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ABSTRACT

The Hadley circulation and tropical rain belt are dominant features of African climate. Moist

convection provides ascent within the rain belt, but must be parameterized in climate models, lim-

iting predictions. Here, we use a pan-African convection-permitting model (CPM), alongside a pa-

rameterized convection model (PCM), to analyze how explicit convection affects the rain belt under

climate change. Regarding changes in mean climate, both models project an increase in total column

water (TCW), a widespread increase in rainfall, and slowdown of subtropical descent. Regional

climate changes are similar for annual mean rainfall but regional changes of ascent typically

strengthen less or weaken more in the CPM. Over a land-only meridional transect of the rain belt, the

CPM mean rainfall increases less than in the PCM (5% vs 14%) but mean vertical velocity at 500 hPa

weakens more (17% vs 10%). These changes mask more fundamental changes in underlying distri-

butions. The decrease in 3-hourly rain frequency and shift from lighter to heavier rainfall are more

pronounced in the CPM and accompanied by a shift from weak to strong updrafts with the en-

hancement of heavy rainfall largely due to these dynamic changes. The CPM has stronger coupling

between intense rainfall and higher TCW. This yields a greater increase in rainfall contribution from

events with greater TCW, with more rainfall for a given large-scale ascent, and so favors slowing of

that ascent. These findings highlight connections between the convective-scale and larger-scale flows

and emphasize that limitations of parameterized convection have major implications for planning

adaptation to climate change.
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1. Introduction

The tropical rain belt over Africa is a zone of heavy

rainfall that migrates seasonally about the equator be-

tween the Northern and Southern Hemispheres. It is

arguably the most prominent climate feature over the

African continent, accounting for themajority of rainfall

in the tropics and central to the distribution of climate

zones and their seasonal variation. We follow Nicholson

(2018) and refer to the tropical rain belt, rather than the

intertropical convergence zone (ITCZ), to unambigu-

ously distinguish the region of intense rainfall and deep

convection from the regions of near-surface wind con-

vergence. Over continental Africa, the rains are gener-

ally found equatorward of the maximum low-level wind

convergence (Leroux 1998; Nicholson 2009).

The ascending branch of the Hadley cell has upward

fluxes of air and moist static energy (MSE) in its mean

climatological state. On meteorological timescales, the

ascending branch of the Hadley cell comprises mesoscale

cloud systems, with areas of convective and stratiform

rain, separated by regions of subsidence (Zipser 1969).

Abrupt differences in specific humidity exist between the

high humidity of the cloud systems and the relatively low

humidity of the subsidence regions (Williams and Gray

1973). In regions of tropical convection, the vertical

temperature profile is close to a moist adiabat from the

lower troposphere (not near the surface) to the upper

troposphere where specific humidity is low (;350hPa)

(Mapes 2001). The regions of convection within the me-

soscale cloud systems include intense convective updrafts

of high MSE air that extend from the boundary layer to

the upper troposphere (‘‘hot towers’’; Riehl and Malkus

1958). Ascent within these hot towers accounts for the

profile of vertical velocity within the cloud systems with its

peak velocity in the mid- to upper troposphere (Williams

and Gray 1973).

Under climate change, atmospheric water vapor is

expected to be strongly constrained by the Clausius–

Clapeyron relationship (Collins et al. 2013) and therefore

increases exponentially with increases in temperature

(Allen and Ingram 2002) at a global rate of;7.4%K21 for

total column water vapor and;5.9%K21 for near surface

specific humidity (O’Gorman and Muller 2010). Relative

humidity is expected to reduce over land due to its de-

pendency on moisture transport from the oceans (Byrne

and O’Gorman 2018), which are projected to warm less

than the land (Joshi et al. 2008), although there will be

regional variations associated with changes in atmospheric

circulation and land surface characteristics (Byrne and

O’Gorman 2018). Changes in the Hadley circulation are

also projected to change the vertical and zonal distribution

of relative humidity within the tropics, most notably drying

the upper regions of the ascending branch (400–150hPa)

and the subsiding branch of the circulation (Lau and

Kim 2015).

The tropical atmospheric circulation is projected to

weaken under climate change (Held and Soden 2006;

Chadwick et al. 2013) with weakening of the Walker

circulation being more robust in climate model simula-

tions than weakening of the Hadley circulation (Vecchi

and Soden 2007). Several mechanisms have been ad-

vanced for the slowing of tropical circulations in response

to climate change (Ma et al. 2018). Knutson and Manabe

(1995) argued that weaker ascent in the Walker circula-

tion over the Pacific Ocean could be accounted for by

enhanced radiative cooling in the upper troposphere and

increased static stability across the tropics balancing an

increase in convective heating of the atmosphere. Using a

relationship between precipitation, convective mass flux,

and humidity, Held and Soden (2006) demonstrated that

the convective mass flux has to slow to balance projected

increases in precipitation of ;2%K21 and humidity of

;7%K21. In their mechanism of mean advection of

stratification change (MASC), Ma et al. (2012) demon-

strate that enhanced tropics wide heating of the upper

troposphere acts to stabilize the tropical atmosphere and

slow tropical circulations. Slowdown of the tropical at-

mospheric circulations, however, is contingent on an in-

crease in the depth of convection (Chou and Chen 2010).

A reduced rate of mean ascent in the ascending branch

of the Hadley circulation will be accompanied by pro-

nounced changes in the distribution of vertical velocities.

Narrowing of the ascending branch of the Hadley circu-

lation (Byrne and Schneider 2016) in the formof a ‘‘deep-

tropics squeeze’’ will drive pronounced decreases in the

rate of ascent along the margins of the ascending branch

and intensified rates of ascent within the core of the cir-

culation (Lau and Kim 2015). Increases in updraft ve-

locities, however, are most likely to occur in the upper

troposphere linked, in part, to the increased depth of

convection (Singh andO’Gorman 2015).Recent trends in

thunderstorm area and intensity over the Congo basin

show that storms have become deeper and more intense

while mean rates of ascent have weakened at all levels

(Raghavendra et al. 2018). Uncertainties remain, how-

ever, in understanding the mechanisms that drive the

change in updraft intensity within the Hadley circulation

(Byrne et al. 2018) and uncertainties in changes of trop-

ical circulations over land remain a salient research gap

(Ma et al. 2018).

Global precipitation is projected to increase under

climate change at a rate of 1%–3%K21 coupled with an

increase in precipitation intensity and less frequent oc-

currence of weaker precipitation events (Collins et al.

2013). Future precipitation change over tropical Africa
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remains uncertain for the late twenty-first century (Niang

et al. 2014); indeed, drying trends have prevailed over the

Congo rain forest since the 1980s (Zhou et al. 2014).

Precipitation changes over land will be driven by

changes in convergence zones and relative humidity

(Chadwick et al. 2013), which, in turn, will be depen-

dent on changes in surface warming patterns that drive

the pattern of precipitation change in accordance with

the ‘‘warmer-get-wetter’’ hypothesis (Chadwick et al.

2014). Recent convection-permitting simulations of

twenty-first century climate overAfrica project enhanced

wet and dry extremes as well as both sub- and super-

Clausius–Clapeyron scaling of precipitation changes at

the regional scale (Kendon et al. 2019).

Moist convection is parameterized in climate models

to capture subgrid-scale convective ascents and descents

but remains one of the largest sources of model error

(Sherwood et al. 2014). Global climate models produce

rainfall that is less intense but more frequent than ob-

served (Stephens et al. 2010) and regional rainfall

changes can be sensitive to the convection parameteri-

zation used (Gochis et al. 2002). Climate models with

parameterized convection have difficulty capturing the

observed timing of the diurnal cycle in convection (Yang

and Slingo 2001; Nikulin et al. 2012), the location of

convection (e.g., through land–atmosphere coupling;

Taylor et al. 2013), and its relationship with low-level

moisture convergence (Birch et al. 2014a).

Convection-permitting models (CPMs), in which con-

vection is explicitly resolved at high spatial resolutions,

produce improved simulations of rainfall, convection,

and atmospheric dynamics compared to parameterized

convection models (PCMs) (Prein et al. 2015). They are

increasingly being used in operational rainfall forecasting

(Clark et al. 2016) and explicitly resolving convection

may be necessary to advance understanding of changes in

updraft intensity within theHadley circulation. CPMs are

particularly valuable for tropical Africa: the tropical re-

gions of Africa have pronounced diurnal cycles in rainfall

that vary regionally and by season (Jury 2016); Africa has

varied terrain and land–atmosphere coupling (Koster

et al. 2004); and the production of rainfall is dominated by

deep atmospheric convection (Schumacher and Houze

2003). Rainfall in CPMs at subdaily time scales is less

frequent, more intense, and occurs later in the day than in

equivalent PCMs and provides a closer match to obser-

vations and satellite data (Pearson et al. 2014;Woodhams

et al. 2018; Stratton et al. 2018; Stein et al. 2019; Finney

et al. 2019). Westward storm propagation in the latitude

band 58–158N is better captured (Stratton et al. 2018;

Crook et al. 2019) as is the intensity of rainfall extremes

(Kendon et al. 2019). Simulations using CPMs over

Africa have demonstrated improvements in coupling

between convection and convergence (Birch et al. 2014a)

and in capturing the role of the land surface in convective

initiation (Taylor et al. 2013). Together with the more

realistic propagation and organization of convective sys-

tems, CPMs give improved upscale impacts to continental-

scale circulations (Marsham et al. 2013; Birch et al. 2014b;

Willetts et al. 2017; White et al. 2018; Hart et al. 2018).

Further, intermodel differences in the seasonal migration

of the tropical rain belt have been shown to be significantly

smaller over Africa than other regions in CMIP3 models

(Suzuki 2011) and improved in CMIP5 models (Biasutti

2013). This suggests that simulation of the tropical rain belt

over Africa is relatively robust in global climate models

and insensitive to specific model physics.

This study uses a pan-Africa-scale CPM, building on

Stratton et al. (2018) and Kendon et al. (2019), to pro-

vide new insights into the response of rainfall and at-

mospheric circulation to climate change and contribute

to a deeper understanding of persistent uncertainties.

Our aim is to use the CPM to contrast changes in time-

averaged mean climate with changes in the underlying

distributions of 3-hourly data, and to examine connec-

tions between changes at the convective scale and at

large scale. To that end, we analyze the relationships

between rainfall, vertical velocity (at 500 hPa), and total

column water (TCW) in the ascending region of the

tropical rain belt (which will predominantly be a com-

ponent of the Hadley circulation). Vertical velocity was

chosen because of its connection with large-scale at-

mospheric circulations (e.g., Bony et al. 2004) and its

association with rainfall (e.g., Lau andKim 2015). TCWwas

chosen to represent changes in theatmosphericwater budget

because of its sensitivity to changes in large-scale atmo-

spheric circulations and changes in atmospheric thermody-

namics (e.g., O’Gorman and Muller 2010). Our results are

presented as follows: changes in the spatial patterns of mean

climate in section 3a; changes in mean seasonal cycles and

mean vertical profiles in section 3b; and, the analysis of

3-hourly datawithin the rain belt in section 3c, which includes

both mean changes and changes in frequency distributions.

2. Climate model, data, and methods

a. Regional climate model configurations

Two RCM configurations, one with parameterized

convection (P25) and one with explicit convection per-

mitted (CP4), were run independently for a limited area

domain (Stratton et al. 2018). The domain extended from

458S to 408N and from 258W to 568E to include the whole

of Africa and locate the boundaries away from the coast

of Africa. Both RCM configurations used the Met Office

Unified Model (UM), which is a nonhydrostatic model
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with a semi-implicit, semi-Lagrangian dynamical core.

Both configurations were based on ENDGame (Even

Newer Dynamics for General Atmospheric Modeling of

the Environment) dynamics (Wood et al. 2014). Lateral

boundary conditions for both configurations were driven

by one-way nesting (Davies 2014) in an unnudged global

N512 AMIP simulation with 85 vertical levels using the

Global Atmosphere/Land 7.0 (GA7/GL7) configuration

of the UM (Walters et al. 2019), hereinafter referred

to as G25.

1) PARAMETERIZED CONVECTION

SIMULATION (P25)

The parameterized convection RCM configuration

used a horizontal grid resolution of ;25 km latitude

and ;39 km longitude at the equator, the same as the

G25 configuration, and 63 vertical levels up to 41 km.

Parameterized convection was based on the Gregory–

Rowntree mass flux scheme (Gregory and Rowntree

1990) with several enhancements including, for ex-

ample, allowance for downdrafts, convective momen-

tum transport, and a closure based on convectively

available potential energy (Walters et al. 2017). The

prognostic cloud scheme PC2 (Wilson et al. 2008) was

used in the P25 configuration (also used in the G25

configuration).

2) CONVECTION-PERMITTING SIMULATION (CP4)

The convection-permitting RCM configuration used a

horizontal grid resolution of ;4.5 km latitude and

longitude at the equator and 80 vertical levels up to

38.5 km. Convection was represented explicitly using

the model dynamics although it only partly resolved deep

convection on a 4.5-km grid resolution and cannot resolve

smaller-scale congestus or shallow convection (Stratton

et al. 2018). Previous studies using explicit convection in

the UM, however, yielded an improved spatial distribu-

tion of rainfall and an improved diurnal cycle compared

to TRMM (Birch et al. 2014b) and these improvements

were largely a result of explicitly resolving convection

rather than finer model resolution (Pearson et al. 2014)

and were achieved despite the 4.5-km grid resolution

being within the ‘‘gray zone’’ for resolution of convection

(Field et al. 2017).

In addition to differences in model resolution and the

representation of convection, there are other notable

differences between the P25 and CP4 simulations. The

large-scale cloud scheme used in CP4 is described by

Smith (1990) and has been used in previous convection-

permitting versions of the UM. Following Lock et al.

(2000), CP4 included stochastic perturbations in the

subcloud layer of cumulus-capped boundary layers to

improve the triggering of resolved convection.

3) CURRENT CLIMATE SIMULATIONS

The G25 and RCM simulations were forced with sea

surface temperatures (SST) derived from the Reynolds

dataset of daily high-resolution blended analyzes for SST

on a regular spatial grid of 0.258 resolution (Reynolds

et al. 2007). The G25 simulation was run for years 1988–

2010. The current climate (CC) RCM simulations were

run for 10 years (1997–2006). Atmospheric greenhouse

gas (GHG) concentrations had fixed global values which

were updated annually. Aerosol concentrations in the

RCMs were based on climatologies from an earlier ver-

sion of the climatemodel that used the CLASSIC aerosol

scheme (Walters et al. 2019). Aerosols in G25 were in-

teractive and used the U.K. Chemistry and Aerosols

(UKCA) scheme. The RCM simulations used GHG

concentrations based on those for theG25 simulation and

interpolated to their regional model grids. The initial

conditions for the RCM atmospheres were taken from

the G25 simulation at 1 January 1997. For further details

of the G25 and RCM simulations, including tables that

list the differences between the RCM simulations, see

Stratton et al. (2018).

4) FUTURE CLIMATE SIMULATIONS

The future climate (FC) simulations were run for a

period of 10 years using the same setup used for the CC

simulations except for changes to the GHG concentra-

tions and the SSTs. The GHG concentrations were

taken from year 2100 in projections of representative

concentration pathway 8.5 (RCP8.5) (Moss et al. 2010).

The SST changes were taken from the climatological

average SST change between 1975–2005 and 2085–2115

in a HadGEM2-ES RCP8.5 simulation. These SST

changes were calculated for each calendar month, in-

terpolated in space and time, and added to the daily

Reynolds SST climatology that was used in the CC

simulations. The same aerosol and ozone climatologies

were used in the CC and FC simulations.

5) DATA

In our analysis of the RCM simulations, 9 years’ worth

of data at 3-hourly intervals was used for rainfall, TCW,

and vertical velocity. It was computationally too expen-

sive to run these simulations for longer. A strong climate

change signal was achieved by using the RCP8.5 climate

change scenario and model internal variability was con-

strained by using observed SSTs in current climate with

an increment for climate change. Kendon et al. (2019)

found statistically robust changes in extremes and we find

statistically robust changes in in the rain belt.

It is important to establish a fair comparison between

the CP4 and P25 simulations and ensure that the differences
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in vertical motions are consistent with the different

treatments for convection. Vertical motions in P25 arise

from a resolved large-scale circulation and unresolved

subgrid that are closed separately. The subgrid vertical

motions are closed locally within each grid cell through

the convection parameterization in which subgrid up-

drafts are balanced by a compensating environmental

subsidence. The subgrid vertical motions are derived

from the convective mass flux parameterization driven

by the vertical profiles of temperature and humidity at

the P25 horizontal grid scale (;25km). In contrast,

vertical motions arising from convection in CP4 are

handled explicitly and are resolved by model physics on

the horizontal grid scale (;4km). Vertical velocity at

500hPa (v500) from P25 and CP4, consequently, rep-

resent circulations at different scales.

Data from the CP4 simulation were, therefore, regrid-

ded to the P25 horizontal grid resolution using a conser-

vative remapping function. The scale at which finescale

processes are fully resolved in climatemodel simulations is

on the order of four model grid cells or larger (Pielke

2002). To compare the P25 and CP4 simulations on a scale

at which convection is expected to be fully resolved,

therefore, data for P25 and CP4 were regridded to ;150-

km resolution (i.e., 6 times the P25 resolution).

b. Observations

The Tropical Rainfall Measuring Mission (TRMM)

Multisatellite Precipitation Analysis 3B42 version 7 rain-

fall dataset was used for observations of rainfall (Huffman

et al. 2010; NASA 2015). The 3B42 rainfall is based on

rainfall estimates from multiple satellites combined with

bias correction usingmonthly land surface rain gauge data.

Daily mean rainfall was derived from 3-hourly observa-

tions of rainfall from 1998 to 2006 (inclusive) on a regular

grid resolution of 0.258. The data were regridded from the

TRMM grid to the P25 horizontal grid for ease of com-

parison against data from the P25 and CP4 simulations.

The CPC morphing technique (CMORPH) produces

global satellite precipitation products at a grid resolu-

tion of 0.072778 latitude/longitude (8 km at the equator)

and a temporal resolution of 30min (Joyce et al. 2004).

Daily mean rainfall data from 1998 to 2006 were derived

from the bias-corrected CMORPH product in which

satellite-based precipitation estimates have been bias-

corrected using station gauge data (Xie et al. 2017). The

data were regridded to the P25 horizontal grid for ease

of comparison with the regridded TRMM data.

c. Definition of the ascending region of the rain belt

The ascending region of the tropical rain belt was

defined as a contiguous region in which zonal dailymean

rainfall exceeded 3mmday21: a rain rate that, in the P25

andCP4 simulations, enclosed the region ofmean ascent

in daily mean vertical velocity at 500hPa and which

tracked the seasonal meridional migration of the rain

belt. Zonal means were calculated between latitudes 158
and 308E for each zonal band of grid cells between 258S
and 208N. This region was chosen to target continental

Africa and limit the influence of coastal processes along

thewest coast ofAfrica and the influence of themountainous

terrain of East Africa. There remains a gradient in

orography, however, from the relatively flat north to the

relatively mountainous south of the region. To ensure

contiguity in the rain belt, the daily zonal means were

calculated as moving averages over a latitude range of

nine grid cells and over nine 3-h time steps. Data for

winds on pressure levels were available as instanta-

neous values at 3-h intervals. Hourly mean rainfall

rates were, therefore, sampled every 3 h to be consis-

tent with the wind field data.

To mitigate the effects of seasonal changes in the

position of the rain belt and differences in its position

between P25 and CP4, and between current and future

climates, we analyzed only those grid cells that are lo-

cated within the rain belt. The position of the rain belt

was determined daily.

d. Analysis of frequency distributions

The analysis of frequency distributions for rainfall,

v500, and TCW was performed by allocating data

counts to data bins. The data were sampled at 3-hourly

intervals, from the grid cells located within the ascend-

ing region of the tropical rain belt (see section 2c). For

rainfall, rainfall events were included for all occurrences

of nonzero rainfall and the frequency distribution was

expressed as a function of rainfall intensity in uniformly

spaced intervals of 1mmday21 with an additional sep-

arate bin for zero rainfall. For the v500 frequency dis-

tribution, the data bins were distributed evenly at an

interval of 0.01Pa s21. For the TCW frequency distri-

bution, the data bins were distributed evenly at an in-

terval of 1 kgm22. Separate joint frequency tables were

produced for the pairwise combinations of rainfall 3
v500 and also for rainfall 3 TCW. Changes in rainfall,

v500, and TCWbetween the current and future climates

were not normalized for the changes in temperature.

e. Statistical hypothesis tests

A nonparametric sign test was used to test the statis-

tical significance of changes in daily means in Figs. 1 and

2. To remove autocorrelation from the data, the mean

seasonal cycle was removed and daily data were aver-

aged into nonoverlapping 10-day periods. A significance

level of 5% was used and the tests were applied sepa-

rately in each grid cell. A two-tailed paired Student’s
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t test was used to test the statistical significance of changes

in monthly means (Fig. 6) and daily means (Figs. 3 and 4).

A significance level of 10% was used and the tests were

applied separately in each grid cell.

A chi-squared test [see ‘‘A test for the continuous

distribution of a random variable’’ in Kanji (2006)]

was used to test the significance of differences be-

tween the distributions of rainfall, vertical velocity,

and TCW (Figs. 9a, 10a, and 12a). The differences

between distributions from CP4 and P25 under the

same simulated climate (i.e., current or future cli-

mate) were tested. Differences between the current

FIG. 1. Annual mean rainfall for (a) P25, (b) CP4, and (c) CP4 less P25. Vertical velocity at 500 hPa for (d) P25, (e) CP4, and (f) CP4 less

P25. For vertical velocity, negative values (blue shading) represent mean ascent and positive values (red shading) mean descent. Total

column water for (h) P25, (i) CP4, and (j) CP4 less P25. The data are for current climate simulations (1998–2006). Hatching shows regions

where the difference between CP4 and P25 is not significant at the 5% significance level. In (f), the three black boxes outline exemplar

regions of climatological ascent and subsidence within the Hadley circulation. Boxes where the regional mean change is statistically

significant at 5% are marked with a black asterisk.
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and future climate simulations from the respective

models were also tested. A significance level of 1%

was used. The same chi-squared test and significance

level was used to test the significance of differences

between the current and future climate simulations

for the distributions of rainfall contribution by ver-

tical velocity and TCW data bins (Figs. 11c,d and 12b)

in P25 and CP4.

FIG. 2. Change in annual mean rainfall for (a) P25, (b) CP4, and (c) CP4 less P25. Change in vertical velocity at 500 hPa for (d) P25,

(e) CP4, and (f) CP4 less P25. For vertical velocity, negative values (blue shading) represent either a strengthening of mean ascent or a

weakening of mean descent under climate change. Similarly, positive values (red shading) represent either a weakening of mean ascent or

a strengthening of mean descent. Also, changes in total columnwater are shown for (g) P25, (h) CP4, and (i) CP4 less P25. The changes are

between the current and future climates simulations. Note that (c), (f), and (i) show the difference in climate change between the CP4 and

P25 simulations. Hatching shows regions where the difference between CP4 and P25 is not significant at the 5% significance level. In (d),

(e), and (f), the three black boxes outline exemplar regions of climatological ascent and subsidence within the Hadley circulation. Boxes

where the regional mean change is statistically significant at 5% are marked with a black asterisk.
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A nonparametric difference sign test [see ‘‘The dif-

ference sign test for randomness in a sample’’ in Kanji

(2006)] was used to test the statistical significance of

differences between the climate changes of P25 and CP4

for rainfall, vertical velocity, and TCW distributions

(Figs. 9d, 10d, and 12a). A significance level of 1% was

used. The chi-squared test was not applied because these

changes involved both positive and negative data values:

The chi-squared test requires data to be positive (i.e.,

resemble counts data).

3. Results and discussion

In this section, results for time-averaged mean climate

are presented in sections 3a and 3b. Changes in the annual

mean climatology are presented in section 3a (Figs. 1 and 2).

Changes in the seasonal cycle are presented in section 3b

and are based on daily means (Figs. 3 and 4) and monthly

means (Figs. 5 and 6). Changes in annual mean vertical

profiles are also presented in section 3b (Fig. 7). These

results provide context for the subsequent analysis of

changes in the tropical rain belt itself. The analysis of

changes in the frequency distributions of 3-hourly data

within the rain belt (defined in section 2c) are presented in

section 3c.

a. Pan-Africa rainfall, v500, and TCW

1) CURRENT CLIMATE (ANNUAL MEANS)

Over the whole of Africa the spatial patterns of annual

mean rainfall, v500, and TCW are similar between P25

and CP4 (Fig. 1) with a Pearson product-moment corre-

lation coefficient of 10.92 for rainfall over land. Around

the equator, CP4 has less rainfall, weaker vertical motion,

and less TCW over the Congo basin and the Horn of

Africa, with more rainfall over the East African highlands

[as described byFinney et al. (2019)]. Immediately south of

this, there ismore rain in CP4, especially overMadagascar,

and less rain in CP4 farther south in the more subsidence-

dominated southernAfrica (Hart et al. 2018). To the north,

FIG. 3. The seasonal cycle for daily zonal mean rainfall averaged over longitudes from 158 to 308E and smoothed

using a 9-day moving average: (a) TRMM, (b) difference between CMORPH and TRMM, (c) P25 current climate,

(d) CP4 current climate, (e) the difference between TRMMand P25 current climate, and (f) the difference between

CP4 current climate and TRMM. The used data are 9 years of daily mean data from 1998 to 2006. Contours for

rainfall at 3mmday21 rainfall are overlaid in black. Hatching shows regions where the difference in means is not

significant at the 10% significance level.
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CP4 has more rain over the Gulf of Guinea and southern

West Africa, with more ascent, but less TCW. Although

more rain in P25 or CP4 tends to correspond to both

stronger ascent andmore TCW, this is not always the case.

The spatial distribution of large-scale vertical circulation is

similar in P25 and CP4 (Figs. 1d,e) although the vertical

velocities differ with, for example, stronger rates of subsi-

dence in CP4 compared to P25 over northeast Africa and

the southeast Atlantic Ocean (Fig. 1f).

2) CLIMATE CHANGE (ANNUAL MEANS)

Under climate change, annual mean rainfall tends to in-

crease in tropical regions, but not in subtropical southwest

Africa (Figs. 2a,b). Climate change in rainfall is correlated

between the RCM configurations, with Pearson product-

moment correlation coefficients of10.60 and10.77 (on

25- and 150-km grid scales, respectively). This shows that

although the changes are correlated, there is still much

variation in the spatial pattern of change and therefore

the representation of convection remains a source of

uncertainty. There is a slowdown in mean subsidence with

weaker subsidence over the Sahara Desert, the Arabian

Peninsula, southern Africa, and the southeast Atlantic

Ocean (Figs. 2d,e). Ascent within the very core of the rain

belt over central Africa (58S–58N) is strengthened in future

climate in both P25 andCP4 (Figs. 2d,e). P25 andCP4 both

show an increase in TCW (Figs. 2g,h).

Under climate change, CP4 has a relative slowdown in

vertical circulations compared to P25. CP4 has a greater

slowdown of climatological subsidence in many regions

in the subtropics (Fig. 2f). Around Lake Victoria (East

Africa) ascent gets stronger in both CP4 and P25, al-

though less so in CP4 (Fig. 2f). Over central Africa, to

the west of Lake Victoria, ascent in CP4 typically either

weakens by more, or strengthens less, than in P25. TCW

increases less about the equator in CP4 than in P25,

broadly where climatological ascent prevails, and in-

creases more in CP4 in the subtropics where climato-

logical subsidence prevails (Fig. 2i). Changes in mean

rainfall across Africa are relatively weakly correlated

with changes in mean v500, with Pearson product-

moment correlation coefficients of 20.21 and 20.38 in

FIG. 4. Differences between future and current climate zonal daily means averaged over longitudes 158–308E for

(a) P25 rainfall, (b) CP4 rainfall, (c) P25 vertical velocity at 500 hPa, (d)CP4 vertical velocity at 500 hPa, (e) P25 TCW,

and (f) CP4 TCW. For omega, negative values (blue shading) represent either a strengthening of mean ascent or a

weakening of mean descent under climate change. Similarly, positive values (red shading) represent either a weak-

ening of mean ascent or a strengthening of mean descent. Contours for rainfall at 3mmday21 rainfall are overlaid in

black. Hatching shows regions where the difference in means is not significant at the 10% significance level.
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P25 and CP4, respectively. These differences show the

response of rainfall to forcing by increased greenhouse

gases and warming of SSTs. We note, however, that

future changes in aerosols, not directly captured in the

RCM simulations, will also affect future rainfall patterns

(Scannell et al. 2019; Seth et al. 2019).

The climate changes in rainfall and TCW are statistically

significant in many places (Figs. 2a,b,g,h). Statistically sig-

nificant differences between the climate changes of P25 and

CP4 for rainfall are widespread and may be limited in

some regions by the relatively short length of the time series

(9 years). The climate change in TCW differs between P25

and CP4 over central Africa. While differences between

the climate changes of P25 and CP4 for v500 are not

statistically significant inmany grid cells, regional changes

aremore robust with significant changes occurring in both

regions of mean subsidence and mean ascent (Fig. 2f).

b. The tropical rain belt rainfall, v500, and TCW

1) SEASONAL CYCLE (DAILY MEANS)

The tropical rain belts in P25 and CP4 capture the

prominent features of the annual cycle of rainfall over

tropical Africa. In TRMM observations (Fig. 3a): the

rain belt is at its most northerly position in late July/early

August, is widest in February and narrowest inMay, and

has its most intense rainfall during July to December.

Rainfall in P25 (Fig. 3c) and CP4 (Fig. 3e) follows a

similar annual cycle. The rainfall in P25 and CP4 is

frequently greater than TRMM within the rain belt

(Figs. 3d,f). Regional biases will be due, in part, to biases

in the positioning of the rain belt as well as biases in local

rainfall frequency, intensity, and duration. Notably, during

December–February and July–August the most intense

rainfall in P25 and CP4 is located farther south than in

TRMM and P25 has larger biases than CP4 south of the

rain belt all year round. Uncertainty in the position and

intensity of the rain belt within TRMM observations is

demonstrated by comparison with CMORPH observa-

tions (Fig. 3b). CMORPH is wetter than TRMM along

the equator and drier toward the poleward margins of

the rain belt. P25 and CP4 are largely outside the range

of the observations, being wetter than TRMM and

CMORPH, althoughmore than 9 years of data would be

necessary to establish statistical significance throughout

the rain belt.

FIG. 5. Vertical cross sections of monthly mean vertical pressure velocity (colored contours) averaged over the longitudes from 158 to
308E in the months of (a)–(c) January, (d)–(f) April, (g)–(i) July, and (j)–(l) October. The current climate simulations of (left) P25 and

(center) CP4, and (right) ERA-Interim. Blue shading representsmean ascent and red shadingmean subsidence. Zonalmean precipitation

is shown in the horizontal color bar at the bottomof each cross-section plot for P25, CP4, andERA-Interim, from left to right, respectively.
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Zonal mean rainfall increases in future climate and

there is a northward shift in the rain belt (Figs. 4a,b). A

northward shift has previously been noted in global

models, and linked to changes in the Saharan heat low

(Dunning et al. 2018). The shift in rainfall is similar

in P25 and CP4 (Figs. 4a,b), which is accompanied

by a northward shift in v500 (Figs. 4c,d) and TCW

(Figs. 4e,f). Zonal mean v500 within the 3mmday21

contours of the tropical rain belt is predominantly

shaded red, which represents a net weakening of ascent.

Zonal mean TCW increases in the future climates of

both P25 and CP4, induced by the increase in air tem-

perature, but also responding to changing circulation.

The increases in TCW are greatest along the northern

margin of the rain belt and are accompanied by in-

creases in rainfall in the same locations. The increases in

rainfall are widespread and particularly prevalent on the

northern side of the rain belt over, the Congo basin

in November–January, the Central African Republic

and South Sudan in October, and as far north as Chad

and Sudan in July–August. The July–August increase is

less pronounced in CP4 compared to P25 despite its

more pronounced v500 change, but consistent with the

greater TCW change in P25. This reveals differences

between P25 and CP4 in the interactions between

changes inv500 and TCWand their influence on rainfall

change. On the southern side of the rain belt, rainfall

decreases over Angola and Zambia in January–April

(with some small but potentially significant differences

between P25 and CP4) and over the Congo basin

(;108S) in September–October. The most conspicuous

difference between the P25 and CP4 simulations occurs

over the Congo basin (approximately at the equator)

where rainfall and TCW are enhanced more strongly in

P25, most notably in May.

2) VERTICAL STRUCTURE (MONTHLY MEANS)

The vertical structure and seasonal migration of the

rain belt in ERA-Interim, which while using parame-

terized convection is constrained by data assimilation, is

shown in Fig. 5 (right-hand column). The core of the rain

belt is defined by the collocation of heavy monthly mean

rainfall beneath strong upward vertical motion in the

midtroposphere (e.g., at 500 hPa) and weaker vertical

motion in the lower troposphere that frequently in-

volves subsidence (e.g., at 850 hPa). The rain belt is

FIG. 6. Vertical cross sections of the change in monthly mean vertical pressure velocity between the future and

current climate simulations averaged over longitudes from 158 to 308E (colored contours). The months of January,

April, July, and October are shown by row and the P25 and CP4 simulations by column. Blue shading represents

either an intensification of upward motion or a weakening of downward motion. Equivalently, red shading rep-

resents either an intensification ofmean subsidence or a weakening ofmean ascent. Regions where the difference in

means is not significant at the 10% significance level are shaded white. Hatching shows the regions of mean sub-

sidence in the current climate simulations. The change in zonal mean precipitation is shown in the horizontal color

bar at the bottom of each cross-section plot.
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topped by divergent winds at 200 hPa and the tropical

easterly jet. The core of the rain belt is bounded to the

north and south by the subsiding branches of the Hadley

circulation. The rain beltmigrates north–south following the

latitude of maximum insolation with a lag of approximately

onemonth, which is consistent with satellite observations of

migrations in deep convective clouds (Waliser and Gautier

1993) and the description of the migration of the tropical

rain belt over Africa inMcGregor andNieuwolt (1998) and

Hart et al. (2019). The rain belt is preceded in its migration

by a region of shallow ascent that yields moderate rainfall

(;1–3mmday21) and is not collocated with the core rain

belt (Nicholson 2018). The shallow ascent has low-level

convergence of trade winds on its poleward side, the inter-

tropical discontinuity (ITD), and is topped by midlevel

subsidence on its equatorward side and theAfrican easterly

jets (AEJs) (not shown). The shallow ascent itself is pe-

rennial to the north of the rain belt and seasonal to the south

where its separation from the rain belt core is apparent in

May to September (Fig. 5, July).

The vertical structure and seasonal cycle of the trop-

ical circulation in the P25 and CP4 simulations (Fig. 5,

center and left-hand columns) closely match ERA-

Interim. Most importantly for this study, both simula-

tions capture the collocation of the intense rainfall be-

neath strong ascent in the midtroposphere (;500hPa).

CP4 gives greater winter hemisphere upper-level de-

scent than P25, as noted by Hart et al. (2018), although

this descent is too strong and narrow compared with

ERA-Interim.

Under climate change (Fig. 6), the ascending branch

of the tropical circulation widens and vertical motions

weaken. The widening of the ascending circulation is

most apparent to the north in July and October, shown

by the blue shading at low levels to midlevels spanning

the boundary between mean ascent and mean subsi-

dence in current climate. Weaker ascent in the rain belt

is shown by the red shading at midlevels. This is ac-

companied by widespread weaker subsidence to the

north of the rain belt (i.e., in the subsiding branch of the

tropical circulation), shown by the blue shading at mid-

and upper levels in the hatched regions.

Vertical profiles of annual mean resolved vertical

velocity, temperature, and humidity within the rain belt

region are shown in Fig. 7. Resolved vertical motion is

deeper in CP4 than in P25 with a peak vertical velocity

FIG. 7. Mean vertical profile of (a) vertical velocity, (b) temperature, and (c) specific humidity. The vertical

profiles are averaged over the region 158–308E and over latitudes within 208S–158Nwhere smoothedmonthly mean

rainfall exceeds 3mmday21. The data used for this figure are from years when there are no missing pressure level

data (i.e., the last 6 years of each simulation). For vertical velocity, negative values represent mean ascent.
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higher in the atmosphere at;300hPa in CP4 compared

to;550hPa in P25. The effect of deeper vertical motion

in CP4 is apparent in the vertical profiles of temperature

and humidity. The lapse rate is weaker in CP4 than in

P25 and, similarly, the vertical gradient in specific hu-

midity is weaker in CP4, suggesting that the net upward

vertical transport of heat and moisture is stronger in

CP4. Although vertical motion is deeper in CP4, mean

vertical velocities at 500 hPa and below are weaker than

in P25. Under climate warming, mean upward vertical

velocity between 250 and ;600 hPa is weaker in both

P25 and CP4, while increases above are consistent with a

deepening troposphere. The greatest reductions occur at

;300hPa and are much greater in CP4 than P25. In

contrast, upward vertical velocity is stronger in the lower

troposphere (800–700hPa) in both simulations. The changes

in vertical velocity profile with climate change were accom-

panied by an increase in temperature and an increase in

specific humidity throughout the atmospheric column, with

greater warming above 350hPa in P25, and greater moist-

ening at these levels in CP4, showing a greater increase in

transport of water vapor to high altitudes under climate

change by more vigorous convection in CP4.

c. Distributions of rainfall, v500, and TCWwithin the
rain belt

In sections 3a and 3b we have shown that there are

marked differences in changes to mean climate between

P25 and CP4. To gain insight into these differences, in

this section we describe the frequency distributions of

3-hourly rainfall and v500 and then investigate their re-

lationships and changes under climate change. To avoid

obscuring subtleties in the relationships, the results below

use data at the 25-km grid scale and at 3-hourly intervals

(section 2d) and use data from grid cells identified as

within the rain belt (defined separately within each sim-

ulation and in each climate) according to the definition in

section 2c.

The simulations of mean rainfall, v500, and TCW in

current climate are similar in P25 and CP4 differing by

3%, 2%, and 2% respectively (Figs. 8a,c,d). As expected

from their differing representations of convection, the

character of the rainfall is very different between P25

and CP4: rainfall occurs less frequently in CP4 com-

pared to P25 (Fig. 8b).

There are moremarked differences, however, between

the simulations of future climate. The increases in TCW

are similar at 40.9% in CP4 and 43.1% in P25 (Fig. 8d),

which is consistent with slightly greater warming in P25

than CP4 (not shown) and similar small changes in rela-

tive humidity (not shown). Rainfall, however, increased

by 5.5% and rain frequency by229.7% inCP4 compared

to changes of 14.1% and 213.1% respectively in P25

(Figs. 8a,b) and v500 decreased by 17.3% in CP4 com-

pared to 9.8% in P25 (Fig. 8c).

The increase in mean rainfall in both P25 and CP4 is

consistent with the range of increases in rainfall for the

tropical rain belt over Africa projected by the CMIP5

models (Christensen et al. 2013). The difference in mean

rainfall change between resolved and parameterized con-

vection in the central African transect is large. Kooperman

et al. (2016) also found that simulations using resolved

convection projected smallermean changes in rainfall over

land than simulationswith parameterized convection using

the same model. Our results highlight the magnitude of

uncertainty in projections of future rainfall over tropical

Africa that arises from convection parameterization, a

regionwhere there is not even consensus for the sign of the

rainfall change (Christensen et al. 2013).

1) RAINFALL FREQUENCY DISTRIBUTION

Relatively light rainfall is more frequent in P25 than

in CP4 (Fig. 9a) whereas relatively heavy rainfall is

more frequent in CP4 and is most clearly shown in the

distributions of rainfall contribution (Fig. 9b) and

cumulative rainfall contribution (Fig. 9c). In the cur-

rent climate simulations, the P25 simulation has a

greater cumulative contribution up to;200mmday21

(on the 25-km grid) because of the more frequent oc-

currence of lighter rainfall (Fig. 9c). CP4 has greater mean

rainfall in the current climate simulation because of the

more frequent occurrence of heavier rainfall, particularly

above ;200mmday21 (Fig. 9c). The contribution was

calculated as the sum of the rainfall in each data bin di-

vided by the total number of data points in all data bins.

The sum of the contributions over all data bins,

therefore, equals the mean rainfall and is repre-

sented graphically as the area under each contribu-

tion curve. Differences in the frequency distributions

of rainfall of P25 and CP4 are consistent with previ-

ous comparisons of PCMs and CPMs (Prein et al.

2015). Kooperman et al. (2016), in a study comparing

simulations using parameterized convection against

superparameterization, and Kendon et al. (2019) in a

study using the simulations described here, show that

heavy rain rates under climate change are intensified

when convection is resolved.

Under climate change, both P25 and CP4 project an

increase in heavy rainfall (exceeding ;175mmday21 on

the 25-km grid) and both project a decrease in the lightest

rainfall (Fig. 9d). CP4, however, also projects a marked

decrease in rainfall between 50 and 175mmday21 in-

tensity contributing to the weaker increase in mean

rainfall in CP4 compared to P25 (Figs. 9b,d). These dif-

ferences remain after regridding to a coarser 150-km grid

resolution (not shown), indicating that they are robust to
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changes in spatial resolution and related to the different

representations of convection in P25 and CP4.

2) v500 FREQUENCY DISTRIBUTION

Relatively weak vertical motions of about 0Pa s21 are

more frequent in P25 than in CP4 (Fig. 10a). Relatively

intense ascending and descending motions are more

frequent in CP4 and contribute to a larger variance for

the v500 distribution in CP4 (2.19) than in P25 (0.09).

The distributions of v500 in P25 and CP4 are negatively

skewed, which highlights that the tails of the distribu-

tions are longer on the ascending side, although skew-

ness is greater in the CP4 distribution with skewness

of 215.2 compared to 24.2 in P25. Differences in the

tails of the distributions are more clearly shown in the

distributions of v500 contribution (Fig. 10b) and cu-

mulative v500 contribution (Fig. 10c). In the current

climate simulations, the CP4 simulation has a greater

cumulative contribution to net v500 at all but the

weakest of vertical motions. Differences in the distri-

bution of rainfall and v500 arising in CP4 are consistent

with an improved physical representation of the rain belt

region which comprises tall, narrow towers of strong

convection separated by larger-scale regions of subsi-

dence (Riehl and Malkus 1958).

Under climate change, P25 projects a modest increase

in updrafts at;2Pa s21 (on the 25-km grid) and a weaker

mean v500 largely due to fewer weak updrafts (Fig. 10d).

CP4 projects more marked changes in its distribution: an

increase in frequency of intense updrafts (from;210 to

;3Pa s21 on the 25-km grid); a decrease in frequency of

relatively weak updrafts (weaker than 23Pa s21) that is

large enough both to offset the contribution to mean

v500 from the changes in intense updrafts and to account

for the weakening of the mean v500; and an increase in

relatively intense downdrafts (Fig. 10d). These differences

FIG. 8. Annual mean (a) rainfall, (b) rain frequency, (c) vertical velocity at 500 hPa (v500), and (d) total column

water (TCW). The means are for the rain belt region as defined in section 2d. Also shown are the percentage

changes from current to future climate for P25 andCP4. For vertical velocity, mean ascent is represented by positive

values.
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between P25 andCP4 remain after regridding to a coarser

150-km grid resolution (not shown). It is also noteworthy

that the changes in v500 in CP4 resemble the observed

changes in thunderstorms over the Congo basin from

1982 to 2016 where the trends are toward more intense,

deeper storms but with weaker rates of mean ascent at

all levels (Raghavendra et al. 2018). The greater de-

crease in frequency of weak ascent in CP4 (Fig. 10d),

together with the decreases in rain frequency and light

rainfall, is consistent with a shift to a more stable at-

mosphere likely in future climate (Chou et al. 2012). The

marked shift from weak to strong updrafts in CP4

compared to P25 and the greater slowdown in mean

ascent raises important questions for the ‘‘deep-tropics

squeeze’’ of Lau and Kim (2015). Are the CMIP5

models underestimating the slowdown in mean tropical

circulation while, at the same time, underestimating the

frequency of intense rates of ascent in tropical storms?

To show more clearly the role of convection in vertical

motion, we calculated the net cumulative contribution for

v500byoffsetting upward anddownward vertical velocities

with the same absolute magnitude (Figs. 10e,f). For rela-

tively weak vertical motions, this effectively cancels out

opposing motions likely due to gravity waves. For the P25

simulation of current climate (Fig. 10e), the net vertical

motion is upward at almost all vertical velocities.Net ascent

in the velocity range 0–1Pas21 accounted for more than

50% of the contribution to net motion and ;95% of the

FIG. 9. (a) Frequency distribution for rainfall within the tropical rain belt in the P25 and CP4 current and future climate

simulations. (b) The distribution of contribution to mean rainfall. The area under each curve integrates to the mean rainfall

shown in the top right of the plot. (c) The cumulative distribution of contribution tomean rainfall starting fromzero on the left-

hand side and summing to the mean value on the right-hand side. The mean rainfall is represented by the horizontal lines.

(d) The distribution of the difference in contribution between the simulations of future and current climate. Changes in the

distributions of P25 andCP4 under climate change and the differences between these changes are statistically significant at the

1% level. Key: current climate (black), future climate (red), climate change (blue), P25 (dashed lines), and CP4 (solid lines).
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contribution to net motion was accounted for by net ascent

weaker than 2.8Pas21 (on the 25-km grid). In contrast, for

CP4 the net downward motion predominated in the ve-

locity range from 0 to ;0.5 Pa s21. Net ascent domi-

nated the contribution to mean net motion at greater

vertical velocities with ;95% of the cumulative con-

tribution only achieved by 6Pa s21. Changes in the cu-

mulative net contributions of v500 also show that the

differences between P25 and CP4 persist when opposing

vertical motions are offset against one another (Fig. 10f).

For P25, the majority of the weakening in net ascent

occurs at velocities less than ;1Pa s21. In contrast, for

CP4, weaker net ascent occurs up to ;3Pa s21 vertical

velocity and a greater contribution to the net ascent is

apparent from rates of ascent in excess of ;3Pa s21.

These changes in net cumulative contribution persist af-

ter smoothing to a 150-km grid resolution (not shown).

3) THE RELATIONSHIP BETWEEN RAINFALL AND

VERTICAL VELOCITY

In both P25 and CP4, more intense vertical motion is

associated with more intense rainfall. This is shown by

FIG. 10. (a) Frequency distribution for vertical velocity at 500hPa (v500). (b) The distribution of contribution to mean

v500. The area under each curve integrates to the mean vertical velocity shown in the top left of the plot. (c) The cu-

mulative distribution of contribution for v500 starting from zero on the left and summing to the mean value on the right.

Meanv500 is represented by the horizontal lines. (d) The difference in contribution between the simulations of future and

current climate. (e) The cumulative net contribution to mean v500. (f) The difference in net contribution between the

simulations of future and current climate. Changes in the distributions of P25 and CP4 under climate change and the

differences between these changes are statistically significant at the 1% level. Key: current climate (black), future climate

(red), climate change (blue), P25 (dashed lines), andCP4 (solid lines). In (a)–(d) negative values forv500 represent ascent

and positive values descent.
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the distribution of mean rainfall composited for each

v500 data bin (Figs. 11a,b). Composite mean rainfall is

at a minimum at ;0Pa s21 and increases strongly with

more intense ascent (with rain also associated with de-

scent, presumably due to the role of rain in generating

downdrafts). CP4 has less rainfall per unit v500 than

P25, which is compensated for by the propensity for

more intense updrafts in CP4 than in P25. Under climate

change, both P25 and CP4 show that composite mean

rain intensity increases across the distribution of v500.

This is due to the increase in TCW (Figs. 4 and 8).

Under climate change, the distribution of rainfall

contribution composited by v500 data bin for P25 shows

that increases in rainfall contribution in future climate

are associated with weak v500 updrafts, shown by the

increase in peak contribution close to 0Pa s21, and

with a small increase ;22Pa s21 (Fig. 11c). In contrast,

CP4 has a reduction in rainfall contribution associated

with weak updrafts, an increase in contribution associ-

ated with relatively strong downdrafts, and an increase

associated with updrafts exceeding ; 22Pa s21 inten-

sity (Fig. 11d).

The shift to more frequent intense updrafts in CP4

(Fig. 10d) suggests that dynamical changes play a key

role in the intensification of extreme rainfall (Figs. 9d

and 11d) and likely coupled through a positive feedback

FIG. 11. (a) Composite mean rainfall for each vertical velocity (v500) data bin for P25. (b) As in (a), but for CP4.

(c) Composited contribution to mean rainfall for each v500 data bin for P25. (d) As in (c), but for CP4. The

integrated area under each contribution curve sums to the mean rainfall. Current climate is shown in black and

future climate in red. Negative values for v500 represent ascent and positive values descent. In (c) and (d), changes

in the distributions of rainfall contribution by v500 data bin under climate change are statistically significant at the

1% level.
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from enhanced latent heating during vertical motion

(Pendergrass and Gerber 2016). In contrast, P25 is

consistent with previous simulations using PCMs (e.g.,

Emori and Brown 2005) in showing that dynamical

changes, represented by v500 in this study (Fig. 10d),

play a secondary role in changes to rain intensity (Figs. 9c

and 11c). CMIP5models project modest changes inmean

rainfall and larger changes in extremes overAfrica (Kitoh

et al. 2013). The differences in the spatial patterns of

rainfall change between P25 and CP4 (Fig. 2) and dif-

ferences in the dynamical changes (Figs. 2, 8, and 10)

suggest that CMIP5 projections may overestimate the

increase in mean rainfall and underestimate the intensi-

fication of wet and dry extremes over tropical Africa.

4) THE RELATIONSHIP BETWEEN RAINFALL

AND TCW

In both P25 and CP4, the increases in TCW involve

similar shifts in their frequency distributions toward

greater TCW concentrations and similar increases in

variance and skewness of the distributions (Fig. 12a). In

both P25 and CP4, more intense rainfall is associated

FIG. 12. (a) Relative frequency distribution of total columnwater (TCW). Changes in the distributions of P25 and

CP4 under climate change and the differences between these changes are statistically significant at the 1% level.

(b) Distribution of rainfall contribution composited by TCWdata bin. The integrated area under each contribution

curve sums to themean rainfall. Changes in the distributions of rainfall contribution by TCWdata bin under climate

change are statistically significant at the 1% level. (c) Mean TCW composited by rainfall data bin. (d) Percentage

change in mean TCW composited by rainfall data bin with the 95% confidence interval marked by gray shading.

Current climate is shown in black, future climate in red, and climate change in blue. Dashed lines show results for

P25 and solid lines results for CP4.
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with greater TCW as shown by the distribution of rain-

fall contribution composited for each TCW data bin

(Fig. 12b). Despite their similar pdfs, in CP4 there is a far

greater increase in the contribution to the total rain at

high TCW (e.g., above 80gkg21). This is consistent with

the fact that positive anomalies of TCW are associated

with positive anomalies in ascent, and ascent is intensified

more in CP4. The association of more intense rainfall

with greater TCW inCP4, however, holds at both heavier

and lighter rain rates whereas in P25 the association is

weak for rain intensity exceeding 50mmday21 (Fig. 12c).

Figure 12d shows the percentage change in the mean

TCW composited for each rain intensity bin. There is a

smaller increase in TCW at heavier rate intensities un-

der climate change in CP4. In contrast, the increase in

TCW in P25 is uniform across the range of rain inten-

sities at;43% (cf. Fig. 8d). This shows that, at relatively

intense rain rates, a smaller increase in TCW is needed

to give the same rain in CP4, consistent with the fact that

updrafts intensify more in CP4 and that there is coupling

between the changes in TCW and v500 ascent.

When convection is resolved, there is an association of

intense rainfall with positive TCW anomalies, which is

consistent with observations of intense storms overWest

Africa (Taylor et al. 2017). In contrast, when convection

is parameterized, the distributions of rainfall, TCW, and

v500 are more consistent with a climate of widespread,

persistent light rainfall (Stephens et al. 2010) and there is

weaker coupling between intense rainfall with high

humidity.

4. Conclusions

Our results provide insight into how the response of

convection and vertical motion to climate change differs

when convection is resolved rather than parameterized.

The CPM yielded more pronounced changes in the

distribution of 3-hourly data and stronger coupling be-

tween changes in rainfall, vertical velocity, and humidity.

These form the basis for contrasting changes in time-

averaged mean climate between P25 and CP4.

Resolving convection gives similar spatial patterns of

projected changes in annual mean rainfall, but the rep-

resentation of convection remains a source of uncer-

tainty, with correlations of projected annual changes in

rainfall between explicit and parameterized convection

of 0.60 and 0.77 (on 25- and 150-km grid scales, respec-

tively). Under climate change, mean changes within the

rain belt in P25 and CP4 show that rainfall becomes less

frequent (Fig. 8), mean intensity (and mean rainfall)

increases (Fig. 8), mean v500 ascent weakens (Fig. 8),

and TCW increases (Fig. 8). Compared to P25, CP4 has a

greater reduction in rain frequency, a smaller increase in

mean rainfall, a greater weakening of mean v500 ascent,

and a pronounced increase in the occurrence of strong

updrafts. The explicit resolution of convection in CP4,

therefore, suggests that CMIP5 projections may over-

estimate the increase in mean rainfall, underestimate

the intensification of wet and dry extremes over tropical

Africa, and underestimate Hadley slowdown.

Crucially, the mean changes mask fundamental changes

in the underlying frequency distributions of 3-hourly rain-

fall and vertical motion and mask marked differences be-

tween P25 and CP4. These key findings are summarized in

schematic form in Fig. 13. It reveals the fundamental dif-

ferences in behavior between P25 andCP4, especially since

TCW and rainfall both respond to subgrid transport from

the convection scheme, which is not measured directly us-

ingv500. Figure 13 shows that there are couplings between

the distributions ofv500, TCW, and rainfall that are absent

from, or weakly captured in, P25. In CP4 (Figs. 13c,d), the

contours of rain intensity (shown by the rows of blue circles

of the same size) have a negative slope. Rainfall at a given

intensity canbeproducedbyweaker rates of ascent at times

of higher TCW. In contrast, the rows of blue circles for P25

(Figs. 13a,b) are relatively flat, indicating that rain intensity

is strongly associated with v500, weakly associated

with TCW, and not dependent on the joint distribution

of v500 and TCW. The explicit treatment of convection

in CP4 yields stronger interactions between v500,

TCW, and rainfall, and a more pronounced shift to

strong updrafts. In CP4, intense updrafts are linked to

anomalously high TCW that may promote greater

weakening of mean ascent and increased rainfall for

less mean ascent. The differences in vertical velocity

between the simulations and the largest changes in

vertical velocity with climate change occur above the

500-hPa level (Fig. 7). A similar analysis using vertical

velocity at 400 hPa (not shown) produced similar re-

sults and substantiates our conclusions.

This study describes results from the first pan-Africa

scale convection-permitting simulations (Stratton et al.

2018) and consequently are based on a single climate re-

alization from one climate model. Future work that repli-

cates CP4 and P25 producing an ensemble of simulations

would advance the findings of this study by enabling more

robust quantification of uncertainty. Similarly, replication

of CP4 and P25 using other climate models would provide

deeper insight into our findings and further understanding

of uncertainties.

We find that resolving convection in a climate model

adds value to the simulation of future climate over

Africa, specifically through the closer coupling of rain-

fall, vertical velocity, and TCW. Our results demon-

strate that changes in future rainfall and dynamics, from

the kilometer grid scale to the continental scale, are
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sensitive to the treatment of convection in climate

models and not only in regions of tropical ascent but also

in regions of subtropical climatological descent. The

distributions of 3-hourly rainfall, vertical velocity, and

TCW are sensitive to the treatment of convection and

are influential for projected changes in mean state under

climate change. These differences in the atmospheric

circulation, and in rainfall frequency and intensity, are

likely to have major implications for planning adapta-

tion to future climate warming.
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