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Abstract 22 

Ensemble simulations with a regional climate model on a large domain and 30-km 23 

resolution are used to understand why projected precipitation changes under greenhouse gas-24 

forcing are asymmetric across seasons in equatorial East Africa, with rainfall increasing during 25 

the short rains (October through December) but not during the long rains (March through May).  26 

The model captures an accurate simulation of observed East African precipitation improving 27 

over coupled GCM simulations. Future simulations are generated by increasing atmospheric 28 

CO2 according to the RCP8.5 scenario and adding anomalies to observed SSTs as well as initial 29 

and lateral boundary conditions derived from coupled GCM simulations. 30 

In November, simulated rainfall rates increase by approximately one-third over much 31 

of equatorial East Africa by the mid-21st century, and double by the end of the century. The 32 

long rains are not significantly increased. The difference in the seasonal response is attributed 33 

to differences in the background state. The East African short rains are greatest in November, 34 

more than one month after the autumnal equinox, when the climatological basic state is in a 35 

solstitial pattern. The well-defined heat low over southern Africa and the South Indian Ocean 36 

subtropical high to its east are intensified, leading to enhanced moisture convergence over 37 

equatorial East Africa. In contrast, the long rains are near their maximum on the vernal equinox, 38 

with a continental thermal low centered near the equator that is insensitive to 21st century 39 

greenhouse gas-induced changes in the subtropical atmospheric hydrodynamics. 40 

 41 
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1.  Introduction 46 

Precipitation over East Africa is bimodal over large regions, with a boreal spring rainy 47 

season in March through mid-May known as the long rains, and a late-fall rainy season in 48 

October through December known as the short rains. Some analyses of observations over the 49 

late 20th and early 21st centuries suggest that there is a decreasing trend in rainfall during the 50 

long rains, while other studies do not find a trend.  Rainfall totals delivered during the short 51 

rains season have increased.  The implication is that these asymmetric trends are being forced 52 

by increasing atmospheric greenhouse gas levels, but a poor representation of the East African 53 

rainy seasons and their modes of natural variability in coupled GCMs (CGCMs) undermines 54 

confidence in our ability to use these models for projection and attribution of change on this 55 

regional space scale. 56 

Here we analyze the response of the East African long and short rains to increasing 57 

atmospheric greenhouse gases using regional climate model simulations that were performed 58 

using a large domain – including all of Africa and the surrounding oceans - with 30-km 59 

resolution.  In the ensemble simulations, greenhouse gas forcing is applied by increasing 60 

atmospheric CO2 in the model, and also by adding anomalies derived from CGCM simulations 61 

to observed SSTs. This simulation design provides an improved simulation of the East African 62 

rainy seasons compared with CGCMs because of the improved representation of the region’s 63 

complex topography, realistic SST distributions, and customized physical parameterizations 64 

choices. 65 

Section 2 provides background on the climatology of East African rainfall, and its 66 

observed and projected trends. In section 3 we discuss the model ensemble simulations and the 67 

evaluation of confidence in the projections along with the observational datasets and analysis 68 

methodology employed.  Model evaluation is in section 4, followed by an analysis that explains 69 
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why the seasonal rainfall projections for the long rains and short rains are different. Section 5 70 

provides concluding remarks. 71 

 72 

2. Background 73 

East Africa stretches across 40º degrees of latitude, from the Horn of Africa (Ethiopia, 74 

Eritrea, Djibouti, and Somalia), through the equatorial region (Kenya, Uganda, Rwanda, 75 

Burundi, South Sudan, and Tanzania), to Mozambique and Malawi in the south. The presence 76 

of two rainy seasons is common, especially in equatorial East Africa within 10º of the equator, 77 

which is the focus of this paper. One rainy season, the “long rains”, typically lasts from March 78 

through May, and the “short rains” season occurs in October through December.  These rainy 79 

seasons develop in the absence of strong meridional flow associated with the Somali jet in 80 

Northern Hemisphere summer and its reversal in winter (Vizy and Cook 2020), contradicting 81 

the idea that the rainfall seasonality is determined by the seasonal excursions of the inter-82 

tropical convergence zone. 83 

During the long rains, onshore flow carries moisture from the South Indian Ocean that 84 

is channeled into equatorial East Africa by the topography, and strong moisture flux through 85 

the orographic gap known as the Turkana Channel (5ºN, 36ºE) supports rainfall in the interior 86 

(Nicholson 2016; Hartman 2018; Vizy and Cook 2019). The onshore transport of high moist 87 

static energy from the warm western Indian Ocean overcomes the divergence of the overlying 88 

air to produce the rainy season (Yang et al. 2015).  Interannual variability of the long rains is 89 

smaller than that of the short rains. Connections to remote SST forcing during the long rains 90 

season are weak (Ogallo et al 1988; Mutai and Ward 2000), and their prediction on seasonal 91 

and even intraseasonal time scales exhibits low skill (Dutra et al 2013; Nicholson 2014; 92 

MacLeod 2019). 93 
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A number of observational studies indicate a negative trend in the long rains 94 

precipitation, primarily over the 1980-2010 period (Lyon and DeWitt 2012; Funk et al. 2015; 95 

Rowell et al., 2015; Maidment et al. 2015; Ongoma and Chen 2017; Cattani et al., 2018). Many 96 

different averaging regions are used in these studies, and analyses do not agree about the causes 97 

of the suggested decline. Natural variability, greenhouse gas increases (Williams and Funk 98 

2011; Liebmann et al. 2014; Yang et al. 2014), western Pacific SST forcing (Liebmann et al. 99 

2017), and the Pacific Decadal Oscillation (Omondi et al. 2013) have all been implicated. 100 

Wainwright et al. (2019) suggest that the drying signal is associated with a shortening of the 101 

long-rains season, consistent with the modeling study of Cook and Vizy (2013). Recent studies 102 

suggest that the drying primarily occurred during the 1998-2009 period, was highly regional, 103 

and did not persist into the second decade of the 21st c. (Wainwright et al. 2019, Cook and Vizy 104 

2019). Kenya has experienced record-breaking spring rains recently, for example (Kilavi 105 

2018). 106 

Unlike the long rains, the short rains exhibit substantial sensitivity to SSTAs and, as a 107 

result, they are more variable than the long rains (Nicholson 2014; Ndomeni et al. 2018) and 108 

seasonal prediction may hold more promise (e.g., Lu et al. 2016). Studies of the connection 109 

between SSTA and the short rains fall roughly into two types. In one, the intensity of the East 110 

African short rains is related to SST gradients across the Indian Ocean, referred to as the Indian 111 

Ocean Dipole (IOD) or the Indian Ocean Zonal Mode (IOZM). Different authors use different 112 

averaging periods and various means of measuring the zonal SST gradient and its variations 113 

(e.g., Saji and Yamagata 2003, Behera et al 2005). Black et al. (2003) indicate that the 114 

relationship is confined primarily to extreme IOZM years, which are coupled with ENSO (see 115 

also Bahaga et al. (2019).  116 

The other type of study finds that the sensitivity of the East African short rains to Indian 117 

Ocean SSTs is dominated by a sensitivity to western Indian Ocean SSTAs, rather than to zonal 118 
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SST gradient. Bahaga et al. (2015) evaluate the predictability of the East African short rains in 119 

observations and find a dominant role for the western Indian Ocean, when warm anomalies 120 

induce a Gill-type response to steady equatorial heating. Atmosphere-only model studies by 121 

Ummenhofer et al. (2009) and Liu et al. (2020), with SSTAs imposed individually in various 122 

regions of the Indian Ocean, support this result.  They explicitly show that there is only weak 123 

direct influence on the East African short rains from SSTAs in the central and eastern Indian 124 

Ocean. 125 

In contrast to the long rains, recent observations suggest that precipitation during the 126 

short rains is increasing (Gebrechorkos et al. 2019). Cattani et al. (2018) examine three 127 

satellite-based time series for 1983-2015 and find wide-spread precipitation increases in 128 

October through December over East Africa, excepting a region over Kenya. 129 

A poor representation of the equatorial East African rainy seasons in coupled GCMs 130 

has been reported and analyzed (e.g., Otieno and Anya 2013; Dunning et al. 2017; Ongoma et 131 

al. 2019), adding to uncertainty in the projections. These models simulate very weak long-rains 132 

precipitation and produce rainfall that is too strong during the short rains season (Otieno and 133 

Anya 2013; Yang et al. 2015; Rowell et al. 2015).   Consistent with the strong connection 134 

between East African rainfall and Indian Ocean SSTs, these studies find that inaccuracies in 135 

the simulations of East Africa rainfall are at least partly associated with the ocean component 136 

of the CGCMs.  For example, Ummenhofer et al. (2018) use natural variability as a proxy for 137 

evaluating responses to SSTs in a coupled GCM, and find that the modeled long rains exhibit 138 

spurious responses to remote SST forcing such as ENSO.  Atmosphere-only GCMs, with 139 

realistic SSTs prescribed, produce improved simulations of the rainy seasons (see Fig. 5 in 140 

Cook and Vizy 2019).  With prescribed SSTs and resolution better able to accurately capture 141 

the complex topography of East Africa, regional models  also are able to improve on CGCM 142 

simulations (Endris et al. 2013; Cook and Vizy 2013; Han et al. 2019). Additional 143 
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improvements that include a correct simulation of the diurnal cycle of rainfall come from 144 

convective-permitting modeling (Finney et al. 2019). 145 

In summary, past research makes it clear that variability and trends of the long rains 146 

and the short rains are significantly different from each other. Here we focus on greenhouse 147 

gas-induced trends.  The hydrodynamics of the changes in precipitation during each season are 148 

analyzed using a high-resolution, ensemble modeling approach to understand the fundamental 149 

reasons for the differences in behavior between the two rainy seasons. 150 

 151 

3. Data and methods 152 

3.1 Ensemble model simulations  153 

Simulations of the late 20th century, mid-21st century, and late 21st century created using 154 

the Weather Research and Forecasting model V3.1.1 (WRF; Skamarock et al., 2008) are used 155 

to project changes over East Africa due to increasing atmospheric greenhouse gas levels.  A 156 

nested-domain configuration is used, with 90-km resolution over the outer domain and 30-km 157 

resolution over the inner domain (Figure 1).  There are 32 vertical levels in the simulations, 158 

and the top of the atmosphere is set at 20 hPa.  The choice of large domain is deliberate, to 159 

reduce the influence of lateral boundary conditions on the model’s interior solution (Cook and 160 

Vizy, 2006). 161 

Model parameterizations employed include the Yonsei University planetary boundary 162 

layer (Hong et al. 2006), Monin-Obukhov surface layer, new Kain-Fritsch cumulus convection 163 

(Kain 2004), Purdue Lin microphysics (Chen and Sun 2002), RRTM longwave radiation 164 

(Mlawer et al., 1997), Dudhia shortwave radiation (Dudhia 1989), and the unified Noah land 165 

surface model (Chen and Dudhia 2001). These parameterizations were tested for the time scales 166 

and domains of these simulations, and have previously been shown to yield a realistic 167 
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representation of the African climate (Vizy and Cook 2012; Cook and Vizy 2012; Vizy et al. 168 

2013).   169 

Three 20-member ensemble simulations are used. One is a control simulation, called 170 

LATE20, which runs from 1989 to 2008 to match the last 20 years of the CMIP5 historical 171 

runs. The twenty years of this simulation are used as a 20-member ensemble. Initial, lateral, 172 

SST, and surface boundary conditions are interpolated and applied every 6 hours from the 173 

National Centers for Environmental Prediction reanalysis 2 (NCEP2; Kanamitsu et al. 2002), 174 

and atmospheric CO2 is set to the average observed level of 367 ppmv for this time period. 175 

A second 20-member ensemble, MID21, represents the mid-21st century (2041-206) 176 

with CO2 emissions increased to 546 ppmv according to the Intergovernmental Panel on 177 

Climate Change AR5 Regional Climate Pathway 8.5 scenario (RCP8.5).  While this scenario 178 

for CO2 emissions is seen as quite steep by some energy analysts (e.g., Ritchie and Dowlatabadi 179 

2017), we use it to produce perturbations that can be cleanly analyzed and to account for not 180 

including emissions of other greenhouse gases such as methane. In addition to increased CO2, 181 

mid-21st c. conditions are imposed by adding SSTAs to the observed values and perturbing 182 

initial and lateral boundary conditions.  All of these anomalies are derived from multiple 183 

CMIP5 simulations.  This methodology was first developed by Cook and Vizy (2006) and 184 

Patricola and Cook (2007), and it is detailed for these simulations in Vizy et al. (2013). The 185 

use of multiple CMIP5 models reduces the dependence of the future simulation on the quality 186 

of a single CMIP5 model as can occur when downscaling. Applying GCM-derived anomalies 187 

to observed SSTs, rather than directly using GCM-generated SSTs, avoids propagating errors 188 

in the simulation of SSTs into the regional model simulation and preserves a level of 189 

independence of the regional simulation to add value to comparisons with GCM solutions. 190 

The third ensemble, LATE21, represents 2081-2100 with CO2 at 850 ppmv, and SST 191 

and boundary-condition anomaly forcing again derived from analogous coupled CMIP5 GCM 192 
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simulations.  In the course of the model integration, deepening of the troposphere and 193 

intensification of convection produced hydrodynamics instability on the 30-km domain, and 194 

only 9 ensemble members could be produced.  (Note that this instability in the regional model 195 

is avoided by setting the top of the atmosphere to a lower pressure level than has been 196 

customary.)  The full 20-year integration was completed with the 90-km domain to provide a 197 

check on the 9-member ensemble analyzed here. 198 

Confidence in the model projections is supported by comparing the LATE20 simulation 199 

with the observed climatology of the same period, and we are also able to include some limited 200 

comparison with still-emerging observed trends.  In addition, the ensemble simulation design 201 

allows for the calculation of statistical significance. Finally, the analysis of the simulated 202 

climate change trends is taken to the process level. Developing a physical understanding of the 203 

simulated changes and their relationships to the greenhouse gas forcing allows us to evaluate 204 

whether the perturbation to the climate is convincing. 205 

 206 

3.2 Observational and reanalysis datasets 207 

To evaluate the LATE20 model simulation over East Africa, observational datasets with 208 

relatively high resolution that have been used successfully in other studies as reviewed above 209 

are chosen.  The following four observational precipitation products are used:  210 

 NASA TRMM 3B42 V7 Precipitation (Huffman et al. 2007): A 0.25˚ resolution, multi-211 

satellite precipitation analysis (TMPA) with 3-hourly rainfall estimates between 50°S - 212 

50°N from January 1998 to present. 213 

 The NOAA Climate Prediction Center morphing technique precipitation V2 bias-214 

corrected dataset (CMORPH; Joyce et al. 2004; Xie et al. 2017). 8-km resolution 215 

precipitation providing estimates every 30 min for 1998–present using satellite passive 216 

microwave and infrared measurements. 217 
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 The Climate Hazards Group Infrared Precipitation with Satellite Data (CHIRPS2; Funk 218 

et al. 2015). Estimates are available for 1981-present at 0.05º resolution from satellite 219 

infrared measurements from 50ºS to 50ºN combined with in-situ station data. 220 

 Precipitation Estimation from Remotely Sensed Information using Artificial Neural 221 

Networks – Climate Data Record (PERSIANN; Ashouri et al. 2015).  Daily estimates 222 

at 0.25º resolution for 1983-present based on GridSat-B1 infrared satellite data 223 

combined with an artificial neural network trained on hourly precipitation. 224 

 225 

Simulated atmospheric circulation and moisture fields are evaluated by comparing with 226 

the European Centre for Medium Range Weather Forecasting ERA5 reanalysis dataset (ERA5 227 

2018).  The 31-km resolution of the ERA5 reanalysis is close to that of the model simulations 228 

and produces a realistic representation of the topography and low-level circulation of the 229 

region, including the Turkana Jet (Vizy and Cook 2019). 230 

 231 

3.3 Moisture budget analysis 232 

An analysis of the atmospheric water vapor budget is used to relate precipitation 233 

anomalies in the simulations to changes in circulation and atmospheric water vapor 234 

distributions. For the climatological average, over which the time rate of change of the specific 235 

humidity, q, is zero, conservation of water mass in an atmospheric column requires that 236 

precipitation is balanced by the combination of evaporation and the vertically-integrated 237 

moisture flux convergence according to 238 

 
0

1

s
w p

P E qv dp
g

 
   
 
 

                                                        (1) 239 

where P is precipitation, E is evapotranspiration, g is gravitational acceleration, 
 is the 240 

density of water, 
sp is the surface pressure, v  is the horizontal wind vector, and the overbars 241 



11 
 

indicate a climatological mean.  We decompose the vertically-integrated moisture convergence 242 

term into a convergence term, C, an advective term, A, and a residual, R, defined by  243 

 
0

1

s
w p

C q v dp
g

     ,                                                   (2) 244 

0
1

s
w p

A v qdp
g

     ,                                                     (3) 245 

and 246 

R P E C A    .                                                           (4)                                  247 

R includes orographic precipitation, the effects of transient eddies, and numerical error (Lenters 248 

and Cook 1995; Vizy and Cook 2002; Patricola and Cook 2011; Cook and Vizy 2013). The 249 

convergence term is further decomposed into zonal and meridional convergence terms. In the 250 

vertical integral, these terms are given by 251 

0
1

s

Z

w p

u
C q dp

g x


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                                                   (5) 252 

and 253 

0
1

s

M

w p

v
C q dp

g y


 

 .                                                 (6) 254 

Moisture budget terms are also evaluated on individual pressure levels. 255 

 256 

4. Results 257 

4.1 Evaluation of the LATE20 simulation   258 

Since our analysis is focused on comparing and contrasting projected changes in the 259 

two rainy seasons that characterize rainfall seasonality over a large portion of East Africa, the 260 

model evaluation here is largely restricted to those seasons.  For additional evaluation of these 261 
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simulations, please see Vizy et al. (2013), Busby et al. (2014), Vizy et al. (2015), and Han et 262 

al. (2019). 263 

Figure 2a displays 10-day smoothed climatological daily precipitation rates averaged 264 

over land from 30 – 50°E and 10°S – 5°N in the LATE20 simulation and four observational 265 

datasets. According to the observational datasets, the long rains begin in March, peak in April, 266 

and decline in May. The short rains begin in early October, reach a maximum on November, 267 

and decline in December.  Precipitation rates in the LATE20C simulation follow a very similar 268 

pattern.  In comparison with coupled GCM simulations, for example, the LATE20 simulation 269 

does not underestimate rainfall during the long rains, and the overestimation of rainfall rates 270 

during the short rains much less than in the coupled GCMs. 271 

When the averaging area is extended farther north, to 10ºN, a shortcoming of the 272 

LATE20C simulation is revealed.  As shown in Fig. 2b, the ensemble simulation produces 273 

excessive rainfall in the boreal summer months over southern Ethiopia.  However, even over 274 

this larger averaging region, the long-rains and short-rains seasons that are the focus of this 275 

paper are well simulated. 276 

Based on the seasonality of precipitation in the observations shown in Fig. 2, we 277 

average March, April, and May (MAM) to evaluate the modeled distribution of rainfall during 278 

the long rains. Figures 3a-d show seasonal-mean precipitation rates for MAM in the four 279 

observational datasets; the LATE20C simulation precipitation climatology is in Fig. 4e. Note 280 

that the TMPA and CMORPH datasets do not overlap for the full 20-year period of the LATE20 281 

simulation, so only 11 years are averaged for these datasets. Strongest rainfall rates in the 282 

observations fall over western Lake Victoria, eastern Democratic Republic of the Congo 283 

(DRC), southeastern/coastal Tanzania, and southern Ethiopia. With the exception of the Lake 284 

Victoria precipitation maximum, the model simulation reproduces each of these maxima, but 285 

with rainfall rates that are unrealistically high over the DRC. The low precipitation rates 286 
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simulated over Lake Victoria occur because lake temperatures in the simulation are prescribed 287 

from the NCEP2 reanalysis, where the values are unrealistically low. Despite this local 288 

discrepancy, the model simulation produces a reasonable simulation of the observed 289 

precipitation maxima and the minima over East Africa. 290 

Based on the observations shown in Fig. 2, we average October, November, and 291 

December (OND) to evaluate the modeled distribution of rainfall during the short rains. Figures 292 

4f - j display observed and modeled precipitation rates for OND.  Note that some authors use 293 

the traditional boreal fall mean (September-October-November) to define the short rains, but 294 

the observations presented in Fig. 2 indicate that the rainy season does not start in the equatorial 295 

averaging region until early October. During the short rains, the precipitation maxima over 296 

Lake Victoria and the eastern DRC are similar to those during the long rains.  Similar to MAM, 297 

the simulation captures the maximum over the DRC with excessive rainfall rates, but does not 298 

produce high rainfall rates over Lake Victoria. 299 

Since a primary analysis tool used here to understand simulated changes in East African 300 

precipitation is a decomposition of the atmospheric column moisture budget (section 3.3), the 301 

modeled moisture budget is compared with that of the ERA5 reanalysis during the two rainy 302 

seasons. This comparison also provides insights into the implications of the too-low prescribed 303 

Lake Victoria temperatures and precipitation rates for the larger-scale moisture advection and 304 

convergence properties that are the focus of this study. 305 

Figures 5a and b show MAM precipitation and evaporation rates as simulated in the 306 

model ensemble mean, respectively, and Figs. 5c-e are the vertically-integrated atmospheric 307 

components of the convergence (C, Eq. 3), advection (A, Eq. 4), and residual (R) terms from 308 

the vertically-integrated atmospheric column moisture budget (Eq. 2).  Figures 5f-j are the same 309 

quantities from the ERA5 reanalysis.  Note that while precipitation values from reanalyses are 310 

not as reliable as the observations shown in Fig. 4 because they depend on parameterizations, 311 
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ERA5 (Fig. 5f) reproduces the precipitation maxima observed (Figs. 4a–d).  In both the model 312 

simulation and reanalysis, evaporation rates largely reflect precipitation (and soil moisture) 313 

distributions over land, but with smaller magnitudes.  Over Lake Victoria, both precipitation 314 

and evaporation rates are unrealistically low in the simulation in association with cool lake 315 

surface temperatures. 316 

The atmospheric components of the column moisture budget terms in the simulation 317 

(Figs. 5d-e) are similar to those of the ERA5 reanalysis (Fig. 5h-j).  In both products C is 318 

positive to the east of about 35ºE and negative to the west (Figs. 5c and h), and the similarity 319 

holds for the meridional and zonal components of C (not shown).  R values (Figs. 5e and j) are 320 

largely opposite in sign with similar magnitudes compared with C, reflecting the important role 321 

of orography in organizing regional rainfall over East Africa. The advection term, A, is 322 

generally small (Figs. 5d and i), largely due to compensation between the zonal and meridional 323 

components (not shown). 324 

An evaluation of the vertically-integrated moisture budget for the short rains season 325 

(OND) also demonstrates good agreement between the modeled and reanalyzed moisture 326 

budgets, as shown in Figure 6. These results are similar to those of Liu et al. (2020) who found 327 

excellent agreement with the ERA-Interim reanalysis in regional model simulations of the short 328 

rains over East Africa. 329 

This comparison between the model and reanalysis builds confidence in the model’s 330 

ability to correctly represent the large-scale physical processes that underlie the region’s 331 

precipitation distributions. The comparison also shows that the discrepancies over Lake 332 

Victoria – evident especially in the P, E, and C evaluations – are confined to the immediate 333 

region of the lake and do not compromise the regional-scale moisture budget analysis. 334 

 335 

 336 
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4.2  Simulated changes in East African rainfall 337 

Figure 6 displays differences in precipitation rates averaged over East Africa (land 338 

points only; 30-50°E, 10S -10°N) through the annual cycle for the MID21 - LATE20 (green) 339 

and LATE21C – LATE20C (red) ensemble means.  Solid lines are for the 30-km domain 340 

ensemble means (20 members for LATE20 and MID21, 9 members for LATE21), and dashed 341 

lines are for the 90-km domain ensemble means (20 members for all three simulations). 342 

Differences between MID21C and LATE21C are small (less than about 0.5 mm/day) 343 

in February through September. In mid-October, a positive precipitation anomaly grows to 344 

greater than 1 mm/day in early December, and then steeply declines through the rest of the 345 

month.  The two 20-members ensembles from the 30-km and 90-km model domains produce 346 

very similar results. 347 

The intensification of the short rains is repeated in the LATE21 simulation, but with 348 

greatly amplified magnitude. The amplitude of this anomaly is smaller in the 20-member 349 

ensemble on the 90-km domain than in the 9-member ensemble on the 30-km domain, but in 350 

both cases the anomaly exceeds 2.5 m/day in November. In addition, a much smaller positive 351 

precipitation anomaly develops in boreal spring, sustained between 0.5 and 1 mm/day in the 352 

30-km ensemble mean but barely at 0.5 mm/day in the 90-km ensemble mean in late March 353 

and April. 354 

We conclude that there is a robust and progressive enhancement in the short rains in 355 

these simulations.  By mid-century, the short rainy season is producing similar precipitation 356 

rates to those in the long rains over East Africa in the model simulations, and by the end of the 357 

century the short rains surpass the spring rainy season.  In the MID21 simulation in boreal 358 

spring, precipitation changes are small (< 0.5 mm/day). Rainfall increases occur on the higher-359 

resolution grid in spring, but with only 9 ensemble members and disagreement from the 20-360 
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member ensemble on the coarser grid, we cannot conclude that a signal is emerging by the end 361 

of the century. 362 

The emerging greenhouse gas-forced climate change signal provides a limited but real 363 

potential opportunity to evaluate climate change simulations. Such a check against 364 

observations may not always be conclusive and attributive, especially for precipitation because 365 

of its high natural variability and the shortage (and shortness) of observational records, but a 366 

comparison with observed change can help build confidence in simulation.  Here we note that 367 

the simulated differences in precipitation for the mid- and late-21st c. are consistent with trends 368 

analyzed from observations as reviewed in section 2.  These studies uniformly suggest that a 369 

wetting signal in the short rains is emerging over East Africa, similar to the projections 370 

discussed here and in Cook and Vizy (2013), while results for the long rains are uncertain. 371 

The purpose of this paper is to explain this difference in behavior in the long and short 372 

rainy seasons.  We begin by investigating the reasons for the enhancement of the short rains, 373 

and then compare with the long rains to understand the reasons for the differences in the rainfall 374 

response to increasing greenhouse gases. We choose the months of November and April for 375 

this analysis since they capture the peak responses in the model, and verify that adjacent months 376 

are similar. Averaging over several months to form a seasonal average can distort the 377 

dynamical responses, especially during transitional seasons. 378 

 379 

4.3  Analysis of Short Rains Projections 380 

Differences in the components of the vertically-integrated atmospheric moisture budget 381 

for MID21-LATE20 are shown in Figures 7a-h in November across the equatorial East Africa 382 

analysis domain. Positive precipitation anomalies (Fig. 7a) are widespread within about 8º of 383 

the equator in both hemispheres, with the highest values and statistical significance along the 384 

DRC’s border with Uganda, Rwanda, and Burundi, and over western Tanzania and eastern 385 
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Kenya. While evapotranspiration anomalies are generally positive and statistically significant 386 

(Fig. 7b), they do not reflect the structure of the precipitation anomalies.  These structures are 387 

more prominently reflected in the vertically-integrated moisture convergence term, which is 388 

equal to P-E (Eq. 1), shown in Fig. 7c. 389 

The advection term, A (Eq. 3), also produces statistically-significant differences, but 390 

with smaller magnitudes and scattered structure.  In contrast, the total moisture convergence 391 

term, C (Eq. 2; Fig. 7d), reflects the positive precipitation anomalies over Uganda, Rwanda, 392 

Burundi, southern South Sudan, and the western DRC as well as western Tanzania.  The 393 

wetting signal over eastern Kenya is more weakly represented.  394 

The constituents of C, CZ (Eq. 5) and CM (Eq. 6), are shown in Figs. 7e and f, 395 

respectively. In general, CZ has its largest and most significant positive values to the west of 396 

about 33ºN, with significant negative values over much of Kenya. CM opposes and overwhelms 397 

this zonal moisture divergence over Kenya, and weakens the zonal moisture convergence over 398 

South Sudan.  The residual term, R (Fig. 7g), produces anomalies that are disorganized and not 399 

strongly significant.  It supports CM in producing positive anomalies over Kenya (along with 400 

evapotranspiration), but opposes CM’s negative anomalies over southeastern Tanzania. 401 

Comparing the moisture budget decomposition for the LATE21 simulation with that of 402 

the MID21 simulation provides an opportunity to clarify and reinforce the conclusions from 403 

the MID21 analysis. When an anomaly identified in the MID21 simulation is stronger and/or 404 

more widespread in the LATE21 simulation, confidence is enhanced that this anomaly is forced 405 

by increasing greenhouse gases (either directly or indirectly through the imposed SSTAs), even 406 

if the anomaly is not statistically significant in the MID21 case. However, it is always important 407 

to remember that the response to increasing greenhouse gas levels is not necessarily linear. 408 

LATE21-LATE20 anomalies for the components of the vertically-integrated moisture 409 

budget are shown in Figs. 7i – p; the 9-member ensemble at 30-km resolution is used. Positive 410 
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precipitation anomalies are stronger, more widespread, and of higher statistical significance 411 

compared with the MID21 simulation (compare Figs. 7a and i). The similarity in sign and 412 

structure of these anomalies adds confidence to the projection of an intensification of the short 413 

rains by mid-century. 414 

Each of the components of the vertically-integrated atmospheric moisture budget has 415 

anomalies that are similar in structure, but larger significance and magnitudes, to the anomalies 416 

for MID21. This indicates that the physical processes responsible for the precipitation at mid-417 

century are the same for the late-21st-century. 418 

In summary, both at mid-century and the end of the century, increases in the short rains 419 

are primarily associated with differences in the atmospheric hydrodynamics, enhanced but not 420 

caused by the increases in evaporation that accompany surface warming. The convergence term 421 

(Eq. 2) produces nearly all of the anomaly.  The zonal and meridional convergence terms, CZ 422 

(Eq. 5) and CM (Eq. 6), are of opposite sign over much of Kenya but the largely-positive CM 423 

dominates. CZ and CM are both positive and contribute to rainfall increases over Tanzania, 424 

except in the southeast corner where CM is negative. West and north of Lake Victoria, CZ and 425 

CM have opposite signs, with the larger values of CZ producing rainfall increases. 426 

The vertically-integrated components of the column moisture budget and their 427 

anomalies are well represented by the low-level fields where the specific humidity, q, is large.  428 

Figures 8a and b show climatological specific humidity and moisture flux ( qv ) vectors from 429 

the LATE20 simulation at 850 hPa and 925 hPa, respectively.  Several important features 430 

emerge; the hydrodynamics for this region is complicated.  One feature is the northeasterly 431 

moisture flux across the Horn of Africa and its westward curvature along the equator at both 432 

850 and 925 hPa. At the lower level, the flux is easterly along the entire coast from 10ºS to 433 

5ºN. At both levels, the westward turning of this northeasterly moisture flux impinges on the 434 

topography and carries moisture through the Turkana Channel (near 5ºN and 37ºE) to sustain 435 
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rainfall over South Sudan (Vizy and Cook 2019). West of about 35ºE, the moisture flux is 436 

weaker than along the coast. It is northeasterly in the Northern Hemisphere, northwesterly in 437 

the Southern Hemisphere, and small along the equator. 438 

Differences in specific humidity and moisture fluxes at 850 hPa and 925 hPa for 439 

MID21-LATE20 are shown in Figs. 8c and d. The northeasterly moisture flux across Somalia 440 

and eastern Ethiopia seen in the full field (Fig. 8a) is about 10% stronger in the MID21 441 

simulation at 850 hPa, but not at 925 hPa. Moisture transport through the Turkana Channel is 442 

enhanced at both levels, primarily in association with enhanced onshore flow in the Southern 443 

Hemisphere. The curvature of this flow from southerly to easterly over Kenya explains the 444 

partial compensation between CZ and CM in this region (Figs. 7f and g). Zonal moisture 445 

convergence north of Lake Victoria occurs when the enhanced southeasterly flux through the 446 

Turkana channel converges with an enhanced southwesterly flux over the northeastern DRC 447 

and South Sudan. 448 

West of about 35ºE, the moisture flux anomalies are easterly along the equator at both 449 

levels. They bifurcate around the topography generating the southeasterly anomalies to the 450 

north, and northeasterly anomalies to the south. The easterly anomalies along the equator 451 

impinge on the topography to enhance zonal moisture convergence and precipitation to the 452 

west of Lake Victoria. 453 

As seen in Figs. 8e and f, specific humidity and moisture flux anomalies at 850 hPa and 454 

925 hPa in the LATE21-LATE20 differences have a similar structure, with larger magnitudes, 455 

to the MID21-LATE20 differences (Figs. 8c and d).  Even more apparent at late century is that 456 

there is little enhancement of the northeasterly moisture flux across the Horn of Africa, despite 457 

the prominence of this flux in the climatological moisture budget (Figs. 8a and b). 458 

To understand the dynamics of the regional moisture flux anomalies and their 459 

relationship to the greenhouse gas forcing factors, we examine geopotential height and wind 460 
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fields on a larger space scale. Figures 9a and b display 850-hPa and 925-hPa horizontal wind 461 

vectors and geopotential heights for November in the LATE20 ensemble mean.  High 462 

geopotential heights cover the Sahara and Arabian Deserts, characteristic of the boreal winter 463 

climatology.  In the Southern Hemisphere, the continental thermal low – the Angola low - is 464 

centered near 15ºS and 20ºE with relatively low geopotential heights extending northward to 465 

about 5ºN.  South of about 20ºS, the continent is flanked by subtropical highs over the South 466 

Atlantic and South Indian Ocean.  467 

Despite the fact that the East African short rains are often described as occurring during 468 

the boreal fall, the season does not begin until October and extends through December (Fig. 2). 469 

Most importantly, the large-scale environment in November – the height of the short rains 470 

season - is in a characteristic solstitial pattern with summer in the Southern Hemisphere and 471 

winter in the Northern Hemisphere (see the geopotential height configuration shown in Figs. 472 

9a and b). One exception is the northward extension of low geopotential heights from the 473 

Angola low to the equator – the presence of low geopotential heights centered on the equator 474 

is typical of an equinoctial pattern. As seen in Fig. 2, the short rains are at a maximum more 475 

than a month after the autumnal equinox, and rainfall does not even begin to increase until after 476 

the equinox on or about 21 September. In contrast, the long rains are near their maximum on 477 

the date of the vernal equinox (approximately 20 March). 478 

Figures 9a and b indicate that the climatological northeasterly moisture flux across the 479 

Horn of Africa seen in Figs. 8a and b is due to the approximately geostrophic flow between 480 

high geopotential heights to the northwest over the Sahara and Arabian Peninsula, and low 481 

geopotential heights to the southeast over the equatorial western Indian Ocean.  Within about 482 

5º of the equator, with small Coriolis accelerations, the flow curves westward down the 483 

geopotential height gradient. 484 
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Farther south along the east coast, anticyclonic flow about the South Indian subtropical 485 

high (the Mascarene high) meets the cyclonic flow about the Angola low.  This interaction is 486 

typical of the land-based convergence zones that develop in the Southern Hemisphere in 487 

summer, in particular the South Indian convergence zone (SICZ; Cook 2000, Lazenby et al. 488 

2015).  489 

Differences in winds and normalized geopotential heights at 850- and 925-hPa are 490 

shown in Figs. 9c and d, respectively, for MID21-LATE20.  Normalized geopotential heights 491 

are calculated by subtracting the domain-averaged geopotential height anomaly from the local 492 

anomaly. Since geopotential heights increase throughout the domain in the future simulations, 493 

normalizing clarifies the relative changes in geopotential heights that are associated with the 494 

wind anomalies. 495 

At 850 hPa and 925 hPa, the summer hemisphere thermal low and the Mascarene high 496 

are both stronger in the mid-century simulation. In addition to strengthening, the Mascarene 497 

high moves poleward and westward; the largest positive anomalies are near 20ºS in the MID21 498 

simulation while the center of the high is at 33ºS in the LATE20 simulation.  North of about 499 

5°S, normalized geopotential height are lower in the Indian Ocean equatorial trough. These 500 

differences in the equatorial trough and Mascarene high increase the negative meridional 501 

geopotential height gradients in the western Indian Ocean between 15ºS and 5ºS, and increase 502 

the onshore – largely geostrophic - flow and moisture flux across the East Africa coast. This 503 

mechanism for climate change is consistent with observations of climate variability, since the 504 

position and strength of the Mascarene High has been observed to affect the timing and 505 

intensity of the East African short rains (Manatsa et al. 2016).  506 

The enhanced moisture flux through the Turkana Channel and the southwesterly 507 

moisture flux anomalies that lead to precipitation increases north of Lake Victoria are both 508 

related to negative geopotential height anomalies over the eastern Sahara. These anomalies 509 
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represent a weakening of the wintertime high geopotential heights over the land surface. The 510 

zonal moisture flux and convergence anomalies that support precipitation increases west of 511 

Lake Victoria are associated with westerly flow anomalies along the equator that are associated 512 

with the negative geopotential height anomalies over the eastern Sahara and, to a lesser extent, 513 

southern Africa. 514 

Note that even though the northeasterly flow over the Horn of Africa is weaker in the 515 

MID21 simulation, as indicated by the southwesterly wind anomalies in Figs. 9c and d, 516 

increases in specific humidity compensate for the weaker winds so the moisture flux 517 

differences in this region are small (Figs. 9c and d). 518 

The same patterns in normalized geopotential height and moisture flux anomalies occur 519 

in the LATE21-LATE20 differences (Figs. 9e and f), but with larger magnitudes that support 520 

the larger precipitation enhancements projected for the end of the century (Fig. 8).  521 

In summary, for both the mid- and late-century simulations, enhancements in the short 522 

rains are primarily associated with differences in the vertically-integrated moisture 523 

convergence. Decomposing the vertically-integrated moisture convergence shows that the 524 

differences are related to low-level circulation anomalies that are associated with a 525 

strengthening of the Southern Hemisphere (the summer hemisphere) thermal low/subtropical 526 

high pattern and a weakening of high geopotential heights over the eastern Sahara. The final 527 

step is to relate these influential geopotential height anomalies to the climate forcing factors. 528 

In the simulations, these are the direct effects of increasing atmospheric CO2 and the indirect 529 

effects of increasing atmospheric CO2 due to the imposed SSTAs. 530 

Figures 10a and b display November surface temperature anomalies for the MID21-531 

LATE21 and LATE21-LATE20 simulations, respectively. For the MID21 simulation, SSTAs 532 

are 1-2 K in the eastern Atlantic and western Indian Ocean.  They are 2 – 3.5 K in the LATE21 533 

simulation. Warming anomalies are fairly uniform across land and ocean surfaces deep in the 534 
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tropics, within about 6º of the equator, while subtropical latitudes feature land surface warming 535 

anomalies that are 2 or 3 times greater than the SSTAs at the same latitude. Two exceptions, 536 

however are SSTAs in the Red Sea and Persian Gulf. North of 15ºN, Red Sea temperature 537 

increases are similar to those of the surrounding land surfaces.  While these SSTAs are 538 

prescribed from an average of CGCM simulations as described in section 3, recent observations 539 

of warming trends suggest that these elevated SSTAs are reasonable. For example, Chaidez et 540 

al. (2017) estimate that the Red Sea is warming at a rate of 0.17 K/decade on average, with 541 

amplified warming rates of 0.30-0.45 K/decade the north of 23ºN. In comparison, the warming 542 

rate for the global oceans is estimated at 0.11 K/decade. Consistent with amplified warming 543 

over the Red Sea, temperature increases in the eastern Sahara are higher than those in the 544 

central and western Sahara. The result is a shift of atmospheric mass to the west and positive 545 

geopotential height anomalies over the eastern Sahara. 546 

In the Southern Hemisphere subtropics, the enhanced intensity of the Angola low and 547 

the Mascarene high occur because land surface temperatures (which are calculated in the land 548 

surface model as a response to the surface heat balance) increase more than SSTs south of 549 

about 8ºS.  This warming pattern shifts mass from the vertical column over southern Africa to 550 

intensify both the thermal Angola low and the Mascarene high. This result is physically 551 

meaningful and expected due to the lower heat capacity of the relatively dry subtropical land 552 

surface compared with the ocean. The South Atlantic subtropical high does not intensify.  553 

Rather, it is observed to be shifting eastward in response to SSTAs in the western South 554 

Atlantic and an adjustment of the South Atlantic convergence zone (Vizy et al. 2018). 555 

 556 

4.3 Analysis of Longs Rains Projections 557 

The April monthly mean is used to evaluate differences in the long rains season as 558 

greenhouse gases increase.  Figures 11a-h show differences in the components of the vertically-559 
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integrated atmospheric moisture budget for MID21-LATE21. Consistent with Fig. 6, and in 560 

contrast with the November case (Fig. 7a), significant precipitation differences are not 561 

simulated for mid-century. Evapotranspiration anomalies (Fig. 11b) are widespread and 562 

significant in some regions, consistent with surface warming. Differences in P-E are small (Fig. 563 

11c) but similar to the precipitation anomalies, and advection term anomalies are small (Fig. 564 

11d).  While some significance emerges in the convergence term differences (Fig. 11e), there 565 

are no coherent patterns. As seen in Figs. 11f and g, Cz and Cm anomalies exhibit larger-scale 566 

coherence, but they are largely in opposition. The residual, R in Fig. 11h, produces scattered 567 

regions of significance that are opposite in sign to C (Fig. 11e). 568 

At the end of the 21st century, increases in precipitation are widespread over Kenya and 569 

most of Tanzania, but very little statistical significance emerges (Fig. 11i). The other 570 

components of the moisture budget anomalies in the LATE21 simulation (Figs. 11j-p) are 571 

similar in most respects to the MID21 simulation, but coherent regions of statistical 572 

significance do not emerge. 573 

What accounts for the difference in the April and November responses? One possibility 574 

is that the surface temperature response is different in the two months.  Figures 12a and b show 575 

differences in the April surface temperature for MID21-LATE20 and LATE21-LATE20, 576 

respectively. The surface temperature differences are quite similar in April and November 577 

(compare with Fig. 10). The most notable differences include a slightly warmer central 578 

equatorial Africa in April and, for the LATE21 differences, smaller temperature differences 579 

over southern Africa and the Red Sea region. 580 

The more important difference between November and April is the background (basic 581 

state) circulation. Figures 13a and b show geopotential heights and wind vectors from the 582 

control climatology (LATE20) for April at 850 hPa and 925 hPa, respectively. This is an 583 

equinoctial pattern and not a solstitial pattern as occurs in November (Figs. 9a and b). The 584 
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thermal low is centered near the equator, and the Mascarene high extends farther west and onto 585 

the continent in the absence of the Angola low. High geopotential heights over northern Africa 586 

are weaker than in November as the region transitions to the summer pattern with a thermal 587 

low in place over the Sahara and Arabian Deserts. In particular, the circulation features that 588 

were perturbed by the CO2-related forcing to cause November precipitation increases in 589 

equatorial East Africa are absent in the April base state (LATE20). There is no Angola low 590 

present to strengthen and interact with a stronger Mascarene high, and no flow from the west 591 

along the equator. 592 

Circulation and normalized geopotential height anomalies for April in the MID21 case 593 

(Figs. 13c and d) are small across the tropics. There is weak large-scale wind and moisture (not 594 

shown) divergence from 10ºS to the equator associated with anomalous easterlies to the west 595 

and anomalous westerlies to the east, but the associated moisture flux divergence is 596 

compensated for by an anomalous southerly flux of moisture associated with an advanced 597 

formation of the zonal branch of the Somali jet. 598 

While the circulation and geopotential height anomalies for the MID21 and LATE21 599 

are similar in November (Figs. 9c-f), differing only in magnitude, the same is not true for April.  600 

Warming in the subtropics of both hemispheres becomes large enough in the LATE21 601 

simulation to produce anomalous lows in the normalized geopotential height fields.  In the 602 

Southern Hemisphere, the LATE21 April anomalies resemble those for November for both the 603 

MID21 and LATE21 cases. However, the associated wind and moisture flux (not shown) 604 

anomalies are small and superimposed on a very different base state, and they do not lead to 605 

precipitation enhancements. 606 

 607 

 608 

 609 
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  5. Summary and Conclusions      610 

Ensemble simulations of the late 20th century (1989 to 2008), mid-21st century (2041-611 

2060), and late 21st century (2081-2100) climate over equatorial East Africa at 30-km 612 

resolution are analyzed.  Future simulations are created by increasing atmospheric CO2 levels 613 

in a regional model according to the RCP8.5 emissions scenario, and adding anomalies to 614 

observed SSTs and lateral boundary conditions derived from coupled GCM (CMIP5) 615 

simulations. The control simulation produces an accurate simulation of observed East African 616 

precipitation and atmospheric hydrodynamics of the late 20th century, including rainfall 617 

amounts and their seasonality. This improvement over CGCM simulations, which generally 618 

fail to capture the long rains and over-produce short rains, is attributable to the selection of 619 

physical parameterizations to optimize the regional simulation, the improved accuracy of SST 620 

distributions, and the higher horizontal resolution that provides a more accurate representation 621 

of the region’s complex and influential topography, including the Turkana Channel. Of 622 

particular relevance for the East African climate is a more accurate depiction of the complex 623 

and influential topography, including the Turkana Channel. 624 

The twenty-first century rainfall projections over equatorial East Africa indicate that 625 

rainfall will increase during the short rains season (October through December) but not during 626 

the long rains season (March through May).  These projections are consistent with current 627 

observations. The purpose of this paper is to understand the reason for the seasonal asymmetry 628 

in the response. 629 

In the model simulations for November, representing the short rains, rainfall rates 630 

increase by approximately 30% over a large portion of equatorial East Africa (10S-10ºN; 30ºE-631 

50ºE) by the mid-21st century, and by about 100% by the end of the century. An analysis of the 632 

atmospheric column moisture budget attributes these increases to differences in the low-level 633 

wind convergence in a moist environment rather than changes in evapotranspiration or 634 
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moisture gradients. Amplified warming over summer hemisphere land compared with the 635 

adjacent oceans amplifies the Angola low and the Mascarene high, increasing the onshore 636 

easterly flow and moisture flux across the East Africa coast. Rainfall is enhanced when the 637 

anomalous flow impinges on the East African topography, and the moisture flux through the 638 

Turkana Channel is also strongly enhanced. The southeasterly flux through the Turkana 639 

Channel converges with westerly anomalies that are associated with a weakening of high 640 

geopotential heights over the eastern Sahara to support precipitation increases west of 35ºE. 641 

Amplified SSTAs in the Red Sea are associated with temperature increases in the eastern 642 

Sahara that are higher than those in the central and western Sahara, shifting atmospheric mass 643 

to the west and leading to the weakening of high geopotential heights over the eastern Sahara. 644 

This thermal response to increasing atmospheric greenhouse gases is physically meaningful 645 

and expected due to the lower heat capacity of the relatively dry subtropical land surface 646 

compared with the ocean, lending confidence to the precipitation projections. 647 

The long rains are not amplified at all in the mid-21st c. simulation, and they are only 648 

slightly stronger in the late-21st c. simulation.  This is consistent with recent research which 649 

shows that a low period in the long rains from approximately 1998-2009 may not represent a 650 

greenhouse gas-forced trend in long-rains precipitation rates (see Fig. 1a in Wainwright et al 651 

2019 and Fig. 4 in Cook and Vizy 2019), and also with studies of variability on intraseasonal 652 

to interannual time scales that find the long rains are less sensitive to remote SST forcing than 653 

the short rains (e.g., Ogallo et al. 1988; Mutai and Ward 2000; Dutra et al 2013; Nicholson 654 

2014; MacLeod 2019). 655 

The fundamental reason for the seasonal asymmetry in the response to increased 656 

atmospheric CO2 over equatorial East Africa, with strongly enhanced short rains and little 657 

response in the long rains, is the background state that is perturbed by greenhouse-gas forcing. 658 

While the East African short rains are usually described as occurring during the boreal fall, the 659 



28 
 

maximum is in late fall, or even early winter (Fig. 2). During November, which is the short-660 

rains maximum, the climatological basic state is a characteristic solstitial pattern with summer 661 

in the Southern Hemisphere and winter in the Northern Hemisphere (Figs. 9a and b). The short 662 

rains are at a maximum more than one month after the autumnal equinox, and rainfall does not 663 

even begin to increase until after the equinox on or about 21 September. In contrast, the long 664 

rains are already near their maximum on the date of the vernal equinox (approximately 20 665 

March), and the background state is an equinoctial pattern with a continental thermal low 666 

centered near the equator (Figs. 13a and b). Unlike the November case, this equinoctial pattern 667 

deep in the tropics is not connected with or strongly perturbed by changes in the subtropical 668 

atmospheric hydrodynamics. 669 

With a basic state climate that validates well, producing accurate simulations of both of 670 

East Africa’s rainy seasons as well as the regional circulation systems, these simulations and 671 

projections represent an improvement over GCM simulations. One reason is that the 30-km 672 

resolution used here allows for a more accurate representation of the region’s important 673 

topography, including the Turkana channel which is crucial for the hydrodynamical response 674 

to CO2 increases. Another reason for the improvement compared with GCMs is the choice of 675 

physical parameterizations that work well over Africa.  Without these improvements in 676 

modeling the climate of East Africa, the analysis of the asymmetrical response to greenhouse 677 

gas-forcing would not be as reliable. 678 

In addition to the relative accuracy of the simulated late 20th c. climate, further 679 

confidence in the results derives from the ensemble simulation design which allows for the 680 

calculation of statistical significance. The emerging greenhouse gas-forced climate change 681 

signal has also been used to provide verification, albeit limited at this time by the combination 682 

of natural variability and observational constraints.  Finally, delving into the dynamics of the 683 

precipitation response, relating the simulated differences in rainfall to changes in atmospheric 684 
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circulation and moisture and, finally, to the direct and indirect forcing factors (atmospheric 685 

CO2 increases and SSTAs, respectively) builds further confidence in the projections.  686 

Confidence in projections is a crucial issue because the simulated changes in the short rains are 687 

quite large and will require infrastructural adaptation to avoid the severe socioeconomic 688 

consequences that accompany flooding, crop spoilage, and soil nutrient run off. 689 
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Figure Captions 904 

 905 

Figure 1.  Nested domains for the regional climate model simulations with topography (m) 906 

shaded.  The outer domain has 90-km resolution, while the inner domain (purple box) has 30-907 

km resolution. 908 

 909 

Figure 2. 20-day running mean of precipitation in the LATE20C 30-km simulations (blue), 910 

TRMM (green), CHIRPS2 (red), PERSIANN (black), and CMORPH (orange) averaged over 911 

(a) 30 to 50°E and 10S to 5°N and (b) 30 to 50°E and 10S – 10°N. 912 

 913 

Figure 3.  MAM precipitation climatologies  (mm/day) from (a) TMPA, (b) CMORPH, (c) 914 

CHIRPS2, (d) PERSIANN, and (e) LATE20.  OND precipitation climatologies (mm/day) from 915 

(f) TMPA, (g) CMORPH, (h) CHIRPS2, (i) PERSIANN, and (j) LATE20.  Years averaged are 916 

indicated for each panel. White regions indicate rainfall rates below 1 mm/day and, in (c) and 917 

(d), missing data over the ocean. 918 

 919 

Figure 4. Moisture budget terms from LATE20C and ERA5 during the long rain months 920 

(March – May). Panels (a) – (e) display the moisture budget terms: P –precipitation (a), E – 921 

evaporation (b), C – vertically integrated moisture convergence (c), A – vertically integrated 922 

moisture advection (d), and R – residual (e), for LATE20C model output. Panels (f) – (j) are 923 

the same terms calculated in the ERA5 reanalysis. 924 

 925 

Figure 5. As in Fig. 4, but averaged over the short rain months (October – December). 926 
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Figure 6. 20-day running mean precipitation differences for MID21C-LATE20C (green) and 927 

LATE21C-LATE20C (red) in the 30-km simulations (solid) and 90-km simulations (dashed). 928 

All values are averaged over land points from 30-50°E and 10S-10°N. Units are mm/day. 929 

 930 

Figure 7. Differences in (a) precipitation, (b) evapotranspiration, (c) precipitation – 931 

evapotranspiration, (d) moisture advection term, (e) moisture convergence term, (f) zonal 932 

moisture convergence term, (g) meridional moisture convergence term, and (h) residual term 933 

in the moisture budget in November for MID21-LATE20. (i) - (p) are the same as (a) - (h) but 934 

for the LATE21-LATE20 differences. Units are mm/day.  Black (purple) stippling denotes 935 

values that are statistically significant at the 90% (95%) confidence level.  936 

 937 

Figure 8. Climatological horizontal moisture flux (vectors; kg m kg-1 s-1) and specific 938 

humidity (g/kg) climatologies in November from the LATE20 simulation at (a) 850 hPa and 939 

(b) 925 hPa.  November horizontal moisture flux (vectors; kg m kg-1 s-1) and specific humidity 940 

(g/kg) anomalies for the MID21-LATE20 difference at (c) 850 hPa and (d) 925 hPa.  November 941 

horizontal moisture flux (vectors; kg m kg-1 s-1) and specific humidity (g/kg) anomalies for 942 

the LATE21-LATE20 difference at (e) 850 hPa and (f) 925 hPa. Vector scales and color bars 943 

are the same for (a) and (b), for (c) and (d), and for (e) and (f). 944 

 945 

Figure 9. Climatological horizontal wind (vectors; m/s) and geopotential height (shaded; gpm) 946 

in November from the LATE20 simulation at (a) 850 hPa and (b) 925 hPa. Horizontal wind 947 

differences (vectors; m/s) and normalized geopotential height differences (shaded; gpm) in 948 

November for MID21C-LATE20C at (c) 850 hPa and (d) 925 hPa. Horizontal wind differences 949 

(vectors; m/s) and normalized geopotential height differences (shaded; gpm) in November for 950 

LATE21C-LATE20C at (e) 850 hPa and (f) 925 hPa. Topography is masked in white. 951 
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 952 

Figure 10. November surface temperature differences (K) for the (a) MID21-LATE20 and (b) 953 

LATE21-LATE20 ensemble means.  954 

 955 

Figure 11. Differences in (a) precipitation, (b) evapotranspiration, (c) precipitation – 956 

evapotranspiration, (d) moisture advection term, (e) moisture convergence term, (f) zonal 957 

moisture convergence term, (g) meridional moisture convergence term, and (h) residual term 958 

in the moisture budget in April for MID21-LATE20. (i) - (p) are the same as (a) - (h) but for 959 

the LATE21-LATE20 differences. Units are mm/day.  Black (purple) stippling denotes values 960 

that are statistically significant at the 90% (95%) confidence level. 961 

 962 

Figure 12. April surface temperature differences (K) for the (a) MID21-LATE20 and (b) 963 

LATE21-LATE20 ensemble means. 964 

  965 

Figure 13. Climatological horizontal wind (vectors; m/s) and geopotential height (shaded; gpm) 966 

in April from the LATE20 simulation at (a) 850 hPa and (b) 925 hPa. Horizontal wind 967 

differences (vectors; m/s) and normalized geopotential height differences (shaded; gpm) in 968 

April for MID21C-LATE20C at (c) 850 hPa and (d) 925 hPa. Horizontal wind differences 969 

(vectors; m/s) and normalized geopotential height differences (shaded; gpm) in April for 970 

LATE21C-LATE20C at (e) 850 hPa and (f) 925 hPa. Topography is masked in white. 971 

 972 

 973 

 974 

  975 
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 976 

 977 

 978 

Figure 1.  Nested domains for the regional climate model simulations with topography (m) 979 

shaded.  The outer domain has 90-km resolution, while the inner domain (purple box) has 30-980 
km resolution. 981 

 982 

 983 

  984 
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 985 

Figure 2. 20-day running mean of precipitation in the LATE20C 30-km simulations (blue), 986 

TRMM (green), CHIRPS2 (red), PERSIANN (black), and CMORPH (orange) averaged over 987 

(a) 30 to 50°E and 10S to 5°N and (b) 30 to 50°E and 10S – 10°N. 988 

  989 
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 990 

 991 

Figure 3.  MAM precipitation climatologies  (mm/day) from (a) TMPA, (b) CMORPH, (c) 992 
CHIRPS2, (d) PERSIANN, and (e) LATE20.  OND precipitation climatologies (mm/day) from 993 
(f) TMPA, (g) CMORPH, (h) CHIRPS2, (i) PERSIANN, and (j) LATE20.  Years averaged are 994 

indicated for each panel. White regions indicate rainfall rates below 1 mm/day and, in (c) and 995 
(d), missing data over the ocean. 996 
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 997 

Figure 4. Moisture budget terms from LATE20C and ERA5 during the long rain months 998 
(March – May). Panels (a) – (e) display the moisture budget terms: P –precipitation (a), E – 999 
evaporation (b), C – vertically integrated moisture convergence (c), A – vertically integrated 1000 
moisture advection (d), and R – residual (e), for LATE20C model output. Panels (f) – (j) are 1001 
the same terms calculated in the ERA5 reanalysis. 1002 
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 1003 

Figure 5. As in Fig. 4, but averaged over the short rain months (October – December). 1004 

 1005 

 1006 
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 1007 

 1008 

Figure 6. 20-day running mean precipitation differences for MID21C-LATE20C (green) and 1009 

LATE21C-LATE20C (red) in the 30-km simulations (solid) and 90-km simulations (dashed). 1010 

All values are averaged over land points from 30-50°E and 10S-10°N. Units are mm/day. 1011 

 1012 

  1013 
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 1014 

Figure 7. Differences in (a) precipitation, (b) evapotranspiration, (c) precipitation – 1015 

evapotranspiration, (d) moisture advection term, (e) moisture convergence term, (f) zonal 1016 

moisture convergence term, (g) meridional moisture convergence term, and (h) residual term 1017 

in the moisture budget in November for MID21-LATE20. (i) - (p) are the same as (a) - (h) but 1018 

for the LATE21-LATE20 differences. Units are mm/day.  Black (purple) stippling denotes 1019 

values that are statistically significant at the 90% (95%) confidence level.  1020 

  1021 
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 1022 

 1023 

Figure 8. Climatological horizontal moisture flux (vectors; kg m kg-1 s-1) and specific 1024 

humidity (g/kg) climatologies in November from the LATE20 simulation at (a) 850 hPa and 1025 

(b) 925 hPa.  November horizontal moisture flux (vectors; kg m kg-1 s-1) and specific humidity 1026 

(g/kg) anomalies for the MID21-LATE20 difference at (c) 850 hPa and (d) 925 hPa.  November 1027 

horizontal moisture flux (vectors; kg m kg-1 s-1) and specific humidity (g/kg) anomalies for 1028 

the LATE21-LATE20 difference at (e) 850 hPa and (f) 925 hPa. Vector scales and color bars 1029 

are the same for (a) and (b), for (c) and (d), and for (e) and (f). 1030 
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 1032 

Figure 9. Climatological horizontal wind (vectors; m/s) and geopotential height (shaded; gpm) 1033 
in November from the LATE20 simulation at (a) 850 hPa and (b) 925 hPa. Horizontal wind 1034 

differences (vectors; m/s) and normalized geopotential height differences (shaded; gpm) in 1035 
November for MID21C-LATE20C at (c) 850 hPa and (d) 925 hPa. Horizontal wind differences 1036 

(vectors; m/s) and normalized geopotential height differences (shaded; gpm) in November for 1037 
LATE21C-LATE20C at (e) 850 hPa and (f) 925 hPa. Topography is masked in white. 1038 

 1039 
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 1040 

 1041 

Figure 10. November surface temperature differences (K) for the (a) MID21-LATE20 and (b) 1042 

LATE21-LATE20 ensemble means.  1043 

  1044 
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 1045 

 1046 

Figure 11. Differences in (a) precipitation, (b) evapotranspiration, (c) precipitation – 1047 

evapotranspiration, (d) moisture advection term, (e) moisture convergence term, (f) zonal 1048 

moisture convergence term, (g) meridional moisture convergence term, and (h) residual term 1049 

in the moisture budget in April for MID21-LATE20. (i) - (p) are the same as (a) - (h) but for 1050 

the LATE21-LATE20 differences. Units are mm/day.  Black (purple) stippling denotes values 1051 

that are statistically significant at the 90% (95%) confidence level. 1052 
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 1054 

 1055 

Figure 12. April surface temperature differences (K) for the (a) MID21-LATE20 and (b) 1056 
LATE21-LATE20 ensemble means.  1057 

 1058 
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 1060 

 1061 

Figure 13. Climatological horizontal wind (vectors; m/s) and geopotential height (shaded; gpm) 1062 
in April from the LATE20 simulation at (a) 850 hPa and (b) 925 hPa. Horizontal wind 1063 

differences (vectors; m/s) and normalized geopotential height differences (shaded; gpm) in 1064 
April for MID21C-LATE20C at (c) 850 hPa and (d) 925 hPa. Horizontal wind differences 1065 
(vectors; m/s) and normalized geopotential height differences (shaded; gpm) in April for 1066 

LATE21C-LATE20C at (e) 850 hPa and (f) 925 hPa. Topography is masked in white. 1067 

 1068 


