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ABSTRACT

Prior studies have highlighted West Africa as a regional hotspot of land–atmosphere coupling. This study

focuses on the large-scale influence of soil moisture variability on themean circulation and precipitation in the

West African monsoon. A suite of six models from the Global Land–Atmosphere Coupling Experiment

(GLACE)-CMIP5 is analyzed. In this experiment, model integrations were performed with soil moisture

prescribed to a specified climatological seasonal cycle throughout the simulation, which severs the two-way

coupling between soil moisture and the atmosphere. Comparison with the control (interactive soil moisture)

simulations indicates that mean June–September monsoon precipitation is enhanced when soil moisture is

prescribed. However, contrasting behavior is evident over the seasonal cycle of the monsoon, with core

monsoon precipitation enhancedwith prescribed soil moisture but early-season precipitation reduced, at least

in somemodels. These impacts stem from the enhancement of evapotranspiration at the dry poleward edge of

the monsoon throughout the monsoon season, when soil moisture interactivity is suppressed. The early-

season decrease in rainfall with prescribed soilmoisture is associatedwith a delayed poleward advancement of

the monsoon, which reflects the relative cooling of the continent from enhanced evapotranspiration, and

thus a reduced land–ocean thermal contrast, prior to monsoon onset. On the other hand, during the core/late

monsoon season, surface evaporative cooling modifies meridional temperature gradients and, through these

gradients, alters the large-scale circulation: the midlevel African easterly jet is displaced poleward while the

low-level westerlies are enhanced; this enhances precipitation. These results highlight the remote impacts of

soil moisture variability on atmospheric circulation and precipitation in West Africa.

1. Introduction

The two-way interactions between soil moisture and

the overlying atmosphere represent important controls

on near-surface climate over land. Driven by variability

in precipitation and atmospheric evaporative demand,

soil moisture variations in turn modulate fluxes of water

and heat at the surface. Through this control on water

and energy fluxes, soil moisture variations can feed back

onto near-surface surface climate (e.g., temperature and

humidity); these impacts can extend to the boundary

layer vertical structure and thermodynamics and lead

to feedbacks on precipitation. Numerous studies have

demonstrated such impacts, in both models and obser-

vations [see Seneviratne et al. (2010) for an extensive

review]. In addition, to the extent that the atmospheric

circulation is sensitive to surface conditions, and that the
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local surface feedback response exhibits sufficient am-

plitude and spatial coherence, soil moisture variations

may further force remote impacts through large-scale

circulation (Haarsma et al. 2009; Koster et al. 2014).

Soil moisture–atmosphere interactions may be partic-

ularly critical in monsoon regions, as monsoon circula-

tions result from a complex interplay of thermodynamic

and dynamic processes in the ocean–land–atmosphere

system. The West African monsoon (WAM), in particu-

lar, has been shown to be sensitive to land–atmosphere

interactions over a range of temporal and spatial scales

(e.g., Xue et al. 2012). While numerous studies have

demonstrated that sea surface temperature (SST) var-

iability is the primary driver (or pacer) of interannual

and decadal variability in WAM precipitation (Folland

et al. 1986; Giannini et al. 2003; Bader and Latif 2003;

Held et al. 2005; Lu and Delworth 2005; Hoerling et al.

2006), soil moisture dynamics (e.g., Zeng et al. 1999;

Giannini et al. 2003) and land surface variability more

generally (e.g., vegetation; see Xue 1997; Wang et al.

2004; Kucharski et al. 2013) are thought to maintain

and amplify WAM variability at these time scales. On

intraseasonal time scales, the landmark multimodel

Global Land–Atmosphere Coupling Experiment

(GLACE; Koster et al. 2004) highlighted West Africa

as a hotspot of land–atmosphere coupling in climate

models, with the region exhibiting strong sensitivity of

precipitation variability to soil moisture variability

during the rainy season. Further studies have identified

soil moisture variability as a key contributor to particular

modes of intraseasonal variability during the monsoon

(Taylor 2008; Lavender et al. 2010). Moreover, at the

mesoscale, soil moisture gradients have been shown to

influence the initiation of convective precipitation during

the day (Taylor and Ellis 2006; Taylor et al. 2011).

In the present study, we adopt a slightly different focus

and seek to isolate how interactions between soil mois-

ture and the atmosphere may contribute to shaping the

mean precipitation and seasonality of the WAM. We

explore the following question: To what extent do soil

moisture variability and associated feedbacks onto the

atmosphere influence large-scale and seasonal aspects of

the WAM?Given the uncertainties surrounding current-

generation climate model simulations of the WAM (Xue

et al. 2010; Roehrig et al. 2013) as well as future pro-

jections of theWAMunder global warming (e.g., Biasutti

2013; Giannini et al. 2013; Park et al. 2015), mechanistic

understanding of the determinants ofWAMprecipitation

is crucial for improving model skill. Understanding the

controls onWAM seasonality is also essential; one robust

feature of climate model future projections, in global

monsoon regions in general but in West Africa in par-

ticular, consists of a shift in the seasonal cycle of the

monsoon, with precipitation decreasing at the begin-

ning of the season and increasing toward its end

(Biasutti and Sobel 2009; Seth et al. 2013; Biasutti

2013). The processes underlying this response remain

unclear, but interpreting these projections arguably

requires understanding of the mechanisms influencing

WAM seasonality. For both of these aspects, the

documented importance of soil moisture–atmosphere

processes in the WAM (e.g., Xue et al. 2012) suggests

they may play an important role.

To investigate the soil moisture influence on season-

ality and large-scale circulation in the WAM, we make

use of climate model simulations from the recent

GLACE-CMIP5 multimodel experiment (Seneviratne

et al. 2013). GLACE-CMIP5was designed to investigate

the role of soil moisture variability, as well as long-term

mean soil moisture changes, in the climate system. Thus,

several modeling groups performed transient climate

change simulations with soil moisture prescribed to

a specified climatology. This protocol aims to disable

feedbacks to the atmosphere associated with soil mois-

ture variability. It thus affords the opportunity to in-

vestigate the role of these processes on seasonality and

large-scale circulation in the WAM. Section 2 describes

these simulations and the analysis used; section 3 presents

simulation results and the analysis of the underlying

processes; the principal results and implications of our

study are discussed in section 4.

2. Methods

In the context of the GLACE-CMIP5 experiment

(Seneviratne et al. 2013), six modeling centers per-

formed transient climate change simulations (SM_FIX)

in which total soil moisture was overridden, in each of

the models, by the climatological seasonal values for the

period 1971–2000 extracted from the historical fully

coupled CMIP5 simulation of the same model. The

SM_FIX simulations extend over 1950–2100, with

transient SSTs, sea ice, and radiative forcing constitu-

ent concentrations prescribed from the corresponding

CMIP5 simulations, using the historical simulations

over 1950–2005 and the representative concentration

pathway 8.5 (RCP8.5) scenario thereafter. For each

model, SM_FIX thus mirrors the CMIP5 coupled sim-

ulation, except that soil moisture is overridden by the

simulated present-day climatology, thus severing the

two-way interaction of soil moisture with the atmo-

sphere. In each model, soil moisture was prescribed at

every level in the soil column. Depending on themodel,

the present-day climatology used to prescribe soil

moisture was calculated at everymodel time step, daily,

or monthly; in the latter case, interpolation between
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the midpoints of the adjacent months was used to

prescribe data at every simulation time step in the

corresponding model. For each model, either the fully

coupled CMIP5 simulation or, for some models, a new

reference simulation identical to SM_FIX (i.e., with

identical oceanic boundary conditions and atmospheric

composition) but with interactive soil moisture, was

considered as a reference simulation (SM_INT). Thus,

for each model, SM_INT includes identical oceanic

boundary conditions and atmospheric composition as

SM_FIX, but with interactive soil moisture. Note that

in some of the previous publications analyzing

GLACE-CMIP5 simulations (Seneviratne et al. 2013;

Berg et al. 2014, 2015; May et al. 2015), SM_INT was

referred to as REF or CTL and SM_FIX as 1A or expA.

The models analyzed here are the Geophysical Fluid

Dynamic Laboratory (GFDL) Earth System Model

with the Modular Ocean Model (GFDL-ESM2M,

hereinafter ESM2M); the National Center for Atmo-

spheric Research (NCAR) Community Climate System

Model, version 4 (CCSM4); the European Consortium

Earth System Model (EC-EARTH) based on the Euro-

pean Centre for Medium-Range Weather Forecasts

(ECMWF) modeling systems and developed by a con-

sortium of European research institutions (see www.to.

isac.cnr.it/ecearth/); the Max Planck Institute (MPI) for

Meteorology Earth System Model (MPI-ESM); and the

Institute Pierre-Simon Laplace Coupled Model, version

5A (IPSL-CM5A). Compared to earlier publications

based onGLACE-CMIP5 simulations (Seneviratne et al.

2013; Berg et al. 2015; May et al. 2015), our analysis

includes a sixth model, the Australian Community Cli-

mate and Earth-System Simulator (ACCESS) model, as

does the recent study of Lorenz et al. (2016). Note that in

contrast to other participating models, ACCESS uses

observed SSTs over 1950–2000 in both the SM_INT and

SM_FIX experiments (instead of simulated SSTs from

the coupled, historical CMIP5 simulation); however, this

difference does not affect our conclusions since we

compare SM_FIX and SM_INT separately for each

model; the comparison for ACCESS is meaningful since

both runs have identical SSTs.

Here we compare SM_INT and SM_FIX over

1971–2000. Focusing on this period ensures that both

simulations have identical soil moisture climatologies.

The comparison thus isolates the effect on climate of

soil moisture variability and associated soil moisture–

atmosphere interactions. We again stress that our

approach is process oriented: we use these targeted,

idealized model experiments to probe the role of soil

moisture variability and advance our understanding of

monsoon land–atmosphere processes. Our goal here is

not to evaluate which simulation is more realistic. In any

event, since soil moisture is interactive in the real world,

simulation SM_INT should be considered as the more

realistic model configuration.

Figure 1 illustrates the difference in soil moisture var-

iability between SM_FIX and SM_INT over 1971–2000

for the ESM2M model. Because only the mean seasonal

cycle is retained in SM_FIX, soilmoisture daily variability

is much larger in SM_INT, in particular toward the more

arid Sahelian part of the domain where precipitation is

more variable (relative to the mean). Comparing both

simulations over a single point illustrates that this is be-

cause of differences at both interannual and intraseasonal

time scales (we focus on a single pixel in Fig. 1 to avoid

smoothing out differences by taking the domain spatial

average). Figure 1 is representative of the typical behavior

across the model ensemble. For models in which a

monthly climatology of soil moisture is prescribed with

month-to-month interpolation (ESM2M, MPI-ESM, and

CCSM4), the prescribed soilmoisture climatology displays

no daily variability (Fig. 1), while for models that use

either a daily climatology of soil moisture (IPSL-CM5A

and EC-EARTH) or a climatology calculated at every

model time-step (ACCESS), some residual daily vari-

ability remains in the prescribed climatological soil mois-

ture.However, such differences in protocol appear to have

little impact on our results (see also section 4c).

3. Results

a. Precipitation response

Figure 2 compares the main rainy season precipitation

over West Africa, June–September (JJAS), in simulations

SM_INT and SM_FIX. We first point out that, as is com-

mon in climate model simulations of the WAM, there is

model-to-model variability in the representation of the

monsoon and its associated precipitation field (Xue et al.

2010; Roehrig et al. 2013). For reference, observations of

monsoon rainfall are shown in Fig. 3. Broadly, in the con-

trol (SM_INT) simulation, some models produce a strong

monsoon, with rainfall advancing far to the north into the

continent (ESM2M); others simulate a weaker monsoon,

with precipitation remaining too close to the Gulf of

Guinea coast (IPSL-CM5A and ACCESS). We reiterate

that the SST fields imposed in each model’s SM_INT and

SM_FIX runs are taken from the parent CMIP5 simula-

tions (or observations in ACCESS) and thus differ across

the models, as can be inferred from Fig. 2; some of the

spread in simulated monsoon characteristics doubt-

lessly arises from intermodel spread in the distribution

of SSTs. Despite visible differences between models

in their ability to simulate the WAM, Fig. 2 reveals

some common responses across the model suite to the
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suppression of soil moisture–atmosphere interactions: in

all models except MPI-ESM, JJAS precipitation is en-

hanced in simulation SM_FIX. This response is clearest in

ACCESS, ESM2M, EC-EARTH, and IPSL-CM5A.

Because of differences in the geographical extent of the

simulated monsoon in the models, the location of this

area of enhanced precipitation varies between models;

however, Fig. 2 indicates that it tends to lie within

(ACCESS and ESM2M) or slightly northward of

(EC-EARTH and IPSL-CM5A) the 5mmday21 iso-

hyet in the different models. In CCSM4, the behavior is

more spatially complex, with a zonal band ofweak positive

FIG. 1. (top)Difference in standard deviation of daily, total-column soil moisture between SM_FIX and SM_INT

over 1971–2000 in ESM2M. (middle) Monthly values over 1971–2000 over one pixel [68E, 148N; see red circle in

(top)]. (bottom) Daily values over two seasonal cycles (1972–73) over one pixel (68E, 148N) of (left) total-column

soil moisture and (right) surface soil moisture (top 10 cm). Note the greater variability in the interactive case of

surface soil moisture compared to total soil moisture.
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FIG. 2. Mean JJAS precipitation (mmday21) in (left) SM_INT and (center) SM_FIX

simulations over 1971–2000 and (right) SM_FIX2 SM_INTdifference. The gray contour line

over land delineates the 1mmday21 isohyet. Black contour lines over oceans represent 2-m

air temperature. Stippling on the right-hand plots indicates significant SM_FIX 2 SM_INT

differences (at 5%) according to a simple t test. Black contours represent the 1 and

5mmday21 isohyet from SM_INT for each model.
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(or even negative) differences over the northern edge of

the climatological monsoon but significant positive dif-

ferences to both the north and south. Overall, the en-

hancement of rainy season precipitation in SM_FIX

compared to SM_INT is consistent with the increase in

rainfall extreme statistics identified in the same simula-

tions in Lorenz et al. (2016; see their Fig. 2).

The general response across models implies that

two-way soil moisture–atmosphere interactions in sim-

ulation SM_INT reduce rainy season precipitation

compared to simulation SM_FIX. However, Fig. 4 re-

veals more complex impacts on the WAM seasonality.

Figure 4 compares mean precipitation in SM_FIX and

SM_INT in a time–latitude view. Again, compared to

observations (Fig. 3), models differ in their ability to

represent the time–latitude behavior of monsoon pre-

cipitation, including the monsoon ‘‘jump’’ from the Gulf

of Guinea coast to the Sahel in early July (e.g., Sultan

and Janicot 2000). Figure 4 also shows that, while JJAS

precipitation is enhanced in SM_FIX (consistent with

Fig. 2), in at least three models, ACCESS, ESM2M,

CCSM4, and to a lesser extent in MPI-ESM and EC-

EARTH, premonsoon precipitation (e.g., April–May)

near 108N is reduced in SM_FIX compared to SM_INT.

This behavior is more clearly evident in Fig. 5, which,

similar to Fig. 2, compares mean precipitation in SM_

FIX and SM_INT but for April–May. Figure 5 also

shows that in the samemodels, the reduced early-season

precipitation near 108N in SM_FIX is associated with

enhanced precipitation to the south. Finally, Fig. 4 in-

dicates that some models exhibit changes in pre-

cipitation after the peak of the monsoon (October and

later), but these changes appear less consistent across

models and are not investigated further here. Together,

model results in Figs. 2, 4, and 5 demonstrate that soil

moisture dynamics affect the mean spatiotemporal dy-

namics of WAM precipitation.

In the remainder of section 3 we focus on isolating the

mechanisms underlying this response. In general, pre-

scription of climatological soil moisture may be ex-

pected to impact precipitation mainly by inducing

differences in surface–atmosphere turbulent energy

fluxes (i.e., the partitioning of available energy between

latent and sensible heating); altered turbulent energy

fluxes may, in turn, impact precipitation through local

land–atmosphere coupling or remotely by altering the

surface temperature spatial distribution and thus im-

pacting the large-scale circulation. In the following

subsections, we analyze these two terrestrial and atmo-

spheric components. We first analyze how prescribing

soil moisture affects land–atmosphere fluxes and surface

temperatures.

b. Impacts on surface fluxes and temperatures

Analogous to the difference maps in Fig. 2, Fig. 6

shows the difference in mean JJAS surface latent heat

FIG. 3. (left) Mean JJAS precipitation (mmday21) from monthly GPCP data (Huffman et al. 2009) over 1979–

2010 (shading) and mean JJAS sea surface temperatures from the HadISST dataset (Rayner et al. 2003) (contours)

and (right) time–latitude view (mean over from 2108 to 108E) of daily mean precipitation (mmday21) from daily

GPCP data over 1996–2010. Gray contour line indicates the 1mmday21 isohyet.
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FIG. 4. Time–latitude view (mean over from 2108 to 108E) of daily mean precipitation

(mmday21) in (left) SM_INT and (center) SM_FIX simulations over 1971–2000 and (right)

SM_FIX–SM_INT difference (x axis: day of year; y axis: latitude). Vertical dotted bars de-

limit JJAS (days 152–273). Gray contours indicate the 1mmday21 isohyet for SM_INT and

SM_FIX and the 1 and 5mmday21 isohyets from SM_INT for each model on the difference

plots in (right). Note that for the difference plots, in the interest of readability colors saturate

above 5mmday21 (values reach 10mmday21 for MPI-ESM near 08N around day 100).
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FIG. 5. As in Fig. 2, but for April–May precipitation. Note that for the difference maps, in

the interest of readability colors saturate above 4mmday21 (values reach 8mmday21 for

MPI-ESM over the Gulf of Guinea).
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FIG. 6. SM_FIX minus SM_INT difference in mean JJAS (a) surface latent heat flux,

(b) sensible heat flux, and (c) 2-m temperature, over 1971–2000. Note that in the interest of

readability colors saturate above 50Wm22 (values reach 85Wm22 for the latent heat flux in

IPSL-CM5A over the western Sahel). Note the reversed color scale on (c), compared to

(a) and (b).
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flux, sensible heat flux, and 2-m temperature between

SM_FIX and SM_INT in the models. Figure 6a dem-

onstrates that JJAS-mean latent heat flux is enhanced in

SM_FIX at the northern edge of the monsoon in all

models, except MPI-ESM. The larger latent heat flux in

SM_FIX is offset, from a surface energy budget per-

spective, by reduced sensible heating (Fig. 6b) as well as

reduced upwelling longwave radiation (not shown). This

is the dominant process responsible for the significant

cooling of the surface that can be seen in Fig. 6c over the

same part of the domain. Further, Fig. 7 shows that the

sign of the response in turbulent heat fluxes and tem-

perature, in contrast to the precipitation response

(Fig. 4), is consistent in most models over the course of

the monsoon season, depicting an arc of increased latent

heat flux, reduced sensible heat flux, and reduced near-

surface temperature along the poleward margin of the

monsoon.

What causes average changes in the surface energy

budget between SM_FIX and SM_INT? We first point

out that, as a direct consequence of the experimental

design, the larger evapotranspiration in SM_FIX at the

margin of the monsoon is not caused by increased pre-

cipitation. Indeed, since soil moisture is prescribed in

SM_FIX, evapotranspiration does not ‘‘see’’ pre-

cipitation. Rather, increased evapotranspiration is a

response to the perturbation of soil moisture dynamics

(Fig. 1). In general, evapotranspiration is limited either

by soil moisture availability in drier regions or by at-

mospheric demand (influenced by temperature, net ra-

diation, vapor pressure deficit, and wind speed; e.g.,

Hobbins et al. 2012) in wetter regions. The enhanced

evapotranspiration in SM_FIX at the northern edge of

the monsoon can be understood as the result of pre-

scribing soil moisture to its climatological value in a

soil-moisture-limited evaporative regime: while evapo-

transpiration in SM_INT is constrained by soil moisture

availability and thus the occurrence of rain events to

supply soil moisture, in SM_FIX, the prescribed clima-

tological soil water is always available to sustain

evapotranspiration even in the absence of rain events

(i.e., there are no soil moisture dry downs in SM_FIX).

In other words, removing soil moisture interactivity al-

leviates the soil moisture limitation on evapotranspira-

tion. On the other hand, in SM_FIX, the absence of

spikes of increased soil moisture after rain events, as

occurs in SM_INT, does not lead to a symmetrical de-

crease in evapotranspiration because climatological soil

moisture is generally large enough to sustain similar

values of evapotranspiration as in the interactive case.

As a result, total evapotranspiration at the northern edge

of the monsoon is enhanced in SM_FIX. In a drier, soil-

moisture-limited environment soil moisture exhibits

greater daily variability around the seasonal cycle

(Fig. 1); the enhancement of evapotranspiration in

SM_FIX thus tends to also coincide with the region of

greatest difference in soil moisture variability be-

tween SM_FIX and SM_INT (Figs. 1 and 6).

Figure 8 illustrates this effect for one grid point in the

Sahel for a particular year in the ACCESS model. In

SM_INT, evapotranspiration follows the occurrence of

rainfall [daily correlation is r 5 0.47 over July–

September (JAS)], whereas in SM_FIX, evapotranspi-

ration appearsmore independent of precipitation events

(r5 0.13). Evapotranspiration in SM_FIX actually tends

to drop during precipitation events, suggesting evapo-

transpiration is then energy limited and driven by vari-

ations in cloud cover and incident radiation at the

surface (daily correlation between evapotranspiration

and incoming surface shortwave radiation is r 5 0.48

over JAS). This difference in evaporative regimes be-

tween SM_FIX and SM_INT is also identified in Berg

et al. (2015) and is robust across models. On average, the

surface latent heat flux in Fig. 8 is ;20Wm22 greater in

SM_FIX than in SM_INT (56.3 compared to 34.5Wm22),

despite soil moisture being comparable for that particular

year and model in both simulations. Berg et al. (2014,

their Fig. 3) demonstrate this difference at the global

scale by comparing simulations SM_FIX and SM_INT

from the ESM2M model over the same time period; in

dry environments mean evapotranspiration is systemati-

cally enhanced in SM_FIX. As can be seen in Fig. 6, this

effect is robust across the GLACE-CMIP5 ensemble

over West Africa; only MPI-ESM shows little mean

change in surface evapotranspiration between the two

simulations. This may be linked to biases in the land

component of this particular model (see discussion sec-

tion) and is consistent with the near absence of a JJAS-

mean precipitation response in this model in Fig. 2.

Other intermodel differences in Fig. 6 include the

particular pattern in ESM2M, with a decrease in

evapotranspiration in SM_FIX poleward of the zone of

enhanced evapotranspiration (i.e., over the Sahara).

Hints of a similar behavior are also noticeable for IPSL-

CM5A (although farther to the south). Following Berg

et al. (2014), our interpretation of that behavior is that

in this region, the climatological values of soil moisture

in SM_FIX are too low to support much evapotrans-

piration; however, following intermittent rain events, ap-

preciable evapotranspiration still occurs in SM_INT so

that mean evapotranspiration is eventually larger than in

SM_FIX. This effect may bemost pronounced in ESM2M

because monsoon precipitation extends poleward of 208N
(Figs. 2 and 4). ESM2M also exhibits a slight decrease in

evapotranspiration in SM_FIX closer to the Gulf of

Guinea coast. This arises from an increase in cloud cover
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FIG. 7. Time–latitude view (mean over from 2108 to 108E) of (a) difference in mean

daily surface latent heat flux (Wm22) between SM_INTandSM_FIX (SM_FIX2 SM_INT)

over 1971–2000; (b) as in (a), but for sensible heat flux (Wm22) and (c) 2-m temperature

(K). Dashed lines correspond to differences in precipitation (from Fig. 4) greater

than 62mmday21 (green: positive; red: negative). Note the reversed color scale on (c),

compared to (a) and (b).
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and reduction in incoming solar radiation at the surface

(evapotranspiration being energy limited in that region).

CCSM4 and EC-EARTH also display hints of a cloud-

mediated decrease in evapotranspiration in that region.

In the next subsection, we focus on how the changes in

surface fluxes and temperatures described above impact

precipitation.

c. Impacts on precipitation

As noted above, impacts on rainfall from altered

turbulent heat fluxes may occur locally through local

land–atmosphere coupling, involving positive or nega-

tive impacts of higher evapotranspiration on pre-

cipitation (e.g., Gentine et al. 2013), or remotely through

impacts on the large-scale circulation. Careful exami-

nation of Figs. 2 and 6 reveals that the locus of increased

precipitation in JJAS in SM_FIX occurs somewhat

equatorward of the increase in surface latent heat flux.

Figure 7 further illustrates this: increased evapotrans-

piration during the core of the rainy season appears

poleward of the increased precipitation throughout the

seasonal progression of the monsoon. The latitudinal

offset between increases in evapotranspiration and

precipitation suggests that the processes at play do

not simply involve local coupling between increased

evapotranspiration in SM_FIX and the precipitation

response. On the other hand, Fig. 7 also shows that in

models exhibiting reduced precipitation in SM_FIX

during the early part of the season, the change in rainfall

is more latitudinally collocated with the change in

evapotranspiration. However, these changes are of op-

posite sign; that is, decreased rainfall on average in SM_

FIX is collocated (from a time–latitude perspective)

with increased evapotranspiration. This again illustrates

that the processes involved are not simple local water

recycling. Rather, we now demonstrate how the

difference in near-surface temperatures can impact the

large-scale circulation in the WAM. Because only the

three-dimensional fields from the ESM2M model were

available to us, we focus on this model here. While

ESM2M displays a particular pattern of evapotranspira-

tion difference between SM_FIX and SM_INT (Fig. 6),

the time–latitude pattern of surface temperature changes

is similar to that of other models (Fig. 7). We will further

discuss the applicability of our results to other models in

section 4. Given the seasonally contrasting precipitation

differences between SM_FIX and SM_INT described in

section 3a, we consider the circulation responses for both

the early and core monsoon periods.

1) EARLY SEASON

For the early season, we focus on the month of May.

Figures 4 and 7 show that the ESM2M model is one of

the models exhibiting enhanced evapotranspiration,

surface cooling, and reduced precipitation at that time

(days 120–151 of year) in simulation SM_FIX compared

FIG. 8. (top),(left) Precipitation (black) and evapotranspiration (red) over April–September in 1971 in simulation SM_INT from the

ACCESSmodel over one selected pixel in the Sahel (08E, 148N); (bottom),(left) total-column soil moisture over the same pixel in the same

simulation. (right) As in (left), but in simulation SM_FIX.
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to SM_INT. Figure 9 depicts the average low-level cir-

culation in May in both simulations in ESM2M. The

cross-equatorial flow characteristic of the WAM is

already developed at that time and evident in both

simulations, as are the low-level southwesterlies that

transport Atlantic moisture inland. However, the rela-

tive surface cooling in SM_FIX compared to SM_INT

(red dashed lines in Fig. 9, bottom), which is the result of

enhanced latent heat flux and reduced sensible heat flux,

leads to local positive anomalies in surface pressure

(note that positive low-level geopotential height anom-

alies farther north over the Sahara are not directly as-

sociated with surface cooling). These local positive

surface pressure anomalies are associated with anoma-

lous northeasterly flow that opposes the mean south-

westerlies. The reduced strength of the monsoon

circulation in SM_FIX is associated with a clear dipole

of precipitation anomalies, with less precipitation in-

land, collocated with the region of surface cooling, and

increased precipitation over the Gulf of Guinea. In

other words, surface cooling in SM_FIX leads to an

anomalous high that suppresses the early-season ad-

vance of the monsoon. Surface evaporative cooling over

108–158N in SM_FIX may also contribute to enhanced

rainfall along the Gulf of Guinea coast at this time of

year according to the mechanism discussed recently in

FIG. 9. (top),(left) Mean 925-mb geopotential height (shading; m) and wind (vectors; m s21) in May in SM_INT, in ESM2M; (right) As

in (left), but in SM_FIX. (bottom) SM_FIX 2 SM_INT difference. Blue and red contours indicate differences in precipitation and

temperature, respectively, greater than 61mmday21 or 61K (solid contour: positive difference; dashed contour: negative difference).
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Cook (2015): surface cooling around 108–158N is asso-

ciated with a slightly stronger (i.e., more negative) me-

ridional gradient in midlevel (600mb; 1mb 5 1hPa)

geostrophic zonal wind between the Gulf of Guinea coast

and ;108N (not shown), which contributes to reinforcing

atmospheric inertial stability near the coast and thus may

contribute to enhancing rainfall at those latitudes (Cook

2015). Overall, Fig. 9 implies that soil moisture–

atmosphere interactions, as well as the accompanying

land drying and warming, are essential for the develop-

ment of the monsoon circulation at the monsoon onset.

Note that in SM_INT, the land region that receives more

precipitation than in SM_FIX on average still evaporates

less and is warmer than in SM_FIX; despite the greater

rainfall this region remains soil moisture limited.

2) CORE SEASON

Here we focus on the month of August, when the

monsoon is most developed and most of WAM pre-

cipitation occurs. Figure 10 (top) depicts the zonal cir-

culation over West Africa in both simulations for that

month. This view reveals well-known features of the

WAM circulation, with low-level westerlies bringing

moisture from the Atlantic, an easterly wind maximum

near 600mb corresponding to the African easterly jet

(AEJ), and another maximum near 200mb corre-

sponding to the tropical easterly jet. Figure 10 (bottom)

focuses on the AEJ over West Africa in both simula-

tions. Difference plots, both on the zonal mean and the

longitude–latitude view, reveal a pronounced northward

shift of the AEJ in SM_FIX. This northward shift is

consistent with the increase in precipitation, as the lat-

itudinal location of the AEJ has long been shown to be

associated with the amount of precipitation over the

northern part of West Africa (Newell and Kidson 1984;

Rowell et al. 1992; Nicholson and Grist 2001; Grist and

Nicholson 2001). Figure 11 further shows that the sim-

ulated northward shift of the AEJ follows the change in

geostrophic winds, as it is largely mirrored in the cal-

culated changes in geostrophic winds between both

simulations. This is consistent with previous analyses

indicating that the AEJ has a large geostrophic com-

ponent and is essentially caused by the presence of a

positive (poleward increasing) surface temperature

gradient, which, according to the thermal wind re-

lationship, induces easterly shear over the surface

monsoon westerlies (Cook 1999).

A mechanism can thus be envisioned by which

soil moisture–atmosphere interactions influence

precipitation, as depicted in Fig. 12. Figure 12 (top)

shows that the position of the jet is roughly associated

with the zone of maximum meridional surface temper-

ature gradient in both runs. Surface cooling in SM_FIX

over the Sahel leads to a northward shift of the meridi-

onal surface temperature gradient; the difference map

between both simulations (Fig. 12, bottom) shows that

this gradient is enhanced at the northern edge of the

area of surface cooling. This change in gradient can be

understood more clearly by considering zonal profiles of

near-surface temperature in both runs in Fig. 13. One

can see the steeper gradient in SM_FIX between 158 and
208N that results from surface cooling around 158N.As a

result, the AEJ shifts northward in SM_FIX (Fig. 10),

which is associated with greater rainfall in the region

newly situated south of the AEJ. Previous studies have

shown that the AEJ influences Sahel precipitation by

FIG. 10. Mean August zonal wind over 1971–2000 in ESM2M in (left) SM_FIX, (center) SM_INT, and (right) SM_FIX–SM_INT

difference. (top) Latitude–pressure view (mean over from 2108 to 108E); (bottom) longitude–latitude view at 600mb.
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transporting moisture off the continent, thus increasing

moisture divergence over West Africa; the increase in

rainfall with a northward displacement (or a weakening)

of the AEJ is thus generally interpreted as the result of

reduced moisture divergence (Rowell et al. 1992; Cook

1999; Rowell 2003). Figure 12 (bottom) is consistent

with this interpretation, as the westerly 600-mb wind

anomalies around 158N are associated with reduced

moisture export from the West African region to the

Atlantic (note that these anomalies oppose the mean

flow but do not correspond to a net reversal of the zonal

wind). In our case, in addition to reduced moisture ex-

port, the northward shift of the AEJ is also associated

with enhanced low-level westerlies in SM_FIX (Fig. 14).

This enhances moisture convergence and feeds the

simulated increase in precipitation. Following Rowell

(2003), we suggest that these enhanced westerlies cor-

respond to a positive feedback mechanism whereby the

additional convective heating over the Sahel from en-

hanced precipitation affects low-level convergence and

induces moisture import from the tropical Atlantic.

From a dynamical perspective, the strengthened low-

level westerlies may also be viewed as a means to

achieve vorticity balance, as they advect anticyclonic

relative vorticity from the Atlantic high onto the conti-

nent to balance the column stretching due to the addi-

tional condensational heating around 108–158N
(Patricola and Cook 2007).

From the above analysis focusing on the simulated

monsoon response to prescribed soil moisture clima-

tology, it follows that soil moisture–atmosphere in-

teractions, through their impacts on meridional surface

temperature gradients, influence the large-scale zonal

circulation of the WAM. Impacts on surface conditions

of soil moisture–atmosphere interactions constrain

the latitudinal position of the AEJ and associated

precipitation.

4. Discussion

Our results demonstrate pathways by which soil

moisture–atmosphere interactions remotely influence

the large-scale circulation of the WAM. We show that

in dry environments, soil moisture–atmosphere in-

teractions ultimately result in mean drying and warming

of the local surface climate, as previously demonstrated

in Berg et al. (2014). Our results suggest that in April–

May, drying and warming of the land (at the end of the

dry season) plays a role in the onset of the monsoon, as

precipitation over land is delayed in the absence of soil

moisture–atmosphere interactions. This mechanism is

consistent with a first-order characterization of the

monsoon as a large-scale land–sea breeze, in which the

land–sea seasonal warming contrast plays a critical role.

During the core of the rainy season, the zonal circulation

of the monsoon is found to be sensitive to the impact on

surface temperature gradients from soil moisture–

atmosphere interactions.

In the following we discuss several aspects related to

these results.

a. Role of surface conditions in WAM atmospheric
circulation

While the AEJ has long been studied as a prominent

feature of the WAM that interacts with many aspects of

the monsoon (e.g., African easterly waves), relatively

FIG. 11. As in Fig. 10, but for the zonal component of calculated geostrophic wind. Note that this calculation is not valid near the equator.
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few studies have focused explicitly on the boundary

condition controls on the AEJ. The early work of Cook

(1999) showed that the steep, negative meridional soil

moisture gradient over West Africa, from the wet areas

close to the Gulf of Guinea coast to the dry environment

of the SaharaDesert, is essential tomaintaining the zone

of low-level baroclinicity primarily responsible for the

existence of the AEJ. In Cook (1999)’s climate model

simulations, this soil water gradient is necessary to

generate a temperature gradient sufficient for the AEJ

to appear; that is, the positive meridional temperature

gradient over West Africa associated with the sum-

mertime distributions of solar radiation, SSTs, or clouds

are not large enough to produce the AEJ when homo-

geneous soil moisture gradients are prescribed. Their

results, however, were obtained in highly idealized

conditions (e.g., zonally prescribed clouds and SSTs, no

diurnal cycle, no orography, and homogeneous albedo).

More recently, Wu et al. (2009) investigated surface

controls on the structure and maintenance of the AEJ

in a more realistic experimental framework. They found

that not only soil moisture and evapotranspiration gra-

dients but also the vegetation gradient and orography

are essential for the maintenance of the AEJ.

Our results are consistent with the general implica-

tions of these earlier studies that meridional surface

FIG. 12. (top),(left) Mean meridional 2-m temperature gradient [shading; K (100 km)21] and 600-mb wind (vectors; m s21) in August in

SM_INT, in ESM2M; (right) as in (left), but in SM_FIX. (bottom) SM_FIX–SM_INT difference. Blue and red contours indicate dif-

ferences in precipitation and 2-m temperature, respectively, greater than61mmday21 or61K (solid contour: positive difference; dashed

contour: negative difference).
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moisture gradients contribute to establishing and

sustaining the AEJ, and they further show that soil

moisture–atmosphere interactions are a key compo-

nent of this control. These results support the notion

of a feedback loop involving precipitation, soil mois-

ture, and the AEJ: increased (decreased) pre-

cipitation at Sahelian latitudes is associated with

increased (reduced) soil moisture, a northward

(southward) shift in the meridional temperature gra-

dient, and a corresponding northward (southward)

shift of the AEJ, which further increases (reduces)

precipitation (e.g., Rowell et al. 1992). This feedback

substantially affects the mean state of the WAM

(Fig. 2). Our results are also consistent with a number

of studies that find impacts of perturbed surface con-

ditions on precipitation over West Africa involving

similar latitudinal shifts in the zonal tropospheric

circulation in the context of soil moisture anomalies

used to initialize seasonal forecasts (Thiaw and Mo

2005), from changes in the land component of a cli-

mate model (Steiner et al. 2009), or from perturba-

tions to the vegetative land cover (e.g., Li et al. 2007)

including in the context of paleoclimate (e.g., mid-

Holocene) experiments (Patricola and Cook 2008;

Rachmayani et al. 2015). Such results underscore the

sensitivity of the WAM circulation and precipitation

to surface conditions.

It is also worth noting that the near-surface climate

effects of prescribing soil moisture are broadly con-

sistent with those associated with irrigation (e.g.,

Cook et al. 2011). Indeed, like irrigation, we have

shown that prescribing soil moisture enhances

evapotranspiration and leads to surface cooling in dry

regions. Thus, our results may be relevant to the po-

tential impacts of irrigation in West Africa. For ex-

ample, Im et al. (2014) and Im and Eltahir (2014)

recently showed that developing irrigation over the

Sahel has the potential to remotely increase pre-

cipitation to the south of the irrigated area through

impacts on surface temperature and atmospheric cir-

culation, although their results emphasize more local-

scale circulations rather than large-scale features like

the AEJ, presumably because of the more spatially

limited area of surface perturbation applied in their

study. Moreover, irrigation impacts on early-season

evapotranspiration and the partitioning of the surface

energy budget over India have been shown to dampen

the seasonal development of the land–sea warming

contrast and reduce early-season monsoon pre-

cipitation in that region (Lohar and Pal 1995; Lee et al.

2009; Guimberteau et al. 2012). This behavior is con-

sistent with the relative reduction of early-season re-

duction of precipitation evident in SM_FIX.

b. Thermodynamic arguments

In our interpretation of the core-season enhancement

of rainfall in SM_FIX, we focused on the dynamics of the

monsoon to relate changes in surface temperature gra-

dients with zonal circulation changes. We point out that

our results are also consistent with studies adopting a

more thermodynamic view ofmonsoonal precipitation. It

has long been understood, for instance, that the WAM

circulation is more developed and precipitation increases

when the meridional gradient of boundary layer moist

entropy is greater (e.g., Eltahir andGong 1996). Figure 15

shows that, on average, this gradient is indeed larger in

SM_FIX than in SM_INT in August (Fig. 15a), as

moistening along the northern edge of the monsoon (i.e.,

around 208N) effectively counteracts local air cooling

(Fig. 15b)—both presumably resulting from the increased

evapotranspiration and surface cooling in Fig. 6. To the

extent that variations in boundary layer entropy are

uniquely related to variations in equivalent potential

temperature ue, Figs. 15c,d are also consistent with

Hurley andBoos (2013), who show that positivemonsoon

precipitation anomalies are associated with enhanced

low-level (subcloud) ue collocated with as well as slightly

poleward of the climatological uemaximum. Their results

emphasize the importance of low-level moisture anom-

alies poleward of the precipitation peak for the variability

of subcloud ue and thus for the interannual variability of

monsoons. Furthermore, Su and Neelin (2005) have

noted the role of ventilation of the West African mon-

soon by dry (low moist entropy) air originating over the

Sahara.We speculate that enhanced low-levelmoistening

in SIM_FIX moderates the dry air inflow along the

FIG. 13. Mean zonal profile (mean over from 2108 to 108E) of
2-m temperature in SM_INT (red) and SM_FIX (blue) in ESM2M

in August over 1971–2000.
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poleward margin of the monsoon and that this might

contribute to higher rainfall in the monsoon.

c. Protocol uncertainties

The aim of prescribing soil moisture in SM_FIX in the

GLACE-CMIP5 protocol is to disable feedbacks to the

atmosphere associated with soil moisture variability. As

described in section 3b, prescribing climatological soil

moisture in SM_FIX leads to an enhanced climatologi-

cal mean latent heat flux in dry regions. This is essen-

tially because of the lack of soil moisture dry-down

events in SM_FIX. In that sense, the interactivity and

(mean) availability of soil moisture appear intrinsically

linked: in dry regions, soil moisture interactivity re-

duces overall soil moisture availability compared to

prescribed soil moisture. In other words, because of the

nonlinearity of the soil moisture–evapotranspiration

relationship, changes in soil moisture variability even-

tually impact mean evapotranspiration. It is worth

noting, however, that this effect may depend on how

soil moisture is overridden in the prescribed case.

Admittedly, the choice of soil moisture values with

which to override soil moisture in the prescribed sim-

ulation is somewhat arbitrary, as there is no clear

physical guidance regarding what noninteractive soil

moisture should be.

While imposing a climatological seasonal cycle is in-

tuitive—in a sense, it is analogous to forcing climate

models with climatological SSTs—other alternatives

could be considered. Some prior studies, for instance,

FIG. 14. As in Fig. 9, but for August.
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have used constant field capacity to override soil mois-

ture (Cook et al. 2006). In the first GLACE experiment

(GLACE-1; Koster et al. 2004), full daily soil moisture

time series from the interactive runs were used to

override soil moisture in the prescribed simulations.

Compared to prescribing climatological values, this ap-

proach similarly severs the two-way coupling between

soil moisture and the atmosphere but also retains full

daily and interannual variability in soil moisture, albeit

decoupled from the atmosphere. It is unclear what im-

pacts such a protocol, if applied to the transient climate

change simulations in GLACE-CMIP5, would have on

mean surface fluxes and climate. Analysis of GLACE-1

simulations with ESM2M suggests that application

of this protocol also enhances mean seasonal evapo-

transpiration (not shown). Overall, because of the

nonlinearity of the relationship between soil moisture

and evapotranspiration, we speculate that any protocol

overriding soil moisture will ultimately have some im-

pact on mean evapotranspiration and the water avail-

ability to the atmosphere. We note here that, within the

limited model ensemble used in this experiment, there

seems to be no correlation between the different model

responses in our analysis and the slightly different ways

soil moisture were prescribed in the models; models that

used a time step scale, a daily climatology, or a monthly

climatology of soil moisture (e.g., ACCESS, IPSL-

CM5A, and ESM2M, respectively) display similar

behaviors.

As discussed in Berg et al. (2014), another plausible

approach to disable soil moisture–atmosphere in-

teractions is to override land surface evapotranspiration

FIG. 15. Mean August zonal profiles in SM_INT and SM_FIX (mean over from 2108 to 108E) of (a) low-level
moist entropy (mean between 1000- and 850-mb model levels), (b) low-level air temperature T and humidity Q,

(c) precipitation, and (d) SM_FIX–SM_INT difference in profiles of precipitation and moist entropy.
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(e.g., Koster et al. 2000; Reale and Dirmeyer 2002;

Giannini et al. 2003; Schubert et al. 2004). This approach

also disables feedbacks to the atmosphere from soil

moisture variability. However, it is conceptually differ-

ent from the GLACE-CMIP5 protocol in that, in addi-

tion to removing evapotranspiration variability due to

soil moisture, it removes any variability due to atmo-

spheric controls on evapotranspiration, which are still

present in the GLACE-CMIP5 experiments. The im-

pacts on surface climate may thus be different. Reale

and Dirmeyer (2002), for instance, report widespread

cooling in the Northern Hemisphere from prescribing

the seasonal cycle of evapotranspiration efficiency (i.e.,

the ratio of actual to potential evapotranspiration). This

is associated in their simulations with a general south-

ward shift of the ITCZ and reduced monsoon pre-

cipitation over West Africa. This underscores how the

effects of disabling soil moisture–atmosphere interactions

may depend on the experimental protocol. Overall, we

emphasize that analyzing the impacts of soil moisture

variability on surface climate by comparing interactive

versus climatological–soil moisture simulations is not

strictly equivalent to isolating the role of soil moisture–

atmosphere interactions; the former represents a partic-

ular protocol to achieve insight into the more conceptual

notion of the latter (Berg et al. 2014).

d. Model uncertainties

With the exception of MPI-ESM, all of the GLACE-

CMIP5 models show a consistent response of surface

energy fluxes and temperatures over West Africa to soil

moisture variability (Figs. 6 and 7). The absence of re-

sponse in MPI-ESM is consistent with previous analysis

of this model showing the weakest influence of soil

moisture variability on surface climate across the

GLACE-CMIP5 ensemble (not shown). One reason for

this is that many of the largest impacts of soil moisture

variability in GLACE-CMIP5 occur in arid regions,

where bare ground evaporation is a large component of

total evapotranspiration; the differences in mean JJAS

evapotranspiration in Fig. 6 are in fact mostly due to

changes in soil evaporation (not shown). However, the

version ofMPI-ESMused inGLACE-CMIP5 includes a

bucket model for soil moisture that largely un-

derestimates soil evaporation in dry regions. This un-

derestimation arises because, before bare soil

evaporation can occur, the bucket must fill entirely so

that somewater is available in the upper 10 cm of the soil

column (Hagemann and Stacke 2015). These conditions

are seldom met in arid regions. In particular, soil evap-

oration is close to zero in MPI-ESM over West Africa.

This underestimation appears to be compensated by

a larger evaporation from water intercepted by the

canopy as well as a skin layer on the ground. Such water

reservoirs are not overridden in GLACE-CMIP5 and

continue to respond interactively to precipitation in

SM_FIX in MPI-ESM. Thus, because of the bias in soil

evaporation and the specificities of the land model in

MPI-ESM, overriding soil moisture in this model barely

affects evapotranspiration mean and variability, and

subsequently surface climate, as in other models.

Given the availability of pressure-level data for

ESM2M, we have focused on that model for the analysis

of the circulation response to perturbed surface condi-

tions. Given the consistency across models of the time–

latitude pattern of precipitation response in relation to

evapotranspiration and surface temperature changes

during the core season (Figs. 4 and 7), we reason that

similar processes to the ones described in section 3 op-

erate in other models. Of course, not all models may

reflect similar sensitivity of the monsoon circulation to

surface conditions, and more generally, models exhibit

considerable spread in the strength of simulated land–

atmosphere coupling (e.g., Koster et al. 2004; Guo et al.

2006). Different atmospheric responses to local cooling/

moistening along the poleward edge of the monsoon

may also come into play. For instance, we speculate that

the weaker precipitation response seen in CCSM4

(Fig. 2) could be due to a negative feedback of surface

cooling on precipitation, as documented in similar soil

moisture experiments with a previous version of the

same model (CCSM3) by Cook et al. (2006), in a similar

semiarid environment (South Africa); they show that

local cooling in that model leads to large-scale sub-

sidence that impedes convective precipitation. The

early-season impact described in section 3a is not as

consistently simulated across models and may conse-

quently be more uncertain. We speculate that model-to-

model differences in early-season precipitation responses

may stem from a combination of different early-season

evapotranspiration changes (Fig. 7a) with different mean

monsoon seasonality (Fig. 4); models like EC-EARTH

and IPSL-CM5A that do not exhibit precipitation

changes in the early season indeed show little change in

surface energy fluxes and temperature in the first place

(EC-EARTH), and/or the simulated monsoon onset oc-

curs late enough to be relatively insensitive to such

changes (IPSL-CM5A).

GLACE-CMIP5 is a targeted, idealized experiment

designed to investigate the role of soil moisture vari-

ability, as well as long-term mean soil moisture changes,

on surface climate. This role is inferred by comparing

model simulations with different soil moisture configu-

rations. We do not assess the realism of the different

model responses by explicitly evaluating the control

(SM_INT) simulations against observations (as noted in
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section 3, model simulations of the WAM in general

suffer from numerous shortcomings). Rather, we draw

on the consistency of the model responses to support the

plausibility of the simulated effects. Along these lines,

we emphasize that the model responses to soil moisture

variability highlighted in our analysis—both early- and

core-season effects—involve feedbacks on the large-scale

monsoon circulation; these processes are arguably more

reliably simulated in coarse-resolution climate models

than local or mesoscale soil moisture–convection feed-

backs, which are not yet fully understood from an ob-

servational and theoretical perspective (Findell et al.

2011; Taylor et al. 2012; Froidevaux et al. 2014; Guillod

et al. 2015) and are questionably represented in climate

models (Taylor et al. 2012, 2013). The planned inclusion

of GLACE-type simulations in CMIP6 [in the Land

SurfaceModel Intercomparison Project (LSMIP)] should

allow for the investigation of these large-scale soil

moisture–atmosphere effects, and the associated un-

certainties, with a larger suite of models, over West Af-

rica in particular but in other regions as well.

5. Conclusions

By comparing an ensemble of climatemodel simulations

with andwithout interactive soilmoisture, we demonstrate

the contribution of soil moisture–atmosphere interactions

to the seasonality and distribution of simulated pre-

cipitation in the West African monsoon. In five of the six

models analyzed, core-season (e.g., August) monsoon

precipitation is ultimately reduced when soil moisture is

interactive rather than prescribed to the climatological

seasonal cycle. On the other hand, in at least half of the

models analyzed, early-season (e.g., May) precipitation is

enhanced when soil moisture is interactive. We find that

the processes underlying these responses involve remote

impacts of soil moisture variability on the large-scale cir-

culation. In dry environments such as the northern edge of

the monsoon (throughout its seasonal progression), in-

teractive soil moisture leads to drier and warmer condi-

tions, on average, in all but one model analyzed; this

warming then impacts the large-scalemonsoon circulation.

During the core of the monsoon season, this warming af-

fects the overall steepness of the meridional surface tem-

perature gradient and the location of the steepest gradient.

This in turn shifts the African easterly jet to the south,

reducing precipitation at the poleward edge of the mon-

soon. Early in the season, surface warming appears es-

sential to the land–seawarming contrast buildup leading to

the initial inland excursion of WAM. The additional

warming in the interactive soil moisture experiment pro-

motes earlier onset of the monsoon season. These results

highlight the role of soil moisture–atmosphere interactions

in shaping large-scale, seasonal aspects of the West Afri-

can monsoon.

Projections of future precipitation changes over

West Africa remain uncertain in current-generation

climate models. A robust feature of these projections

across models consists of a delay in the seasonal cycle

of the monsoon (Biasutti 2013), yet the physical

mechanisms underlying this response remain to be

elucidated. The present study has identified funda-

mental impacts of soil moisture–atmosphere in-

teractions on monsoon precipitation, in terms of both

mean behavior and seasonality. A question thus raised

is how soil moisture–atmosphere interactions may af-

fect the projected changes in the WAM with climate

change; this will be the focus of future analysis of the

GLACE-CMIP5 simulations.
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