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ABSTRACT: Projections of future West African monsoon (WAM) precipitation change in response to increasing green-
house gases are uncertain, and an improved understanding of the drivers of WAM precipitation change is needed to help
aid model development and better inform adaptation policies in the region. This paper addresses one of those drivers, the
direct radiative effect of increased CO, (i.e., the impact of increased CO; in the absence of SST warming and changes in
plant physiology). An atmosphere-only model is used to examine both the equilibrium response and the evolution of the
change over the days following the instantaneous CO, increase. In response to the direct radiative effect, WAM precipitation
increases due to a weakening of the shallow meridional circulation over North Africa, advecting less dry air into the convective
column associated with the monsoon. Changes in the shallow circulation are associated with atmospheric and surface warming
patterns over North Africa. A large-scale atmospheric warming pattern, whereby North Africa warms more than the monsoon
region, leads to a northward shift in the Saharan heat low. In response to increased precipitation in the Sahel, local soil moisture
feedbacks play a key role in determining the low-level circulation change and the location of the intertropical discontinuity.
The large-scale warming patterns over North Africa result from differing levels of constraint applied by convective quasi-
equilibrium. While this constraint acts strongly in the equatorial WAM region, preventing the region from warming in response
to the direct radiative effect, North Africa is not strongly constrained and is therefore able to warm.
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1. Introduction The full forcing of increased CO, contains a number of
direct and indirect effects that can each influence the WAM
[such as the direct radiative effect, or the indirect effects of
changing sea surface temperatures (SSTs) or changing plant
physiology]. Breaking down the full CO, forcing can simplify
the response in GCM experiments and can allow the relevant
mechanisms driving precipitation change to be identified.
Typically this has been performed using atmosphere-only
GCM (AGCM) experiments using prescribed SSTs (e.g.,
Chadwick et al. 2017, 2019; Gaetani et al. 2017). In these
experiments the direct radiative effect refers to the impact of
quadrupling CO, concentrations while keeping SSTs fixed
and only allowing the increase in CO, to be seen by the radia-
tion scheme (thus causing no change to plant physiology). In
this paper the anomalies associated with the direct radiative
effect have been calculated using the amip-4xCO2 experi-
ment. The indirect effect of increased CO, through changes in
SSTs can be isolated using experiments that apply changes to
the prescribed SSTs while keeping the concentrations of

The West African monsoon (WAM) is a large-scale atmo-
spheric circulation that is associated with the summer rainy
season over West Africa (Akinsanola and Zhou 2020).
Changes in the WAM can have particularly large socioeco-
nomic impacts due to the low adaptive capacity of the large
population and the dependence on the WAM for sustaining
rain-fed agriculture (Akinsanola and Zhou 2020; Cook and
Vizy 2019; Raj et al. 2019). With this in mind, the importance
of understanding how the WAM is likely to change is clear,
particularly in light of a changing climate. Despite this, GCM
projections in WAM precipitation remain uncertain with
potential for both large increases and decreases (Raj et al.
2019; Wang et al. 2020; Gaetani et al. 2017). The WAM pre-
cipitation response to different aspects of the increased CO,
forcing across eight CMIP6 models (Fig. 1) demonstrates this
large spread in projections. It is evident that with such uncer-
tainty in precipitation projections, adaptation policies are
likely to be poorly informed. With a large vulnerable popula- . . . .
tion (Raj et al. 2019; Barros et al. 2015; Cook and Vizy 2019) atmospherlc CQQ constant. In thls paper the anomalies assc?m-
and the potential for substantial changes to the climate, ated with a uniform SST warming have been calculated using

reduced uncertainty in model projections of WAM precipita- tl;e ar}l:1p4K exper{me.:nt. ?fcros,.s the trop 1cs,. lt. ha§ bee;n sho}\;vn
tion should be established. One way this can be achieved is thatt ?dlreCt radlz.ltlve etiect impacts p rem.pltatl(?nt rougA a
through gaining a better understanding of the factors that dynamical weakening of the large-scale circulation, causing

drive precipitation change in climate models (Chadwick et al. precipitation to decrease in regions of climatological ascent
2017) and increase in regions of climatological subsidence (Bony

et al. 2013; Xia and Huang 2017). The direct radiative effect
has also been shown to cause the precipitation to decrease
Corresponding author: Harry Mutton, hm580@exeter.ac.uk over the ocean and increase over the land whereas a uniform
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FIG. 1. West African monsoon precipitation response to different
forcings in eight CMIP6 GCMs: coupled GCM (Abrupt-4xCO2 —
piControl), direct radiative effect (amip-4xCO2 — amip), uniform SST
warming (amip-p4K — amip), and future SSTs (amip-futuredK —
amip). DRE + future SSTs refers to the sum of the direct radia-
tive effect and future SST forcing. WAM precipitation is defined
as the area average precipitation over the red box indicated in
Fig. 2 between June and August. See text for a description of the
different CMIP6 experiments.

warming of SSTs tends to increase precipitation over
the ocean but decrease over the land (Lambert et al. 2011;
Chadwick et al. 2019). Over the WAM region, it has been
shown that a uniform SST increase and the direct radiative
effect have competing influences on precipitation, with a uni-
form ocean warming causing a decrease and the direct radia-
tive effect causing an increase (Gaetani et al. 2017; Chadwick
et al. 2019). A similar style analysis is shown in Fig. 1, where
the impact of different aspects of the increased CO, forcing
on WAM precipitation in eight different CMIP6 models is
presented. Here the WAM precipitation is calculated using a
box average across the region indicated in Fig. 2. As expected
from previous work, the direct radiative effect causes an
increase in precipitation and a uniform SST warming of 4 K
causes a decrease. The future SST forcing refers to the impact
of a uniform ocean warming with an additional patterned SST
change applied; this reflects the projected SST pattern in a
future climate under increased CO,. Comparing the uniform
SST warming and future SST columns in Fig. 1, it can be seen
that the added pattern in the future SST column does not
seem to significantly modify the overall impact of changing
SSTs or the spread in projections. It is, however, important to
note that the prescribed SSTs in these AGCM experiments
are the same for each model. In the coupled models there will
be an additional degree of uncertainty stemming from the dif-
ferent SST changes in each model. Chadwick et al. (2017) and
Skinner et al. (2012) highlighted that in order to replicate cou-
pled model precipitation change patterns in atmosphere-only
models it is necessary to force each AGCM with SST pattern
change from the corresponding coupled model. This is not the
case in the AMIP-based AGCM experiments used to find the
impact of the direct radiative effect or SST changes in Fig. 1,
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FIG. 2. West African monsoon (WAM), North African (NAF), and
zonally averaged cross section areas analyzed.

which uses an ensemble mean SST pattern change for all
models. This is likely to largely explain why the coupled GCM
response in Fig. 1 is not always equal to the sum of the direct
radiative effect and the impact of a patterned SST increase.
Therefore, the amip4xCO2 and amip4K experiments used in
Fig. 1 are still likely to provide useful insight into understand-
ing different mechanisms acting within coupled GCMs and
the real world. The combination of effects was found to be rel-
atively linear across several CMIPS models (Chadwick et al.
2017), although this has not yet been quantified for the
CMIP6 models used here.

Figure 3 shows the climatological August temperature and
precipitation distribution, and the anomaly caused by the
direct radiative effect in an ensemble of eight CMIP6 models.
It is shown that climatologically, a precipitation maximum is
located at approximately 10°N. In response to the direct radi-
ative effect, this precipitation increases and shifts northward.
The climatological distribution of mass-weighted vertically
averaged temperature shows a maximum in temperature over
the Sahara and the direct radiative effect causes a warming to
the north of this climatological maximum.

Despite the increase in WAM precipitation due to the
direct radiative effect being a well-established result, the
underlying mechanism causing this is poorly understood.
Chadwick et al. (2019) demonstrated, using a set of prescribed
land experiments, where the land surface temperatures were
fixed to present-day (amip) values, that the changes in precipi-
tation and temperature seen in response to the direct radia-
tive effect are still simulated even in the absence of surface
temperature changes. This suggests that a simple picture of
differential surface warming between dry and moist regions is
not sufficient in explaining the simulated changes in precipita-
tion and temperature over northwest Africa. Chadwick et al.
(2019) hypothesized that the precipitation increase occurs as a
result of enhanced atmospheric warming over the Sahara
driving a stronger monsoonal flow. Investigating the cause of
this enhanced warming, they suggested that while moist
regions can adjust to the radiative heating through a reduction
in latent heating, dry regions cannot due to the lack of mois-
ture, and thus the drier desert region warms more. However,
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FiG. 3. CMIP6 eight-model ensemble of (a) August mass
weighted vertically averaged temperature between 850 and 250 hPa,
amip climatology (line contours), and amip-4xCO2 — amip ano-
maly (colors) (all units in K) and (b) August precipitation zonally
averaged between 10°W and 25°E (see cross section indicated in
Fig. 2), amip climatology (solid line) and amip-4xCO2 — amip
anomaly (dashed line).

both this mechanism for differential warming over Africa and
the link between the North African warming and the precipi-
tation increase are yet to be fully investigated. Merlis (2015)
investigated differential heating in response to increased CO,,
suggesting that differential heating is caused by cloud and
water vapor masking, causing anomalous energy input into
the atmosphere to be greater over drier subsidence regions
compared to moist convective regions with high cloud. In
the absence of circulation changes, this would lead to
enhanced warming over the dry subsidence regions and less
warming in convective regions (a pattern consistent with
Fig. 3).

The underlying mechanism behind the impact of the direct
radiative effect of increased CO, on the WAM is not fully
understood, despite it being a consistent response seen across
a range of CMIP6 (and CMIP5) models (Fig. 1), and having
been previously discussed by Chadwick et al. (2019) and Gae-
tani et al. (2017). A single model analysis investigating this
mechanism in more depth can help improve understanding of
the processes involved. The advantage of a single model anal-
ysis is that we are able to make use of experiments and diag-
nostics that are not part of CMIP6 but which provide valuable
additional insights. In this paper the following questions are
addressed:

e What is the underlying mechanism behind the precipitation
changes resulting from the direct radiative effect?
e What causes the warming patterns seen over North Africa?
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It will be shown that the precipitation increase resulting
from the direct radiative effect is caused by a reduction in
midlevel dry air advection into the monsoon rainband. This
results from changes in the shallow meridional circulation
responding to warming patterns over North Africa and soil
moisture feedbacks. The enhanced warming over North
Africa is shown to be enabled by a weaker constraint on
atmospheric temperature. In contrast, the WAM region,
being an area of convection and closer to the equator com-
pared to North Africa, is constrained to a greater degree by
convective quasi-equilibrium (CQE) and the weak tempera-
ture gradient (WTG) approximation, preventing the region
from warming as much. CQE theory assumes convection hap-
pens rapidly and causes the atmosphere to maintain a moist
adiabatic lapse rate. This means that in the absence of
entrainment, the temperature of the atmosphere will be gov-
erned by the temperature and humidity below the cloud base
(Emanuel et al. 1994). The WTG approximation assumes that
at low latitudes, the Coriolis parameter is small and therefore
larger temperature gradients in the free troposphere cannot
be maintained (Sobel et al. 2001).

Section 2 discusses the WAM climatology and variability,
highlighting the relevant circulations associated with the
WAM system. Section 3 describes the model and experiment
design used for the analysis and section 4 describes the meth-
ods used. Section 5 investigates the equilibrium response to
the direct radiative effect analyzing both the increase in
WAM precipitation and the northward shift. Section 6 looks
into the spinup transition toward the equilibrium response,
investigating regional-scale soil moisture feedbacks and
larger-scale differential warming patterns. Finally conclusions
are given in section 7.

2. WAM climatology and variability

Historically, monsoons have been characterized by a shift
in the prevailing wind direction and have been described as
large-scale sea breeze systems caused by differing heat capaci-
ties between the land and ocean, where the lower surface heat
capacity of the land is an important factor in causing the mon-
soon precipitation to extend farther poleward than the oce-
anic ITCZ (Zhou and Xie 2018). More recent developments
in understanding monsoon dynamics have demonstrated that
monsoons can be viewed more accurately as “a localized
extreme migration of the tropical convergence zone ... pulled
poleward over the continent” (Geen et al. 2020, p. 4). The
WAM is an example of such a system where the tropical con-
vergence zone progresses from a position over the Gulf of
Guinea during spring, inland over the continent during the
Northern Hemisphere summer. The onset of the WAM
begins near the start of May and reaches its maximum inten-
sity around the middle of August (Cook and Vizy 2019). A
schematic depicting the climatological circulation over West
Africa during the monsoon season can be seen in Fig. 4. The
WAM rainband in August is located at approximately 10°N
and is associated with the ascending branch of the Hadley cir-
culation, extending through the depth of the troposphere.
A shallow meridional circulation (SMC) extends farther
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FIG. 4. Schematic depicting the climatological circulation over
West Africa during the monsoon season.

poleward across the Sahara, with a southerly low-level flow
toward a region of low-level convergence and ascent around
17°N. This region of low-level convergence is known as the
intertropical discontinuity and is the boundary between the
moist monsoon air mass to the south and the dryer Saharan
air-mass to the north. The ascending branch of the SMC
extends to approximately 700 hPa where there is horizontal
divergence and a return northerly flow toward the monsoon
rainband. This shallow circulation is closely related to the
Saharan heat low, which is characterized by a region of large
low-level atmospheric thickness (LLAT). This causes a region
of low pressure and convergence near the surface, and a
region of high pressure and divergence at midlevels (Shekhar
and Boos 2017).

Variability in the WAM can be caused by a range of fac-
tors, such as SSTs in the tropical Atlantic Ocean (Losada et al.
2010) and the Mediterranean (Gaetani et al. 2010), midlati-
tude synoptic disturbances (Chauvin et al. 2010), and dust
emissions (Lavaysse et al. 2011). Even SSTs in the tropical
Pacific (Rowell 2001) and the Indian Ocean (Cook and Vizy
2019) have been shown to influence the WAM (Cook and
Vizy 2019; Gaetani et al. 2017; Akinsanola and Zhou 2020).
This variability is amplified by processes that occur within the
region, such as changes in soil moisture or vegetation (Zeng
et al. 1999; Giannini et al. 2003). Each of these factors affects
the WAM through various pathways, and an increase in precipi-
tation can be ultimately caused by an increase in moisture sup-
plied by the monsoonal flow, a weakening of the SMC that
tends to advect dry air into the monsoon rainband at midlevels,
or an increase in wind shear that provides more favorable con-
ditions for the organization of mesoscale convective systems
(Biasutti 2019).

3. Model and experiment design

An analysis of a single model (HadGEM2-A) forms the
basis for the majority of the results presented in this paper.
HadGEM2-A has a horizontal resolution of 1.85° longitude X
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1.25° latitude and 38 vertical model levels with most variables
provided on 17 pressure levels. A more in-depth description
of the model configuration and setup can be found in Martin
etal. (2011).

The analysis is centered around simulations as used by
Todd (2018) involving a set of experiments based on the
Atmosphere Model Intercomparison Project (AMIP; the set is
referred to herein as the amip experiments). The amip experi-
ments use prescribed SSTs set to observed values between 1979
and 2008, and atmospheric constituents are also set to historical
levels. An ensemble of seven start dumps of atmospheric state
and soil moisture are obtained from the CMIPS HadGEM2-A
(rlilpl) amip experiment on 1 August every other year
between 1986 and 1998. These start dumps provide the initial
conditions for an ensemble of model runs between 1 August
1986 and 30 December 1998. This seven member ensemble is
performed for amip and amip-4xCO2 experiments, where
amip-4xCO2 has an identical experimental setup to amip but
with CO, levels multiplied by 4 and this change in CO, only
seen by the radiation scheme. Comparing the amip and amip-
4xCO2 experiments provides an estimate of the equilibrium
response to the direct radiative effect.

In addition to this equilibrium response, a set of spinup
experiments are used to examine how the system transitions
between the amip and amip-4xCO2 equilibrium states. These
experiments branch from the seven-member amip ensemble
on three occasions (1 August 1988, 1990, and 1997). At these
times, CO, concentrations are multiplied by 4 and the model
is run for 5 months, with daily output of the variables of inter-
est (although here only the first month has been used for the
analysis). These spinup experiments are termed amip-4xCO2-
spinup. Using the seven ensemble members for each of the
three spinup branches, a 21-member ensemble is obtained.
These three time periods are also used to analyze the amip
and amip-4xCO2 experiments, allowing the different experi-
ments to be compared. This provides a 21-member ensemble
of amip, amip-4xCO2, and amip-4xCO2-spinup experiments
analyzing the month of August with seven equilibrium runs
and three occasions over which the spinup experiment is
performed.

Latitude—pressure cross sections of August meridional and
vertical winds and precipitation across West Africa, taken
from observations, the HadGEM2-A amip experiment, and
the anomaly associated with the equilibrium response to the
direct radiative effect, are shown in Fig. 5, where a zonal
mean has been taken across the blue cross section box in
Fig. 2. Comparing circulation and precipitation patterns in
HadGEM2-A to those from reanalysis and observational
datasets (Figs. 5a,b), it is shown that HadGEM2-A is able to
produce a correct circulation pattern, with both shallow and
deep circulations extending slightly less poleward compared
to the reanalysis. This shallow and deep circulation pattern is
also seen in the CMIP6 ensemble (not shown). The precipita-
tion distribution shown in Figs. 5a and 5b also shows consis-
tency between the observations and HadGEM2-A, with the
model simulating slightly less rain during August compared to
the observations. The precipitation response to the direct
radiative effect shown in Fig. 5c demonstrates consistency
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FIG. 5. August meridional circulation (arrows) and precipitation
(blue lines), zonally averaged between 10° W and 25°E (see cross
section indicated in Fig. 2) from (a) ERAS and GPCP reanalysis/
observations climatology, (b) the HadGEM2-A amip simulation,
and (c) the anomalous HadGEM2-A response to the direct radia-
tive effect (i.e., amip-4xCO2 — amip).

between HadGEM2-A and the eight-CMIP6 model ensemble
(Fig. 3b), with both an increase and a northward shift in
rainfall.

4. Methods
a. Regions

Three regions are used for the analysis, each with a longitu-
dinal range between 10°W and 25°E (Fig. 2):

e The WAM region is characterized averaging between 7°
and 15°N, capturing much of the monsoon region defined
as the area where the annual range in rainfall exceeds
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180 mm and the summer rainfall accounts for over 35% of
the total annual rainfall (Wang and Ding 2006).

e The North African (NAF) region is characterized averag-
ing between 20° and 27°N, capturing the regions of maxi-
mum tropospheric temperature and LLAT associated with
the Saharan heat low (see Figs. 3a and 9).

e zonal mean across the 10°W-25°E longitudinal range has
been calculated to produce a latitude—pressure cross sec-
tion. This is consistent with the region used by Shekhar and
Boos (2017) in their analysis of the SMC over West Africa.

b. Definitions of key quantities

The set of equations used to calculate key quantities such
as mass-weighted vertical averages, moist static energy
(MSE), horizontal divergences, and LLAT can be found in
the appendix.

5. Results: Equilibrium response

Based on the precipitation response to the direct radiative
effect shown in Figs. 3b and Sc, two aspects of the change, the
increase in WAM precipitation and its northward shift, are
considered.

a. Increase in WAM precipitation

As mentioned in section 2, an increase in WAM precipita-
tion can generally be caused through an increase in moisture
supplied by the monsoonal flow, through a weakening of the
SMC, or through changes in wind shear affecting the organi-
zation of mesoscale convective systems. Due to the coarse res-
olution of the climate models analyzed, the GCM response to
the direct radiative effect is unlikely to be caused by changes
in mesoscale convective systems since these systems will not
be resolved (Yang et al. 2019). Therefore in order to under-
stand why we see an increase in precipitation in response to
the direct radiative effect, the changes in moisture provided
by the monsoonal flow and changes in the SMC are investigated.

An increase in moisture supplied by the monsoonal flow
would enhance WAM precipitation through increased MSE
or enhanced convergence of winds at the base of the deep
convection. To investigate if this occurs in the equilibrium
response to the direct radiative effect, a cross section of clima-
tological (amip) and anomalous (amip-4xCO2 — amip) MSE
is given in Fig. 6a. Here the latitude of maximum rainfall in
the amip experiment is indicated with a vertical dashed black
line (8.5°N), the vertical dashed red line shows the latitude of
maximum rainfall in the amip-4xCO2 experiment (9.6°N),
and the vertical black dotted line shows the location of the
ascending branch of the shallow circulation (14.7°N). Climato-
logically the maximum in low-level MSE lies just north of the
monsoon rainband. From Fig. 6a it is shown that there is no
large increase in MSE at the base of the deep convection, and
at that latitude, any increase in MSE that does exist occurs at
mid- to upper levels. This suggests that changes in MSE in the
monsoon rainband may be caused by a weakening SMC,
advecting less dry air into the region, rather than an increase
in moisture supplied by the monsoonal flow at low levels.
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FIG. 6. August cross section of amip climatological (line contours) and amip-4xCO2 — amip anomalous (colors) (a)
MSE, (b) gZ,, (c) C,T, and (d) L,g (all units in J kg~ '). The location of the monsoon rainband in the amip experiment
is indicated with a vertical dashed black line (8.5°N), the vertical dashed red line shows the location of the monsoon
rainband in the amip-4xCO2 experiment (9.6°N), and the vertical black dotted line shows the location of the ascending

branch of the shallow circulation (14.7°N).

A large increase in MSE is also evident just north of the
climatological location of the ascending branch of the SMC.
Decomposing the MSE into the individual L,q and ¢,T com-
ponents [see Eq. (A2)], it is shown that changes in moisture
dominate the MSE response. It is noted that the large low-
level anomaly in MSE can be thought of more accurately as a
northward shift in the intertropical discontinuity. Since SSTs
are not warming, the moisture in each air mass is unlikely to
change much (Chadwick et al. 2016), meaning changes in
moisture are likely to be dynamically driven rather than ther-
modynamically driven (i.e., changes in moisture are caused by
shifts in the position of the intertropical discontinuity rather
than a large-scale moistening or drying of an air mass). The
cross section of ¢,T demonstrates a warming over North
Africa and a cooling at low levels between 10° and 20°N.

To investigate further the changes in the SMC, a cross
section of horizontal divergence of moisture transport in
HadGEM2 is presented in Fig. 7a. Climatologically, regions
of low-level convergence and midlevel divergence in horizon-
tal moisture transport are associated with the ascending
branch of the SMC. In response to the direct radiative effect,
both regions of low-level convergence and midlevel divergence
shift northward, indicating a northward shift in the SMC.
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A 22% reduction in divergence of moisture flux at 700 hPa
averaged between 10° and 25°N is calculated, consistent with
a reduction in dry air advection into the deep convective cell
and conducive to an increase in WAM precipitation. It has also
been shown that these changes are dynamically driven rather
than thermodynamically (Figs. 7c,e), indicating that it is a weak-
ening in circulation that is causing this response rather than a
change in the moisture. This analysis has also been performed
looking at the ensemble of eight CMIP6 models (Figs. 7b,d.f).
Again, a reduced divergence of moisture flux at midlevels in the
monsoon rainband is demonstrated (10%).

To show how the shallow circulation itself changes and how
it relates to the deep circulation, divergence of winds at 925,
700, and 200 hPa are shown in Fig. 8. Climatologically the
925-hPa convergence and 700-hPa divergence associated with
the shallow circulation can be seen around 14°-17°N and in
response to the direct radiative effect, both these features
weaken and shift northward. Again at 700-hPa averaging
between 10° and 25°N, a 36% reduction in the divergence of
winds is calculated for HadGEM?2 (indicated by the gray
shaded area in Fig. 8b), and 21% for the CMIP6 model
ensemble. The divergence at 200 hPa is associated with the
deep circulation, and in response to the direct radiative
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FIG. 7. August cross section of (left) HaddGEM2 and (right) eight CMIP6 model ensemble. (a),(b) The amip climato-
logical (black line contours), and amip-4xCO2 — amip anomalous (colors) horizontal divergence of moisture trans-
port, V, - gV (s™1). Dashed black lines indicate negative values (convergence), and solid black lines indicate positive
values (divergence). (c),(d) Dynamic component of amip-4xCO2 — amip anomalous horizontal divergence of mois-
ture transport, V;, - (g4AV). (e),(f) Thermodynamic component of amip-4xCO2 — amip anomalous horizontal diver-
gence of moisture transport, V, - (V,4Aq). As in Fig. 6, the location of the monsoon rainband in the amip experiment is
indicated with a vertical dashed black line (8.5°N), the vertical dashed red line shows the location of the monsoon rain-
band in the amip-4xCO?2 experiment (9.6°N), and the vertical black dotted line shows the location of the ascending

branch of the shallow circulation (14.7°N).

effect, this divergence strengthens, consistent with enhanced
precipitation.

Since the SMC is directly related to the Saharan heat low,
changes in LLAT are also investigated (Fig. 9). Here, a clima-
tological maximum in LLAT is seen over the central Sahara.
The anomaly caused by the direct radiative effect demon-
strates an increase in LLAT to the north of this climatological
maximum. This is consistent with the response in mass-weighted
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vertically averaged temperature presented in Fig. 3, highlighting
the fact that temperature and atmospheric thickness are very
closely related. This demonstrates how changes in temperature
over North Africa affect the Saharan heat low and thus impact
the SMC. Shekhar and Boos (2017) demonstrated using a rean-
alysis dataset that, under interannual variability, a northward
shift in the Saharan heat low is related to a weakened shallow
circulation. This is a signal that is evident in the reduction in
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midlevel (700 hPa) divergence of moisture transport shown in
Fig. 7a and the divergence of winds shown in Fig. 8.

In summary, the direct radiative effect causes changes in
temperature over North Africa. This leads to a northward
shift in the Saharan heat low and SMC. Reduced midlevel
divergence resulting from changes in the SMC advects less
dry air into the monsoon rainband at midlevels and causes an
increase in monsoon precipitation. In section 6 the causes
of these changes in temperature are investigated by analyzing
the large-scale warming patterns and the more localized
impact of soil moisture feedbacks affecting surface heat
fluxes.

b. Northward shift in WAM precipitation

The previous section addressed the mechanism leading to
an increase in WAM precipitation. However, the precipitation
response to the direct radiative effect demonstrates not only
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4xCO2 — amip anomalous (colors) low-level atmospheric thickness
(LLAT; m). Areas of white are caused by topography masking the
data.

an increase but also a northward shift. As previously stated,
climatologically, the monsoon rainband lies just equatorward
of the low-level MSE maximum (Privé and Plumb 2007; Nie
et al. 2010). Shekhar and Boos (2016) demonstrate that inte-
grating MSE between 20 hPa above the surface to 500 hPa
provides a good metric for the location of the monsoon rain-
band, again with the rainband located just equatorward of the
MSE maximum. Integrating through this depth is preferred to
other more surface based estimations since it accounts for the
effect of entrainment into the rainband at midlevels. Here a
similar method is used and the MSE has been integrated
between 925 and 500 hPa (Fig. 10). As expected, the precipi-
tation maximum lies just equatorward of the MSE maximum,
and in response to the direct radiative effect, the maximum in
MSE and precipitation both increase and shift northward.
Decomposing this integrated MSE into the individual pres-
sure levels and showing the change in surface MSE (Fig. 11),
it is possible to identify which levels of the atmosphere are
responsible for both the increase and northward shift in MSE
maximum. This decomposition is made clearer in Figs. 11f
and 11g where the magnitude of the increase and latitudinal
shift in MSE maximum is indicated for each level. The

925-500hPa MSE and precipitation
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FiG. 10. August amip (solid lines) and amip-4xCO2 (dashed
lines) mass weighted vertically averaged MSE between 925 and 500
hPa (red lines) and precipitation (blue lines), zonally averaged
between 10°W and 25°E. Vertical dashed lines show the latitude of
the maximum in MSE or precipitation.
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averaged MSE. (h) Latitudinal shift in MSE maximum at each level and in vertically averaged MSE and precipitation

(shown in Fig. 10) between amip and amip-4xCO?2.

increase in magnitude in MSE maximum is seen at all levels,
although it is larger at the mid- to upper levels compared to
the lower levels. This highlights the role that a reduction in
midlevel dry air advection and a weakened shallow circulation
has on the MSE increase. The northward shift in MSE is also
seen at all levels with a particularly large shift at 700 hPa due
to a poorly defined climatological maximum. Here the key
message is that the northward shift in the MSE maximum
occurs at the surface too and therefore the northward shift in
the full integral is not solely due to the effect of changes in

Brought to you by UK CENTRE FOR ECOLOGY & HYDROLOGY |

dry air advection, but the whole monsoon system shifting
northward.

6. Results: Spinup response

Section 5 demonstrated an equilibrium state in which
WAM precipitation increased as a result of reduced dry air
advection into the monsoon rainband at midlevels, caused by
changes in the SMC. Here, the cause of this circulation change
is investigated, and since the SMC is a thermally driven
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and 925-hPa winds (arrows).

circulation associated with the Saharan heat low, processes
that lead to temperature changes over North Africa are
analyzed.

a. Spinup transition to the 4xCO?2 state

The amip-4xCO2-spinup experiment is used to investigate
how the temperature, precipitation, circulation, and surface
heat fluxes change during the 30 days following the CO,
increase. This provides insight into how the system transitions
from the amip to the amip-4xCO?2 equilibrium states, and
indicates which processes are driving the changes. Time—
latitude plots of the variables mentioned are shown in Fig. 12,
where for each day a zonal mean across the 10°W-25°E cross
section is calculated.

The immediate response to the increase in CO, (seen on
day 0 of the experiment) is a widespread decrease in precipi-
tation across the whole monsoon region, likely due to an
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abrupt increase in atmospheric stability. Enhanced warming
over North Africa compared to the monsoon region is also
evident from day 0 and this is a feature that is discussed fur-
ther in section 6b.

The surface heat fluxes in the Sahel (a semiarid region
between approximately 13° and 17°N) are particularly sensi-
tive to changes in precipitation over the previous days (Lohou
et al. 2014). Due to the sparse vegetation cover in the region,
during the days following rainfall, evaporation directly from
the soil surface is large and the surface sensible heat flux is
suppressed. Similarly, in a dry spell, bare soil evaporation is
reduced and the sensible heat flux increases. Since plants can
access moisture from below the soil surface, transpiration is
less variable day to day. Therefore, in the more vegetated
regions (south of the Sahel), the surface heat fluxes are less
sensitive to rainfall variation. It is evident from Fig. 12 that at
Sahelian latitudes, negative precipitation anomalies are
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coincident with a decrease in latent heat flux and an increase
in sensible heat flux. This increase in sensible heat flux is
responsible for the warm temperature anomaly around days
3-7 between 13° and 17°N.

Throughout the spinup experiment, warming over North
Africa is greater than warming over the monsoon region. After
the initial precipitation decrease, this large-scale warming pat-
tern acts to shift the precipitation band farther north, a signal
that can be seen from day 6 and onward. This precipitation
increase causes the latent heat flux to increase and the sensible
heat flux to decrease, cooling the atmosphere and reinforcing
the large-scale changes in temperature gradient that are forming.
The winds over the Sahel respond to changes in this temperature
gradient and in the case of the spinup experiment, the changes
in temperature, driven by surface heat flux anomalies superim-
posed onto the large-scale warming pattern, result in a strength-
ening of the southerly winds. From day 15 onward, the wetter
conditions in the Sahel lead to a sustained increase in latent heat
flux and a decrease in sensible heat flux. The soil moisture feed-
back appears to play a key role in determining the location of
the intertropical discontinuity and the northward shift in the
SMC seen in the equilibrium response. A map of anomalous
surface sensible heat flux and anomalous 925-hPa winds from
the equilibrium experiment (Fig. 12f) demonstrates that the larg-
est wind anomalies are positioned just north of the decrease in
sensible heat flux. The changes in sensible heat flux thus act to
locally enhance the low-level meridional temperature gradient
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and thereby provide a control on the location of the circulation
response. These results are consistent with the mechanism lead-
ing to a precipitation increase discussed in section 5a.

Plots of anomalous surface heat fluxes, the meridional gra-
dient in LLAT, and 925-hPa meridional wind anomalies in
the equilibrium experiment (Fig. 13) help demonstrate the
way in which circulation responses are tied to the position of
this surface heat flux feedback. Increased latent heat flux in
the Sahel region is collocated with a decrease in sensible heat
flux. These surface heat flux changes lie just south of an
increase in LLAT gradient that is collocated with the increase
in meridional winds.

b. Large-scale warming patterns

In section 5a, it is shown that the WAM precipitation
increases due to a reduced amount of dry air advection into
the monsoon rainband at midlevels resulting from a northward
shift and a weakening of the SMC. These changes in circula-
tion are driven by warming patterns caused by the local effect
of surface heat flux anomalies over the Sahel, superimposed
onto a large-scale warming pattern where North Africa warms
more than the monsoon region. This section aims to investi-
gate the cause of this enhanced warming over North Africa.

Again, the amip-4xCO2-spinup experiment is used to inves-
tigate how the temperature anomalies form over the month
following the increase in CO, (Fig. 14b). Over this period, the
warming in the NAF region is significantly larger than in the
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spinup simulations. NAF precipitation is not indicated since both
values of climatological and anomalous precipitation in that region
are very small.

WAM region, with a p value of less than 0.001 (calculated
comparing the trend in temperature in the two regions over
the first 17 days of the experiment in each ensemble member).
As addressed in section 6a, it is noted that the warming occurs
from day 1 of the spinup experiment, whereas the precipita-
tion time series (Fig. 14a) indicates an initial decrease in
WAM precipitation. It is not until around day 16 that a sub-
stantially positive precipitation anomaly begins to form. This
result helps confirm that if a link between the precipitation
and the large-scale Saharan temperature anomaly exists, then
the temperature anomaly is likely to be causing the precipita-
tion increase rather than the other way round.

To identify the processes driving the different levels of
warming over the WAM and NAF regions, the change in tem-
perature has been decomposed into different temperature
tendency increments (Figs. 15a,b). Here only the first 17 days
of the spinup experiment have been analyzed since this is the
timeframe over which the majority of the warming occurs. In
the WAM region, since it is a region of convection, the changes
in temperature are predominantly caused by changes in con-
vective, advective, and radiative warming. Consistent with the
findings of Muller and O’Gorman (2011), the convective temper-
ature increment mirrors the advective temperature changes. The
warming due to radiation is positive throughout, associated with
the increased levels of CO,. Over the NAF region, being a dry
desert region, the changes in convective warming are small.
Instead, the changes in temperature are caused by a reduction in
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radiative cooling and advective heating. To understand why dif-
fering levels of total warming are seen between the WAM and
NAF regions, the differences between the WAM and NAF tem-
perature tendency increments have been calculated and com-
pared to the difference in total temperature tendency between
the two regions (Figs. 15¢f). If the differential warming between
the two regions occurred solely as a result of cloud and water
vapor masking, then the total temperature increment would be
expected to be well correlated with the radiation temperature
tendency increment. However, this is not the case. If Chadwick
et al.’s (2019) hypothesis for differential warming across West
Africa were true, then the total temperature tendency increment
would be expected to be well correlated with the sum of the con-
vection and radiation terms. Again, this is not true. It is found
that it is not possible to attribute the differential warming to just
one process, and the correlations between the difference in
increments and the difference in total warming are weak for
each term. These results suggest that the differential warming
occurs due to a balance between a number of different terms.

In light of these results, it is suggested that the differential
warming between the WAM and NAF regions is driven by
differing levels of constraint on atmospheric temperatures.
The WAM region, being a convective region close to the
equator, is strongly constrained by CQE theory and the WTG
approximation. In addition to this, changes in low-level tem-
perature and humidity in the WAM region are small (Fig. 6),
possibly due to SSTs remaining unchanged between the amip
and amip-4xCO2 experiment and the monsoon inflow at low
levels originating over the ocean. CQE theory suggests that in
regions of active deep convection (such as the WAM region),
the temperature of a column is set by the MSE below the
cloud base (Emanuel et al. 1994). Therefore, any free tropo-
spheric warming that occurs in such regions will be caused by
changes in MSE below the cloud base (neglecting the changes
in entrainment). Since the low-level changes in temperature
and humidity are small in the WAM region (Fig. 6), the
warming in the rest of the column is constrained to be small
too. The WTG approximation could also apply constraints to
the temperature in the WAM region. This approximation sug-
gests that free tropospheric temperature gradients in low-lati-
tude regions (where the Coriolis force is weak) are small
(Sobel et al. 2001). Therefore, the gradient in temperature
change should also be small in order to maintain this WTG.
Since the WAM region is close to the equator, the WTG
would constrain the region to warm at a similar rate to the
rest of the tropics. In contrast, the NAF region is not a con-
vective region and is farther from the equator compared to
the WAM region. Therefore, the constraints applied by CQE
theory and the WTG approximation will be weaker, enabling
the region to warm more. To demonstrate this, scatterplots of
temperature tendency due to model physics against tempera-
ture tendency due to advection have been produced for each
region (Figs. 16a,b). In the WAM region, the two terms are
strongly anticorrelated, suggesting that the advection term
responds effectively and efficiently to any warming or cooling
that occurs from the model physics and vice versa. In contrast,
the NAF region does not demonstrate this strong anticorrela-
tion and the two terms are not as well correlated. This
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FIG. 15. (a),(b) Time series of amip-4xCO2-spinup — amip anomalous vertically averaged temperature tendency
increments between 925 and 250 hPa over the (a) WAM and (b) NAF regions from the spinup simulations. “Other”
refers to the sum of boundary layer processes, stratiform precipitation, diffusion, and energy correction, all of which
are generally small. Also shown are time series of the difference in WAM and NAF anomalous vertically averaged
temperature tendency due to (c) convection, (d) advection, (e) radiation, and (f) the sum of radiation and convection.
In each time series, the difference between the WAM and NAF total temperature tendency is shown in a black line
and the correlation coefficient between the difference in total temperature tendency and each increment is indicated.

suggests that the advection and model physics terms do not
respond quickly to balance one another in this region, and
there is net warming driven by increased radiative heating
(see Fig. 15b). The strong anticorrelation in the WAM region
indicates that the temperature is constrained, whereas the
weak correlation in the NAF region indicates a lack of con-
straint on temperature. Extending this analysis to generalize
for all tropical ascent and descent regions between 0° and
30°N, this relationship is still seen, with strong negative corre-
lation between the model physics and advective terms in the
ascending regions, and a weak correlation over the descent
regions (Figs. 16¢,d). This supports the hypothesis that the
column temperature in convective regions is more highly con-
strained than in nonconvective regions in response to the
direct radiative effect of increased CO,.
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The above hypothesis relies partly on the changes in low-
level temperature and humidity in the WAM region being
small. Chadwick et al. (2016) and Byrne and O’Gorman
(2016) demonstrate that changes in surface specific humidity
over land can be determined by scaling present-day values by
the fractional change in surface specific humidity over the
oceans. In the amip-4xCO2 experiment, the SSTs remain
unchanged compared to the amip experiment, and therefore
changes in land specific humidity at the surface should be
small. To understand why low-level temperature changes are
also small in the WAM region, vertical profiles of total tem-
perature tendency over the first 17 days of the spinup run are
shown in Fig. 17. This vertical profile indicates that the warm-
ing in the WAM region is largest at midlevels and is small
near the surface. Decomposing this into different temperature
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FIG. 16. Scatterplots of mass weighted vertically averaged temperature tendency due to model physics against tem-
perature tendency due to advection for the first 17 days of the spinup experiment over (a) the WAM, (b) the NAF,
(c) all regions of ascent (defined as a region where omega is negative) between 0° and 30°N, and (d) all regions of
stronger descent (defined as a region where omega is greater than 0.015 m s~ ') between 0° and 30°N.

tendency increments, it is shown that this small level of warm-
ing occurs due to a changing balance between a number of
terms (Fig. 17b). Initially the radiative warming is small near
the surface and reaches a maximum at midlevels. Later in the
spinup experiment, the radiative warming at low levels
increases; however, the total temperature increment is still
small, since other terms have acted to balance the changes in
radiative warming. It is suggested that, similarly to the lack of
subcloud moisture increase in the WAM region, the lack of
subcloud temperature increase may also be largely due to the
absence of SST warming, which limits the temperature of the
monsoon air mass (since it originates over the ocean). How-
ever, we do not explore this in more depth here.

To conclude the analysis, it is noted that eventually the
advection term must balance the other tendency terms in the
NAF region. Analyzing the equilibrium response to the direct
radiative effect it is found that the reduced radiative cooling
of the NAF region is balanced by a reduction in advective
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heating. Climatologically, the large-scale circulation advects
air at high levels into the NAF region. This air descends and
warms, causing the climatological advective heating. In
response to the direct radiative effect, this circulation weak-
ens (see Fig. S5c, where climatological descent over latitudes
greater than 20°N is reduced) and causes the advective warm-
ing associated with the climatological subsidence to reduce.
We suggest that the NAF region must warm first in order to
weaken this large-scale circulation.

7. Summary and conclusions

Changes in WAM precipitation can have substantial
socioeconomic impacts due to the dependence of a large
population with low adaptive capacity on the rain that it
brings for sustaining rain-fed agriculture. Despite this, pro-
jections in WAM precipitation from GCMs are largely
uncertain, meaning adaptation policies are likely to be
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FIG. 17. (a) Vertical profile of amip-4xCO2-spinup — amip anomalous total temperature tendency averaged over
the first 17 days of the spinup experiment in the WAM (solid) and NAF (dashed) regions. (b) Vertical profile of amip-
4xCO2-spinup — amip anomalous temperature tendency increments averaged over the first 17 days of the spinup
experiment in the WAM region. “Other” refers to the sum of boundary layer processes, stratiform precipitation, diffu-

sion, and energy correction, all of which are generally small.

poorly informed. To address this uncertainty, AGCM
experiments can be used to simplify the response to
increased CO, by isolating different aspects of the full cou-
pled model response. In agreement with previous studies,
such a decomposition reveals that the direct radiative effect
causes an increase in WAM precipitation while the impact
of warming SSTs causes a decrease in precipitation. This
method of simplifying the response to increased levels of
CO; can help improve understanding of the processes caus-
ing precipitation changes.

Despite the increase in WAM precipitation in response to
the direct radiative effect being a well-established result, the
underlying mechanism behind this change is poorly under-
stood. Chadwick et al. (2019) suggested a mechanism by
which enhanced warming over the Sahara drives a stronger
monsoonal flow and an increase in precipitation. However,
neither the cause of the enhanced warming nor the link
between the temperature changes and the precipitation has
been fully established.

Here a single model analysis investigating the equilibrium
and spinup response to the direct radiative effect has been
performed in order to improve understanding of the mecha-
nism behind the associated precipitation changes.

a. Equilibrium response to the direct radiative effect

In response to the direct radiative effect, the WAM preci-
pitation increases due to a reduction in dry air advection
into the monsoon rainband at midlevels resulting from a
northward shift and a weakening of the SMC, caused by
changes in temperature over North Africa and the Sahel.

Shekhar and Boos (2017) previously illustrated a similar
relationship between precipitation and a weakening of the
shallow circulation using reanalysis and observational data on
interannual time scales. They demonstrated that Sahel precip-
itation was well correlated with a northward shift and a weak-
ening of the shallow circulation. The results of this paper
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demonstrate that that the anomalies in temperature, humidity
and circulation identified by Shekhar and Boos (2017) as
being typical of a wet Sahel year, and a northward shift and a
weakening in the SMC, are also seen in response to the direct
radiative effect.

Although a strong relationship between precipitation and
the changes in the SMC has been demonstrated, it is still not
clear exactly why the changes in temperature lead to a weak-
ening of the SMC. This question is beyond the scope of this
paper and could be the topic of further work.

b. Spinup response to the direct radiative effect

Changes in the SMC are associated with atmospheric and
surface warming patterns over North Africa. In response to
the direct radiative effect, a large-scale atmospheric warming
pattern, whereby North Africa warms more than the mon-
soon region, leads to a northward shift in the Saharan heat
low. Precipitation changes in the Sahel lead to local changes
in surface heat fluxes, with an increase in latent heat flux and
a decrease in sensible heat flux. This acts to cool the atmo-
sphere and helps to reinforce the large-scale atmospheric tem-
perature gradients that form over North Africa. It is shown
that the soil moisture feedback in the Sahel plays a key role in
determining low-level circulation change and the location of
the intertropical discontinuity.

Investigating the large-scale warming patterns over North
Africa, Chadwick et al. (2019) suggested that enhanced warm-
ing over the Sahara occurs due to differing availability of
moisture, allowing latent heating adjustments to limit the
warming in moist regions but not in dry regions. Merlis (2015)
investigated differential heating in response to increased CO,,
with cloud and water vapor masking causing more heating
in drier subsidence regions compared to moist convective
regions with high cloud. The results of this analysis suggest
that the warming patterns seen in response to the direct radia-
tive effect occur not merely due to differential heating
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patterns, but also because of differing levels of constraint on
atmospheric temperature that apply in different regions.

It is shown by analyzing temperature tendency increments
that the differential warming over North Africa cannot be
attributed solely to one process causing more warming in one
region compared to another, and instead it is a balance of
many different terms that leads to the warming patterns seen.
Investigating the relationship between the warming due to
model physics and warming due to advection, it is shown that
over the WAM region, the two terms are strongly anticorre-
lated, indicating that any warming that occurs due to model
physics is effectively and efficiently advected away (and vice
versa). In contrast, over the NAF region, this relationship is
not seen and the correlation between the model physics term
and the advection term is much weaker. It is suggested that
this different response occurs due to differing levels of con-
straint applied to atmospheric temperature by CQE theory
and the WTG approximation. Since the WAM region is a
convective region and is closer to the equator compared to
the NAF region, the column temperature will be set by the
MSE below the cloud base (the change in which is small) and
constrained to warm at a similar rate to the rest of the tropics.
In contrast, this constraint does not apply as strongly over the
NAF region, since it is not a convective region and is farther
from the equator compared to the WAM region. Therefore,
increased radiative heating under increased CO, concentra-
tions is able to warm the NAF region more than the WAM
region. This argument can be extended to characterize tropi-
cal ascent and subsidence regions in general in response to
direct CO, radiative forcing. Regions of subsidence in the
Northern Hemisphere tropics demonstrate a similar response
to the NAF region, and regions of ascent demonstrate a simi-
lar response to the WAM region.

It is also suggested that changes in near-surface tempera-
ture and humidity in the WAM region are small due to the
monsoon inflow at low levels originating over the ocean and
SSTs remaining unchanged between the amip and amip-
4xCO2 experiments.

¢. Future work

The results presented in this paper give useful insight into
the mechanisms and processes that lead to the WAM precipi-
tation response to the direct radiative effect. However, some
gaps in our current understanding still remain. The relationship
between warming patterns over North Africa and circulation
strength of the SMC is not yet fully understood, and the extent
to which SSTs act to constrain low-level temperatures in the
WAM region has not been investigated. It is also noted that
for this analysis only the month of August has been analyzed
(due to limitations of the data used). Further investigation
into changes during other months could help further this
work, and preliminary analysis of CMIP6 models would sug-
gest that a similar response is seen in other months during the
monsoon season too.

A key motivation of this research was to address the uncer-
tainty in WAM precipitation change. The understanding
gained from this research regarding the mechanisms driving
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WAM precipitation change could aid investigation into how
this mechanism differs in different models, thus improving our
understanding of the uncertainty in WAM precipitation pro-
jections. This analysis could also be extended to investigate
whether similar responses to the direct radiative effect are
seen in other monsoon regions and whether the mechanisms
affecting the WAM can be identified elsewhere. Another point
of interest would be to investigate whether the processes iden-
tified here also act in the opposite sense to produce the precip-
itation decrease caused by SST warming, or whether in that
case a different mechanism is responsible for the precipitation
changes. Once this is established, the response of the coupled
GCMs could be investigated to see how the two responses to
the direct radiative effect and SST warming interact.
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APPENDIX

Definition of Key Quantities
a. Mass-weighted vertical average

A mass-weighted vertical average has been calculated as

a

mass weighted vertical average = ‘[ xdp/( a = Db)s

Pb

(A1)

where x represents the relevant variable being integrated
(e.g., temperature), and p, and p, represent the top and
bottom pressure limits of the integral.

b. Moist static energy

Moist static energy (MSE) has been calculated as

MSE = gZ, + Ly + ¢, T, (A2)
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where g is the acceleration due to gravity, Z, is the geopo-
tential height, L, is the latent heat of vaporization, g is the
specific humidity, c, is the specific heat capacity at constant
pressure, and T is the air temperature.

c¢. Horizontal divergences

Horizontal divergence of winds and horizontal divergence
of moisture transport has been calculated as

horizontal divergence of winds = V;, -V, (A3)

horizontal divergence of moisture transport = V; - gV,
(A4)

where V is the wind, and V, is the horizontal divergence
operator. The change in horizontal divergence of moisture
transport between amip and amip-4xCO2 has been decom-
posed into dynamic and thermodynamic components (Endo
and Kitoh 2014):

ADynamic(Vh : qV) = Vh : (QA AV)a (AS)

ATherrnodynamic(vh : L]V) =V (VAAQ)a (A6)
where subscripts A refer to the amip experiment and A
refers to the difference between the amip-4xCO2 and amip
experiments.

d. Low-level atmospheric thickness

As defined by Lavaysse et al. (2009) and Shekhar and
Boos (2017), low-level atmospheric thickness (LLAT) has
been calculated as

LLAT = Z,(700 hPa) — Z,(925 hPa), (A7)

where Z,(x) is the geopotential height at pressure x.
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