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ABSTRACT

Ninety-five percent of climate models contributing to phase 5 of the Coupled Model Intercomparison

Project (CMIP5) project early summer [October–December (OND)] rainfall declines over subtropical

southern Africa by the end of the century, under all emissions forcing pathways. The intermodel consensus

underlies the Intergovernmental Panel on Climate Change (IPCC) assessment that rainfall declines are

‘‘likely’’ and implies that significant climate change adaptation is needed. However, model consensus is not

necessarily a good indicator of confidence, especially given that there is an order of magnitude difference in

the scale of rainfall decline among models in OND (from,10mm season21 to;100mm season21), and that

the CMIP5 ensemble systematically overestimates present-day OND precipitation over subtropical southern

Africa (in somemodels by a factor of 2). In this paper we investigate the uncertainty in theONDdrying signal

by evaluating the climate mechanisms that underlie the diversity in model rainfall projections. Models pro-

jecting the highest-magnitude drying simulate the largest increases in tropospheric stability over subtropical

southern Africa associated with anomalous upper-level subsidence, reduced evaporation, and amplified

surface temperature change. Intermodel differences in rainfall projections are in turn related to the large-

scale adjustment of the tropical atmosphere to emissions forcing: models with the strongest relative warming

of the northern tropical sea surface temperatures compared to the tropical mean warming simulate the largest

rainfall declines. The models with extreme rainfall declines also tend to simulate large present-day biases in

rainfall and in atmospheric stability, leading the authors to suggest that projections of high-magnitude drying

require further critical attention.

1. Introduction

A large majority of climate models project declines in

rainfall over subtropical southern Africa in the twenty-

first century in response to rising global temperatures

(Christensen et al. 2007; Shongwe et al. 2009; Collins

et al. 2013; He and Soden 2017). Robust signals emerge

in models after just 28 of global warming (James and

Washington 2013), and in some models the drying is

appreciable by the mid-twenty-first century. The signal-

to-noise ratio of the drying is particularly high in the

early summer season from October to December

(OND), which contributes over 40% of the annual

rainfall across large parts of subtropical southern Africa

(158–308S, 158–408E) including in Botswana, Zimbabwe,

and South Africa. In this season models from phase 5 of

the Coupled Model Intercomparison Project (CMIP5)

project an average 42mm season21 decrease in rain-

fall over subtropical southern Africa by the end of

the century under high emissions forcing (RCP8.5)

(Table 1). Predicated in part on the confidence implied

by the intermodel consensus in OND rainfall declines,

climate impact studies have outlined the potentially

negative consequences of climate change in the region,

including its effects on agriculture, water supply, en-

ergy production, human health, and biodiversity (e.g.,

Schlenker and Lobell 2010; Midgley and Thuiller 2011;

Gosling and Arnell 2016; Conway et al. 2015; Serdeczny

et al. 2017).

However, agreement between models in the sign of a

climate projection is not necessarily a strong argument
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for confidence in that projection (Parker 2011). This is

especially true under conditions where the magnitude of

projected change between models varies widely (Parker

2011) and where models contain systematic biases in

their estimation of present-day climate (Knutti et al.

2010). Both of these conditions are met in the case of

projections of subtropical southern African drying.

First, despite strong consensus among ;95% of models

that OND rainfall will decline in the future, there is an

order of magnitude difference in the scale of decline,

from less than 10mm per season to nearly 100mm

(Fig. 1). Second, the large intermodel spread in future

projections occurs in the presence of systematic over-

estimations of present-day rainfall over subtropical

southern Africa (Mueller and Seneviratne 2014;

Dieppois et al. 2015; Lazenby et al. 2016; Munday and

Washington 2017). In ;80% of models in OND, the

magnitude of their present-day bias exceeds the future

change, by a median factor of 2.5 (Fig. 1). The large

intermodel variation in the projections and present-day

climatology of rainfall suggests that the foundation on

which the many impact studies rest is not secure.

One way to build confidence in projections is to assess

the mechanism of drying among models. Over southern

Africa, several studies have done this for both regional

and global climate models, providing a useful starting

point for assessing confidence in the projections (e.g.,

Shongwe et al. 2009; Engelbrecht et al. 2013; Cook and

Vizy 2013; Lazenby et al. 2018; Pinto et al. 2018). In a

regional model driven by the CMIP3 ensemble mean to

the mid-twenty-first century, for example, Cook and

Vizy (2013) suggest that the rainfall decline in early

summer occurs as the south Indian Ocean convergence

zone (SIOCZ) shifts northeastward in association with a

strengthened thermal low and weakened subtropical

high. Meanwhile, Pinto et al. (2018) show that annual

mean drying trends among four CMIP5 models are as-

sociated with an increase in frequency of high pressure

systems across southern Africa at the expense of conti-

nental and midlatitude lows. These studies are useful in

that they relate projections of rainfall change to specific

climate processes, the realism of which could be evalu-

ated in comparison with observations (e.g., James et al.

TABLE 1. CMIP5 models used in this study, their future OND

absolute and percentage rainfall change over subtropical southern

Africa (158–308S, 158–408E), and their precipitation bias relative to

the CMAP dataset. Models are ordered by absolute precipitation

change (DP) under RCP8.5 (2073–99 minus 1979–2005); models in

bold are those included in the low-magnitude (LM) and high-

magnitude (HM) change composites. Asterisks (*) indicate the 10

models with highest present-day bias; plus signs (1) indicate

models with lowest present-day bias.

Model

DP
(mm season21)

DP
(%)

P bias

(mm season21)

BCC_CSM1.1 4.2 1.5 87.8

MRI-CGCM3 2.1 0.9 41.2

CNRM-CM5* 24.3 21.4 115.6

INM-CM41 212.4 26.1 13.8

CESM1-CAM5 215.7 25.5 94.7

BCC_CSM1.1-m1 219.5 28.8 31.6

CanESM21 220.0 29.1 28.2

CMCC-CM1 220.8 212.4 222.8

GISS-E2-R1 224.7 214.2 217.4

ACCESS1.0* 225.7 28.6 109.5

GISS-E2-H-CC1 225.9 215.2 220.8

CCSM4* 226.4 27.4 166.7

FIO-ESM 230.5 211.2 80.5

IPSL-CM5A-MR1 231.7 216.2 5.2

GISS-E2-H1 233.6 218.9 213.3

HadGEM2-CC 237.8 212.8 105.2

CMCC-CMS1 238.5 219.6 5.2

MPI-ESM-MR 248.0 219.7 53.0

ACCESS1.3* 249.7 215.2 134.9

MIROC5* 257.5 213.8 225.5

IPSL-CM5A-LR1 259.0 225.7 38.6

MPI-ESM-LR 260.6 222.4 79.9

IPSL-CM5B-LR 261.3 221.4 95.5

GFDL-ESM2M* 266.9 218.5 171.1

NorESM1-M* 270.0 218.1 194.9

NorESM1-ME* 279.2 220.5 194.5

GFDL CM3* 284.2 227.3 117.4

GFDL-ESM2G* 286.6 222.9 186.8

MIROC-ESM-CHEM 292.8 234.5 78.2

MIROC-ESM 294.2 234.0 86.3

FIG. 1. CMIP5 future rainfall change (mm season21) over sub-

tropical southern Africa (158–308S, 158–408E) (black bars) for

OND (2073–99 minus 1979–2005) and the present-day bias (red

bars) in mm season21 relative to the CMAP dataset. There is a

significant negative correlation (r 5 20.48, p , 0.01) between the

bias and the future change: models with a larger bias tend to sim-

ulate greater rainfall declines.
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2015) or which could be tested with simpler, idealized

models (Held 2005). If the processes are judged to be

plausible and are consistent across a range of climate

models, this would add evidence to support the re-

liability of the drying trend. As a contribution to this

effort, the purpose of this paper is to understand in more

detail the physical processes associated with the spread

in early summer drying projections among 30 of the

CMIP5 models, and to consider these processes in light

of present-day model biases. More specifically, we aim

to do the following:

1) Investigate the physical processes associated with

OND drying over subtropical southern Africa across

CMIP5 models.

2) Generate hypotheses for the controls on the spread

in future projections of drying across CMIP5, which

could be tested in idealized simulations.

3) Consider whether there are links between biases in

the simulation of contemporary climate over sub-

tropical southern Africa and the magnitude of pro-

jected drying.

2. Background

In this section, we briefly describe the observed cli-

mate and circulation over southern Africa during the

early summer (OND), before discussing potential

mechanisms of future rainfall change.

a. The southern African climate system in the early
summer

The early austral summer (OND) is the time of rainfall

onset over much of southern Africa apart from the

southwestern Cape region (Tadross et al. 2005; Dunning

et al. 2016). Onset in northern parts of southern Africa

(;108–208S) is concomitant with the southward dis-

placement convection over Africa, which lags the sea-

sonal cycle in insolation by roughly one month. During

this time, the low-level circulation, shown in Fig. 2, is

dominated by the presence of a shallow thermal low

situated over southern Angola, northern Namibia,

and eastern Zambia (Mulenga 1998; Munday and

Washington 2017; Howard and Washington 2018). The

Angola thermal low is likely driven by high surface tem-

peratures and can be distinguished from the (Angola)

tropical lows that form later on in the summer season by

the low specific humidity (Howard and Washington

2018). The thermal low, together with the subtropical

highs in the adjacent south Indian and South Atlantic

Oceans, sets up a strong zonal pressure gradient that is

important for easterly and westerly moisture fluxes into

the subcontinent. During OND, much of the subtropical

portion of southernAfrica is under the influence of amid-

to upper-level high pressure system: the Botswana high.

The Botswana high is strongest in OND, and is likely to

suppress rainfall (Matarira 1990; Unganai and Mason

2002; Reason 2016; Driver and Reason 2017) in spite of

the strong moisture convergence at low levels associated

with the thermal low.

A second rainfall maximum in the OND season occurs

to the southeast of the core of the Botswana high

and extends over parts of South Africa, Botswana, and

Zimbabwe. This rainfall maximum is influenced by the

enhanced specific humidity associated with high evap-

oration from the warm Agulhas Current and by oro-

graphic triggering via the sharp topography of the eastern

southern African escarpment (Rouault et al. 2002;

Blamey et al. 2017). Over large parts of this subtropical

region, a significant proportion, 30%–60% of the total

rainfall, is associated with tropical temperature cloud

bands (TTCBs) (Harrison 1984; Hart et al. 2013), which

form through the interaction of tropical disturbanceswith

westerly waves passing to the south of the continent

(Harrison 1984; Washington and Todd 1999). TTCBs are

particularly important inNovember andDecember (Hart

et al. 2013), and can occur with or separately from me-

soscale convective complexes (MCCs), which themselves

account for up to 20% of the rainfall in southeastern

southern Africa (Blamey and Reason 2013).

b. Potential mechanisms of future change

A number of mechanisms have been proposed to ex-

plain rainfall change in the global tropics. At a zonal

mean scale, increases in water vapor content of the

FIG. 2. Important circulation features over southernAfrica in the

early austral summer (OND). Topography (from the USGS

GTOPO30 global digital elevation model dataset) above 1000m is

shaded; contour interval is 100m. Features of this figure are

adapted from a schematic by Neil Hart/Creative Commons.
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atmosphere due to warming may amplify existing pat-

terns of moisture convergence [precipitation minus

evaporation (P2E)], resulting in increases in rainfall in

areas of climatological deep convection (the wet-get-

wetter mechanism) and decreases in precipitation in

climatologically dry regions (Chou and Neelin 2004;

Held and Soden 2006; Chou et al. 2009; Seager et al.

2010). Although this thermodynamic increase or de-

crease in rainfall is likely to be offset by a (dynamical)

weakening of overturning circulations (Held and Soden

2006; Vecchi et al. 2006;Ma et al. 2012;Ma andXie 2013;

Chadwick et al. 2013), it helps to explain the observed

large-scale increases in P 2 E (E 2 P) in regions of

climatological ascent (descent) over recent decades

(Allan et al. 2010).

The wetting of regions with high climatological pre-

cipitation by enhanced moisture advection could lead

to a dynamically driven rainfall decreases at convective

margins (Neelin et al. 2003; Chou and Neelin 2004). In

subtropical regions, such as southernAfrica, increases in

low-level moist static energy may be insufficient to keep

pace with the near-uniform increases in dry static energy

in the upper tropical troposphere due to warming of the

oceans (Neelin et al. 2003). Giannini (2010) applies this

moist static energy perspective to explain rainfall pro-

jections in the Sahel. She finds that ocean warming–

induced increases in upper-level moist static energy

affect stability from the top down and are related to

rainfall declines in some CMIP3 models. This is consis-

tent with simulations of Sahelian rainfall variability in

the twentieth century, which is affected by periodic

warming of the tropics during El Niño events (Held et al.

2005; Giannini 2010).

Seth et al. (2011, 2013) extend the analysis of Giannini

(2010) to explain future early summer drying trends in

the ensemble mean CMIP3 and CMIP5 models across a

number of regions, including over subtropical southern

Africa. For southern Africa, they show that upper-

tropospheric warming during the early summer presents

an enhanced convective barrier, which is not overcome

by increases in moisture supply after a warmer and drier

dry season. The enhanced stability is associated with

decreased evaporation and increased moisture diver-

gence, which combine to exacerbate the rainfall decline

(Seth et al. 2013).

In addition to spatially uniform oceanic warming,

which is assumed by the mechanisms discussed above,

patterns of sea surface temperature (SST) change are

also likely to influence future oceanic rainfall change

(Xie et al. 2010; Huang et al. 2013; Ma and Xie 2013)

and, through atmospheric teleconnections, could be

critical for model diversity in terrestrial rainfall change

in the tropics (Biasutti and Sobel 2009; Park et al. 2015;

Brown et al. 2016; Rowell and Chadwick 2018). In the

Sahel, for example, Park et al. (2015) show evidence that

the enhanced warming of the Northern Hemisphere

extratropics relative to the tropics is linked to the spread

in rainfall projections in CMIP5, while Biasutti and

Sobel (2009) suggest that the delay in the seasonal cycle

of SSTs contributes to early summer Sahelian rain-

fall declines in CMIP3 models. Moreover, for the East

African ‘‘short rains’’ (OND), Rowell and Chadwick

(2018) show that the pattern of SST change in the tropics

is a major driver of uncertainty in rainfall projections

in CMIP5.

The pattern of sea surface temperature change in trop-

ical oceans is also likely to be important for subtropical

southern African drying projections. Present-day vari-

ability in the pattern of SSTs, includingElNiño–Southern
Oscillation (ENSO; Lindesay 1988; Nicholson and Kim

1997; Richard et al. 2001; Hart et al. 2018), the subtropical

Indian Ocean dipole (SIOD; Fauchereau et al. 2003;

Hermes and Reason 2005; Hoell et al. 2017), and Ben-

guela Niño events in the South Atlantic (Hirst and

Hastenrath 1983; Rouault et al. 2003), is associated with

rainfall variability during the southern African summer.

Dry conditions in southern Africa tend to prevail during

negative SIOD events when the eastern tropical Indian

Ocean basin is anomalously warm, and when the south-

west Indian Ocean near Madagascar is relative cool.

Similarly, El Niño events, when the central Pacific is

anomalously warm, tend to lead to below average rainfall

over southern Africa.

By investigating the future change signal over southern

Africa in the CMIP5 ensemble mean model, Lazenby

et al. (2018) find a northeastward shift of the SIOCZ to-

ward East Africa and the western Indian Ocean. In de-

composing the future rainfall change into dynamic and

thermodynamic components following Chadwick et al.

(2013), they demonstrate that the precipitation decline in

OND is a consequence of both dynamic change in the

location of convection and thermodynamic changes in-

duced by decreasing relative humidity. While declines in

ensemble mean rainfall are driven equally by both ther-

modynamic and dynamic terms, intermodel uncertainty

in the rainfall decline appears to be driven mostly by the

dynamical term. The authors go on to argue that un-

certainty in the future evolution of dynamically driven

precipitation changes may be related intermodel differ-

ences in the pattern of SST changes in the Indian Ocean,

particularly related to the uncertainty in relatively en-

hanced warming of the eastern tropical Indian Ocean

relatively low warming of the southwest subtropical In-

dian Ocean—similar to the SIOD anomalies.

In what follows we diagnose changes to the sub-

tropical southernAfrican climate system associated with
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early summer drying (section 4) and trace how they

might arise through differences in the extent and pattern

of warming of tropical oceans amongmodels (section 5).

In section 6 we comment on these results in light of

present-day biases before concluding in section 7.

3. Data

We analyze future change projections in 30 models

forming part of the CMIP5 dataset (Table 1; Taylor et al.

2012). Future change for each model is calculated by

subtracting their present-day climatology (1979–2005)

in the historical experiment (ensemble r1i1p1) from

their future climatology (2073–99). The future change

experiments in CMIP5 use the representative concen-

tration pathways (RCPs) developed by vanVuuren et al.

(2011). To maximize the signal-to-noise ratio for ex-

amining mechanisms of change, we use the most ex-

treme of these pathways (RCP8.5) in which the global

net radiative forcing by 2100 is 8.5Wm22. The RCP8.5

experiment is based on the previous Coupled Model

Intercomparison Project (CMIP3) SRES A2 scenario,

which assumes a ‘‘business as usual’’ approach to cli-

mate change mitigation. This is the emissions pathway

which we are currently following. All model data are

remapped to a common 28 3 28 grid.
We use composites of six models that project high-

magnitude (HM) drying and six models that project low-

magnitude (LM) drying (OND). The models used for

composites are marked in Table 1, along with their fu-

ture OND rainfall change and present-day rainfall bias.

The HM and LM composites and our analysis are based

on the absolute rainfall change, although percentage

changes (shown in Table 1) are also considered.We note

that models with high (low) magnitude absolute future

rainfall also tend to simulate high (low) magnitude

percentage change, with a correlation of r 5 0.91 (p ,
0.001) between the two.

In section 6 we discuss potential links between model

projections and their present-day biases in precipitation,

and circulation. Our comparison dataset for precipitation is

the Climate Prediction Center Merged Analysis of Pre-

cipitation (CMAP; Xie and Arkin 1997), a satellite/rain

gauge product. The rainfall climatology of the CMAP

dataset is in good agreement with other satellite- and

rain gauge–based datasets over southern Africa (Novella

and Thiaw 2013) and Africa as a whole (Maidment et al.

2014). In an intercomparison of eight different rain-

fall datasets over Africa, for example, CMAP agrees to

within 0.2mmday21 with seven of those datasets for

mean rainfall both in September–November (SON) and

annually (Maidment et al. 2014), although there are

relatively few rain gauges with which to confront the

satellite datasets in tropical regions of Africa (Washington

et al. 2006).

Estimates for the present-day circulation are based

on the MERRA-2 reanalysis product (Gelaro et al.

2017), which has been shown to perform well over

Africa (Reichle et al. 2017; Hua et al. 2016). The cir-

culation in MERRA-2 over southern Africa is quali-

tatively similar to both ERA-Interim and NCEP2

reanalysis (not shown), although none of the rean-

alyses are well constrained by in situ data over a ma-

jority of southern Africa. CMAP rainfall and the

MERRA-2 dataset are remapped to a 28 3 28 grid for

comparison with CMIP5 models. The present-day cli-

matology for CMAP is calculated over 1979–2005, and

over 1980–2005 in MERRA-2.

4. Local diagnosis of southern African rainfall
projections

In this section we examine changes to the vertical

structure of the atmosphere, moisture circulation, and

water balance over subtropical southern Africa.

a. Changes to the vertical atmospheric structure

The future drying signal among CMIP5models (Fig. 1)

is likely to be partly related to changes in tropospheric

stability. Changes in stability can be diagnosed through

examining alterations to the vertical profile ofmoist static

energy (MSE). MSE is defined as

MSE5C
p
T1 gz1Lq . (1)

The first two terms on the right-hand side represent the

dry static energy (DSE) contribution;CpT is the sensible

heat and gz is potential energy. The last term is the

latent heat component; L is the latent heat of conden-

sation and q is the specific humidity.

If the remote effect of SST warming is important for

determining the magnitude of rainfall decline we would

expect to see larger increases in upper tropospheric

MSE over subtropical subtropical southernAfrica in the

HM compared to LMmodels. Figure 3 shows that this is

the case. In a longitude–height cross section averaged

over 158–308S HM models simulate ;25%–30% larger

increases in MSE between 300 and 200 hPa compared to

LM models.

The increased upper-level MSE in the HM models is

accompanied by large MSE anomalies (10 kJ kg21) near

the surface centered on 288E. The increase in surface

MSE is mainly associated with an increase in the dry

static energy term (not shown), and lies to the east of the

location of the climatological Angola heat low. This
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suggests a future deepening and broadening of the

thermal low, in accordance with results from previous

studies (Cook and Vizy 2013; Lazenby et al. 2018). The

strengthened heat low sets up a steeper low-level MSE

gradient between the subtropical southern African

landmass and the adjacent Indian Ocean. The pattern

of change is qualitatively similar in the LM models,

although less intense.

To highlight the effect of the altered MSE profile on

vertical motion, we examine the cross sections of ver-

tical velocity (the pressure tendency) averaged over the

same latitudes (Fig. 4). Consistent with the large in-

crease in upper-level MSE, there is anomalous upper-

level subsidence, which reaches a maximum between

400 and 300 hPa in the HM set of models. Over the

continent, the anomalous subsidence overlies an in-

crease in shallow convection near the surface. The

preferential increase in shallow convection over deep

convection supports the view that the continental ther-

mal low is deepening in response to warming. The main

differences between the LM and HMmodels follow this

structure, with HM models simulating 70% larger in-

creases in upper-level subsidence than LM models, and

greater low-level uplift associated with a relatively

strengthened thermal low.

Comparison between the present-day climatology

of vertical velocity and future change raises two

further points worthy of note (Fig. 4). First, in both sets

of models there is an eastward shift in the location of

the low-level uplift from ;188 to ;208E, indicating
an eastward shift or broadening of the thermal low

(Fig. 4). Second, the contemporary climatology of

vertical uplift in the HM models features strong up-

ward motion as high as 300 hPa. Strong present-day

uplift in LM models, by contrast, is mainly confined to

below 600 hPa, and is consistent with the presence of

the shallow (Angola) thermal low in early summer

(section 2a; Adebiyi and Zuidema 2016; Munday and

Washington 2017; Howard and Washington 2018).

That the larger future response in vertical velocity

occurs in the HM models is the first indication that

the present-day bias might influence the magnitude

of future drying. We consider this in more detail in

section 6.

The increase in strength of the thermal low, together

with the enhanced upper-level subsidence, is likely

to enhance the strength of the Botswana midlevel

high. Strengthening of the Botswana high in some

years is associated with drier than average conditions

over subtropical southern Africa (Reason 2016; Driver

and Reason 2017), consistent with the future pro-

jections. Future investigation that considers in more

detail changes to the strength or structure of the high,

while beyond the scope of this paper, could be a useful

FIG. 3. Longitude–height (in hPa) cross section (averaged between 158 and 308S) of future change in moist static

energy (kJ kg21) in (left) high-magnitude and (right) low-magnitude drying sets of models.
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and complementary approach to understanding the

drying signal.

b. Changes in moisture circulation

The differences between HM and LM models in

Figs. 3 and 4 might suggest that the enhanced stability is

being set from the top down, rather than from changes in

the low-level circulation. This view of precipitation de-

clines is consistent with the mechanism set out by

Giannini (2010) and applied to southern Africa by Seth

et al. (2013), but could be complicated by changes in the

low-level moisture circulation between models. For ex-

ample, HM models may simulate reduced moisture

supply into subtropical southern Africa in the future

compared to LM models, thus influencing atmospheric

stability from the surface up.

In both sets of models, future anomalies in 850-hPa

moisture flux and convergence (Fig. 5, middle row) are

superimposed on their existing pattern of convergence

(Fig. 5, top row). Across both model sets, moisture

convergence increases (2–5 3 108 kgkg21 s21) in the

central subcontinent while moisture divergence in-

creases (1–4 3 108 kg kg21 s21) across the eastern coast

in Tanzania, Mozambique, and eastern Zimbabwe. The

intensification of the existing pattern of convergence/

divergence is associated with greater moisture flux from

the Indian Ocean and the equatorial Congo basin re-

gion. This is likely associated with the strengthened

Angola thermal low, which is evident in both model sets

(Figs. 3 and 4).

If intermodel variation in projections of moisture

circulation influences the intermodel spread in pre-

cipitation change, we would expect to see less moisture

convergence in the continental interior in the HM

models compared to the LMmodels given the increased

drying evident in the HM models. This is not evident in

Fig. 5. Moisture convergence over the continental in-

terior increases more (by 2–4 3 108 kg kg21 s21) in the

HM compared to LM models (Fig. 5, bottom row). The

larger increases in moisture convergence are consistent

with the greater intensification of theAngola heat low in

HM compared to LM models. This emphasizes the pri-

macy of a top-down mechanism of stabilization in con-

trolling differences between model projections, as the

additional moisture supply in HM compared to LM

models is not sufficient to mitigate the rainfall decline.

We do note, however, that larger increases in low-level

moisture divergence inHM compared to LMmodels are

FIG. 4. Longitude–height (in hPa) cross section (averaged between 158 and 308S) of future change in vertical velocity (102 Pa s21)

(shading) in (a) high-magnitude and (b) low-magnitude drying models, and (c) their difference. The contemporary climatology (1979–

2005) in HM and LM models is shown by gray contours.
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likely to play an important role in the rainfall declines

in eastern parts of southern Africa and especially in

Mozambique and eastern Zimbabwe.

c. The relationship among projections of rainfall,
surface temperature, and evaporation

Figures 3–5 present evidence suggesting that the in-

termodel spread in projections of early summer drying is

controlled primarily by the degree of increase in upper-

level subsidence. Since increased stability is associated

with clearer skies and enhanced net surface solar ra-

diation (Giannini 2010), one way of diagnosing this

relationship at a regional scale is to examine the re-

lationship between surface temperature change and

rainfall change over subtropical southern Africa among

CMIP5 models.

After normalizing OND temperature change by each

model’s tropical mean change to account for different

climate sensitivities, Fig. 6a shows how projections of

surface temperature over subtropical southern Africa

are closely associated with projections of rainfall in

CMIP5 models. Models projecting high-magnitude

drying also project larger surface temperature amplifi-

cation over subtropical southern Africa (r520.60, p,
0.001). This could indicate that the uncertainty in the

precipitation change is driving uncertainty in the local

temperature change through cloud feedbacks, although

causation cannot be demonstrated in this context. A

similar intermodel association between rainfall and

temperature change has been noted for future changes

to the Australian monsoon in CMIP5 models (Brown

et al. 2016).

Subtropical southern Africa is a semiarid region and

evapotranspiration (latent heat flux) tends to be pre-

cipitation limited (Mueller and Seneviratne 2014). This

implies that as precipitation declines so should evapo-

ration, notwithstanding the increases in moisture supply

(Fig. 5). We show this relationship in Fig. 6b: there is a

strong positive correlation between decreasing pre-

cipitation and decreasing evapotranspiration among

models (r 5 0.85, p , 0.001). In turn the reduced

evapotranspiration increases the ratio of sensible to

latent heat fluxes (the Bowen ratio; not shown),

which could further contribute to the amplification of

FIG. 5. Low-level (850 hPa) moisture divergence (shading;

108 kg kg21 s21) and moisture flux (vectors; barb in lower-right

corner of plots shows scale). (top) Present-day climatology (1979–

2005) in (a) high-magnitude drying models and (b) low-magnitude

drying models. (middle) Future change for (c) high-magnitude

drying models and (d) low-magnitude drying models. (e) The dif-

ference in future change between high- and low-magnitude

drying models.
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temperature change over subtropical southern Africa.

The relationships among future projections of pre-

cipitation, temperature, and evaporation imply that

uncertainty in projections of temperature and rainfall

should be considered together.

5. Connections with tropics-wide projections

The enhanced atmospheric stability over subtropical

southern Africa could be connected to changes in

tropics-wide circulation and warming through the

mechanisms outlined in the background section. Here,

we investigate how the intermodel diversity in rainfall

declinemay be related to changes in tropical rainfall and

patterns of sea surface temperature change.

a. Spatial changes in southern African and tropical
rainfall

HMmodels project future reductions in rainfall across

much of subtropical southern Africa, with the largest

decreases, of up to 170mm season21, occurring along an

axis orientated from northwest to southeast, similar to

the climatological location of the SIOCZ (Fig. 7). In LM

models, by contrast, there is little change in rainfall

across much of subtropical southern Africa, with only

small decreases in rainfall over Angola and Zambia

(,40mm season21). As we noted in the introduction,

the difference between these projections would require

substantially different approaches to climate change

adaptation. Interestingly, models that project high-

magnitude drying over southern Africa also do so over

South America and parts of northwest Australia. This

could indicate the presence of a common mechanism

responsible for drying across SouthernHemisphere land

regions during the early summer.

In both sets of models, the rainfall decline over sub-

tropical southern Africa is accompanied by large in-

creases in rainfall in other parts of the tropics, especially

to the north of the equator. In the Indian Ocean the

largest increases in rainfall in both sets of models (120–

160mm season21) occur to the northwest of the clima-

tological maximum precipitation. In theAtlantic Ocean,

there is an eastward shift in location of convection to-

ward the Gulf of Guinea (Bakassi Peninsula), while in

the Pacific Ocean there are broad increases in rainfall

which maximize in the northern tropics, especially in the

HM models.

The difference in rainfall projections between HM

and LM models shows evidence of a north–south trop-

ical contrast (Fig. 7, bottom). HM models simulate

greater increases in precipitation over large parts of the

northern tropics compared to LM models while gener-

ally projecting greater declines in subtropical regions of

the Southern Hemisphere. South of the equator in the

Pacific Ocean, for example, HM models project future

decreases in precipitation in areas of high climatological

rainfall, whereas LMmodels project modest increases in

precipitation. Consistent with Chadwick et al. (2013)

and others, this indicates that future changes in tropical

rainfall cannot be understood simply in terms of a wet-

get-wetter response to warming. The consistency of re-

sponse between models (indicated by the stipples in

Fig. 7) within HM and LM groups in areas remote from

southern Africa provides some indication that rainfall

declines over southern Africa could be a consequence of

the large-scale adjustment of the tropical atmosphere to

warming.

To link together the increases in tropical rainfall and

projections of rainfall declines over subtropical southern

Africa, we consider changes to Hadley circulation via

examination of the vertical structure of zonal mean

meridional winds in HM and LM models (Fig. 8). A

strengthening of Hadley circulation, indicated by an

intensification and rise in the level of meridional outflow

FIG. 6. For OND, the intermodel relationship between future

rainfall change over subtropical southern Africa (158–308S,
158–408E) and (a) future surface temperature change (K) over

subtropical southern Africa relative to the tropical mean tem-

perature change (208N–208S, 1808W–1808E) and (b) future la-

tent heat flux (LHF) change (Wm22) over subtropical southern

Africa. The blue (red) dots represent models that are part of the

LM (HM) composites.
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in the upper atmosphere, has previously been shown to

relate to subtropical drying in the ensemble-mean

CMIP5 model (Lau and Kim 2015). Consistent with

this work, we find that both model sets simulate en-

hanced outflow from tropical convection at upper

levels of the atmosphere (200–100 hPa) and, to a lesser

extent, reduced outflow from the convective region

at;300hPa. The future anomaly in upper-level outflow

to the south (between 08 and –208S) is shifted northward

and higher up in the atmosphere compared to the cli-

matological outflow (shown in the contours). This is

consistent with the intensification of rainfall north of the

equator seen in Fig. 7 and with general expectation for a

rising tropopause under global warming (O’Gorman

and Singh 2013). The difference between HM and LM

models is in the strength of this pattern. In particular, the

future anomaly in 200–100-hPa southward outflow is

1m s21 greater in the HM models, consistent with the

enhanced subsidence over subtropical southern Africa

(Fig. 4). These results are similar if we restrict the lon-

gitudes to an African-only domain (208W–558E).
The areas where rainfall increases most strongly in

the northern tropics, especially in the Atlantic and

western Pacific, are generally displaced relative to the

areas of maximum climatological rainfall. This implies a

role for the pattern of future SST warming in differen-

tiating between HM and LM models, which is what we

investigate next.

b. Changes in tropical SSTs and southern African
rainfall

Figure 9 shows SST warming relative to the mean

tropical SST warming for OND in HM and LM models.

In bothmodel sets, the northern tropics warmmore than

the tropical mean while the southern tropics warm less.

This is consistent with observations and historical model

FIG. 7. ForOND, future tropical rainfall change inmm season21 (shading) averaged over the

set of (a) HMmodels and (b) LMmodels, (c) is the difference in future rainfall change between

HM and LMmodels. Black contours in (a) and (b) show the present-day rainfall climatology in

HM and LMmodels respectively; contours start at 180mm season21 and the contour interval is

90mm season21. The stippling in (c) is a metric of model agreement; stippling indicates that all

models in the HM composite simulate lower- or higher-magnitude changes relative to all

models in the LM composite (e.g., over subtropical southern Africa, all models in HM com-

posite project greater drying than those in LM composite).
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simulations of global annual temperature change, which

show a faster rate of warming in the northern com-

pared to Southern Hemisphere (Friedman et al. 2013),

perhaps due to the greater land fraction in the Northern

Hemisphere (Stouffer et al. 1989) and the cooling of the

Southern Ocean by vertical mixing (Manabe et al. 1991;

Xie et al. 2010).

Of particular interest here is the difference between

the SST warming pattern in the HM and LM models

(Fig. 9, bottom). Models projecting the highest-

magnitude drying over southern Africa also simulate

stronger relative warming of the northern tropics com-

pared to the tropical mean warming. This is true across

almost all longitudes in the tropical band from 108–258N,

with particularly high agreement between models in

the northern tropical Pacific and Atlantic basins. These

are both regions where, as we saw in section 5a, the

rainfall differences between HM and LM models are

particularly pronounced—and could indicate, consistent

with a growing body of work (e.g., Xie et al. 2010; Huang

et al. 2013), that shifts in tropical convection are linked

to the pattern of SST warming. This raises the possibil-

ity that model variability in the differential warming

of the northern tropics relative to the southern tropics,

and the associated adjustment of tropical convection

and Hadley circulation (Figs. 7 and 8), could explain

the intermodel diversity in rainfall response over

southern Africa.

In support of this hypothesis, we find a negative cor-

relation between the relative warming of the northern

tropics and rainfall change over subtropical southern

Africa among models (r 5 20.57, p , 0.001) (Fig. 10a).

Models simulating greater relative warming of the

northern tropics tend to project larger precipitation

declines over southern Africa. This relationship is fur-

ther strengthened if the FIO-ESM model (marked with

an 3) is not included in the analysis (r 5 20.63, p ,
0.001). In this model the northern tropics warm at a

much slower rate than the tropicalmean (;0.4K), which

is inconsistent with present-day observational trends

(Friedman et al. 2013).

By definition, the rate of relative SST warming of the

northern tropics depends partially on the tropical mean

SST warming. To ensure that the relationship in Fig. 10a

is tied to the pattern of warming and not just the average

change, we also examine the relationship between

FIG. 8. Latitude–height cross sections of zonal mean (1808W–1808E) meridional winds (m s21) for (a) HMmodels and (b) LMmodels,

and (c)HMminus LMmodels. The shading is the future anomaly and the contours are the present climatology. Dashed lines are northerly

winds and solid lines are southerly winds.
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tropical mean SST change and rainfall change. We find

no relationship between the mean oceanic warming and

rainfall change. This is evidence that the pattern of SST

change is particularly important for explaining the di-

versity in CMIP5 rainfall projections over subtropical

southern Africa. It is not, however, evidence that the

mean oceanic warming is unimportant for rainfall

change in individual models.

Since the models projecting strong drying in sub-

tropical southern Africa are the same set of models

projecting the strongest drying over South America

(Fig. 7, bottom), we also examine the relationship be-

tween tropical SST warming and rainfall change over

South America (258–108S, 608–408W) in Fig. 11. We find

the same result. With FIO-ESM excluded, there is a

strong and significant correlation between the differ-

ential warming of the northern tropics and rainfall

change over South America (r 5 20.59, p , 0.001) and

no relationship between mean tropical warming and

rainfall change. This suggests that understanding the

drivers of the differential warming of the northern

tropics is important for understanding the model

diversity in early summer rainfall decline across the

Southern Hemisphere.

6. Potential connections with present-day rainfall
biases

Ourmain aim in this paper is to consider the processes

associated with the diversity in precipitation projections.

Prior to summarizing and discussing our results, it is

useful to briefly consider these processes in the light of

present-day biases, especially given the differences in

the present-day structure of vertical velocity in HM and

LM models (Fig. 4).

Figure 12 shows the current-day precipitation bias in

HM and LM models compared to the CMAP satellite/

rain gauge product. While both sets of models tend to

overestimate precipitation over southern Africa, the

bias is much more severe in HM models, reaching up to

300mm season21 in areas of Angola and eastern South

Africa. In the LM models the precipitation bias is

much weaker over most of southern Africa (,100mm

season21). The difference in severity of bias over

FIG. 9. Future SST change (K) at each grid point minus the tropical mean (208N–208S, 1808W–1808E) SST

warming averaged over the set of (a) HMmodels and (b) LMmodels, and (c) the difference in relative future SST

change between HM and LM models. Stipples are applied as in Fig. 7.
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southern Africa is made clear in the composite anomaly

of the rainfall bias between HM and LM models

(Fig. 12c). Interestingly, HM models also tend to simu-

late too little rainfall over northern Madagascar. This

dipole bias is also a feature of many models in the main

rainy season [January–March (JFM)] and is related to

poor representation of topography and moisture circu-

lation (Munday andWashington 2018). The large future

OND rainfall declines in HM models relative to LM

models result in a future rainfall climatology across

models that converges toward the present-day observed

climatology. The average HM bias is 143mm season21

and reduces by 170% over nine decades to 58.5mm

season21, whereas there is only an 8% reduction in the

average LM model bias from 64.1 to 56.6mm season21.

Only eight models simulate a future rainfall climatology

that, in an absolute sense, is drier than the observed

present-day climatology.

In section 3 (Fig. 4) we saw that 1) HM models sim-

ulate larger decreases in uplift at upper-tropospheric

levels and larger increases in lower-level uplift com-

pared to LM models, and 2) there are important dif-

ferences between LM and HM in the structure of

vertical velocity in the present day. In the present day,

HM models simulate an ill-defined peak in upward

motion at low levels and strong uplift at upper levels of

the troposphere (Fig. 4). Here, we investigate this in

more detail by considering the bias in the structure of

vertical velocity in the two model sets compared to

MERRA-2. Figure 13 shows that both sets of models

share a similar bias structure when compared with

MERRA-2: uplift at low levels (,600 hPa) is under-

estimated, while uplift at upper levels (500–200 hPa) is

overestimated. In HM models these biases are more

pronounced, with uplift at 300hPa 5–7 3 102Pa s21

stronger than in MERRA-2 from 208 to 358E and this

bias is 3 times the magnitude of the future subsidence

anomaly. The structure of future vertical velocity

anomalies is similar but of opposite sign to the present-

day bias in the vertical structure: uplift decreases at

upper levels and increases at lower levels (cf. Figs. 4 and

13). Together with the significant precipitation biases in

HMmodels (Fig. 12), this gives some cause to doubt the

projections of highest-magnitude drying, especially

since the models with the highest-magnitude absolute

FIG. 10. For OND, the intermodel relationship between

(a) warming of northern tropical SSTs (108–258N, 1808W–1808E)
minus tropical mean warming (208N–208S, 1808W–1808E) in K and

rainfall change (mm season21) over subtropical southern Africa

(158–308S, 158–408E) and (b) tropical mean warming (208N–208S,
1808W–1808E) and rainfall change over subtropical southern Af-

rica. Blue (red) dots indicate models that are part of the LM (HM)

composites. The cross marks the outlying FIO-ESM model; note

that the linear regression in (a) (green line) excludes this model.

FIG. 11. As in Fig. 10, but for future rainfall change (mm season21)

in South America (108–258S, 608–408W).
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rainfall changes also simulate the highest-magnitude

percentage rainfall changes (Table 1).

Given that HM models simulate larger present-day

biases in rainfall and in vertical velocity compared to

LM models; it is worth investigating whether the

highest-magnitude declines in rainfall over subtropical

southern Africa are only found in models with a large

present-day bias. If true, this is a basis for questioning the

credibility of models projecting high-magnitude change.

To do this we alter our sampling base and consider the

difference in rainfall projections between the third of

models with the highest present-day bias over southern

Africa (n 5 10) and the third of models (n 5 10) with

the lowest present-day bias relative to CMAP. While

both sets include models that project low-magnitude

drying, 7 of the 10 high-bias models simulate OND rain-

fall declines of more than ;50mm season21, whereas

only one model in the low-bias set projects a 50mm

season21 or greater rainfall decrease (IPSL-CM5A-MR;

259.0mm season21) (Table 1). Moreover, the average

FIG. 12. Climatological (1979–2005) precipitation bias (mm season21) in OND relative to the CMAP dataset averaged across (a) HM

models and (b) LMmodels, and (c) their difference. The stipples in (c) indicate where all HMmodels are either wetter or drier compared

to LM models (e.g., the green areas with stipples show that all HM models are wetter than all LM models in the present day).

FIG. 13. (a) Longitude–height (in hPa) cross section (averaged between 158 and 308S) for the present-day climatological vertical velocity

(102 Pa s21) in MERRA-2. (b),(c) The bias in vertical velocity in HM and LM models relative to MERRA-2.
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projected rainfall change in the high-bias set of models

(254.7mm season21) is approximately double that of the

low-bias set of models (227.6mm season21).While this is

some evidence that high-magnitude absolute rainfall de-

clines should be treated with caution, we note that the

percentage rainfall changes (approximately 215%) are

similar between high- and low-bias sets of models.

Summarizing these findings together, it seems that

while models projecting high-magnitude drying, both in

an absolute and relative sense, simulate larger present-

day biases in rainfall and circulation bias compared to

models projecting low-magnitude changes, the reverse is

not true. Models with pronounced rainfall and circula-

tion biases do not necessarily simulate high-magnitude

percentage rainfall changes compared to models with

milder biases. This implies that more work is needed to

evaluate the connections between present-day biases

and future rainfall change.

7. Discussion and conclusions

a. Summary and discussion

Climate models consistently project rainfall declines

in the early summer season (OND) over subtropical

southern Africa, but there is an order of magnitude

difference in the scale of the decline between models. In

this paper we investigate the physical processes un-

derlying differences in the projections of rainfall decline

among 30 CMIP5 models.

In all models there is an increase in stability over sub-

tropical southern Africa by the end of the twenty-first

century. The increase in stability is associated with en-

hanced upper-level subsidence, and occurs in spite of in-

creases in low-levelmoisture flux supply and convergence,

which are especially pronounced in models projecting the

highest-magnitude drying. The future increase in stability

and in moisture flux convergence are linked with ampli-

fied surface temperatures over southern Africa relative to

the tropical mean, and a strengthened Angola thermal

low. These finding are consistent with previous work on

the early summer drying signal (Seth et al. 2013; Cook and

Vizy 2013; Lazenby et al. 2018). Seth et al. (2013) found

that the rainfall decline in themultimodelmean of CMIP5

models is associated with enhanced MSE at upper levels

in the atmosphere, and reduced evaporation. Meanwhile,

Cook and Vizy (2013) found that a strengthened and en-

larged Angola heat low was associated with rainfall de-

cline in a regional model driven by an ensemble mean of

CMIP3 models into the mid-twenty-first century.

Differences in the strength of top-down stabilization

account for the key differences between models simu-

lating high- and low-magnitude drying. We link future

changes in rainfall with local surface temperature

change, since increased subsidence is linked to clearer

skies and higher net solar radiation. Models projecting

larger precipitation declines simulate greater surface

temperature amplification over subtropical southern

Africa (relative to the tropical mean). The greater sur-

face temperature amplification in models projecting

drying may also arise in part from projections of de-

creasing evaporation and enhanced water vapor supply.

In high-magnitude drying models the ratio of sensible to

latent heat fluxes increases strongly, as does the water

vapor supply, which could contribute to the temperature

enhancement through a direct radiative effect. The

coupling between future projections of precipitation and

temperature has also been noted for other semiarid re-

gions, including the Sahel (Giannini 2010) and northern

Australia (Brown et al. 2016), and indicates that un-

certainties in the two variables should be considered

together.

We find that the magnitude of the rainfall decline

among models is also linked with changing patterns of

tropical sea surface temperatures. There is a negative

correlation between precipitation change over sub-

tropical southern Africa and the relative warming of

northern tropical SSTs compared to the tropical mean

oceanic warming. Models projecting high-magnitude

drying tend to project much stronger warming of the

northern tropics relative to the tropical mean, whereas

model projecting low-magnitude drying simulate more

spatially uniform SST warming across the tropics.

The role of the pattern of SST changes indicates that

dynamical mechanisms of change are important for

explaining the uncertainty in future projections of

rainfall, a claim consistent with studies investigating

rainfall change at a tropics-wide scale (e.g., Chadwick

et al. 2013; Kent et al. 2015; Huang et al. 2013). Over

southern Africa, our findings provide some support for

Lazenby et al.’s (2018) hypothesis that uncertainty in

CMIP5 rainfall projections during the early summer is

linked with changes in the north–south SST gradient in

the Indian Ocean; however, we do note that the stron-

gest gradients in HM models are over the Atlantic.

Our results show that there is a strong coherence be-

tween models in the rainfall change over subtropical

southern Africa and the rest of the tropics (Fig. 7).

Models projecting high-magnitude changes over sub-

tropical southern Africa also project consistent declines

over South America and the southern tropical Pacific,

while projecting consistent increases in rainfall north of

the equator in the Sahel, Indian Ocean, Atlantic Ocean,

and Pacific Ocean. This pattern of rainfall response to

climate change could be evidence of a broadening and

potential northward shift of Hadley circulation during
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the early austral summer. Meanwhile, for the CMIP3

ensemble, Chou et al. (2007) and Biasutti and Sobel

(2009) suggest that this pattern of rainfall change is due

to a delay in the global seasonal cycle of SSTs under

warming. Examining the plausibility of the delay in

seasonal cycle in SSTs, as well as how it relates to rainfall

over specific regions, should be a focus of future work.

The projections of future rainfall decline could be

affected by large present-day biases in precipitation over

subtropical southern Africa (Figs. 1 and 12 and Table 1).

The biases precipitation are especially pronounced in

the models that project high-magnitude drying over

subtropical southern Africa (and South America) rela-

tive to those projecting low-magnitude drying and is

associated with a misrepresentation of the structure

of uplift/subsidence over subtropical southern Africa.

In HM models, upper-level uplift is overestimated in

models compared to reanalysis, while the shallow con-

vection associated with the Angola thermal low is un-

derestimated. Importantly, this bias structure is similar

but of opposite sign to the future anomalies in vertical

velocity whereby upper-level uplift decreases, and low-

level uplift increases. The juxtaposition of present-day

biases and future anomalies gives some reason to be

sceptical of high-magnitude future drying in OND over

subtropical southern Africa. This call for caution is sup-

ported by observational evidence, which indicates that

there is no clear early summer drying trend in the last 30

years over southern Africa (Maidment et al. 2015).

b. Conclusions

Large ensemble mean rainfall reductions in early sum-

mer are driven primarily by the response of more extreme

members of the CMIP5 ensemble, while a third of the

models project modest declines of less than 30mm across

thewholeOctober–December season. This paper provides

an insight into the controls on the intermodel diversity in

early summer rainfall declines. We find that members of

the ensemble projecting high-magnitude rainfall decreases

simulate large increases in tropospheric stability associated

with strong relative warming of the northern tropics

compared to the tropical mean. The link between this

pattern of SST warming and enhanced stability over sub-

tropical southernAfrica could bemediated by a northward

shifted and broadened Hadley circulation during OND,

especially in HM models (Fig. 8).

The rainfall declines across models occur in the con-

text of systematic rainfall biases in the present-day cli-

matology across the ensemble. We have shown here

that that models that simulate extreme future drying

(both in an absolute and relative sense), simulate larger

present-day biases in vertical velocity and rainfall over

subtropical southern Africa compared to those models

that simulate low-magnitude rainfall changes. This is not

decisive evidence that high-magnitude drying is im-

plausible, but does suggest that further analysis of these

extreme projections, and their relationship with present-

day climate dynamics, could help to constrain the range

of model projections of early summer drying. This is the

subject of ongoing work.
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