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ABSTRACT

Climatemodels generate awide range of precipitation responses to global warming in theAfrican Sahel, but all that

use the NOAA Geophysical Fluid Dynamics Laboratory AM2.1 model as their atmospheric component dry the

region sharply. This study compares the Sahel’s wet season response to uniform 2-K SST warming in AM2.1 using

either its default convective parameterization, relaxed Arakawa–Schubert (RAS), or an alternate, the University of

Washington (UW)parameterization, using themoist static energy (MSE)budget todiagnose the relevantmechanisms.

UW generates a drier, cooler control Sahel climate than does RAS and a modest rainfall increase with SST

warming rather than a sharp decrease. Horizontal advection of dry, low-MSE air from the Sahara Desert—

a leading-order term in the controlMSE budget with either parameterization—is enhancedwith oceanic warming,

drivenby enhancedmeridionalMSEandmoisture gradients spanning theSahel.WithRAS, this occurs throughout

the free troposphere and is balanced by anomalous MSE import through anomalous subsidence, which must be

especially large in the midtroposphere where the moist static stability is small. With UW, the strengthening of the

meridional MSE gradient is mostly confined to the lower troposphere, due in part to comparatively shallow

prevailing convection. This necessitates less subsidence, enabling convective and total precipitation to increasewith

UW, although both large-scale precipitation and precipitation minus evaporation decrease. This broad set of

hydrological and energetic responses persists in simulations with SSTs varied over a wide range.

1. Introduction

The Sahel is the semiarid transitional region between

the Sahara Desert and the savannas of West Africa and

northern equatorial Africa. The majority of its annual

mean precipitation occurs during the northward excursion

of the intertropical convergence zone (ITCZ) in boreal

summer, which manifests in the region’s west as the West

African monsoon (e.g., Nie et al. 2010) and in its east as a

northward shift of continental convection [see review by

Nicholson (2013)]. Nevertheless, precipitation and many

other surface climate markers are to first order zonally

symmetric spanning the Sahel’s full width.1
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1Modest zonal asymmetries in precipitation include local max-

ima in the far west and east (Cook 1997), the latter being common

to continental convection zones (Cook 1994; Chou et al. 2001) but

further localized by the topography of the Ethiopian highlands.
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The Sahelian hydroclimate varies markedly on in-

terannual to millennial time scales. Famously, a severe

drought spanned from the late 1960s to the mid-1980s

(Tanaka et al. 1975; Nicholson 1985; Gallego et al. 2015).

Although the drought was initially ascribed to a local

vegetation–surface albedo–precipitation desertification

feedback (Charney 1975; Charney et al. 1975), atmo-

spheric general circulation models (AGCMs) run with

fixed vegetation and the observed time series of SSTs

generally capture the drought and other observed

decadal-scale Sahel rainfall variations (Folland et al.

1986; Giannini et al. 2003), leading to the effects of SST

patterns becoming the primary research focus [see re-

view by Rodríguez-Fonseca et al. (2015)].2

Climate model end-of-twenty-first century projections

of Sahel rainfall range from severe drying to even greater

wettening (e.g., Biasutti 2013), a spread that has not im-

proved over the past two generations of the Coupled

Model Intercomparison Project (CMIP), CMIP3 and

CMIP5 (e.g., Fig. 11 of Rodríguez-Fonseca et al. 2015).

GCMs also project widely varying spatial patterns of SST

change (e.g., Fig. 12 of Zhao et al. 2009), leading to ar-

guments that this drives the Sahel rainfall spread. But

model-dependent responses to imposed SST anomalies

(Rodríguez-Fonseca et al. 2015, and references therein)

and nonstationary relationships between Sahel rainfall

and various SST indices both inmodels (e.g., Lough 1986;

Biasutti et al. 2008; Losada et al. 2012) and observations

(Gallego et al. 2015) have led to continuing disagreement

regarding the most important ocean basin or SST pattern,

with Atlantic (e.g., Zhang and Delworth 2006), Indian

(e.g., Lu 2009), and Arctic (Park et al. 2015) SSTs sepa-

rately posited as being fundamental.

Irrespective of the spatial signature, GCMs consis-

tently project mean ocean surface warming (Collins

et al. 2013), and it has been argued that precipitation

changes over tropical land in twenty-first-century sim-

ulations are largely controlled by mean ocean warming

(He et al. 2014; Chadwick 2016). For the Sahel, while

arguments appealing to changes in SST spatial patterns

(e.g., Giannini et al. 2013) would project no response to

mean warming, CMIP3-era AGCMs perturbed with

uniform 2-K SST warming exhibit rainfall responses in

the Sahel ranging from modest to severe drying (Held

et al. 2005). The severe drying response, in the NOAA

Geophysical Fluid Dynamics Laboratory (GFDL)

AM2.1 AGCM, drives comparable drying in twenty-

first-century simulations in its coupled atmosphere–

ocean configuration, CM2.1. The drying in CM2.1 and

its CMIP5-era descendant, ESM2M, are among themost

severe drying responses of the CMIP3 (Held et al. 2005)

and CMIP5 (Biasutti 2013) ensembles, respectively, and

have to date defied interpretation in terms of existing

theory for tropical circulation responses to SST pertur-

bations, unlike AM2.1’s zonal mean circulation (Hill

et al. 2015; Hill 2016). The goal of this study, therefore, is

to identify the physical mechanisms underlying this

drying response in AM2.1, as a first step toward assess-

ing its plausibility as a real-world response to mean

ocean warming.

It can be reasonably expected that the convective

parameterization shapes Sahelian precipitation in

AM2.1 both in its present-day control climate and in its

drying response to SST warming. How moist convec-

tion is represented fundamentally shapes the tropical

circulation in comprehensive (Zhang 1994; Bernstein

and Neelin 2016) and idealized (Frierson 2007) GCMs

and alters the Sahelian annual cycle of precipitation in

global (McCrary et al. 2014) and regional (Marsham

et al. 2013; Im et al. 2014; Birch et al. 2014) AGCMs.

Conceptually, the convective parameterization (or any

other model component) can influence the response to

warming through two orthogonal pathways (cf.

Mitchell et al. 1987). First, for a given control climate

state, how do the convective processes as parameter-

ized respond to the imposed perturbation? For exam-

ple, suppose that SST warming resulted in reduced

tropospheric relative humidity. All else equal, that

drying would inhibit convection more so in a parame-

terization with substantial entrainment of environ-

mental air than in a parameterization with weak

entrainment. Second, for a given parameterization of

convective processes, how does the regional climate

response depend on the control state? For example, the

teleconnection mechanisms by which El Niño produces

descent anomalies in remote regions differ depending

on the existing circulation in those regions (Su and

Neelin 2002), and the ‘‘rich-get-richer’’ scaling re-

sponse of P2E to warming inherently depends on the

existing distribution of P2E (Mitchell et al. 1987;

Chou and Neelin 2004; Held and Soden 2006).

In this study, we use present-day control and uni-

form SST perturbation experiments in AM2.1, using

either its standard convective parameterization or an

alternate, to determine the processes underlying the

2Vegetation feedbacks still figure centrally in interpretations

(e.g., Hales et al. 2006) of the onset of the AfricanHumid Period of

;14.8–5.5 ka, wherein abundant rainfall and vegetation spanned

the Sahel and most of the Sahara (e.g., Shanahan et al. 2015). Also,

interannual variations are typically amplified and agreement with

observations improved when vegetation is made dynamic (e.g.,

Zeng et al. 1999; Giannini et al. 2003). Furthermore, based on

AGCM simulations, Dong and Sutton (2015) attribute the ob-

served recovery from drought since the 1980s primarily to direct

forcing by increasing greenhouse gases rather than SSTs.
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Sahel’s hydrological and energetic responses to

warming. Following a description of the experimental

design and model attributes (section 2), we show that

the region’s hydroclimate, both in present-day control

simulations and in response to SST warming, differs

markedly between the two convective parameterizations

(section 3). Specifically, the alternate parameterization

generates shallower convection, less precipitation, and a

cooler surface in the control simulation compared to the

default parameterization and modestly increased pre-

cipitation in response to SST warming rather than severe

drying. The physical mechanisms behind these discrep-

ancies are then diagnosed through the moist static energy

(MSE) budget. The two convection schemes yield the

same leading-order balance in the region-mean MSE

budget in the control simulation (section 4), but funda-

mentally different MSE responses to SST warming (sec-

tion 5). By varying SSTs uniformly over a wide range, we

better determine the relative roles of the formulation of

the convective processes and the large-scale climate

(section 6).We conclude with discussion (section 7) and a

summary (section 8) of the results.

2. Methodology

AM2.1 (GFDLGlobalAtmosphericModelDevelopment

Team 2004; Delworth et al. 2006) uses a finite-volume,

latitude–longitude dynamical core with 28 latitude3 2.58

longitude horizontal resolution, 24 vertical levels ex-

tending to 10hPa, prescribed monthly aerosol burdens,

the LM2 land model (Milly and Shmakin 2002), and the

relaxed Arakawa–Schubert (RAS) convective parame-

terization (Arakawa and Schubert 1974; Moorthi and

Suarez 1992). RAS represents moist convection as an

ensemble of plumes originating from the boundary

layer, each detraining cloudy air only at cloud top and

entraining environmental air at all levels at a rate

computed inversely based on their buoyancy and

specified cloud-top height. The RAS implementation

in AM2.1 uses the minimum-entrainment parameter of

Tokioka et al. (1988), which prohibits convection that

would otherwise have an entrainment rate lower than a

specified minimum value that is inversely proportional

to the boundary layer depth.

We create a modified version of AM2.1 by replacing

RAS with a modified version of the University of

Washington (UW) parameterization (Bretherton et al.

2004). UW represents moist convection as a single bulk

plume that entrains environmental air and detrains

cloudy air at each level as it ascends, with entrainment

inversely proportional to convective depth. This

scheme has been used in other GFDL models, both in

its original intended capacity as a shallow convective

parameterization (AM3; Donner et al. 2011) and as the

parameterization for all convection (HiRAM; Zhao

et al. 2009; Zhao 2014). We use the same settings for

UW as in its implementation in HiRAM, including a

reduction in entrainment over land necessary to gen-

erate adequate convective continental precipitation.

We use a value of 0.5 for this land–ocean entrainment

ratio, the same as that used byHiRAMwhen run at this

horizontal resolution; for reference, HiRAM uses a

value of 0.75 when run at 50-km resolution and a value

of 1.0 at 25-km resolution [see Fig. 1 and corresponding

text of Zhao et al. (2009)]. The convective parame-

terization is the sole difference between the two model

variants. UW was chosen as the alternative parame-

terization based on preliminary results in HiRAM that

showed large differences compared to AM2.1 in the

rainfall response to SSTwarming. For the remainder of

this paper, we use the acronyms RAS and UW to refer

to the respective model variants in addition to the

parameterizations themselves.

We perform control and perturbation simulations in

both RAS and UW. The control simulation comprises

present-day climatological annual cycles of SSTs and

sea ice repeated annually, the SSTs computed over

1981–99 from the NOAA Optimal Interpolation

dataset (Reynolds et al. 2002). In the perturbation

simulation, 2K is added uniformly to the SSTs. Con-

centrations of greenhouse gases and aerosols are fixed

at present-day values in all simulations in order to

isolate the role of SST warming. The simulations span

31 years, with averages taken over the last 30. All

values presented are averages over the rainy season of

July through September. Region averages are based on

land points within 108–208N, 188W–408E, similar to that

of Held et al. (2005). Meridional dipoles and associ-

ated sharp gradients within the Sahel in many terms

complicate the interpretation of region-mean quanti-

ties, and we therefore note for region-mean values the

extent to which they reflect in-region cancellation.

We use data on the model’s native hybrid sigma-

pressure coordinates (Simmons and Burridge 1981)

postprocessed to a regular latitude–longitude grid, and

this horizontal interpolation step is known to generate

spurious mass and energy imbalances (despite retaining

the native vertical coordinates; cf. Neelin 2007). As such,

in appendix A we present an adjustment method based

on those of Trenberth (1991) and Peters et al. (2008) that

imposes nearly exact closure of the column-integrated

budgets of conserved tracers, and in appendix B we

detail the computation procedures for all MSE budget

terms, including the application of this adjustment

method to MSE. The adjusted column MSE budget

terms are computed using 3-hourly instantaneous data;
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other fields are computed from time series of monthly

averages.

3. Precipitation and surface climate

Figure 1 shows precipitation in the control simulations

as gray contours, and Table 1 lists Sahel region-mean

values of precipitation, surface temperature, and other

surface climate fields. The Sahel region-mean pre-

cipitation is 4.0mmday21 in RAS and 2.6mmday21 in

UW, a large discrepancy that mostly reflects lower pre-

cipitation rates in UW in the southern Sahel. This

comparative dryness in UW occurs over most land (not

shown), as the UW parameterization is less effective

thanRAS at generating continental convection. Region-

mean values of evaporation (E) are more similar than

precipitation (P) in the control simulation (2.3 and

2.4mmday21 for evaporation in RAS and UW, re-

spectively; Table 1). As a result, precipitation minus

evaporation (P2E) is 1.7mmday21 in RAS but only

0.3mmday21 in UW in the control simulation, near the

lower limit for a land region of zero (since subground

horizontal moisture transport is negligible on spatial

scales larger than individual catchments, evaporation

cannot exceed precipitation on climatic time scales).

Near-surface relative humidity is also lower in UW

(Table 1); by all of these measures the control Sahelian

climate is more arid in UW than in RAS. Precipitation

compares more favorably with observations in RAS

than in UW (not shown); however, fidelity to obser-

vations in control simulations within the region is

known to be a poor predictor of a GCM’s precipitation

response in twenty-first-century simulations (Cook

and Vizy 2006).

The precipitation responses to 2-K SST warming in

RAS and UW are shown in Fig. 1, normalized by the

Sahel region-mean precipitation in their respective

control simulations. As documented by Held et al.

(2005), rainfall decreases sharply over most of the Sahel

in RAS, by 40% (1.7mmday21) in the region average.

This is part of a larger spatially coherent drying, with

even greater precipitation decreases just to the

east (over the southernArabian Peninsula andRed Sea)

and west (over the Atlantic Ocean). For context, pre-

cipitation reductions in excess of 4mmday21 occur in

several grid points within this band and nowhere else

globally. Also, P2E declines sharply (by 1.3mmday21).

In sharp contrast, precipitation increases modestly over

most of the Sahel in UW, by 6% (0.2mmday21) on av-

erage, although a slightly larger increase in evaporation

causes P2E to decrease.

The total precipitation in each grid cell of a GCM is

the sum of the precipitation generated by the con-

vective parameterization and by the large-scale cloud

parameterization, and Table 1 lists the precipitation

originating from each for each simulation. In RAS com-

pared to UW, less of the precipitation is generated by the

large-scale parameterization, in both absolute and frac-

tional terms (Table 1). With 2-K SST warming, in RAS

both precipitation types decrease, whereas in UW con-

vective precipitation increases by 0.4mmday21 while

large-scale precipitation decreases by 0.2mmday21. We

FIG. 1. Difference in precipitation between the uniform 2-K SST

warming and present-day control simulations, normalized by the

control simulation Sahel region-mean value and therefore unitless

(shaded contours), and precipitation in the control simulation, with

contours starting at 3mmday21 and with a 3mmday21 interval

(gray contours), in (a) RAS and (b) UW. In this and subsequent

figures, latitude tick marks span from the equator to 308N in 108

increments, longitude tick marks span from 408W to 608E in 208

increments, blue boxes delineate the boundaries used to compute

Sahel region-mean values, and values printed in the top left of each

panel are the Sahel region-mean values of the field in shaded

contours (in this case the precipitation response).

TABLE 1. Sahel region-mean values of, from left to right: total

precipitation, precipitation from the convective parameterization,

precipitation from the large-scale condensation scheme, evapora-

tion, precipitation minus evaporation (all mmday21), surface air

temperature (K), and relative humidity 2m above the surface

(percent) for the control simulation, 2-K SST warming simulation,

and their difference, in both model variants.

Model Run P Pconv Pls E P2E Ts RH2m

RAS Control 4.0 3.7 0.2 2.3 1.7 300.9 64

12K 2.3 2.2 0.1 1.9 0.4 305.5 52

difference 21.7 21.5 20.1 20.4 21.3 14.6 212

UW Control 2.6 1.9 0.7 2.4 0.3 299.5 59

12K 2.8 2.4 0.5 2.6 0.2 302.2 56

difference 10.2 10.4 20.2 10.2 20.1 12.7 23

5640 JOURNAL OF CL IMATE VOLUME 30

Brought to you by Columbia University | Unauthenticated | Downloaded 10/12/21 02:46 PM UTC



return to the disparate responses to SST warming in UW

between convective and large-scale precipitation and

between precipitation and P2E in section 6.

Figure 2 shows surface air temperature in the control

simulation and the responses to 2-K SST warming. The

Sahel is 1.5K warmer in the control simulation in RAS

than in UW, which reflects greater low cloud cover

in UW (not shown). SST warming generates land-

amplified surface air warming in both model variants,

but in RAS the Sahel warming is a global maximum:

warming exceeds 6K over much of the Sahel, with a

maximum of 9.0K in the eastern Sahel, and does not

exceed 6K anywhere outside the region (not shown). In

UW, Sahel surface warming is unexceptional, with a

region mean of 2.7K. Near-surface relative humidity

decreases sharply in RAS, from 64% to 52%, and more

modestly in UW, from 59% to 56%.

Given the precipitation responses in each model var-

iant, the corresponding surface temperature and relative

humidity responses are consistent with theoretical ex-

pectations. Under global warming, surface warming is

land amplified in both transient and equilibrium

contexts (Byrne and O’Gorman 2013a,b). Combined

with modest global mean and ocean-mean relative hu-

midity change, this land-amplified warming causes rel-

ative humidity over land to decrease. Largely as a result,

terrestrial aridity (defined, e.g., as the ratio of pre-

cipitation to potential evapotranspiration) generally

increases at low and middle latitudes (Scheff and

Frierson 2014; Sherwood and Fu 2014; Scheff and

Frierson 2015). As such, in global warming simulations

changes to precipitation and surface temperature over

tropical land are anticorrelated (Chadwick 2016), and

most of the land regions that warmmore than the global

land average are semiarid regions in which precipitation

has decreased (Berg et al. 2015).

4. Moist static energy budget in the control

simulations

a. Existing theory

The column-integrated MSE budget succinctly en-

capsulates the character of tropical circulations and is

FIG. 2. As in Fig. 1, but for surface air temperature. Difference in surface air temperature

between the uniform 2-K SST warming and present-day control simulations (in K; shaded

contours), and surface air temperature in the control simulation, with contours values printed

(in K; gray contours), in (a) RAS and (b) UW.
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ubiquitous in investigations of how those circulations

respond to climatic perturbations. Denoting MSE by h,

then h[ cpT1 gz1Lyqy 2Lfqi, where cp is the specific

heat of air at constant pressure,T is temperature, g is the

gravitational constant, z is geopotential height, Ly is the

latent heat of vaporization of water, qy is specific hu-

midity, Lf is the latent heat of fusion of water, and qi is

specific mass of ice. MSE therefore comprises potential

energy and sensible and latent enthalpy while neglecting

kinetic energy. Denoting column-mass integrals with

curly brackets (f�g[
Ð ps
0
�(dp/g), where ps is surface

pressure), time averages with overbars, and deviations

from the time-average with primes, the time mean,

column-integrated MSE budget may be expressed as

›

›t
fE g1 fv � =

p
hg1

�

v
›h

›p

�

1= � fh0v0g’F
net

, (1)

where E [ cyT1 gz1Lyqy 2Lfqi is internal plus po-

tential energy, cy is the specific heat of air at constant

volume, v is horizontal velocity, =p is the horizontal di-

vergence operator at constant pressure, and Fnet is the

net energetic forcing. Fnet comprises top-of-atmosphere

(TOA) and surface radiative fluxes (Rt and Rs, re-

spectively) and surface turbulent fluxes of sensible (H)

and latent enthalpy (LyE, where E is evaporation; all

signed positive directed into the atmosphere):

F
net

[L
y
E1H1R

t
1R

s
. (2)

Notably, convective diabatic moistening and heating

terms that appear (often with large magnitude) at in-

dividual levels must cancel in the column integral, one

of the key draws of (1). For land, the small heat ca-

pacity renders the net surface energy flux zero on cli-

matic time scales, and therefore the net energetic

forcing Fnet reduces to the top-of-atmosphere radiative

flux Rt. Conceptually, energetic input into the atmo-

spheric column through its upper and lower bound-

aries must be balanced by some combination of

column-integrated time-mean horizontal MSE advec-

tion (fv � =phg, typically dominated by the large-scale

rotational flow), column-integrated time-mean vertical

MSE advection (fv›phg, inherently due to the di-

vergent flow), and column-integrated transient eddy

MSE flux divergence (= � fv0h0g), less any change in

column-integrated total internal energy ð›tfE gÞ. See

Hill (2016) and references therein for discussion of the

approximations implicit in (1).

The classical picture of a tropical convecting region

comprises positive energetic forcing balanced by the

time-mean divergent circulation, Fnet ’ fv›phg: con-

vergence ofmass andMSE in the boundary layer, deeply

penetrating moist convection, and convective outflow

near the tropopause diverging mass and moreMSE than

is converged in the boundary layer (Neelin and Held

1987). However, the first baroclinic MSE profile typical

of the tropics (minimum in the midtroposphere) renders

the MSE export by the divergent circulation sensitive to

the depth of the convection—if sufficiently shallow, the

divergent circulation actually imports MSE in the col-

umn integral. On the time scale of a convective life cycle,

this transport of moisture and MSE into the free tro-

posphere by shallow convection conditions the column

for subsequent deep convection (e.g., Wu 2003; Inoue

and Back 2015). On climatic time scales, this must be

balanced by MSE export through some combination of

transient eddies and the time-mean horizontal flow (e.g.,

Back and Bretherton 2006; Bretherton et al. 2006).

b. Results

1) RAS

Figure 3 shows the column-integrated MSE budget

terms in the control simulations. In all panels, red shades

signify import of MSE (i.e., positive Fnet values and neg-

ative transport termvalues) and blue shades signify export

of MSE (i.e., negative Fnet values and positive transport

term values). In and near the Sahel, the MSE budget

varies markedly with latitude. The southern Sahel and

equatorial Africa conform to the classical picture of

tropical convecting regions: large energetic forcing

(;100Wm22; Fig. 3a) balanced primarily byMSE export

by the time-mean divergent circulation (Fig. 3e).3Moving

northward, while the energetic source term remains

mostly positive within the Sahel, the divergent circulation

term becomes steadily more negative, yielding net MSE

import over most of the northern Sahel (;70Wm22),

where presumably much of the convection is dry. The

combined positive energetic inputs by the forcing and

divergent circulation in the northern Sahel are balanced

by large magnitude export of MSE by the time-mean

horizontal flow (;100Wm22; Fig. 3c).

Figure 4 shows MSE and horizontal wind at two

model levels, in the boundary layer andmidtroposphere,

respectively. In RAS, boundary layer MSE (Fig. 4a) in

the southern Sahel and equatorial Africa is high and

fairly homogeneous, a structure that fuels deep con-

vection while curtailing horizontal MSE advection

(Sobel 2007). The meridional MSE gradient is sharp in

the northern Sahel, which is dominated by the meridi-

onal moisture gradient (the temperature gradient

3Large horizontal and vertical advection values in the far

southeastern Sahel stem from the topography of the Ethiopian

highlands.
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slightly counteracts this), and this is acted on by north-

erly winds to yield strong MSE export. In the mid-

troposphere (Fig. 4c), horizontal MSE gradients are

weaker and the flow is more zonal and uniform than in

the boundary layer, leading to little net horizontal MSE

advection at this level. Consequently, the column-

integrated horizontal MSE advection is dominated by

the lower troposphere—as indicated by Fig. 5, which

shows the Sahel region-mean vertical profiles of the net

energetic forcing and time-mean horizontal and vertical

advection terms—and by meridional (rather than zonal)

advection (not shown).

Largely opposing the time-mean horizontal circula-

tion, the time-mean divergent flow (Fig. 5c) imports

MSE at lower levels and exports it above. Figure 6 shows

the region-mean profiles of vertical velocity and moist

static stability. Ascent occurs throughout the tropo-

sphere and acts on negative values of moist static sta-

bility above, and positive values below, ;700 hPa,

consistent with Fig. 5c.

Table 2 lists the Sahel region-mean column-integrated

MSE budget terms. Because of the meridional cancel-

lation of the time-mean vertical advection term, the

leading-order balance is of net energetic forcing

(51.4Wm22) balanced by export of MSE by the time-

mean horizontal circulation (35.6Wm22). Time-mean

vertical advection contributes only 2.6Wm22 and tran-

sient eddies a nonnegligible 15.4Wm22. The meridional

dipole of the transient eddy MSE flux divergence

(Fig. 3g) presumably reflects northward moisture

transport by African easterly waves, which track the

sharp meridional gradient in soil moisture that spans the

FIG. 3. Terms of the control simulation column-integratedMSE budget in (left) RAS and (right) UW (inWm22;

shaded contours): from top to bottom, net energetic forcing, time-mean horizontal advection, time-mean vertical

advection, and eddy flux divergence. The color bar corresponds to the three transport terms, for which red shades

denote import (negative values), and blue shades export (positive values), of MSE. For the net energetic forcing

term, the sign is opposite to the color bar, with red (blue) shades denoting positive (negative) net energetic forcing

values. With these conventions, for all terms red shades can be thought of as representing a gain, and blue shades

a loss, of energy. The gray contour in all panels is the zero contour of the time-mean vertical advection. The storage

term (›tE ) is omitted. It is the smallest magnitude term and does not factor into the response appreciably. Values in

the top-left corner of each panel are the Sahel region-mean values, in Wm22.
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width of the Sahel (e.g., Thorncroft et al. 2008, and

references therein). The budget residual is a negligible

0.3Wm22, reflecting the adjustment applied to impose

near-exact closure. The overall meridional structure

within the region of each MSE budget term and of

precipitation is slightly tilted, northwest to southeast.

This likely reflects the wettening effect of the West Af-

rican monsoon in the western Sahel, although there is

also a zonal component with westerly onshore flow

spanning the Sahel’s western edge.

2) UW

In UW, the column-integrated net energetic forcing

(Fig. 3b) spatial structure is similar to that of RAS, but

within the Sahel values are generally smaller; the re-

gion mean is 33.8Wm22. This arises from the cooler

surface and more extensive low cloud cover in UW,

which respectively yield less net emission of longwave

radiation and less absorption of shortwave radiation

(not shown). Export of MSE by horizontal advection

spans most of the Sahel (Fig. 3d), 24.7Wm22 on av-

erage, yielding the same leading order region-mean

balance as in RAS, Fnet ’ fv � =hg. The horizontal flow

is largely similar in both the boundary layer and mid-

troposphere to RAS (Figs. 4b and 4d, respectively),

but MSE values and their meridional gradient at both

levels are weaker in UW than in RAS. Modest MSE

import in the midtroposphere in UW arises from

easterly wind acting on a modest zonal MSE gradient

in the eastern Sahel.

Unlike RAS, convection is sufficiently shallow that

vertical advection imports MSE in the column integral

throughout nearly the entire Sahel (Fig. 3f), 8.6Wm22

in the region mean. This discrepancy primarily stems

from much weaker upper-tropospheric ascent in UW

(Fig. 6), an intuitive result in a convecting region given

that UW is a less active parameterization than RAS.

Also, contrary to classical expectation, vertical MSE

advection does not track the near surface MSE maxi-

mum: the former is positive only within equatorial Af-

rica, in which (unlike RAS) MSE values are low. The

eddy flux divergence (Fig. 3h) resembles that of RAS,

with a region-mean value of 19.3Wm22 export. The

region-mean profiles of the net energetic forcing and

time-mean advection terms (Figs. 5d–f) are each quali-

tatively similar to their RAS counterparts, with vertical

advection in UW reflecting shallower convection and

associated overturning circulation.

5. Moist static energy budget responses to SST

warming

In this section, we argue that the changes in the

MSE budget that distinguish RAS from UW most

importantly are in the midtroposphere. The dominant

change at these levels in RAS is increased MSE loss

due to horizontal advection, driven primarily by the

enhancement of the prevailing meridional MSE gra-

dient (Boos and Hurley 2013). This is balanced by

anomalous midtropospheric subsidence and the re-

sulting adiabatic warming, with little net energetic

forcing response. Both the thermodynamic increase in

the cooling due to horizontal advection and the dy-

namic increase in subsidence warming are smaller in

UW. Of direct relevance to this behavior is the ‘‘up-

ped ante’’ mechanism (Neelin et al. 2003; Chou and

Neelin 2004), wherein under global warming pre-

cipitation on convective margins is suppressed

FIG. 4.MSE in the control simulation, divided by cp such that units areK (shaded contours), and horizontal wind, in

m s21 (arrows) at the model levels corresponding roughly to (top) 925 hPa and (bottom) 520 hPa, in (left) RAS and

(right) UW.
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by inflow acting on enhanced prevailing moisture

gradients.

a. RAS

Figure 7 shows the responses of each column-integrated

MSE budget term to the 12-K SST perturbation, and

Table 2 lists the Sahel region-mean responses and 12-K

simulation values. In RAS, the largest responses are of the

time-mean advection terms and occur primarily near and

just north of the climatological fv›phg5 0 isoline that

roughly bisects the Sahel. Specifically, MSE export by

horizontal advection is strongly enhanced (Fig. 7c; region

mean120.0Wm22), balanced by anomalousMSE import

by the time-mean divergent circulation (Fig. 7e; region

mean215.9Wm22). Based on the region-mean profiles of

the anomalous advection terms shown in Fig. 5, these

column-integrated responses reflect consistent behavior

throughout the free troposphere for both terms. The net

energetic forcing (Fig. 7a; region mean 10.9Wm22) and

eddy flux divergence (Fig. 7g; region mean 22.8Wm22)

responses are comparativelymodest, comprisingmoderate

magnitudes oriented in a meridional dipole that largely

cancel in the region mean. For eddies, this is primarily in

the eastern Sahel and reflects the aforementioned local

southward shifts of the temperature and moisture gradi-

ents. The anomalous time-mean vertical advection also

exhibits a meridional dipole, despite its large region-mean

value, and its location relative to the climatological zero

line reflects a southward shift of the latter.

We next investigate the mechanisms that give rise

to the leading-order balance between the anomalous

time-mean advection terms. In addition to the control

simulation values already discussed, Fig. 6 also includes

region-mean profiles of the vertical velocity and moist

static stability in the 2-K warming simulation and the

differences with the control simulation. Ascent is dras-

tically reduced throughout the free troposphere and

slightly enhanced in the boundary layer, which amounts

to a severe shallowing of convection. This dominates

over modest moist static stability responses, which we

show by decomposing the horizontal and vertical MSE

advection responses into dynamic, thermodynamic, and

FIG. 5. Sahel region-mean profiles of (left) the net energetic forcing term, (middle) time-mean horizontal MSE advection, and (right)

time-mean vertical MSE advection, for the control simulation (blue curve), the 2-K SST warming simulation (red curve), and their

difference (dashed gray curve), in (top)RAS and (bottom)UW, in J kg21 s21. The two advection terms are signed such that positive values

denote export of MSE. The advection terms are computed using monthly data with no column adjustment applied. Vertical advection is

computed explicitly using model outputted v and h rather than as a residual.
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covarying components that arise respectively from the

anomalous flow, from the anomalousMSE, and from the

covariance of these two anomaly fields [i.e., for vertical

advection, d(v›ph)5 (dv)›ph1v(d›ph)1 (dv)(d›ph)].

The thermodynamic term includes the full response of

MSE (i.e., it does not assume fixed-relative humidity).

The Sahel region-mean profiles of these terms are shown

in Fig. 8 and column-integrated values in Fig. 9. For

vertical advection, the dynamic term is dominant

throughout the free troposphere and in the column in-

tegral. In the northern Sahel, the combination of mod-

erate anomalous ascent in the boundary layer, anomalous

descent in the free troposphere, and reduced relative

humidity and precipitation suggest increased dry con-

vection. In the southwestern Sahel, MSE export through

vertical advection actually increases, despite pre-

cipitation decreasing sharply (Fig. 1a).

The time-mean horizontal MSE advection response in

RAS primarily reflects the drying influence of an in-

creased meridional MSE gradient spanning the Sahel.

Figure 10 shows the responses of MSE and horizontal

wind at the same midtropospheric and boundary layer

levels shown in Fig. 4. At both levels,MSE increases more

in equatorial Africa than surrounding regions, including

FIG. 6. Sahel region-mean profiles of (left) vertical velocity, in hPa day21, and (right) moist static stability, in

J kg21 Pa21, for the control simulation (blue curve), the 2-K SST warming simulation (red curve), and their dif-

ference (dashed gray curve), in (top) RAS and (bottom) UW. The dotted gray curve in (a) and (c) is the ap-

proximation for dv given by (3), computed at each grid point and month excluding where j›phj, 0:05 J kg21 Pa21

before temporally and regionally averaging. Positive values ofv signify descent, and positive values of ›h/›p signify

that MSE is increasing with pressure, i.e., decreasing with height. Thus signed, the vertical advection term is ex-

porting MSE when v and ›h/›p are of the same sign.
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the Sahel and the SaharaDesert. This anomalous gradient

predominantly reflects differential increases in water va-

por that arise from mean warming. Figure 11 shows the

control and response values in both model variants of the

column-integrated water vapor throughout the tropics. As

expected, relative humidity variations on a tropics-wide

scale are modest (not shown), and thus column water

vapor increases almost everywhere and generally more in

regions where it is climatologically large.

The thermodynamic term dominates the region-mean

anomalous MSE export in the free troposphere (Fig. 8a)

and yields column-integrated MSE export over most of

the Sahel except the far west and east (Fig. 9a)—we re-

turn to the boundary layer and northeastern Sahel re-

sponses further below. Combined with the dominance of

the dynamic component of vertical advection in the free

troposphere (Fig. 8b) and a modest net energetic forcing

term response above;700hPa (Fig. 5b), the leading-order

balance at these levels is v � d=h’ (dv)›ph. Rearranging

this yields an approximate diagnostic for the anomalous

ascent profile in the free troposphere:

dv’2
v � d=h

›
p
h

. (3)

Figure 6a shows the anomalous vertical motion pre-

dicted by (3) for RAS. To avoid unphysical values near

where the denominator vanishes, we exclude locations

and months where j›phj, 0:05 J kg21Pa21 before tem-

porally and regionally averaging; the value of 0.05 was

FIG. 7. As in Fig. 3, but with shaded contours denoting the 12-K minus control values. Note that the contour

spacing is slightly smaller than in Fig. 3. Similar to Fig. 3, for all panels red shades can be thought of as representing

anomalous import, and blue shades anomalous export, of energy.

TABLE 2. Terms of the Sahel region-mean column-integrated

MSE budget, in Wm22, for the control simulation, 2-K SST

warming simulation, and their difference, in both model variants.

Model Simulation Fnet fv � =hg

�

v
›h

›p

�

= � fh0v0g
›fE g

›t

RAS Control 51.4 35.6 2.6 15.4 21.9

2K 52.3 55.5 213.2 12.6 22.4

2K 2 Control 10.9 120.0 215.9 22.8 20.4

UW Control 33.8 24.7 28.6 19.3 21.5

2K 37.7 31.9 211.1 18.4 21.4

2K 2 Control 13.9 17.2 22.4 20.9 10.0
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chosen subjectively to provide the best fit. The approx-

imation captures the overall free tropospheric behavior,

including the anomalous descent peak in the mid-

troposphere. Throughout the free troposphere, the

horizontal advection anomaly is positive [d(v � =h). 0;

Fig. 8a] and the moist static stability is negative (›ph, 0;

Fig. 6b). Therefore, anomalous descent (dv. 0) is re-

quired for the budget to balance. In themidtroposphere,

the moist static stability approaches zero, and as such

balancing the increased dry advection requires espe-

cially large anomalous descent. Suppressed convective

precipitation is the straightforward hydrological conse-

quence of this anomalous subsidence.

We now return to the horizontal MSE advection re-

sponse in the boundary layer, which is dominated by the

response in the northeastern Sahel. Clausius–Clapeyron

scaling cannot account for the decreases in column-

integrated water vapor in RAS in this region—the only

region worldwide where column water vapor decreases

(Fig. 11a). This is coincident with large magnitudes in the

covarying term of the horizontal advection response

(Fig. 9e) and anomalous MSE import from the thermo-

dynamic component (Fig. 9a). In short, these large co-

variance values reflect a runaway drying and warming

response: local surface warming (Fig. 2a) caused by pre-

cipitation loss creates an anomalous heat low circulation

(Fig. 10a), whose boundary layer inflow is primarily

northerly and thus imports even more dry Saharan air,

amplifying the drying signal (the compensating mid-

tropospheric anticyclonic outflow can be seen in Fig. 10c).

FIG. 8. Profiles of Sahel region-mean values of the 2-K SST warming full response (red curves), and its de-

composition into thermodynamic (dashed yellow curves), dynamic (dash-dotted brown curves), and covarying

(dotted gray curves) components, for (left) horizontal advection and (right) vertical advection, in (top) RAS and

(bottom)UW, in J kg21 s21. Sign conventions are the same as for the transport terms in Fig. 5, namely, with positive

values signifying export of MSE.
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The thermodynamic term behavior locally reflects cli-

matological boundary layer flow from the southwest

(Fig. 4a) acting on the anomalous MSE gradient.

Combining the thermodynamic and covarying compo-

nents locally, the increased meridional MSE gradient

ultimately drives the drying as in the rest of the

northern Sahel.

In summary, increases in water vapor that roughly

scale with their climatological values creates an anom-

alous MSE gradient spanning from equatorial Africa to

the Sahara Desert, which, acted on by climatological

northerly wind, dries out the Sahel. This inhibits moist

convection and its attendant precipitation, and the

resulting convective shallowing generates anomalous

FIG. 9. Decomposition of the (left) horizontal and (right) vertical advection responses in the 2-K SST warming

simulation (shaded contours) into (top) thermodynamic, (middle) dynamic, and (bottom) covarying components. All

panels are for RAS. Gray contour is the same as in Fig. 3. For expediency, these computations are performed using

monthly time series without the column budget adjustment, as detailed in appendix B. As in Fig. 7, for all panels red

shades can be thought of as representing anomalous import, and blue shades anomalous export, of energy.

FIG. 10. As in Fig. 4, but for the response in the 2-K SST warming simulation. Responses to 2-K SST warming of

MSE, divided by cp such that units are K (shaded contours), and horizontal wind, in m s21 (arrows), at the model

levels corresponding roughly to (top) 925 and (bottom) 520 hPa, in (left) RAS and (right) UW. Note the difference

in wind scale compared to Fig. 4.
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MSE import that largely balances the horizontal signal. In

the northeastern Sahel, this overall mechanism effectively

runs away. This mechanism of the increased moisture

gradient generating anomalous free tropospheric sub-

sidence is essentially a manifestation of the upped-ante

mechanism described above (Chou and Neelin 2004), but

with the center of action being the free troposphere rather

than the boundary layer; note that the region mean me-

ridional winds are southerly in the boundary layer and

northerly above to at least 300hPa (Figs. 12b,e).4

b. UW

Like RAS, the largest term in the Sahel region mean

anomalous column MSE budget is the time-mean hori-

zontal advection (7.2Wm22; Table 2). The profiles of

both anomalous time-mean advection terms inUW—and

their contributions from the thermodynamic, dynamic,

and covarying terms—resemble smaller-magnitude ver-

sions of their RAS counterparts (Figs. 5, 6, 10, and 8),

including the dominance of the thermodynamic compo-

nent of the anomalous horizontal advection in the free

troposphere. Being much smaller in UW than RAS, it

requires less compensating subsidence and thus poses a

smaller drying influence, most notably in the midtropo-

sphere, where, like RAS, moist static stability is smallest

and therefore ascent must be largest to generate a given

vertical MSE advection value. Therefore, understanding

the difference in the midtropospheric MSE gradient re-

sponses is crucial.

Figure 12 shows the control, 12K, and response pro-

files inRAS andUWof the Sahel region-meanmeridional

MSE gradient, as well as zonal wind and meridional wind.

Whereas the horizontal wind fields are largely similar

across RAS and UW and respond modestly, the meridi-

onal MSE gradient is enhanced more in RAS than in UW

at most levels, including the midtroposphere. Moreover,

climatologically it is larger in magnitude near the surface

in RAS and extends deeper into the free troposphere—

zero crossings in the respective model variants are ;300

and ;450hPa. These features lead to the following hy-

pothesis: because of deeper climatological convection in

the Sahel and equatorial Africa in RAS, the additional

water vapor generated by the SST warming is communi-

cated over a greater tropospheric depth inRAS than inUW

within convecting regions. This causes the increase in the

midtroposphericMSE gradient in the Sahel to be greater in

RAS, necessitating greater anomalous subsidence.

One complicating factor is the role of the net energetic

source term, which responds weakly in the free tropo-

sphere in RAS but not in UW (Figs. 5a,d). Figure 6c

shows the anomalous vertical motion predicted by (3)

applied to UW, for which it generally does a poor job,

including excessive anomalous subsidence in the free

troposphere. At these levels in UW, the net energetic

source term largely balances the anomalous horizontal

advection, thereby necessitating less sinking.

6. Uniform SST perturbations over a wide range

To further probe the relationships among the large-scale

circulation, convective formulation, and precipitation in

FIG. 11. July–September column-integrated water vapor, in kgm22, in the control (gray contours) and the re-

sponse to 2-K SST warming (shaded contours), in (top) RAS and (bottom) UW. The plotted domain is 308S–308N,

1808W–1808E.

4An analogous modification of an existing, boundary layer–

focused theory in order to account for free-tropospheric processes

is performed by Shekhar and Boos (2016), who find that the well-

known estimate for the location of the ITCZ as the latitude of the

maximumnear-surfaceMSE (Privé and Plumb 2007) is improved if

the maximum of MSE averaged upward to 500 hPa is used instead.
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the Sahel, we perform additional uniform SST pertur-

bation simulations in RAS and UW with magnitudes

62, 64, 66, 68, and 610K. In RAS, we also perform

60.25, 60.5, 61, 61.5, 63K, and 215K simulations.

Other than the SST perturbation value, these simula-

tions are identical to the present-day and 12-K simu-

lations, although for expediency the column-integrated

MSE advection terms in this section are computed di-

rectly from monthly data without the budget-closure

adjustment procedure.

Figure 13 shows, for RAS, SahelP2E as a function of

various other region-mean quantities in these simula-

tions, with each simulation’s color corresponding to

the imposed SST perturbation. Near present-day SSTs,

SahelP2E varies linearly and rapidly with global-mean

SST and local surface temperature (Fig. 13a), with an

average rate of 21.1mmday21 per K of imposed SST

warming. The responses of P2E and several other

fields taper off sharply near 1.5K cooler and 1.5K

warmer than present-day, an explanation for which we

leave for future work. Except for the very large magni-

tude SST simulations, evaporation scales linearly with

precipitation (not shown), such that P2E largely tracks

P (Fig. 13b). P2E also varies linearly with the column-

averaged relative humidity, which decreases with SST

over nearly the full range of simulations (Fig. 13c) and is

largely a positive function of column-averaged cloud

fraction and ascent (Figs. 13d,e). P2E varies mono-

tonically with the average meridional MSE gradient

(which becomes more negative with SST warming;

Fig. 13f), column-integrated horizontal MSE advection

(more positive with SST warming; Fig. 13g), and

column-integrated vertical MSE advection (more neg-

ative with SST warming; Fig. 13h). In contrast, the Sahel

region-mean energetic forcing is nonmonotonic both

with P2E and the imposed SST warming (Fig. 13i).

These results support the notion that the increasing

moisture difference between the Sahel and the Sahara

with warming constitutes the dominant drying influ-

ence in the Sahel, which for RAS manifests in all hydro-

logical quantities examined.

Figure 14 repeats Fig. 13 for UW. It can be seen that

P2E decreases monotonically with SST (Fig. 14a) and

varies with most fields in largely the same manner as in

FIG. 12. Sahel region-mean profiles of (left) zonal wind (in m22), (middle)meridional wind (in m22), and (right) meridionalMSE gradient

(in J kg21 s21), in (top) RAS and (bottom) UW.
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RAS: P2E decreases with the Sahel–Sahara MSE dif-

ference (Fig. 14f) and horizontal MSE advection

(Fig. 14g) and increases with vertical MSE advection, rel-

ative humidity, cloud fraction, and ascent (Figs. 14c,d,e,h).

However, column-average ascent and column-integrated

verticalMSE advection vary over amuch narrower range

in UW than in RAS, despite similar ranges in all other

fields. Energetic forcing responds more clearly in UW

than in RAS, increasing with warming over most of the

simulations (Fig. 14i).

Unlike P2E, precipitation decreases with SST in the

range 210 to 24K from 3.1 to 2.5mmday21 and in-

creases with SST in all warmer simulations up to

3.5mmday21 (Fig. 14b). To better understand this

FIG. 13. Sahel region-mean precipitation as a function of various other Sahel region-mean quantities in simulations in RAS over which

the uniform SST perturbation is varied from 215 to 110K. Each dot represents one simulation, with their color signifying the imposed

SST perturbation according to the color bar. The control and12-K simulations are outlined in black for ease of reference. Precipitation is

on the vertical axis in all panels, inmmday21. The quantity on the horizontal axis is printed at the top of the axis, alongwith its units. Angle

brackets denote column averages, and curly brackets denote column integrals.
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idiosyncratic precipitation behavior, we have separated

the total precipitation in each simulation as before into

contributions from the convective and large-scale

modules (not shown). Convective precipitation in

RAS and large-scale precipitation in both model vari-

ants decrease monotonically with SST (with the large

scale asymptoting toward zero at SSTs warmer than

present-day in both cases). Consequently, the relation-

ships between large-scale precipitation in UW with

other fields largely adhere to expectation, resembling

those of total precipitation in RAS and P2E in both

model variants. The large-scale cloud scheme, although

more nuanced than simply raining out moisture in ex-

cess of saturation, ultimately depends closely on relative

FIG. 14. As in Fig. 13, but for UW; P2E in simulations in UW over which the uniform SST perturbation is varied from210 to110K.

Each dot represents one simulation, with their color signifying the imposed SST perturbation according to the color bar. The control

and12-K simulations are outlined in black for ease of reference; P2E is on the vertical axis in all panels, in mmday21. The quantity on

the horizontal axis is printed at the top of the axis, along with its units. Angle brackets denote column averages, and curly brackets denote

column integrals. The horizontal span of each panel is identical to the corresponding one in Fig. 13.
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humidity. Given the tendency for reduced relative hu-

midity over tropical land with warming, it is therefore

not surprising that large-scale cloud cover and pre-

cipitation decrease steadily with warming. The outlier is

the convective precipitation in UW, which increases

quite linearly with SST over the full 210- to 110-K

range, from 0.3 to 3.2mmday21, despite the various

intensifying drying influences already described.

Another idiosyncrasy in UW is that evaporation—

which increases linearly over the full 210- to 110-K

range from 1.7 to 3.5mmday21 (not shown)—increases at

an even faster rate with SSTs than does precipitation in the

present-day and warmer simulations, such that precipita-

tion increases while P2E asymptotes toward zero. As

previously noted, the expectation for a semiarid region

is for evaporation to scale with precipitation at some

fractional rate less than unity. This broadly occurs in

RAS: the reduced moisture supply from precipitation

drives reduced evaporation, and this moisture limita-

tion dominates over the countering effects of reduced

relative humidity (which increases the evaporative

demand) and cloud cover (which increases the net ra-

diation impinging on the surface). Note that the land

model formulation is identical in the two model vari-

ants. This may relate to the response of the convective

moistening term within the boundary layer (not

shown): in UW, at least for the 12-K case, SST

warming generates anomalous convective drying in the

boundary layer; all else equal, this would increase the

evaporative demand. The response is opposite in RAS:

boundary layer convective moistening is enhanced with

2-K SST warming.

Overall, the results of these wide SST range simu-

lations suggest that the dominant influences on the

Sahel with SST warming with either convective pa-

rameterization are the increased moisture and MSE

differences between the Sahel and the Sahara; acted

upon by prevailing northerly flow, this enhances the

advection of dry, low-MSE air into the Sahel, driving

P2E toward its maximally dry value of zero.

However, a given increase in horizontal dry advection

generates greater anomalous descent and conse-

quently anomalous MSE import by the divergent cir-

culation in RAS than in UW, for which we have

presented an explanation for near-present-day cases

in the preceding section in terms of the horizontal

advection in the midtroposphere. As a result, in sim-

ulations with UW with SSTs close to or warmer than

present day, the overall wettening influences of SST

warming—most conspicuously increased boundary layer

temperature and moisture—counteract the drying influ-

ence within the convective parameterization, yielding

increased total precipitation.

7. Discussion

a. Potential direct influences of convective processes

on the response to ocean warming

The discrepancy between convective precipitation re-

sponses in UW and RAS warrants consideration of the

potential direct influences of the convective formulations.

Zhao (2014) makes arguments of relevance regarding

how entrainment will respond to warming in each

convective parameterization. In RAS, each plume’s

entrainment rate is computed inversely based on the

plume’s buoyancy and its specified cloud-top height. To

the extent that buoyancy [as measured by convectively

available potential energy (CAPE)] increases with

global warming (Singh and O’Gorman 2013; Seeley

and Romps 2015) this will lead to increased entrain-

ment with warming, a drying influence. Conversely, in

UW entrainment is inversely proportional to convective

depth. Given the general expectation for increased con-

vective depths with warming (Singh and O’Gorman

2012), this will reduce entrainment, a wettening influence.

Simulations with varied entrainment settings in each pa-

rameterization may clarify this issue, although resulting

changes in the large-scale circulation would need to be

taken into account. If entrainment did play a dominant

role in UW, the expectation would be for the convective

precipitation to be larger the lower the GFDL-specific

land–ocean entrainment ratio (see section 2) is; in the

limiting case of zero entrainment, the relative humidity of

the atmosphere is irrelevant, since there is no mixing.

This is qualitatively consistent with the Sahel pre-

cipitation response being more muted in the standard

resolution version ofHiRAM,which uses a larger ratio of

0.75 (not shown). However, the different resolutions also

gives rise to other potentially confounding factors.

The cloud-base mass flux closures of the two con-

vective parameterizations may also be important.

RAS uses a CAPE-based closure, and as just noted

CAPE generally increases in SST warming simula-

tions. But this would, all else equal, act to intensify

moist convection and therefore act against the simu-

lated drying and reduced convective mass flux (not

shown). The closure for UW depends on the convec-

tive inhibition and on the boundary layer eddy kinetic

energy. To our knowledge, the behavior of each of

these factors with warming is less well understood

than CAPE.

Cloud microphysical formulations may also be rele-

vant. In the implementation of RAS in AM2.1, pre-

cipitation efficiency (the fraction of cloud condensate

that is precipitated out) is fixed at 0.975 for clouds

detraining above 500 hPa and 0.5 for clouds detraining

below 800hPa (and linearly interpolated in between)
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(GFDL Global Atmospheric Model Development

Team 2004). As convection shallows, therefore, pre-

cipitation efficiency necessarily decreases, leaving more

condensate to the large-scale scheme. But as tempera-

ture increases and relative humidity decreases, the

large-scale scheme has a harder time reaching satura-

tion. All else equal, this would act to reduce the con-

vective and total precipitation. In contrast, the GFDL

implementation of UW employs simple threshold re-

moval of condensate, wherein all condensate ex-

ceeding some fixed threshold is precipitated out

(Zhao et al. 2009). This threshold is a global constant

(1 g kg21) and therefore would not contribute a posi-

tive feedback on precipitation changes like the one

just proposed for RAS.

b. Relation to prior theoretical arguments

In our simulations, anomalous drying through hori-

zontal advection in the 2-K SST warming simulation

occurs throughout the free troposphere. We have ar-

gued that the midtropospheric portion of this is most

effective at inhibiting precipitation, due to the shape of

the climatological moist static stability and assuming a

negligible response by the forcing term (which, impor-

tantly, is appropriate for RAS but not UW). This max-

imal efficacy of midtropospheric drying is qualitatively

consistent with the single column model simulations

with parameterized convection run in weak temperature

gradient mode of Sobel and Bellon (2009), wherein

precipitation is suppressed more by drying imposed in

the midtroposphere than either the lower or upper free

troposphere. However, in analogous simulations in a

cloud-resolving model, drying imposed in the lower free

troposphere is most effective at inhibiting the surface

precipitation flux (Wang and Sobel 2012). The seeming

implication is that the convective parameterizations are

insufficiently sensitive to environmental humidity. Re-

calling that in UW entrainment is artificially suppressed

over land to generate sufficient climatological continental

precipitation, this is qualitatively consistent with UW’s

response.

One potentially important difference between the two

control climates besides the Sahelian convective depths

is the near-surface MSE field. The region of large near-

surface MSE values within the Sahel is larger magni-

tude, more widespread, and more continental in RAS

than in UW. To the extent that prevailing MSE gradi-

ents are enhanced with warming (Boos and Hurley

2013), this itself would lead to greater MSE increases in

RAS than in UW.

Despite the modest changes in moist static stability in

our simulations, dry static stability does increase ap-

preciably (not shown), and prior work has argued that

increased upper-tropospheric dry static stability with

warming inhibits convection in the Sahel (Giannini

2010). This is consistent with our results. Conversely, the

strength of the Sahara heat low circulation—which nu-

merous studies argue is strengthened with warming,

thereby enhancing the monsoon flow into the Sahel

(e.g., Biasutti et al. 2009)—is not of central importance

in these simulations. Although Saharan surface warming

is modestly higher in UW than RAS, in both cases the

anomalous boundary layer flow in the northern Sahel is

northerly, opposite to the expectation if an anomalous

heat low circulation centered in the Sahara Desert was

dominant.

We find no significant role for anomalous Rossby

wave signals emanating from South Asia (i.e., the

Rodwell–Hoskins mechanism; Rodwell and Hoskins

1996) in modulating Sahelian rainfall in either model

variant. The eddy streamfunction shows no clear

anomalous Rossby wave signal emanating from South

Asia in the12-K simulations, and in RASwhile Sahelian

precipitation decreases monotonically across the wide

SST range simulations, South Asian precipitation is

nonmonotonic, with a minimum near present day and

greater values in both the warming and cooling simu-

lations (not shown).

8. Summary

Wet-season rainfall in the Sahel decreases by 40% in

response to uniform 2-K SST warming in AM2.1 when

the default RAS convective parameterization is used

but increases by 6% when the UW parameterization is

used instead. The control climate is also drier and

cooler when using UW. We attempt to understand

these sensitivities through the column-integrated

MSE budget.

In both model variants, the present-day control

simulation budget broadly comprises positive net en-

ergetic forcing balanced by horizontal advection of

dry, low-MSE Saharan air into the northern Sahel and

export of MSE by deep moist convection in the

southern Sahel, with additional region-mean MSE

export from transient eddies. In RAS, the time-mean

divergent circulation exports MSE in the southern

Sahel but imports MSE in the northern Sahel due to

the convection shallowing moving northward, leading

to a near-zero column mean MSE export through the

divergent circulation. In UW, ascent is generally

shallower, such that the divergent circulation imports

MSE throughout the Sahel. Thus, in either case the

region is far from the canonical tropical convecting

zone balance between net energetic forcing and MSE

export by the time-mean divergent circulation. The
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hydrological and thermal imprints in the control

simulations of this difference in divergent circulation

strength are less convective precipitation, more low

cloud, and cooler surface temperatures in UW com-

pared to RAS.

In RAS, the severe reduction in Sahelian rainfall with

SST warming is the hydrological imprint of a marked

shallowing of convection and of the associated divergent

circulation; these are driven by enhanced horizontal

advection of dry, low-MSE Saharan air. This leads to an

expression for the anomalous vertical motion in the free

troposphere in terms of the climatological moist static

stability and the change in the meridional gradient of

MSE. Changes in the MSE gradient are especially im-

portant in the midtroposphere, where the moist static

stability is small and therefore ascent must respond

strongly to balance a given horizontal MSE advection

anomaly. In UW, the horizontal MSE gradient is not

enhanced as much in the midtroposphere, which we

hypothesize arises from the shallower prevailing con-

vection in that model variant being less effective at

communicating aloft the oceanic boundary layer

moistening and warming.

Varying SSTs over a wide range with either con-

vective parameterization yields consistent energetic,

P2E, and large-scale precipitation responses but

differing convective and total precipitation responses:

the advection of dry, low-MSE air from the Sahara

desert is steadily enhanced with warming, but in terms

of precipitation in UW this is overcome by the broader

wettening influences in climatological convecting re-

gions that accompany SST warming. In both RAS and

UW, large-scale precipitation asymptotes toward zero

in the warmest simulations. In RAS, convective pre-

cipitation decreases with warming. In UW, increased

convective precipitation with warming exceeds the

decreased large-scale precipitation, at least for simu-

lations near present day and warmer, and evaporation

increases faster than does precipitation, leading to

P2E approaching zero. Although these idiosyncrasies

relating to convective physics in UW remain under

investigation, we expect the increased meridional

MSE gradient with warming, which stems from well-

understood physical principles, to figure centrally in

the Sahel hydrological response tomean SST change in

other models as well.
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APPENDIX A

Adjustment Method for Correcting Imbalances in

Column Tracer Budgets

a. Motivation

The interpolation ofGCMand reanalysis data from their

model-native coordinates to regular latitude–longitude

grids and/or pressure levels generates spurious imbal-

ances in the budgets of mass and other conserved

tracers (Trenberth 1991). This is especially true over

land, where topography induces sharp gradients of

surface pressure. As a result, commonly used finite-

differencing methods for the derivatives in the flux

divergence terms can yield residuals .100Wm22 at

individual grid points in the columnMSE budget. Here

we present a post hoc adjustment method that rectifies

these imbalances. It is effectively an extension of the

dry mass budget adjustment method introduced by

Trenberth (1991) and is similar to that of Peters et al.

(2008). Kidson andNewell (1977) also present a similar

method for column mass using analysis data.

b. Adjustment procedure

Neglecting diffusion, the column-integrated budget

of a conserved tracer, m, comprises time-tendency, flux

divergence, and source terms:

›fmg

›t
1= � fmvg5 S , (A1)

where curly brackets denote a mass-weighted column

integral (f g5
Ð ps
0
dp/g, where ps is surface pressure), S is

the column-integrated source minus sink, and v is the

true horizontal wind such that this equality holds ex-

actly. Using model-postprocessed data introduces a

nonzero residual, R:

›fmg

›t
1= � fmv

raw
g5 S1R , (A2)

where vraw is the unadjusted horizontal wind, which we

have assumed is the source of all error (rather than the

time tendency or source terms). Let vadj be the adjust-

ment applied to the wind, signed such that

v5 v
raw

2 v
adj

. (A3)
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Combining (A2) and (A3) yields

= � fmv
adj
g5R . (A4)

We assume that the adjustment is barotropic, such that it

can be pulled out of the column integral.We also assume

that the adjustment field is irrotational. This results in a

system of two equations,

= � (fmgv
adj
)5R,

=3 (fmgv
adj
)5 0, (A5)

which can be solved (e.g., using spherical harmonics) for

the zonal and meridional components of the quantity

fmgvadj. By subsequently dividing by fmg to get vadj and,

finally, using (A3), we arrive at the adjusted wind v that

exactly satisfies the column budget expression (A1).

c. Caveats

Importantly, this procedure will generate a horizontal

wind field that yields closure of the specified source and

time-tendency terms, whether or not such closure is

physically justified. Most significantly, if this were ap-

plied to theMSE budget using monthly-mean data, then

the resulting adjusted monthly-mean circulation would

exactly balance the energy storage and net energetic

forcing terms, with the likely false implication that

transient eddies have no contribution.

While the resulting adjusted wind field is defined at

each vertical level, the adjustment itself is barotropic

and based on column-integrated terms, and closure is

ensured only in the column integral, not at each

individual level.

APPENDIX B

Computational ProcedureUsed for Each Term in the

Moist Static Energy Budget

a. Column-integrated moist static energy flux

divergence at each time step

We apply two consecutive adjustments, first correct-

ing column total mass (dry air plus water vapor) and

then column energy. The column mass adjustment is

based on the expression

›p
s

›t
1= �

ðps

0

vdp5 g(E2P) . (B1)

This corrects for column mass imbalances exactly and

largely ameliorates column energy imbalances. We then

repeat this procedure, starting with these mass-adjusted

winds, applied to the column MSE budget

›

›t
fE g1= � fhvg5F

net
, (B2)

with symbols all defined as in the main text. We apply

this two-step adjustment to the horizontal wind field at

each time step of the postprocessed model data. The

column MSE flux divergence is then computed by

forming the MSE fluxes (hv), integrating them over the

entire column (fhvg), and then again using spherical

harmonics to compute the divergence of the column

integrals (= � fhvg). This procedure yields the column-

integrated MSE flux divergence in nearly exact balance

with the column net energetic forcing and time tendency

at each 3-hourly time step.

b. Partitioning total flux divergence into eddy and

time-mean components

From this 3-hourly adjusted column flux divergence

field, we separate the eddy and time-mean components

as standard. Namely, the adjusted winds and all other

original fields are averaged within each month, and the

column flux divergence is recomputed using these fields

to get = � fh vg. The eddy component is then computed

by subtracting the time-mean field from the full field:

= � fh0v0g5= � fhvg2= � fh vg.

c. Partitioning time-mean advection into horizontal

and vertical components

We partition the total time-mean column flux di-

vergence into horizontal and vertical advection com-

ponents by 1) explicitly computing the horizontal

advection at each level, 2) column-integrating, and

3) subtracting that integral from the timemean to get the

vertical advection as a residual. The level-by-level hor-

izontal advection computation uses the time series of

adjusted, monthly-mean horizontal winds and second-

order, upwind finite differencing. Because the data are

on the model-native hybrid pressure-sigma coordinates

(Simmons and Burridge 1981) while the budget equa-

tions require horizontal gradients on constant pressure

surfaces, additional terms are required (Peters et al.

2008):

=
p
h5=

h
h1

›h

›h
=
p
h5=

h
h2

›h

›h

b

a0 1 b0p
s

=
h
p
s
, (B3)

where the hybrid sigma-pressure model coordinates

h are terrain-following near the surface and transition

to constant pressure surfaces near the model top:

p(h, ps)5 a(h)1 b(h)ps, where a and b do not vary

horizontally or in time, a0 [da/dh, and b0 [ db/dh (see

Table 2 ofGFDLGlobalAtmosphericModelDevelopment

Team 2004).
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d. Vertical advection at individual vertical levels

To examine the vertical profile of the budget terms, we

also compute the time-mean vertical advection explicitly

at each level using second-order upwind finite differ-

encing. These are the quantities shown in all profile plots

of time-mean advection. The sum of the two explicitly

computed advection terms, column-integrated, exhibits a

region-mean residual of ;10Wm22 compared to the to-

tal time-mean flux divergence. But the overall character

and spatial patterns of the column vertical advection is

similar between the two methods.

This is why the total region-mean change differs

modestly between the previously quoted value and the

sum of the three response decomposition terms (215.9

and 218.8Wm22, respectively). Similarly, to compute

the decomposition terms only, for expediency the hori-

zontal advection is computed using monthly averaged

data, unadjusted. The results appear qualitatively in-

sensitive to this choice.

e. Time tendency and source terms

Time tendencies are computed by first integrating the

tracer over the column and then applying second-order

centered finite differencing at each time step. The source

terms are outputted directly by themodel and require no

subsequent manipulation.
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