations between the 435 

bimodal region north of 3ºN (Fig. 2) and the indices produce similar results, even though 436 

the region has a somewhat different rainfall seasonality from equatorial East Africa. 437 

Compositing is used to select years with an anomalously strong or weak Indian 438 

Ocean Walker Circulation in October – February. Years when 𝜓𝑥IO is greater than +0.5 439 

SD are selected for the “strong” composite and years when 𝜓𝑥IO is less than -0.5 SD 440 

comprise the “weak” composite. These years are similar among the four reanalyses; Table 441 

3 lists the years that are consistent in at least three out of the four reanalyses. Since the 442 
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sample sizes are not large, cross sections of 𝜓𝑥, u
D

 and ω anomalies averaged from 3ºS – 443 

3ºN are inspected for each selected year to ensure that an anomalous overturning zonal 444 

circulation is present. Most selected years pass this test, but the longitudinal extents and 445 

centers of the anomalies vary. The years that fail this test are excluded (strikethrough in 446 

Table 3). To sharpen the composites, years when the anomalous circulation is not located 447 

over the Central Indian Ocean in two or more reanalyses are also removed (strikethrough 448 

in Table 3). Compositing based on uD850 and uD150 provides nearly the same selection of 449 

years. Although composites based on ω500IOij (Table 2b) generate different years, 450 

ω500IOij is 0.5 SD above or below the mean in at least one reanalysis for most (89.4%) of 451 

the selected years in Table 3.  452 

Figure 9 shows precipitation anomalies for the strong and weak composites in 453 

October – February in the PERSIANN dataset; anomalies in the other three datasets, 454 

CHIRPS2, ARC2 and TMPA, are similar (not shown). In the strong composite 455 

precipitation is 0.5 – 2 mm/day lower over the Kenyan and Somalian coasts in October 456 

(Fig. 9a). The rainfall anomalies spread over equatorial East Africa and Tanzania in 457 

November (Fig. 9b), and are centered over Tanzania in December (Fig. 9c). The 458 

precipitation anomalies are similar to the anti-correlated areas in the “flywheel checks” 459 

(Fig. 8). In January – February (Figs. 9d – 9e), less rain falls over Ethiopia, South Sudan, 460 

Uganda and farther over the western Indian Ocean. However, there are no significant 461 

precipitation anomalies over the bimodal area, although Table 2 indicates significant 462 

correlations between the regional rainfall and the Indian Ocean Walker Circulation indices. 463 

This disagreement is related to the fact that rainfall rates are low during these months.  464 
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In the weak composite (Figs. 9f – 9j) precipitation anomalies are roughly opposite 465 

to those in the strong composite, although there are some differences. In October – 466 

November (Figs. 9f – 9g), precipitation anomalies over equatorial East Africa are up to 3 467 

mm/day, and coherent precipitation anomalies do not occur over Tanzania and 468 

Mozambique. In January – February (Figs. 9i – 9j), the anomalies are insignificant.   469 

The column moisture budget is used to examine the role of the Indian Ocean Walker 470 

Circulation in supplying moisture for East African rainfall and its anomalies. The ERA5 471 

reanalysis, with the highest resolution, is selected for this analysis. Results are presented 472 

for November, when East African rainfall has its strongest association with the strength of 473 

Indian Ocean Walker Circulation, but the conclusions also apply to October and December.  474 

Figures 10a – 10e present anomalies of the moisture budget terms (Section 3) for 475 

the strong composite. The ERA5 precipitation anomalies (Fig. 10a) are similar to those in 476 

PERSIANN (Fig. 9b). Evapotranspiration anomalies are small (Fig. 10b). The C term (Fig. 477 

10c) decreases significantly over East Africa, and is the major contributor to the reduced 478 

precipitation. Anomalies of the A term (Fig. 10d) and the residual term (Fig. 10e) oppose 479 

the C decreases over the East African bimodal areas and Tanzania. 480 

In the weak composite (Figs. 10f – 10j), evapotranspiration (Fig. 10g) over the 481 

bimodal area in East Africa is slightly increased but changes in the C term are again 482 

dominant. The other terms modify the rainfall anomalies but play less important roles. 483 

Vertical profiles of the anomalous C term and its zonal and meridional components 484 

for the strong and weak composites averaged between 3S and 3N are shown in Fig. 11. 485 

Since anomalies in the C term can be related to both wind divergence and specific humidity 486 

anomalies, these variables are also assessed. The dashed lines in Fig. 11 mark a longitudinal 487 
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range (37E – 43E) that covers most of equatorial East Africa and avoids the highest 488 

topography (35E – 37E).  489 

The C term is anomalously small over 700 – 900 hPa and large near the surface 490 

over equatorial East Africa (37E – 43E) in the strong composite (Fig. 11a). Over the 491 

ocean (43E – 55E), the decrease occurs near the surface. Low values of the C term at 700 492 

– 900 hPa are attributed to both zonal and meridional changes (Figs. 11b – 11c), while the 493 

larger C term near the surface is due to zonal anomalies alone.   494 

Anomalous divergence (Fig. 11d) is the key contributor to the C term anomalies. 495 

In the strong composite, anomalous subsidence over equatorial East Africa enhances the 496 

divergence at 700 – 900 hPa. Near the surface, the anomalous easterly u
D

 flows from the 497 

western Indian Ocean onto the coastal topography, generating increased divergence over 498 

the ocean and insignificant convergence over the land.  499 

A reduction of specific humidity (Fig. 11e) also contributes to the C term 500 

anomalies, but they play a less important role. Negative moisture anomalies are largest 501 

over the ocean at 700 – 900 hPa, but also occur over land in the mid-troposphere and near 502 

the surface. However, specific humidity anomalies are small over equatorial East Africa 503 

around 800 hPa, where the C term anomalies are largest. 504 

Anomalies for the weak composite (Figs. 11f – 11j) are generally opposite to those 505 

for the strong composite, but greater in magnitude except in October and December when 506 

magnitudes are similar. December also features insignificant divergence anomalies near 507 

the surface over equatorial East Africa like Fig. 11d and Fig. 11i. Almost no divergence 508 

anomalies appear near the surface over equatorial East Africa in the composites for 509 

October. 510 
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The 800 hPa level is examined to understand how the spatial patterns of the 511 

moisture budget terms (Figure 12) are related to the circulation and moisture fields. 512 

Moisture convergence anomalies are close to the C term anomalies at this level, in 513 

agreement with Fig. 10, although magnitudes may be smaller and less statistically 514 

significant. 515 

In the strong composite, moisture convergence (Fig. 12a) is lower over most of 516 

Somalia, Kenya and Tanzania, similar to the distribution of anomalies in Fig. 10c over 517 

land. This is associated with anomalous moisture fluxes flowing from East Africa to the 518 

Indian Ocean or Central Africa. Moisture anomalies (Fig. 12b) are small over East Africa. 519 

Along with Figs. 11d – 11e, this confirms the dominant role of the circulation in generating 520 

the moisture convergence anomalies. The anomalous divergence is related to divergent 521 

winds in all directions. The westerly anomalies over the coast are not connected to 522 

significant westerly anomalies over the central Indian Ocean (60E – 90E), as they weaken 523 

near 55E in the composite. In about half of the composited years (not shown), anomalous 524 

coastal westerlies are weak and even easterly over 45E – 65E. In other years, anomalous 525 

westerlies are more continuous from the East African coast to the central and eastern Indian 526 

Ocean. We conclude that the anomalous divergence and subsidence over East Africa in the 527 

strong composite are not simply induced by mass conservation associated with the lower 528 

branch of the Indian Ocean Walker Circulation. The weak composite (Figs. 12c – 12d) is, 529 

in general, the opposite of the strong composite. 530 

The column-integrated MSE budget reveals the energetic constraints on the 531 

divergent circulation over East Africa. 6-hourly data in ERAI is used to estimate the non-532 

linear terms. Results are shown for November, but variations exist among the months of 533 
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the short-rains season. The results are less statistically significant due to variations within 534 

small composites. 535 

Figures 13a – 13e show anomalies of the MSE budget terms (Section 3) for the 536 

strong composite. The time-averaged trend of column-integrated total energy (excluding 537 

the kinetic energy) exhibits negative anomalies over East Africa (Fig. 13a). MSE import 538 

by vertical advection (Fig. 13b) is greater over East Africa and partially balanced by 539 

anomalous MSE export by the horizontal advection (Fig. 13c). There are also negative 540 

anomalies of energetic forcing (Fig. 13d) but their magnitudes are smaller than the 541 

advection anomalies. The residual (Fig. 13e) is not small. It includes transient-eddy MSE 542 

advection and indicates that the MSE budget is not closed.    543 

In the weak composite (Figs. 13f – 13j), no significant averaged differences (Fig. 544 

13f) occur over East Africa but the primary balance is again between the advection terms. 545 

The net energetic forcing (Fig. 13i) is significantly larger over the western Indian Ocean in 546 

association with increased clouds and reduced outgoing longwave radiation. The opposite 547 

does not emerge in the strong composite because there is cancellation with the latent heat 548 

flux that is enhanced by higher surface wind speeds (not shown).  549 

In October and December (not shown), the primary balance is still between the 550 

advection terms, or between the advection and residual terms over East Africa. Anomalies 551 

of the net energetic forcing are similar to those of November, which mostly occur over the 552 

ocean. Although October composites show opposite column anomalies of vertical MSE 553 

advection to those of November over equatorial East Africa, the vertical profiles of the 554 

anomalies are roughly similar to those of November. The anomalies change sign through 555 

vertical layers and cancel in the column integration. 556 
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Figure 14 illustrates the vertical profiles of the vertical MSE advection over the 557 

equatorial averaging region (Fig. 2) for the strong and weak composites. The vertical MSE 558 

advection anomalies are attributed to changes in the divergent circulation and atmospheric 559 

stability. Accordingly, the anomalous vertical MSE advection can be decomposed into 560 

dynamic, thermodynamic and covariance terms, i.e. 𝛿(𝜔𝜕𝑝ℎ) = 𝛿(𝜔)𝜕𝑝ℎ + 𝜔𝛿(𝜕𝑝ℎ) +561 

𝛿(𝜔)𝛿(𝜕𝑝ℎ). These terms are also shown in Fig. 14. 562 

In the strong composite, there is anomalous MSE import at 100 – 600 hPa, export 563 

at 600 – 850 hPa, and import at 850 – 1000 hPa, which indicates that the convection is 564 

anomalously shallow (Fig. 14a). The shallower convection is attributed to stronger 565 

subsidence at upper levels and weaker ascent in the mid-troposphere (Fig. 14b) as well as 566 

changes in the vertical MSE gradient (Fig. 14c). The vertical MSE gradient anomalies are 567 

primarily due to reduced specific humidity in a deep layer from 1000 – 300 hPa (Fig. 14d). 568 

There are no indications of the adiabatic warming or downward heat advection that would 569 

be associated with enhanced subsidence and upper-level flow of an anomalous Indian 570 

Ocean Walker Circulation. Fig. 14e decomposes the vertical MSE advection anomalies. 571 

The dynamic term, 𝛿(𝜔)𝜕𝑝ℎ, is dominant throughout the troposphere. The weak composite 572 

(Figs. 14f – 14j) opposes the strong composite in general.  573 

In October and December, profiles of the vertical advection anomalies are roughly 574 

similar to those of November, except for the near-surface layer and the strong composite 575 

in October. For the strong composite in October, shifting the western boundary of the 576 

averaging region to ~38E produces similar profiles to those of November.  577 

Figures 13 and 14 show that the primary MSE balance is between the dynamic 578 

terms of anomalous vertical advection, 𝛿(𝜔)𝜕𝑝ℎ, and anomalous horizontal advection. 579 
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Thus, the anomalous vertical flow, 𝛿𝜔 , is potentially induced by the horizontal MSE 580 

advection anomalies locally. This coincides with the presence of an anomalous Indian 581 

Ocean Walker Circulation, but no simultaneous remote influence is identified. Caution is 582 

appropriate, however, because the MSE budget is not closed and there are variations among 583 

the composited years. 584 

Cross-sections of the anomalous horizontal MSE advection averaged over 3S – 585 

3N are plotted in Figure 15. In the strong composite (Fig. 15a), there is anomalous MSE 586 

export by horizontal advection at 700 – 900 hPa over equatorial East Africa. Anomalous 587 

MSE import occurs around 600 hPa over the western Indian Ocean, and sporadically over 588 

the East African Highlands.  589 

The anomalies are decomposed into dynamic, thermodynamic and covariance 590 

components using , similar to Fig. 14. Unlike 591 

Fig. 14, none of the components dominates the horizontal MSE advection anomalies, since 592 

they enhance or cancel out each other in different vertical layers (not shown). Fig. 15b 593 

illustrates the mechanism associated with the dynamic term, showing horizontal wind 594 

anomalies and the climatological MSE. Anomalous westerlies at 600 – 700 hPa advect 595 

high MSE air into East Africa, while anomalous easterlies at 800 – 900 hPa advect low 596 

MSE air. The thermodynamic term results from climatological horizontal winds advecting 597 

anomalous MSE (Fig. 15c). The MSE is significantly lower over the ocean primarily due 598 

to reduced specific humidity, and the climatological easterlies bring anomalously dry air 599 

into East Africa between 400 hPa and 900 hPa. The weak composite (Figs. 15d – 15f) 600 

generally opposes the strong composite. 601 
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 There are some variations among the months of the short-rains season and the 602 

composited years. In October, the horizontal MSE advection anomalies are similar to those 603 

in November at 850 – 900 hPa over 37°E – 45°E, but are more organized at 500 – 700 hPa 604 

over 35°E – 55°E. In December, the anomalies are weaker but of the same sign as in 605 

November at 800 – 900 hPa over equatorial East Africa (40°E – 45°E). The strength and 606 

location of the decomposed terms also vary to some extent. For example, the weak 607 

composite in December does not have a positive dynamic term anomaly at 800 – 900 hPa 608 

over equatorial East Africa. 609 

 610 

5 Conclusions 611 

Walker circulations near East Africa are identified and their relationships with 612 

East African rainfall are explored in multiple reanalyses and observational precipitation 613 

datasets. Processes associated with the interannual variability of East African rainfall are 614 

investigated for November, when the East African short rains and their covariability with 615 

the strength of the Indian Ocean Walker Circulation both peak. This study is motivated 616 

by the need to improve our basic understanding of the dynamics of East African rainy 617 

seasons, and a lack of consensus about the existence and role of Walker circulations near 618 

East Africa and their role in East African rainfall variations. 619 

The Ψ-vector method is used to decompose the three-dimensional circulation into 620 

mass-conserving, independent, zonal and meridional components. The zonal components 621 

are used to identify Walker circulations. A solution for the streamfunction in the zonal and 622 

vertical plane, 𝜓𝑥, is found by vertically integrating the divergent component of the zonal 623 

wind, u
D

. Because partitioning a three-dimensional circulation into zonal and meridional 624 
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streamfunctions is inherently unphysical, we compare 𝜓𝑥  values with u
D

 calculated by 625 

both a Helmholtz decomposition and by a limited-domain attribution technique. In 626 

addition, we interpret 𝜓𝑥 in relation to the full wind field. 627 

 Three Walker circulations with potential relevance to East Africa rainfall are 628 

identified. The East African Walker Circulation has a descending branch over East 629 

Africa, and an ascending branch over the Congo Basin. It persists throughout the year 630 

except during June and July, and is strongest in February – April and September – 631 

November. To its west, the Congo Basin Walker Circulation connects upward motion 632 

over the Congo Basin with downward motion over the equatorial eastern Atlantic. This 633 

circulation system appears year-round, and is weakest in May and strongest in August. 634 

The third zonal overturning circulation is the larger-scale Indian Ocean Walker 635 

Circulation, with descent over the western Indian Ocean and ascent over the Maritime 636 

Continent. It exists throughout the year, and it is weakest in January and strongest in June 637 

– September.  638 

A “flywheel check” is used to understand the extent to which the upward and 639 

downward branches of the Walker circulations vary synchronously. For the East African 640 

and Congo Basin Walker circulations, consistent correlations across the four reanalyses 641 

do not emerge.  The lack of agreement among the reanalyses may be related to the 642 

scarcity of upper-air observations over Central Africa. In contrast, there are consistent 643 

and significant anti-correlations between the 500-hPa vertical velocity over the Maritime 644 

Continent and over equatorial East Africa/western Indian Ocean in the four reanalyses 645 

during September – March. Correlations are strongest in October – December. Such 646 

contrast between the Indian Ocean Walker Circulation and the other two Walker 647 
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circulations that are mostly located over land may imply a key role for air-sea interactions 648 

in forcing the anti-correlations between the vertical branches of Walker circulations. 649 

The seasonal cycle of the Walker circulation strength indicated by 𝜓𝑥 is different 650 

from the seasonal cycle of the correlations between vertical velocities across the 651 

equatorial Indian Ocean basin. Multiple factors, including relatively strong meridional 652 

winds, the Tropical East Jet and the Indian Monsoon, potentially increase the overall anti-653 

clockwise mass movement but disturb the anti-correlation between the vertical branches 654 

of the Indian Ocean Walker Circulation. The factors that are involved in the complex, 655 

three-dimensional flow cannot be fully described by 𝜓𝑥. Additionally, as mass 656 

conservation is not ensured in the equatorial zonal panel, anti-correlation between vertical 657 

branches does not necessarily occur within these equatorial zonal circulations. This raises 658 

caution about simply understanding vertical motion by mass conservation with zonal 659 

winds. Stability and the MSE budget also constrain the local convection. Thus, it is 660 

advisable to examine the anomalous moisture and energy transport over the vertical 661 

branches when examining the influence of Walker circulations on regional precipitation. 662 

In years with an anomalously strong (weak) Indian Ocean Walker Circulation, 663 

less (more) precipitation occurs over East Africa in October – December. Anomalous 664 

mid-level moisture divergence associated primarily with variations of wind divergence 665 

rather than specific humidity is important in generating these interannual rainfall 666 

variations during the short rains. At lower levels, moisture flux convergence (divergence) 667 

over the coastal topography accompanies a strong (weak) Indian Ocean Walker 668 

Circulation in November – December. Shallower (deeper) convection is associated with 669 

anomalous moist static energy export (import) by horizontal advection at mid- to lower- 670 
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troposphere. However, this energetic argument is not conclusive because the budget is 671 

not closed for the space and time scales considered and there are variations among the 672 

composited years and the months that comprise the short rains season. 673 

The results of this study do not necessarily imply that there is a direct, remote 674 

influence of the Maritime Continent region on East African rainfall. One concern is that 675 

the conceptualization of Walker Circulations does not capture the complex, 3-676 

dimensionality of the actual wind flow. Further, the strong and weak composites are not 677 

sufficiently precise due to the lack of a universal and accurate way to define and quantify 678 

the strength of Walker circulations. The Walker circulations also vary in other parameters 679 

such as boundaries and center locations. The sample sizes do not lend strong statistical 680 

confidence as well. Finally, the associations identified in this study do not necessarily 681 

indicate causality. For example, anomalies in the Indian Ocean Walker Circulation and 682 

East African rainfall might be mutual responses to variations in sea surface temperatures 683 

in the western Indian Ocean (Ummenhofer et al. 2009; Lyon 2014; Liu et al. 2020) or the 684 

Mascarene High (Manatsa et al. 2014; Vizy and Cook 2020; Peng et al. 2020).  685 

Another caveat is that there are non-physical discontinuities in the zonal 686 

streamfunction. Decomposing the vertical velocity into components that satisfy mass 687 

continuity of the zonal and meridional streamfunctions is not always physical. It reflects 688 

the existence of harmonic components in the divergent wind and that mass conservation 689 

is not ensured in the equatorial zonal plane. This problem persists when the divergent 690 

winds are calculated globally using the Helmholtz decomposition or over an equatorial 691 

channel using free-space Green’s functions, and with different methods of computing the 692 

zonal streamfunction. 693 
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Table 1. Indices for the Walker circulations. 960 

Indices  Description 

ω500EA ω500 averaged over the equatorial averaging region in East Africa (Fig. 2). 

ω500CBj 
ω500 averaged over the jth subarea in the Congo Basin region (3°S – 3°N, 

10 – 35°E; Fig. 1). 

ω500IOij 
ω500 averaged over the ijth subarea in the Maritime Continent region (15°S 

– 15°N and 90 – 150°E; Fig. 1).  

uD850 

(uD150) 

850-hPa (150-hPa) uD averaged over the equatorial central Indian Ocean 

(3°S – 3°N, 60 – 90°E).  

𝜓𝑥IO  
𝜓𝑥 vertically averaged from 300 to 600 hPa and averaged over the 

equatorial central Indian Ocean (3°S – 3°N, 60 – 90°E). 

 961 

  962 
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Table 2. (a) Correlations between the mean precipitation (mm/day) over the equatorial 963 

East Africa averaging region (Fig. 2) in PERSIANN and various indices of the Indian 964 

Ocean Walker Circulation (𝜓𝑥IO, uD850 and uD150) from ERAI in September – March. 965 

(b) Correlations between equatorial East African rainfall, as in (a), and ω500IOij 966 

evaluated for different reanalyses. Correlation coefficients exceeding 90% are in italics, 967 

and exceeding 95% are bold. 968 

(a) 𝜓𝑥IO uD850 uD150 

SEP -0.100 -0.176 0.131 

OCT -0.733 -0.664 0.701 

NOV -0.792 -0.799 0.698 

DEC -0.636 -0.669 0.548 

JAN -0.539 -0.582 0.361 

FEB -0.509 -0.482 0.456 

MAR -0.151 -0.086 0.193 

 969 

(b) ω500IOij ERAI JRA55 MERRA2 ERA5 

SEP ω500IO32 0.055 -0.045 0.001 0.000 

OCT ω500IO32 0.405 0.467 0.440 0.465 

NOV ω500IO42 0.582 0.625 0.568 0.605 

DEC ω500IO23 0.581 0.687 0.738 0.637 

JAN ω500IO33 0.242 0.358 0.406 0.527 

FEB ω500IO34 0.572 0.349 0.440 0.516 

MAR ω500IO34 0.214 0.076 0.063 0.117 

 970 

  971 
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Table 3. Years when 𝜓𝑥IO is greater than +0.5 SD (“strong”) or less than −0.5 SD 972 

(“weak”) in October – February in at least three of the four reanalyses. Years without an 973 

anomalous overturning zonal circulation over the Indian Ocean or when the anomalous 974 

circulation is not located over the Central Indian Ocean in two or more reanalyses are 975 

removed from the composites (strikethrough).  976 

OCT NOV DEC JAN FEB 

Weak Strong Weak Strong Weak Strong Weak Strong Weak Strong 

11 11 6 8 10 12 8 8 6 5 

1982 1981 1982 1979 1979 1980 1979 1984 1980 1984 

1987 1983 1984 1981 1985 1984 1983 1986 1982 1985 

1994 1989 1994 1987 1986 1987 1985 1987 1986 1992 

1997 1992 1997 1988 1988 1993 1992 1989 1987 1994 

2002 1996 2004 1995 1989 1996 1996 1990 1990 1997 

2004 1998 2006 1998 1990 1998 1998 1991 1993 2000 

2006 1999 2011 2001 1994 1999 2004 1995 1998 2001 

2009 2000   2005 1995 2005 2007 1999 2006 2004 

2011 2001   2010 1997 2007 2008 2000 2010 2008 

2012 2005     2001 2010 2009 2001 2014 2011 

2015 2010     2002 2011 2014 2011 2017 2013 

  2016     2004 2012   2012 2018   

  2017     2006 2013   2017     

          2014   2018     

          2016         

 977 

  978 
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Figure Captions 979 

 980 

Fig. 1 Averaging areas and subareas. The Congo Basin subareas to derive ω500CBj are 981 

marked by black boxes (3°S – 3°N and 10 – 35°E; j = 1, 2, 3, 4), and those used to derive 982 

ω500IOij are denoted by gray lines (15°S – 15°N and 90 – 150°E; i ranges from 1 to 5 983 

and j ranges from 1 to 6). The averaging region for ω500EA over equatorial East Africa 984 

is denoted by the gray shading. The region is plotted on the horizontal grid of the TMPA 985 

data, but interpolated to the reanalysis grids for the “flywheel check”. The averaging 986 

region for uD850, uD150, and 𝜓𝑥IO in the central Indian Ocean is also shown (black 987 

square; 3°S – 3°N and 60 – 90°E). 988 

 989 

Fig. 2  (a) log2|c2/c1| from the harmonic analysis using TMPA precipitation over the 990 

1998-2018 period. Contours denote surface geopotential height (m) over Africa in ERAI. 991 

The equatorial averaging region is stippled. (b) The monthly precipitation climatology 992 

averaged over the equatorial averaging region in observations and reanalyses. (c) The 993 

monthly precipitation climatology averaged over the northern part of the bimodal area 994 

(north of 3N) in observations and reanalyses. 995 

 996 

Fig. 3 Cross sections of the monthly climatology of 𝜓𝑥 (shading; mPas-1), Du (vectors; 997 

ms-1) and ωx (vectors; Pas-1) averaged between 3S and 3N in ERAI. Du  is calculated 998 

with the Helmholtz decomposition on the global grid. Only one in two wind vectors are 999 

plotted for clarity. Green shading represents topography, constructed from the 1000 
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climatological surface pressure (hPa) in ERAI. The coast of equatorial East Africa ranges 1001 

from 40E to 47E. 1002 

 1003 

Fig. 4 Wind vectors composed of the full zonal wind (ms-1) and the vertical p-velocity 1004 

(Pas-1) averaged between 3S and 3N in ERAI. Only one in two wind vectors are plotted 1005 

for clarity. The green shading represents topography, constructed from the climatological 1006 

surface pressure in ERAI. 1007 

 1008 

Fig. 5 Cross sections of the monthly climatology of 𝜓𝑥 (shading; mPas-1), Du (vectors; 1009 

ms-1) and ωx (vectors; Pas-1) averaged between 3S and 3N in ERAI in (a) January, (b) 1010 

April, (c) July and (d) October. Du  is calculated using the limited-domain attribution 1011 

technique. Only one in two wind vectors are plotted for clarity. Green shading represents 1012 

topography, constructed from climatological surface pressure (hPa) in ERAI. 1013 

 1014 

Fig. 6 Monthly correlation between EAω500 and ω500 in ERAI. Correlation coefficients 1015 

exceeding the 95% confidence level are stippled, based on a two-tailed Student’s t-test 1016 

assuming 38 degrees of freedom. 1017 

 1018 

Fig. 7 Correlations between ω500 averaged over the Congo Basin (3S – 3N, 20 – 30E) 1019 

and ω500 in ERAI in (a) June, (b) July, (c) August, and (d) September. (e) – (h), (i) – (l) 1020 

and (m) – (p) are the same as (a) – (d), but for MERRA2, JRA55 and ERA5, respectively. 1021 

Correlation coefficients exceeding the 95% confidence level are stippled, based on a two-1022 
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tailed Student’s t-test assuming 38 degrees of freedom (37 degrees of freedom for 1023 

MERRA2). 1024 

 1025 

Fig. 8 Correlations between ω500IO32 (green boxes; 3S – 3N, 100 – 110E) and ω500 1026 

in October for (a) ERAI, (b) JRA55, (c) MERRA2 and (d) ERA5. Correlations between 1027 

ω500IO42 (green boxes; 3S – 9S, 100 – 110E) and ω500 in November for (e) ERAI, 1028 

(f) JRA55, (g) MERRA2 and (h) ERA5. Correlations between ω500IO23 (green boxes; 1029 

3N – 9N, 110 – 120E) in December for (i) ERAI, (j) JRA55, (k) MERRA2 and (l) 1030 

ERA5. Correlation coefficients exceeding the 95% confidence level based on a two-tailed 1031 

Student’s t-test assuming 38 degrees of freedom (37 degrees of freedom for MERRA2) 1032 

are stippled. 1033 

 1034 

Fig. 9 Precipitation anomalies (mmday-1) for the strong and weak composites in October 1035 

– February in PERSIANN. Values exceeding 95% confidence levels are stippled, based 1036 

on a Welch’s t-test. 1037 

 1038 

Fig. 10 Anomalies of moisture budget terms (mmday-1) for the strong composite in 1039 

November calculated from ERA5: (a) P; (b) ET; (c) the C term; (d) the A term; and (e) 1040 

the residual. (f) – (j) are anomalies of the moisture budget terms for the weak composite. 1041 

Values exceeding the 95% confidence levels are stippled, based on a Welch’s t-test. 1042 

 1043 

Fig. 11 Cross sections of the anomalous (a) C term (C; 10-8s-1), (b) zonal component (Cz; 1044 

10-8s-1), (c) meridional component (Cm; 10-8s-1), (d) divergence (DIV; 10-6s-1), ω 1045 
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(vectors; Pas-1) and Du
 
(vectors; ms-1), and (e) specific humidity (q; 10-3kgkg-1) for the 1046 

strong composite in November in ERA5, averaged between 3S and 3N. (f) – (j) are 1047 

anomalies for the weak composite. For clarity, vectors exceeding the 95% confidence 1048 

levels are plotted every 1.5 longitude and every other pressure level. Values exceeding 1049 

the 95% confidence levels are stippled, based on a Welch’s t-test. The dashed lines mark 1050 

37E and 43E. The green block represents the topography, constructed from 1051 

climatological surface pressure (hPa) in ERA5. 1052 

 1053 

Fig. 12 Anomalous (a) moisture convergence (shading; 10-8s-1) and moisture flux 1054 

(vectors; ms-1), and (b) specific humidity (shading; 10-3kgkg-1) and divergent wind 1055 

(vectors; ms-1) at 800 hPa for the strong composite in November in ERA5. (c) – (d) are 1056 

anomalies for the weak composite. Vectors are plotted every 1.5 longitude/latitude for 1057 

clarity, and marked green if exceeding 95% confidence levels. Values exceeding 95% 1058 

confidence levels are stippled, based on a Welch’s t-test. 1059 

 1060 

Fig. 13 Anomalies of column-integrated MSE budget terms (Wm-2) for the strong 1061 

composite in November calculated from 6-hourly data in ERAI: (a) the trend (b) V
adv

, (c) 1062 

H
adv

, (d) F
net

, and (e) the residual. (f) – (j) are anomalies of column-integrated MSE 1063 

budget terms for the weak composite. Values exceeding the 95% confidence levels are 1064 

stippled, based on a Welch’s t-test. 1065 

 1066 
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Figure 14. Vertical profiles of (a) V
adv

 (10-3Wkg-1), (b) ω (10-2Pas-1), (c) MSE 1067 

(105Jkg-1), (d) anomalous MSE terms (103Jkg-1) and (e) anomalous V
adv

 terms (10-1068 

3Wkg-1) for the strong composite (red lines) in November over the equatorial East 1069 

Africa averaging region (Fig. 2), calculated from ERAI. (f) – (j) are diagnostics for the 1070 

weak composite (blue lines). Black lines in (a) – (c) and (f) – (h) denote vertical profiles 1071 

for the climatology. 1072 

 1073 

Figure 15. Cross sections of (a) the anomalous H
adv

 (10-3Wkg-1), (b) the climatological 1074 

MSE (105Jkg-1) and the anomalous zonal wind (ms-1) and vertical p-velocity (Pas-1) 1075 

and (c) the anomalous MSE (103Jkg-1) and the climatological zonal wind (ms-1) and 1076 

vertical p-velocity (Pas-1) for the strong composite in November calculated from ERAI. 1077 

(d) – (f) are diagnostics for the weak composite. Vectors are plotted every other longitude 1078 

and pressure level for clarity. The green block represents the topography, constructed 1079 

from climatological surface pressure (hPa) in ERAI. 1080 

  1081 
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 1082 

Figure 1. Averaging areas and subareas. The Congo Basin subareas to derive ω500CBj 1083 
are marked by black boxes (3S – 3N and 10 – 35E; j = 1, 2, 3, 4), and those used to 1084 
derive ω500IOij are denoted by gray lines (15S – 15N and 90 – 150E; i ranges from 1 1085 
to 5 and j ranges from 1 to 6). The averaging region for ω500EA over equatorial East 1086 
Africa is denoted by the gray shading. The region is plotted on the horizontal grid of the 1087 
TMPA data, but interpolated to the reanalysis grids for the “flywheel check”. The 1088 
averaging region for uD850, uD150, and 𝜓𝑥IO in the central Indian Ocean is also shown 1089 
(black square; 3S – 3N and 60 – 90E). 1090 
 1091 

  1092 
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 1093 

Figure 2.  (a) log2|c2/c1| from the harmonic analysis using TMPA precipitation over the 1094 
1998-2018 period. Contours denote surface geopotential height (m) over Africa in ERAI. 1095 
The equatorial averaging region is stippled. (b) The monthly precipitation climatology 1096 
averaged over the equatorial averaging region in observations and reanalyses. (c) The 1097 
monthly precipitation climatology averaged over the northern part of the bimodal area 1098 
(north of 3N) in observations and reanalyses. 1099 
 1100 

  1101 
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 1102 

Figure 3. Cross sections of the monthly climatology of 𝜓𝑥 (shading; mPas-1), Du1103 

(vectors; ms-1) and ωx (vectors; Pas-1) averaged between 3S and 3N in ERAI. Du  is 1104 

calculated with the Helmholtz decomposition on the global grid. Only one in two wind 1105 
vectors are plotted for clarity. Green shading represents topography, constructed from the 1106 
climatological surface pressure (hPa) in ERAI. The coast of equatorial East Africa ranges 1107 
from 40E to 47E. 1108 
 1109 
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 1110 

Figure 4. Wind vectors composed of the full zonal wind (ms-1) and the vertical p-velocity 1111 
(Pas-1) averaged between 3S and 3N in ERAI in January. Only one in two wind vectors 1112 
are plotted for clarity. The green shading represents topography, constructed from the 1113 
climatological surface pressure in ERAI. 1114 
 1115 

  1116 
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 1117 

Figure 5. Cross sections of the monthly climatology of 𝜓𝑥 (shading; mPas-1), Du1118 

(vectors; ms-1) and ωx (vectors; Pas-1) averaged between 3S and 3N in ERAI in (a) 1119 

January, (b) April, (c) July and (d) October. Du  is calculated using the limited-domain 1120 

attribution technique. Only one in two wind vectors are plotted for clarity. Green shading 1121 
represents topography, constructed from climatological surface pressure (hPa) in ERAI. 1122 
 1123 

  1124 
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 1125 

Figure 6. Monthly correlation between EAω500 and ω500 in ERAI. Correlation 1126 
coefficients exceeding the 95% confidence level are stippled, based on a two-tailed 1127 
Student’s t-test assuming 38 degrees of freedom. 1128 
 1129 
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 1131 

Figure 7. Correlations between ω500 averaged over the Congo Basin (3S – 3N, 20 – 1132 
30E) and ω500 in ERAI in (a) June, (b) July, (c) August, and (d) September. (e) – (h), (i) 1133 
– (l) and (m) – (p) are the same as (a) – (d), but for MERRA2, JRA55 and ERA5, 1134 
respectively. Correlation coefficients exceeding the 95% confidence level are stippled, 1135 
based on a two-tailed Student’s t-test assuming 38 degrees of freedom (37 degrees of 1136 
freedom for MERRA2). 1137 
 1138 
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 1140 

Figure 8. Correlations between ω500IO32 (green boxes; 3S – 3N, 100 – 110E) and 1141 
ω500 in October for (a) ERAI, (b) JRA55, (c) MERRA2 and (d) ERA5. Correlations 1142 
between ω500IO42 (green boxes; 3S – 9S, 100 – 110E) and ω500 in November for (e) 1143 
ERAI, (f) JRA55, (g) MERRA2 and (h) ERA5. Correlations between ω500IO23 (green 1144 
boxes; 3N – 9N, 110 – 120E) in December for (i) ERAI, (j) JRA55, (k) MERRA2 and 1145 
(l) ERA5. Correlation coefficients exceeding the 95% confidence level based on a two-1146 
tailed Student’s t-test assuming 38 degrees of freedom (37 degrees of freedom for 1147 
MERRA2) are stippled. 1148 
 1149 
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 1151 

Figure 9. Precipitation anomalies (mmday-1) for the strong and weak composites in 1152 
October – February in PERSIANN. Values exceeding 95% confidence levels are 1153 
stippled, based on a Welch’s t-test. 1154 
 1155 
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 1157 

Figure 10. Anomalies of moisture budget terms (mmday-1) for the strong composite in 1158 
November calculated from ERA5: (a) P; (b) ET; (c) the C term; (d) the A term; and (e) 1159 
the residual. (f) – (j) are anomalies of the moisture budget terms for the weak composite. 1160 
Values exceeding the 95% confidence levels are stippled, based on a Welch’s t-test. 1161 
 1162 
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 1164 

Figure 11. Cross sections of the anomalous (a) C term (C; 10-8s-1), (b) zonal component 1165 
(Cz; 10-8s-1), (c) meridional component (Cm; 10-8s-1), (d) divergence (DIV; 10-6s-1), ω 1166 

(vectors; Pas-1) and Du
 
(vectors; ms-1), and (e) specific humidity (q; 10-3kgkg-1) for the 1167 

strong composite in November in ERA5, averaged between 3S and 3N. (f) – (j) are 1168 
anomalies for the weak composite. For clarity, vectors exceeding the 95% confidence 1169 
levels are plotted every 1.5 longitude and every other pressure level. Values exceeding 1170 
the 95% confidence levels are stippled, based on a Welch’s t-test. The dashed lines mark 1171 
37E and 43E. The green block represents the topography, constructed from 1172 
climatological surface pressure (hPa) in ERA5. 1173 
 1174 
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 1176 

Figure 12. Anomalous (a) moisture convergence (shading; 10-8s-1) and moisture flux 1177 
(vectors; ms-1), and (b) specific humidity (shading; 10-3kgkg-1) and divergent wind 1178 
(vectors; ms-1) at 800 hPa for the strong composite in November in ERA5. (c) – (d) are 1179 
anomalies for the weak composite. Vectors are plotted every 1.5 longitude/latitude for 1180 
clarity, and marked green if exceeding 95% confidence levels. Values exceeding 95% 1181 
confidence levels are stippled, based on a Welch’s t-test. 1182 
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 1183 

Figure 13. Anomalies of column-integrated MSE budget terms (Wm-2) for the strong 1184 

composite in November calculated from 6-hourly data in ERAI: (a) the trend (b) V
adv

, (c) 1185 

H
adv

, (d) F
net

, and (e) the residual. (f) – (j) are anomalies of column-integrated MSE 1186 

budget terms for the weak composite. Values exceeding the 95% confidence levels are 1187 
stippled, based on a Welch’s t-test. 1188 
 1189 
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 1191 

Figure 14. Vertical profiles of (a) V
adv

 (10-3Wkg-1), (b) ω (10-2Pas-1), (c) MSE 1192 

(105Jkg-1), (d) anomalous MSE terms (103Jkg-1) and (e) anomalous V
adv

 terms (10-1193 
3Wkg-1) for the strong composite (red lines) in November over the equatorial East 1194 
Africa averaging region (Fig. 2), calculated from ERAI. (f) – (j) are diagnostics for the 1195 
weak composite (blue lines). Black lines in (a) – (c) and (f) – (h) denote vertical profiles 1196 
for the climatology.  1197 
  1198 
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 1199 
Figure 15. Cross sections of (a) the anomalous H

adv
 (10-3Wkg-1), (b) the climatological 1200 

MSE (105Jkg-1) and the anomalous zonal wind (ms-1) and vertical p-velocity (Pas-1) 1201 
and (c) the anomalous MSE (103Jkg-1) and the climatological zonal wind (ms-1) and 1202 
vertical p-velocity (Pas-1) for the strong composite in November calculated from ERAI. 1203 
(d) – (f) are diagnostics for the weak composite. Vectors are plotted every other longitude 1204 
and pressure level for clarity. The green block represents the topography, constructed 1205 
from climatological surface pressure (hPa) in ERAI. 1206 


