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ABSTRACT

Confident regional-scale climate change predictions for the Sahel are needed to support adaptation plan-

ning. State-of-the-art regional climate model (RCM) simulations at 90- and 30-km resolutions are run and

analyzed along with output from five coupled atmosphere–ocean GCMs (AOGCMs) from phase 5 of the

Coupled Model Intercomparison Project (CMIP5) to predict how the Sahel summer surface temperature,

precipitation, and surface moisture are likely to change at the mid- and late-twenty-first century due to in-

creased atmospheric CO2 concentrations under the representative concentration pathway 8.5 (RCP8.5)

emission scenario and evaluate confidence in such projections. Future lateral boundary conditions are derived

from CMIP5 AOGCMs.

It is shown that the regional climate model can realistically simulate the current summer evolution of the

West African monsoon climate including the onset and demise of the Sahel wet season, a necessary but not

sufficient condition for confident prediction.

RCM and AOGCM projections indicate the likelihood for increased surface air temperatures over this

century, with Sahara and Sahel temperature increases of 2–3.5 K by midcentury, and 3–6 K by late century.

Summer rainfall and surface moisture are also projected to increase over most of the Sahel. This is primarily

associated with an increase in rainfall intensity and not a lengthening of the wet season. Pinpointing exactly

when the rainfall and surface moisture increase will first commence and by exactly what magnitude is less

certain as these predictions appear to be model dependent. Models that simulate stronger warming over the

Sahara are associated with larger and earlier rainfall increases over the Sahel due to an intensification of the

low-level West African westerly jet, and vice versa.

1. Introduction

Reliable regional-scale climate change prediction for

marginal regions such as the Sahel is urgently needed to

support adaptation planning. The purpose of this study

is to provide state-of-the-art projections of summer

surface temperature, precipitation, and surface moisture

changes during this century due to increased atmospheric

CO2, accompanied by an evaluation of confidence in the

projections. Regional climate model (RCM) simulations

at 30 and 90 km are analyzed along with output from

coupled atmosphere–ocean global circulation models

(AOGCMs) from phase 5 of the Climate Model Inter-

comparison Project (CMIP5) prepared in advance

of the Intergovernmental Panel on Climate Change

(IPCC) Fifth Assessment Report (AR5). Both types of

models are used to take advantage of the strengths of

each. The regional model simulations capture the West

African climate more realistically than the AOGCMs,

provide finer resolution needed for resolving intense

rainfall events and topography, and offer information

on space scales that are relevant for regional impacts

analysis and planning. AOGCMs, on the other hand,

provide global connectivity and projections of changes

in SSTs that are known to influence the Sahel climate.

Model projections are presented for both the middle

(2041–60) and late century (2081–2100) under the rep-

resentative concentration pathway 8.5 (RCP8.5) emis-

sions scenario from the IPCC. Confidence in the model

projections is evaluated by examining differences among

various models, agreement in ensemble members run

using the same model, comparison of the results for

the two different time periods, and an analysis of the

physical processes of change.
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The background section that follows provides a re-

view of our current understanding of how Sahel climate

might change in the coming decades. A description of the

regional climate model simulations and the AOGCMs

used is provided in section 3, and the ability of the

models to simulate the current West African monsoon

system is evaluated in section 4. Predictions are pre-

sented in section 5, and confidence in those predictions

is discussed in section 6. Section 7 contains a summary

and the conclusions.

2. Background

While the IPCC Fourth Assessment Report (AR4)

model simulations (Meehl et al. 2007) projected signifi-

cantly warmer surface air temperatures throughout Africa

in the future, the magnitude and spatial distribution of this

expected warming and its potential effects on rainfall need

to be robustly established. This is especially important over

the Sahel where surface temperature gradients influence

the low-level monsoon circulation and hence affect rain-

fall. While annual and June–August multimodel IPCC

AR4 precipitation projections (Meehl et al. 2007) predict

rainfall to increase over much of the Sahel east of 08
longitude by late century, this increase in many loca-

tions is only observed to occur in 75% or less of the 21

models analyzed. Cook (2008) demonstrates that this

uncertainty is likely overstated, as most models simu-

late small changes in rainfall over the Sahel and that

the projected increases are likely impacted by a few

outlier models.

Since IPCC AR4 many studies have been conducted

to further our understanding of how climate is likely to

change over this region, many of which are highlighted

in Druyan’s (2011) review article. Discussed below are

some of the more relevant and recent studies.

By analyzing the CMIP3 AOGCMs, Biasutti et al.

(2009) better understand the intermodel differences in

rainfall projections and find that they cannot solely be

explained in terms of differences in the global SST

patterns betweenmodels. They suggest that the Saharan

thermal low trough is associated with the differences

among the models. Models that simulate a weak Saharan

low tend to predict drying, and vice versa. They postulate

that direct radiative forcing is important for the de-

velopment of the thermal low trough, but it is still un-

clear how regional land–atmosphere interactions feed

back to the thermal low’s development and further

impact rainfall. Skinner et al. (2012) also confirm a

strong relationship between thermal low trough and

the end of century Sahelian rainfall in their AGCM

study with enhanced rainfall associated with a stronger

thermal low trough.

Mariotti et al. (2011) use the Regional Climate Model

version 3 (RegCM3) driven by an individual AOGCM

for the twenty-first century under the A1B forcing sce-

nario. Both regional and global projections predict a

gradual increase of surface temperatures and a maxi-

mum warming over Sahara during boreal summer. Both

models predict drying over the second half of the cen-

tury over the western Sahel, while rainfall projections

differ over the eastern Sahel, with no clear long-term

trend in the AOGCM and a decreasing trend similar to

that in western Sahel in the regional model.

Patricola and Cook (2010, 2011) generate a late-century

ensemble of projections using the National Center for

Atmospheric Research (NCAR) Weather Research and

Forecasting model (WRF) under the A2 emission sce-

nario. Nine AOGCMs are used to derive the future

lateral boundary conditions. Instead of directly apply-

ing the conditions from the AOGCM in a traditional

downscaling approach, future anomalies are calculated

from the AOGCMs and applied to present-day condi-

tions derived from available reanalyses to reduce the

transfer ofAOGCMerrors into the regional model. Both

regional and global simulations predict a significant

warming by the end of the twenty-first century. Pre-

cipitation is projected to increase during July–August

over the Sahel and decrease along the Guinean Coast

during June–August. The wetter late-summer conditions

over the Sahel are found to be associated with enhanced

moisture transport by the low-level westerly flow in-

cluding the West African westerly jet.

Paeth et al. (2011) compare annual rainfall projections for

the first half of the twenty-first century generated by various

RCMs as part of the Ensemble-Based Predictions of

Climate Changes and their Impacts (ENSEMBLES)

project. Coherent spatial patterns across the models are

limited as are statistically significant changes. The mul-

timodel mean predicts general drying over most of West

Africa and an increase in rainfall over southeastern

Niger and southern Chad.

Analyzing 12 AOGCMs from phase 3 of CMIP

(CMIP3) under the A1B scenario, Fontaine et al. (2011)

and Monerie et al. (2013) find a positive (negative)

rainfall trend over the eastern-central (western) parts of

the Sahel. Rainfall excesses expected in central Sahel

are linked to an enhancement of the northern Hadley-

type cell and a monsoon flux strengthening due to

increased near-surface temperature and evaporation.

Rainfall deficits predicted westward are associated with

a strengthening of the African easterly jet and zonal cir-

culation anomalies between the Indian and the Atlantic

Oceans, favoring subsidence and moisture transport

from the region. Using a multimodel approach and the

‘‘one model one vote’’ concept applied on eight CMIP5
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AOGCMs under the RCP4.5 emission scenario and

eight CMIP3 AOGCMs under the A1B forcing sce-

nario, Monerie et al. (2012) confirm this expected di-

pole anomaly pattern in CMIP5 simulations and find

an enhancement of the meridional surface temperature

gradient linked to a strong warming over Sahara.

Diallo et al. (2012) analyze a set of four RCMs driven

by two AOGCMs under the A1B forcing scenario to

assess the mid-twenty-first-century climate over West

Africa. Despite all models predicting warmer conditions

over northern Africa, the magnitude and spatial distri-

bution of predicted surface temperatures appears to be

model dependent. Almost all models predict a signifi-

cant decrease of rainfall off the western African coast

and over the western Sahel associated with stronger

warming found there, while southward and eastward

projections are sensitive to both the AOGCM used to

drive regional simulations and the RCMs themselves.

Most if not all of the modeling studies discussed above

do not account for the impact of land cover changes

on the future projections. Paeth and Thamm (2007) and

Paeth et al. (2009) demonstrate the potential impact of

accounting for land cover changes in their regional cli-

matemodeling studies for the first half of the twenty-first

century. Without accounting for land cover changes,

rainfall is projected to increase slightly over the Sahel;

but not so when land changes are factored in. That being

said, the sensitivity of the results to land cover changes

could be model dependent (Wang and Alo 2012).

The studies discussed above highlight the complexity

of the challenges faced by the scientific community when

trying to make future climate predictions. Sensitivities

to model parameterizations and/or choices of boundary

condition forcings for regional models (e.g., Seth and

Rojas 2003; Moufouma-Okia and Rowell 2010; Mariotti

et al. 2011) can yield diverging projections. Coupled

AOGCMs have difficulties properly simulating tropical

Atlantic SSTs (e.g., Breugem et al. 2006; Richter and

Xie 2008), which is particularly vexing for predicting cli-

mate variability overWest Africa as the monsoon system

is strongly tied to Atlantic SSTs (e.g., Folland et al. 1986;

Druyan 1991; Rowell et al. 1995; Vizy and Cook 2001,

2002). This study attempts to bridge this gap of uncer-

tainty by focusing on understanding the physical pro-

cesses associated with the climate response and how

they are represented across different models in hopes

of producing a more reliable prediction of how the

Sahel climate is likely to change.

3. Model description and simulation design

The RCM simulations are designed to provide regional-

scale information about the African climate and how it is

projected to change. To achieve this objective a one-way

nesting methodology is applied using WRF (Skamarock

et al. 2005). A 90-km horizontal resolution outer do-

main, shown in Fig. 1, is chosen such that it encom-

passes all of Africa and most of the adjacent Atlantic

and Indian Oceans. The value of 90 km is selected for

use because previous studies (Patricola and Cook 2010,

2011; Cook and Vizy 2012; Vizy and Cook 2012)

demonstrate that the model can realistically simulate

the evolution of the climate at this resolution. Further-

more, it is close to the resolution of most of the available

CMIP5AOGCMs to foster amore direct comparison. A

large domain is selected so the lateral boundaries are

FIG. 1. The 90-km model domain and mean July–September

SSTAs (K) for the (a)MID21 (2041–60) and (b)LATE21 (2081–2100)

simulations. Boxes denote position of the nested 30-km domain.
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placed far away from Africa to minimize the effects of

their constraints in the analysis region and on the de-

velopment of the subtropical anticyclones over the

adjacent oceans.

To better resolve regional-scale processes a 30-km

horizontal resolution domain centered over Africa is

nested inside this 90-km domain. The placement of this

domain is denoted by the bolded box shown in Fig. 1.

Lateral boundary conditions for this domain are derived

from the 90-km domain, but the 30-km resolution solu-

tion is not fed back to the coarser domain. This is done

so the influence of spatial resolution on the projections

can be directly evaluated.

Physical parameterizations are the same for both

domains, and include the Yonsei University planetary

boundary layer (Hong et al. 2006), Monin–Obukhov

surface layer, new Kain–Fritsch cumulus convection

(Kain 2004), Purdue–Lin microphysics (Chen and Sun

2002), Rapid Radiative Transfer Model (RRTM) long-

wave radiation (Mlawer et al. 1997), Dudhia shortwave

radiation (Dudhia 1989), and the unified Noah land

surface model (Chen and Dudhia 2001). These param-

eterizations are chosen based on studies that demon-

strate they can produce a realistic representation of

the African climate (Cook and Vizy 2012; Vizy and

Cook 2012). The model time step is 3 min for the 90-

km domain, and 1 min for the 30-km domain. Model

output is saved every 3 h for analysis.

Three integrations are run and analyzed. The first

simulation is a control (CTL) and represents condi-

tions for 1989–2008. Initial, lateral, SSTs, and surface

boundary conditions are derived from the 6-hourly

National Centers for Environmental Prediction (NCEP)/

Department of Energy Global Reanalysis 2 (NCEP-2;

Kanamitsu et al. 2002) with spatial resolution of 2.58 for
upper-air data and approximately 1.8758 for surface

fields. The model is initialized on 0000 UTC 15 March

1988 using NCEP-2 and is run through 0000 UTC 1

January 2009 with lateral boundary conditions on the 90-

km domain being updated every 6 h from NCEP-2. The

first 292 days are discarded as model spinup allowing the

land surface conditions to adjust while the remaining 20

years are analyzed for both domains. The atmospheric

CO2 concentration is held fixed at 367 ppmv, which is

the 1989–2008 20-yr average observed at the Mauna

Loa Observatory. Both domains have 32 vertical levels

and the top of the atmosphere set at 20 hPa.

The second integration (MID21) representsmid-twenty-

first-century (2041–60) conditions under the IPCC AR5

RCP8.5 scenario. This is a business-as-usual scenario

with the largest greenhouse gas emission increases out

of the four IPCC AR5 scenarios. The atmospheric CO2

concentration is increased to 546 ppmv, the 2041–60

average for theRCP8.5 scenario. Effects of other aerosols

and greenhouse gases besides water vapor are not in-

cluded. Boundary conditions for theMID21 simulation

are derived from CMIP5 AOGCM simulations and

applied as anomalies to the reanalysis boundary con-

ditions used to force the CTL. This differs from a tra-

ditional downscaling approach where the AOGCM is

used to directly force the RCM. It is done to improve

the quality of the simulation by reducing the amount of

AOGCM error introduced into the RCM framework

that could degrade the RCM simulation (e.g., Seth and

Rojas 2003; Mariotti et al. 2011). Instead of contributing a

direct downscaling of the CMIP5 AOGCM results, these

RCM simulations are providing a prediction that is more

independent of the AOGCMs and, therefore, more valu-

able in assessing confidence through multimodel compar-

isons. It has been demonstrated (e.g., Patricola and Cook

2010, 2011, 2013a,b; Cook and Vizy 2012; Vizy and Cook

2012) as an effective way to evaluate future climate

change. These future anomalies are calculated as differ-

ences between monthly-mean, RCP8.5-forced simulations

averaged over 2041–60 and the CMIP5 AOGCM histor-

ical simulations averaged over 1986–2005, the last 20

years available for the historical experiment. Themonthly-

mean anomalies are assumed to represent the middle of

the month value, and then are linearly interpolated to

generate anomalies every 6 h over the annual cycle. These

6-hourly anomalies for the annual cycle are then inter-

polated to the NCEP-2 grid and added to the 6-hourly

boundary conditions of the CTL generated from the

NCEP-2.

Output from five CMIP5 AOGCMs are used to gener-

ate the future anomalies by formulating a multimodel

ensemble mean difference. Multimodel mean anomalies

are used to reduce the dependence of the projections on

individualAOGCMs.Themodels used include theNCAR

Community Climate System Model, version 4 (CCSM4);

the Centre National de Recherches M�et�eorologiques

CoupledGlobal ClimateModel, version 5 (CNRM-CM5);

the Geophysical Fluid Dynamics Laboratory Climate

Model version 3 (GFDL CM3); the Model for In-

terdisciplinary Research on Climate version 5 (MIROC5);

and theMeteorological Research Institute CoupledGCM,

version 3 (MRI-CGCM3). These models were selected for

use based upon their availability of output at the time of

running the RCM simulations. Table 1 lists the AOGCMs

and their spatial resolutions.

The MID21 simulation is initialized on 0000 UTC

15 March 2040 and is run through 0000 UTC 1 January

2061. Again both domains have 32 vertical levels and

the top of the atmosphere set at 20 hPa. MID21 soil

moisture initialization values are the same as those used

in the CTL initialization and the model is spun up for
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292 days before analyzing the results to allow the land

surface conditions time to adjust to the new climate

state. The remaining 20 years of 3-hourly output are

analyzed for both the 90-km and 30-km domains.

Figure 1a shows the MID21 July–September mean

SST anomalies (SSTAs). Over most of the tropical At-

lantic and Indian Ocean temperatures increase by 1–

1.5 K. Warming is weaker in the North Atlantic north

of 408N in the deep water formation region.

The final integration represents conditions at the end

of the twenty-first century (2081–2100) and is referred to

as LATE21. The atmospheric CO2 concentration is in-

creased to the 2081–2100 average value of 850 ppmv

from theRCP8.5 scenario. Figure 1b shows the LATE21

annual mean SSTAs. Tropical ocean temperatures warm

by 2.5–3.5 K by the late twenty-first century.

Initial and lateral boundary conditions are derived in

the same manner as they were for MID21, but from

using the RCP8.5 CMIP5 AOGCM anomalies averaged

over 2081–2100. LATE21 is initialized on 0000 UTC

15March 2080 andwas intended to run through 0000UTC

1 January 2101 using the same number of vertical levels

(32) and top-of-the-atmosphere setting (20 hPa) as the

CTL andMID21. However, the 30-km simulation began

to develop model instabilities and crashed shortly after

completing 2089. At this point the 30-km domain was

deactivated, yielding only 9 years of integration to an-

alyze at this resolution. A similar problem occurred

for the 90-km domain after year 2092.

It turns out that model instabilities are related to the

selection of the top of the atmosphere in the model. By

the end of the century, convection in some instances

becomes so strong that the equilibrium level for an

unstably rising parcel in the upper troposphere is

higher the top of the atmosphere prescribed in the

RCM. Thus, the top of the atmosphere needs to be

raised in the model to prevent the generation of model

instabilities associated with the cumulus convective

parameterization and the premature crashing of the

simulation.

The remaining 8 years of the LATE21 90-km domain

simulation are generated by running the model with

the top of the atmosphere adjusted to 10 hPa. Changing

this setting results in the need to increase the number

of vertical levels to 33 levels. The simulation is restarted

on 0000 UTC 19 November 2092 and run through

0000 UTC 1 January 2101. The first 43 days of the

restarted simulation are discarded for spinup and the

last 8 years are combined with the 12 years available

prior to the model crashing to produce 20 years of model

output for the end of the twenty-first century. A shorter

spinup is appropriate because the land surface condi-

tions (e.g., soil moisture and soil temperature) are re-

tained from the end point of the first 12 years. Anomaly

differences from the CTL for the first 12 years and the

last 8 years are compared and found to be generally

similar justifying the use of this approach.

4. Model evaluation

The quality of the two RCM CTL simulations and

the five CMIP5 AOGCM historical simulations is

assessed to evaluate how realistically the models can

simulate the evolution of the boreal summer climate

system over West Africa and the Sahel. A sensible rep-

resentation of the important climate features is viewed

as a necessary but not sufficient condition for a confi-

dent prediction.

Figures 2a and 2b show the observed average July–

September Climatic Research Unit (CRU) surface air

temperature (TS3.1) and European Centre for Medium-

Range Weather Forecasts (ECMWF) Interim Re-

Analysis (ERA-Interim, hereafter ERA-I) 1989–2008

climatologies. Temperatures up to 310 K are observed

over the northwestern Sahara and northern Sudan. Tem-

peratures are also relatively warmer over the northern

TABLE 1. List of models, their spatial resolutions, and mid- and late-century 925-hPa height scaling utilized.

Model name

Approximate

resolution

Midcentury 925-hPa

height scaling (m)

Late-century 925-hPa

height scaling (m)

Regional climate model, 30 km (RCM-30km) 30 km 6.8 14.2

Regional climate model, 90 km (RCM-90km) 90 km 7.6 15.1

NCAR Community Climate System Model, version 4 (CCSM4) 1.258 lon 3 0.948 lat 5.3 10.46

Centre National de Recherches M�et�eorologiques
Coupled GCM, version 3 (CNRM-CM5)

1.418 lon 3 1.48 lat 5.54 13.3

Geophysical Fluid Dynamics Laboratory Climate Model

version 3 (GFDL CM3)

2.58 lon 3 2.08 lat 13.01 22.9

Model for Interdisciplinary Research on Climate

version 5 (MIROC5)

1.418 lon 3 1.48 lat 6.41 12.98

Meteorological Research Institute Coupled GCM,

version 3 (MRI-CGCM3)

1.1258 lon 3 1.1258 lat 2.1 6.24
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Sahel and southern Sahara across the continent. Equa-

torward of 128N, temperatures decrease below 300 K.

Thus a strong meridional temperature gradient sets up

across the Sahel between 108 and 208N.

The RCMs at 30 km (Fig. 2c) and 90 km (Fig. 2d)

generally capture this pattern including the meridional

temperature gradient across the Sahel, albeit farther

south than in the observations. The warm maxima over

the northwestern Sahara and northern Sudan are cap-

tured reasonably well both in terms of location and

magnitude. Figures 2d–i show the summer surface air

temperatures from five different CMIP5 AOGCMs.

Each AOGCM captures the warm maxima over the

Sudan. The meridional temperature gradient is also

simulated, although it is displaced farther equatorward

over the southern Sahel in most models.

The seasonal evolution of surface air temperatures

over the Sahara is also evaluated, but is not shown

for brevity. Results from this assessment indicate that

the RCM at 90- and 30-km resolution is able to re-

alistically simulate the observed temperature evolu-

tion over the Sahara. In contrast there is a wide spread

in the AOGCMs with some models (CNRM-CM5 and

MRI-CGCM3) systematically colder than the obser-

vations by 1–5 K fromMarch to December, while other

models (CCSM4 and GFDL CM3) are realistic during

July–August but systematically cooler at other times.

MIROC5 is able to simulate the seasonal evolution of

Saharan temperature but is warmer by 2–3 K during

July–September.

Figures 3a and 3b show the average July–September

precipitation during the height of the West African

monsoon season from the National Aeronautics and

Space Administration (NASA) Tropical Rainfall Mea-

suring Mission (TRMM) 3B42V6 and Global Precipi-

tation Climatology Project (GPCP) v2.2 satellite-derived

products, respectively. At this time the primary rainfall

band over land is centered along 108N with rainfall

maxima over the Guinean Highlands (108N, 138W) and

the Cameroon Highlands (78N, 118E).
The RCM CTL runs at 30 km (Fig. 3c) and 90 km

(Fig. 3d) capture this observed structure well, but with

rainfall maxima larger than typically observed. Simu-

lated rainfall rates over the Sahel north of 158N are

FIG. 2. Average July–September surface air temperature (K) from the (a) 0.58 resolution CRU TS 3.1 (1989–2008), (b) 1.58 resolution
ERA-I (1989–2008), (c) RCM 30-km CTL, and (d) RCM 90-km CTL, and the CMIP5 AOGCM historical experiment (1986–2005) (e)

CCSM4, (f) CNRM-CM5, (g) GFDL CM3, (h) MIROC5, and (i) MRI-CGCM3 simulations.

1 JULY 2013 V I ZY ET AL . 4669



less than 2 mm day21, which is lower than observed. For

comparison, results from the 5 CMIP5 AOGCMs are

shown in Figs. 3e–i. There is a wide spread in the ability

of the AOGCMs as some models are able to simulate

a generally realistic summer precipitation, structure such

as the CCSM4 (Fig. 3e) and theMIROC5 (Fig. 3h), while

others tend to produce too much rainfall over the Gulf

of Guinea and/or fail to move the rainfall maxima

northward over West Africa into the continental in-

terior (Figs. 3f,g,i). MIROC5 appears to be systemati-

cally wetter over much of West Africa. While the RCM

is also wetter than the observations, it is more spatially

confined. CCSM4 does not capture the observed Came-

roon Highland maximum well.

Figure 3 does not assess how well the models capture

the seasonal evolution of rainfall over West Africa, in-

cluding the transition of rainfall from theGuinean Coast

into the continental interior in early summer and its

equatorward retreat back to the Guinean Coast in early

fall. To evaluate this evolution the climatological daily

rainfall is area-averaged over two regions, the Guinean

Coast (48–78N, 128W–68E) and the Sahel (108–138N,

128W–68E), smoothed using a 5-day running mean filter,

and plotted in Fig. 4. The locations of these two aver-

aging regions are denoted by the boxes in Fig. 3a. From

these time series plots the onset of the Sahel rainy sea-

son can be simply defined as when the Sahel precipita-

tion becomes greater than the Guinean Coast rainfall.

Likewise the demise of the rainy season can be defined

as when the Sahel rainfall falls below the Guinean Coast

rainfall.

Figures 4a and 4b show the annual Guinean Coast

and Sahel rainfall time series for the 1998–2010 TRMM

3B42V6 and 1997–2008 GPCP v2.2 products. The ob-

servations suggest an onset occurring around 5–8 July

and a demise of the rainy season on 23 September.

Climatological daily rainfall time series plots for the

RCMCTL at 30 and 90 km are shown in Figs. 4c and 4d,

respectively. While the magnitudes of the rainfall are

larger than the observations during the peak wet periods

FIG. 3. Average July–September precipitation (mm day21) from the (a) 0.258 resolution TRMM 3B42V6 product (1998–2010), (b) 2.58
resolution GPCP v2.2 (1989–2008), (c) RCM 30-km CTL, (d) RCM 90-km CTL, and the CMIP5 AOGCM historical experiment (1986–

2005) (e) CCSM4, (f) CNRM-CM5, (g) GFDL CM3, (h) MIROC5, and (i) MRI-CGCM3 simulations. The boxes in (a) indicate the

Guinean Coast (48–78N, 128W–68E) and Sahel (108–138N, 128W–68E) averaging regions used in the analysis.
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for each region, the timing of the simulated onset and

demise agrees well with the observations. The higher

rainfall magnitudes in the RCM may be associated with

the assumptions made in the cumulus parameterization

that are designed to reduce widespread light rainfall

in marginally unstable environments (Kain 2004) and/or

related to errors resulting from the interactions between

the cumulus and planetary boundary layer schemes (e.g.,

Flaounas et al. 2011).

Figures 4e–i show the simulated results from the

CMIP5 AOGCMs using the last 20 years of the histor-

ical experiment for each model. Overall, the majority

of AOGCMs cannot properly simulate the onset and

demise dates. CCSM4 (Fig. 4e) simulates an onset on

12 August, which is over a month later than the ob-

served onset, and a demise 30 September, which is

about 1 week later. There is only a short period of time

at the beginning of September when Sahel rainfall is

larger than the Guinean Coast rainfall in CNRM-CM5

(Fig. 4f). Likewise there is only a 4-day period in the

beginning of June when the Sahel rainfall is greater

than the Guinean Coast precipitation in GFDL CM3

(Fig. 4g). MIROC5 (Fig. 4h) simulates a realistic onset

date of 8 July, but the demise is 11 days later than ob-

servations. Additionally, rainfall rates are systematically

too wet during the summer in MIROC5. The Sahel

rainfall never is greater than theGuinean Coast rainfall

in MRI-CGCM3 (Fig. 4i).

Figure 5 evaluates the model’s ability to simulate the

July–September surface evaporation. Figures 5a and

5b show the surface evaporation from the ERA-I and

NCEP-2. Evaporation rates are low over the Sahara,

generally less than 1 mm day21. Over the Sahel there is

a strong meridional gradient in evaporation rates

FIG. 4. Average daily precipitation (mm day21) area averaged over the Guinean Coast (gray) and the Sahel (black) regions for the

(a) TRMM3B42V6 product, (b) GPCP v2.2, (c) RCM 30-kmCTL, (d) RCM 90-kmCTL, and the CMIP5AOGCMhistorical experiment

(e) CCSM4, (f) CNRM-CM5, (g) GFDL CM3, (h) MIROC5, and (i) MRI-CGCM3 simulations.
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associated with the availability of moisture. The RCM

(Figs. 5c,d) does capture this meridional gradient, but it

is farther south than the observed position. Evaporation

rates south of the Sahel east of 108E are also slightly

larger than in the reanalyses. The AOGCMs (Figs. 5d–

i) also simulate this gradient, but its position in in-

dividual models varies depending on the model’s abil-

ity to simulate the summer migration of rainfall

northward into the Sahel (Fig. 4). It should be kept in

mind that evaporation values from the reanalyses are

highly model dependent and may not capture actual

spatial details due to the coarseness of the resolution.

The ability of the models to simulate the summer

low-level circulation is assessed by analyzing Fig. 6,

which shows the July–September 925-hPa geopotential

heights and winds for the ERA-I (Fig. 6a) and NCEP-2

(Fig. 6b), the RCM CTL at 90- (Fig. 6c) and 30-km

(Fig. 6d) resolution, and the five CMIP5 AOGCMs

(Figs. 6e–i).

The dominant summertime height feature over north-

ern Africa is a thermal low trough centered along ap-

proximately 208N. The reanalyses (Figs. 6a,b) indicate

the minimum 925-hPa heights range around 760–

780 m. Equatorward of this trough is a meridional height

gradient over the Sahel and Guinean Coast. Low-level

flow is southerly over the Gulf of Guinea becoming

southwesterly–westerly around 108N on the southern

flank of the thermal low. This includes westerly flow at

approximately 108N from the Atlantic intoWest Africa

associated with the West African westerly jet (WAWJ;

Grodsky et al. 2003; Pu and Cook 2010, 2012).

The RCM CTL 30-km (Fig. 6c) and 90-km (Fig. 6d)

simulations also simulate 925-hPa minimum heights

of the thermal low trough around 760–770 m, but the

position of the trough is further south than in the re-

analyses. The meridional height gradient is captured

over the Sahel and Guinean Coast, although it is slightly

stronger associated with the equatorward shift in posi-

tion of the thermal low trough. The low-level flow agrees

with the reanalyses, but the westerly–southwesterly flow

near 108N is stronger associated with the enhanced me-

ridional height gradient relative to the reanalyses.

Not surprising, the CMIP5 AOGCMs that best sim-

ulate the summer rainfall distribution also simulate

FIG. 5. Average July–September evaporation rate (mm day21) from the (a) 1.8758 resolution NCEP-2 (1989–2008), (b) 1.58 resolution
ERA-I (1989–2008), (c) RCM 30-km CTL, (d) RCM 90-km CTL, and the CMIP5 AOGCM historical experiment (1986–2005) (e) CCSM4,

(f) CNRM-CM5, (g) GFDL CM3, (h) MIROC5, and (i) MRI-CGCM3 simulations.
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the low-level circulation and Saharan surface air tem-

perature evolution most realistically. CCSM4 (Fig. 6e)

and to some extent MIROC5 (Fig. 6h) capture all of

the low-level circulation features fairly well, including

the thermal low trough, the meridional height gradi-

ent over the Sahel and Guinean Coast, the WAWJ,

and the southwesterly–westerly flow over the Sahel.

Interestingly, the thermal low in MIROC5 is approx-

imately 10–20 m deeper than observed and the me-

ridional height gradient and southwesterly flow is

stronger, consistent with increased convection simu-

lated by this model relative to the observations. The

thermal low trough is too strong in CNRM-CM5 (Fig.

6f) and too weak and located farther south in MRI-

CGCM3 (Fig. 6i). The GFDL CM3 (Fig. 6g) simulates

the appropriate depth for the thermal low trough, but

the height gradient is more zonal and less meridional

over the Sahel and Guinean Coast compared to the

observations and is associated with reduced southwest-

erly flow.

Overall the RCM is able to realistically simulate the

seasonal evolution of the precipitation overWest Africa

and the associated low-level circulation patterns, thus

warranting using this model to predict how the Sahel

climate will change in the future under increased green-

house gas forcing.

5. Predictions

a. Surface air temperature

Figure 7 shows the projected midcentury July–

September surface temperature anomalies from the

RCM at 30 km (Fig. 7a) and 90 km (Fig. 7b) and the

five CMIP5 AOGCMs (Figs. 7c–g). At midcentury,

northern Sahel–southern Saharan surface temperatures

are projected to warm by 2.5–3.5 K with the strongest

warming positioned over northern Chad and Sudan in

the RCM. This warming diminishes equatorward, with

temperatures increasing only 1–2 K south of 158N,

FIG. 6. July–September 925-hPa geopotential heights (m) and winds (m s21) from the (a) 2.58 resolution NCEP-2 (1989–2008), (b) 1.58
resolution ERA-I (1989–2008), (c) RCM 30-km CTL, (d) RCM 90-kmCTL, and the CMIP5 AOGCMhistorical experiment (1986–2005)

(e) CCSM4, (f) CNRM-CM5, (g) GFDL CM3, (h) MIROC5, and (i) MRI-CGCM3 simulations.
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resulting in an intensification of the meridional temper-

ature gradient over the Sahel (see Fig. 2). The AOGCMs

also predict warming over the Sahel/Sahara ranging from

around 2 K in CNRM-CM5 (Fig. 7d) and MRI-CGCM3

(Fig. 7e) to over 4 K in the GFDL CM3 model (Fig. 7e).

Only the CNRM-CM5 (Fig. 7d) and MRI-CGCM3

(Fig. 7g) simulations do not increase the meridional

temperature gradient. The response is consistent for

the entire July–September period for all models, with

little month-to-month variations in the anomalies.

In the late-century simulations, the projected sum-

mertime temperature increases are enhanced. Figures 8a

and 8b show the predicted temperature anomalies from

the RCM at 30- and 90-km resolution. Temperatures

across the northern Sahel–southern Sahara warm by over

6 K in some regions of northern Sudan and Niger, and by

FIG. 7. Midcentury (2041–60) July–September surface air temperature (K) anomalies for the RCM (a) 30- and

(b) 90-km simulations, and the CMIP5 RCP8.5 (c) CCSM4, (d) CNRM-CM5, (e) GFDL CM3, (f) MIROC5, and

(g) MRI-CGCM3 AOGCM simulations.
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3–4 K between the equator and 108N. With only 3–4 K

warming along the Guinean coast, the meridional tem-

perature gradient across the Sahel is quite large in these

simulations.

Figures 8c–g show the late-century temperature

changes predicted by the CMIP5 AOGCMs. Each of

the AOGCMs predicts continued warming over all

of northern Africa with the greatest warming over the

Sahara. All of the models also predict an intensification

of the Sahel meridional temperature gradient, although

the change is relatively small in CNRM-CM5 (Fig. 8d)

andMRI-CGCM3 (Fig. 8g) and is considerably stronger

in theGFDLCM3model (Fig. 8e) compared to theRCM

and the other AOGCMs.

b. Hydrology

Figure 9 shows predicted midcentury July–September

precipitation anomalies (color shading); anomalies that

FIG. 8. As in Fig. 7, but for late century (2081–2100).
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are not statistically significant at the 95% confidence

interval are not shown (see section 6 for details on the

calculation of statistical significance). Also shown are

925-hPa wind vectors and scaled geopotential height

anomalies for the RCM 30- (Fig. 9a) and 90-km (Fig. 9b)

simulations and the AOGCMs (Figs. 9c–g). The geo-

potential height anomalies are scaled to emphasize the

changes in the geopotential height field structure asso-

ciated with circulation differences in the warmer climate

state. For each model the scaling consists of calculating

FIG. 9. Midcentury (2041–60) July–September precipitation (colors, mm day21), 925-hPa scaled geopotential

height (m), and 925-hPa wind (m s21) anomaly projections for the RCM (a) 30- and (b) 90-km simulations, and the

CMIP5 RCP8.5 for (c) CCSM4, (d) CNRM-CM5, (e) GFDL CM3, (f) MIROC5, and (g) MRI-CGCM3 AOGCM

simulations. Only precipitation anomalies statistically significant at the 95% level of significance according to

a Student’s t test are shaded.
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the domain-averaged difference in geopotential height

(using the 90-km RCM domain shown in Fig. 1) and

then subtracting that value from the full difference

field. The purpose is to remove the overall change in

geopotential heights in the warmer climate to focus on

changes in gradients. Table 1 shows the scaling values

for each model. The midcentury scaling value generally

falls between 5 and 7 m, with the GFDL CM3 and

MRI-CGCM3 appearing to be outliers.

At midcentury, rainfall is projected to significantly

increase across the Sahel east of 108W by the RCM.

The magnitude of the change differs depending on the

model resolution, ranging from 1 to 6 mm day21 for

the 30-km domain and from 1 to 3 mm day21 for the

90-km domain. The RCM does not project much

change in the length of the Sahel rainy season (not

shown), indicating that a change in intensity of the wet

season rains is responsible for the precipitation increase.

The AOGCMs also indicate an increase in summer

rainfall in the Sahel, generally with smaller magnitudes

and less spatially contiguous. By midcentury, CCSM4

(Fig. 9c) and GFDL CM3 (Fig. 9e) project a wide-

spread enhancement of rainfall in the Sahel. MIROC5

(Fig. 9f) and MRI-CGCM3 (Fig. 9g) also hint at a re-

gion of increased rainfall in the Sahel, but the signal is

not spatially coherent. No significant rainfall changes are

projected by CNRM-CM5 (Fig. 9d).

Low-level geopotential heights generally decrease

over the northern Sahel/southern Sahara in association

with a deepening of the thermal low trough that is re-

lated to the enhanced surface warming shown in Fig. 8.

The magnitude of the difference ranges from 1 to 4 m in

CNRM-CM3 (Fig. 9d), MIROC5 (Fig. 9f), and MRI-

CGCM3 (Fig. 9g), from 3 to 5 m in the RCM simula-

tions (Figs. 9a,b), from 4 to 8 m in CCSM4 (Fig. 9c), and

over 10 m in GFDL CM3 (Fig. 9e). South of 108N there

is little change in the scaled anomalous height field,

mimicking the meridional structure of the surface

warming (Fig. 8). As was the case for surface temper-

ature, the meridional height gradient across Sahel within

108–208N increases as does the anomalous westerly low-

level flow. Such an increase in the low-level westerly flow

over the Sahel and in the WAWJ on the west coast is

associated with increases of Sahel rainfall on interannual

and, especially, decadal times scales in observations (Pu

andCook 2010, 2012) and paleoclimate simulations of the

African Humid Period (Patricola and Cook 2007). There

is little change in the southerly monsoon flow onto the

Guinean Coast.

Projections from the GFDL CM3 discussed above are

interesting as this model projects significant rainfall in-

creases across the Sahel comparable to the RCM de-

spite not being able to capture the present-day transition

of rainfall into the Sahel (Fig. 4g). This occurs because the

projected deepening of the thermal low in this model is

about twice as strong as in the RCM and most of the

other AOGCMs. Thus, while not being able to simulate

the present-day climate accurately, the GFDL CM3

projects a future increase in Sahel rainfall for the same

physical reasons as the RCM and other AOGCMs, and

the height anomalies are likely larger than the other

projections because of the deficiencies in the present-

day climate state.

Models that simulate an increase in the meridional

surface temperature gradient in the Sahel (Fig. 8) also

simulate an increase in the meridional geopotential

height gradient, the westerly flow (and westerly mois-

ture advection), and precipitation in the Sahel, while

models that miss the meridional gradient intensification

do not produce significant precipitation enhancements.

This indicates that the basic mechanisms of Sahelian

precipitation enhancement in the models are the same

(i.e., an intensification of the WAWJ and its enhanced

penetration into the continental interior). There is one

exception, and that is theMIROC5 simulation. Thismodel

projects increases in the meridional surface temperature

gradient (Fig. 8f) but not the meridional geopotential

height gradient (Fig. 9f). This suggests that there may be

a difference in how this model ventilates heat and, per-

haps, moisture through the atmospheric boundary layer.

Simulated precipitation differences indicate increased

moisture in the Sahel for midcentury, but also increased

surface temperatures which will increase evaporation

rates. Implications for moisture availability at the surface

are evaluated by examining the simulated differences

in precipitation and evaporation (P 2 E). Neglecting

differences in runoff and land use, we refer to these as

differences in soil moisture.

Contours in Fig. 10 show midcentury differences in

P 2 E for the RCM simulations (Figs. 10a,b) and the

CMIP5 AOGCMs (Figs. 10c–g). Statistically significant

differences are shaded. The precipitation increases sim-

ulated in the RCM (Figs. 9a,b) lead to statistically sig-

nificant soil moisture increases in the western and central

Sahel, to about 208E, and the far eastern Sahel. En-

hanced surface warming increases evaporation in the

northern Sahel, minimizing P 2 E, implying decreases

in soil moisture over this region. Thus, soil moisture in-

creases are confined to the central and southern Sahel

south of about 158N.

Despite the often significant changes in precipitation

shown in Fig. 9, the CMIP5 AOGCMs do not produce

significant soil moisture differences at the 95% confi-

dence level. GFDL CM3 (Fig. 10e) and MIROC5 (Fig.

10f) hint at significant increases in the central Sahel, but

the responses are not spatially coherent.
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Figure 11 shows the predicted late-century July–

September precipitation, 925-hPa winds, and scaled geo-

potential height anomalies for each model. The RCM at

both 30- (Fig. 11a) and 90-km (Fig. 11b) resolution pre-

dicts a further intensification of rainfall compared with

the midcentury simulations (Figs. 9a,b), and significant

increases in precipitation extend farther north into the

Sahara, although the increase in rainfall over the Sahara

may be overstated as the RCM tends to undersimulate

summer rainfall over this region in the CTL. Summer

rainfall rates increase by 2–10 mm day21 in the 30-km

domain and 1–6 mm day21 in the 90-km domain. As in

FIG. 10. Midcentury (2041–60) July–September P2 E (mm day21), anomalies for the RCM (a) 30- and (b) 90-km

simulations, and the CMIP5 RCP8.5 (c) CCSM4, (d) CNRM-CM5, (e) GFDL CM3, (f) MIROC5, and (g) MRI-

CGCM3 AOGCM simulations. Red contours denote negative anomalies while blue contours denote positive anom-

alies. The P 2 E anomalies statistically significant at the 95% level of significance according to a Student’s t test are

shaded.
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the midcentury projections, the onset of the Sahel wet

season does not change much by late century. The wet

season demise is projected to be 6 days later.

The CMIP5 AOGCMs evaluated here (Figs. 11c–g)

all predict significant rainfall increases in the Sahel by late

century. MIROC5 (Fig. 11f) produces the largest mag-

nitude increases, but this model is also systematically wet

(Figs. 3h and 4h). The CCSM4 (Fig. 11c), MRI-CGCM3

(Fig. 11g), and to a lesser extent MIROC5 simulations

produce wet conditions preferentially in the continental

interior with a potential for reduced rainfall over the

western Sahel west of 108W.

The 925-hPa geopotential height scaled value fur-

ther increases by late century (Table 1). The values

from the RCM, CNRM-CM5, and MIROC5 range

between 13 and 15 m with the CCSM4 a little lower at

10.46 m. The GFDL CM3 and MRI-CGCM3 again are

outliers.

FIG. 11. As in Fig. 9, but for late century (2081–2100).
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By late century the thermal low over the northern

Sahel and southern Sahara deepens by 8–12 m in the

RCM (Figs. 11a,b), further intensifying the low-level

meridional height gradient, the WAWJ, and the west-

erly flow across the Sahel. All of the AOGCMs except

CNRM-CM5 also predict an intensification of the ther-

mal low by late century accompanied by an intensi-

fication of the meridional gradient, the WAWJ, and

westerly flow across the Sahel. The reduced rainfall over

the western Sahel west of 108Wpredicted by the CCSM4,

MIROC5, and MRI-CGCM3 models are associated

with a stronger intensification of the thermal low over

the western Sahara of northernMauritania andMali. In

contrast the strongest intensification of the thermal low

trough in the RCM occurs farther east over the central

and eastern Sahara. This westward positioning of the

anomaly center is associated with anomalous low-level

northwesterly flow over the far western Sahel that is

relatively dry. SST forcing differences between the in-

dividual AOGCMs may also be important, as this region

is known to be sensitive to regional Atlantic and Indian

Ocean SST forcing (Folland et al. 1986; Ward 1998;

Moron et al. 2008; Hagos and Cook 2008). For example,

present-day variability studies have associated drier

Sahel conditions with warm tropical Atlantic SST forc-

ing (e.g., Druyan 1991;Rowell et al. 1995;Vizy andCook

2002; Hastenrath and Polzin 2011), but the role of

Atlantic SST forcing can be modified by Indian Ocean

SSTAs depending on the scale and magnitude of the

warming (Hagos and Cook 2008). How the different

ocean basins warm in the future relative to each other

and also between the tropics and high latitudes will

likely influence Sahel rainfall variability.

Figure 12 shows differences in the late-century soil

moisture, calculated as P – E, from the RCM at 30-km

(Fig. 12a) and 90-km (Fig. 12b) resolution, and the

CMIP5 AOGCMs (Figs. 12c–g). By the end of the cen-

tury the positive significant soil moisture anomalies seen

at midcentury (Fig. 10) over the Sahel become stronger

in the RCM, GFDL CM3, and MIROC5 predictions.

A significant response over southern Niger also begins

to emerge in the CCSM4 and CNRM-CM5 projections.

This response is more spatially coherent at the 90%

significance level (not shown). No significant soil mois-

ture response is projected by the MRI-CGCM3 (Fig.

12g). Over southernNiger, northernNigeria, andwestern

Chad the RCM predicts soil moisture increases of

2–3 mm day21 which is approximately 4 times the sim-

ulated present-day value. Only 17% of the available

rainfall remains on the surface after evaporation in the

present-day simulation in this region, but 35% remains

in the late-century simulation, an 18% increase in water

availability. The MIROC5 simulation projects the water

availability to increase by 20%–40%, GFDL CM3 by

5%–10%, and CCSM4 by 5%–20%.

6. Evaluating confidence in the projections

Climate predictions are more useful when they are

accompanied by an evaluation of confidence. In the

previous section, several techniques were used to esti-

mate the accuracy of the projections. Each of those

techniques is discussed briefly below, along with some

specific examples how they were applied here and what

the results of the application were.

The first step in evaluating the accuracy of the future

projections from a given model is to examine the quality

of the simulation of the present-day climate. This ex-

amination should extend deeper than just comparing

a few fields with observations and reanalysis, and should

also include a consideration of the regional climate dy-

namics. Here we present a succinct examination of the

present-day climate in the RCM and AOGCM simula-

tions. Additional evaluation of the RCM at 90-km res-

olution is presented in Cook and Vizy (2012), who show

that the simulated present-day climate is sufficiently

accurate to produce a realistic distribution of growing

season days across Africa. Also, Vizy and Cook (2012)

examine the simulation of extreme events in the RCM at

90-km resolution and show that temperature ranges, the

distributions of heat wave and dry days, and rainfall in-

tensities are consistent with reanalyses and observations.

Evaluation of the individual AOGCMs beyond the

few figures presented here is conducted by the modeling

groups (e.g., Delworth et al. 2006; Cook et al. 2012).

While a high value should be placed on the accuracy of

a model’s representation of the present-day climate,

including its variability, this does not guarantee that the

model’s projections will be accurate. Different forcing

factors that are not tested, or not dominant, in the cur-

rent climate emerge as more important in the future.

For this reason, a reasonable simulation of the present-

day climate can be seen as a necessary, but not suffi-

cient, condition for an accurate simulation of future

climate.

An ensemble approach is also used here to aid in

the evaluation of confidence. For both the RCM and

AOGCM simulations, 20 years of model integration is

treated as a 20-member ensemble. That is, we consider

the simulation of 2041–60 as a 20-member ensemble

representation of the mid-twenty-first century. For each

model, the 20-member ensemble is used to calculate

statistical significance, and only greenhouse gas–forced

responses that emerge from the climate noise at the

95th percent confidence level are presented in the pre-

vious section.
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We also employ a multimodel ensemble approach,

using the five AOGCMs and two simulations with a re-

gional model at two different resolutions as a seven-

member ensemble. Agreement among different models

supports confidence because it suggests that the results

are not highly dependent on the details of parameteri-

zations that differ from one model to the next.

The analysis of physical processes in the response to

greenhouse gas forcing is also used as a tool for evalu-

ating confidence. As a start, one can simply ask if the

response is reasonable given our current understanding

of the region’s climate dynamics. The climate response

can be compared with known modes of variability on

decadal, interannual, and even intraseasonal time scales,

especially in simulations of the near future. In the pre-

vious section, enhanced rainfall in the Sahel in the

twenty-first century is associated with an intensification

of the westerly flow onto and across the continent, sim-

ilar to a mode of variability that is prominent in present-

day climate variability in the region. In addition, a similar

FIG. 12. As in Fig. 10, but for late century (2081–2100).
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mechanism occurs in each of the seven simulations in

both the midcentury and late-century time periods.

It is most useful for planning purposes to have pro-

jections for the coming few decades, as opposed to the

end of the century, but this is difficult to accomplish with

confidence because the climate system is so noisy. To

improve our confidence in midcentury projections, we

compare them with late-century projections. In the

absence of nonlinearities, the late-twentieth-century

simulations provide information about climate change

signals that may be just emerging and of borderline

statistical significance in the mid-twenty-first-century

simulations. As an example, Fig. 13 shows midcentury

precipitation differences with 925-hPa scaled geo-

potential height and wind differences as in Fig. 9, but

with the criterion of statistical significance at 80%

FIG. 13.As in Fig. 9, but only precipitation anomalies statistically significant at the 80% level of significance according

to a Student’s t test are shaded.
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instead of 95%. Figure 14 is a similar plot but for soil

moisture. The differences between Figs. 9 and 13, and

between Figs. 10 and 14, are not large, but on the space

scales of different countries and other planning units

there are some potentially important differences. For

example, moisture increases over the northern Sahel

and Sahara are more definite at midcentury using the

80% level of significance. Reference to the projections

at the end of the century (Figs. 11 and 12) support the

idea that precipitation increases are coming to these

regions and support the evaluation of the midcentury

projections at the 80% confidence level.

7. Summary and conclusions

State-of-the-art regional climate model simulations

at 90- and 30-km resolutions are run and analyzed

along with output from CMIP5 AOGCMs to predict

FIG. 14. As in Fig. 10, but for P – E anomalies statistically significant at the 80% level of significance according to

a Student’s t test are shaded.
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how the Sahel summer precipitation, surface tempera-

ture, and surface moisture are likely to change at the

middle and late century due to increased atmospheric

CO2 concentrations. Both regional models and AOGCMs

are used to take advantage of strengths of each, as the

regional model provides finer resolution needed for re-

solving intense rainfall events and orography and offers

information on spatial scales needed for regional im-

pacts analysis, while the AOGCMs provide a global

connectivity.

Three RCM simulations are generated and analyzed.

The first simulation is a control, representative of

1989–2008, and is used to assess the ability of the re-

gional model to simulate the current evolution of the

summer West African monsoon. The other two runs are

representative of mid- (2041–60) and late-twenty-first-

century (2081–2100) climate under the CMIP5 RCP8.5

CO2 emissions scenario forcing. These simulations are

designed to produce high-resolution projections rele-

vant for mid- and long-range impact analysis.

Confidence in the model projections is evaluated

based on the model’s ability to simulate the evolution of

the current West African monsoon climate, a necessary

but not sufficient condition, and by examining differences

among various models, agreement in ensemble members

run using the same model, comparison of the results for

the two different time periods, and an analysis of the

physical processes of change.

It is shown here that the RCM can simulate the bo-

real summer evolution of the West Africa monsoon

(see section 4). This includes realistically simulating the

timing of the seasonal shift of convection from the

Guinean Coast northward into the Sahel at the beginning

of summer and the southward retreat in late September,

as well as the development of the thermal low trough

over northern Africa. In contrast most AOGCMs have

difficulties simulating the seasonal cycle of the rainfall

(Fig. 4) and the development of the thermal low trough

and its associated meridional height gradient and cir-

culation over northern and sub-Saharan Africa (Fig. 6).

The future climate projections for the evaluated fields

are summarized in the following subsections.

a. Surface temperature

Themodel projections analyzed here indicate a strong

likelihood for increased summertime surface air tem-

peratures over Africa over the century. All models are

in agreement that temperatures will increase by mid-

century (2041–60), and all but one model indicate that

the warming will be somewhere between 2 and 3.5 K

over the Sahara and Sahel with the strongest warming

over the Sahara and reduced warming closer to the equa-

tor. The outlier model (Fig. 7e) projects the warming to

be 4–5 K depending on the location. By late century

(2081–2100), surface air temperatures will warm even

more, generally by 3–6 K depending on the location and

the model. Again the warming predicted by the outlier

model is more severe, ranging from 6 to 10 K over the

Sahara (Fig. 8e).

b. Precipitation

The RCM model predictions analyzed indicate the

strong likelihood that rainfall rates over the Sahel will

increase. The analysis indicates that the strongest in-

termodel agreement at the 95% confidence level occurs

in the late century over the central Sahel between 08 and
208E as all seven model simulations analyzed project

a significant increase (Fig. 11). This precipitation in-

crease at the 95% confidence level is also predicted at

midcentury in the RCM simulations and in most of the

AOGCMs in some form (Fig. 9). However, the signal is

more discernible at midcentury in the AOGCMs if an

80% confidence level is applied instead (Fig. 13). The

predicted changes in rainfall are not found to be asso-

ciated with a significant change in the length of the Sahel

wet season. Instead it is associated with an increase in

intensity of the rainfall during the wet season.

The projected rainfall response over the Sahel west

of 08 is less certain for both the middle and late

century. The RCM simulations and one AOGCM

predict wetter conditions at midcentury, while the other

AOGCMs project either drier or no statistically signifi-

cant changes. By late century there is still disagreement

among the models, with the RCM and two of the

AOGCMs predicting significantly wetter conditions

and the other three AOGCMs indicating the potential

for significantly drier conditions. The intensification

of the thermal low trough over the western Sahara is

found to be stronger in the models that predict drying

over the western Sahel. Associated with this intensi-

fication of the thermal low over the western Sahara is

anomalous northwesterly low-level flow, which is rel-

atively drier compared to westerly and/or southwest-

erly flow over the North Atlantic due west of the Sahel.

Based upon the analysis presented, the wetter condi-

tions predicted by the RCM are judged to be a more

likely outcome for this region by the end of the century,

but more work is still needed to increase confidence in

this prediction.

c. P – E (surface soil moisture availability)

Moisture availability at the surface is evaluated by

examining the simulated differences in P 2 E since in-

creased surface temperatures in the future will be as-

sociated with increased evaporation rates. The RCM

model projections analyzed here indicate the likelihood
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for increased summertime moisture availability at mid-

century over the western Sahel, to about 208E, and the

far eastern Sahel (Fig. 10). Some AOGCMs hint at

significant increases over the Sahel, but the response is

not spatially coherent. By late century (Fig. 12) positive

significant soil moisture increases over the Sahel be-

comemore spatially robust in all but one of the models.

A relatively large increase in moisture availability is

predicted over southern Niger, northern Nigeria, and

western Chad ranging between 10% and 20% in the

RCM, GFDL CM3, and CCSM4 models, and between

20% and 40% in MIROC5. Overall, there is good agree-

ment among the models that by late century there will

be an increase in moisture availability over this region,

but the magnitude of the increase appears to be model

dependent.

These climate projections are found to be robust

across different models. To first order, RCM studies

(e.g., Patricola and Cook 2010, 2011) and an analysis

of the CMIP5 AOGCMs generally predict similar

rainfall changes by late century (Monerie et al. 2012).

Furthermore, unlike for CMIP3 where AOGCM Sa-

helian precipitation predictions were indicating min-

imal changes by the end of the century except for two

outlier models (e.g., Cook and Vizy 2006; Cook 2008;

Biasutti et al. 2009), the new RCM and CMIP5 pro-

jections indicate an improved agreement amongst the

different models regarding how rainfall will change,

and suggests greater reliability in these predictions.

What is less coherent from the different model pro-

jections is exactly when the increases will first commence

and their relative magnitude. The RCM, CCSM4, and

GFDL CM3 indicate that significant increases at the

95% confidence level will be prevalent by midcentury,

while the CNRM-CM5, MIROC5, and MRI-CGCM3

are less confident at this time. This disagreement

among the different model simulations likely highlights

the sensitivity of the model projections to the physical

parameterizations and model resolutions used. The

three CMIP5 AOGCMs that do not simulate the

rainfall increase at midcentury also do not simulate

strong warming over the Sahara for both middle and

late century relative to the other models (Figs. 7 and

8), which may indicate that the differences are related

to the simulation of cloud cover, SSTs, or potentially

land surface–atmosphere interactions associated with

the land surface model parameterizations. A better

understanding of why some of the models are slower

to simulate a future rainfall increase is needed first,

before simulations can better pinpoint the exact tim-

ing of when the change will first become significant.

Additionally this may also aid in reconciling why earlier

modeling studies (e.g., Held et al. 2005; Cook and Vizy

2006;Mariotti et al. 2011) predict a drier Sahel by the late

twenty-first century.

A final caveat of this study is that the RCM and

CMIP5 AOGCM simulations analyzed here do not

consider land use or vegetation changes. Other studies

(e.g., Douville et al. 2000; Paeth and Thamm 2007; Paeth

et al. 2009, 2011; Wang and Alo 2012) suggest that

such changes could have a considerable impact over

sub-Saharan Africa at regional scales. Future projections

from models that factor such changes are needed to

evaluate the impact that vegetation and land use changes

may have and improve predictions.
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