
Vol.:(0123456789)1 3

Climate Dynamics (2024) 62:103–122 
https://doi.org/10.1007/s00382-023-06898-1

The impact of a uniform ocean warming on the West African monsoon

Harry Mutton1 · Robin Chadwick2 · Matthew Collins1 · F. Hugo Lambert1 · Christopher M. Taylor3,4 · Ruth Geen5 · 
Alexander Todd1

Received: 13 September 2022 / Accepted: 15 July 2023 / Published online: 29 July 2023 
© The Author(s) 2023

Abstract
Projections of West African Monsoon (WAM) precipitation are uncertain. To address this, an improved understanding 
of the mechanisms driving WAM precipitation change is needed to shed light on inter-model differences and aid model 
development. The full forcing of increased  CO2 can be decomposed into different components such as the impact of ocean 
warming, or the direct radiative effect of increased  CO2. This paper investigates such a decomposition, analysing the effect 
of a uniform 4K ocean warming whilst keeping atmospheric  CO2 concentrations constant. The analysis highlights several 
mechanisms acting to decrease WAM precipitation over a range of timescales, from days after the abrupt ocean warming, to 
the long-term equilibrium response. The initial decrease in WAM precipitation is caused by warming and enhanced convec-
tion over the ocean, stabilising the atmosphere inland and disrupting the monsoon inflow at low levels. Later in the response 
(after about 5 days), the WAM precipitation is reduced through a strengthening of the shallow circulation over West Africa, 
associated with changes in the large-scale temperature gradients and a local warming of the atmosphere related to a soil 
moisture feedback mechanism over the Sahel. Finally, from around 20 days after the SST increase, the WAM precipitation 
is also reduced through changes in specific humidity gradients that lead to increased potency of dry air advection into the 
monsoon rainband. The analysis concludes by demonstrating that the processes affecting precipitation in the early stages of 
the response are also relevant to the long-term equilibrium response.
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1 Introduction

Beginning in early May and reaching a peak intensity around 
August, the West African Monsoon (WAM) is responsible 
for the precipitation that falls during the summer months 
over West Africa (Cook and Vizy 2019; Zhang and Cook 
2014; Akinsanola and Zhou 2020). Millions of people 
depend on rainfall supplied by the WAM, which is crucial for 
supporting agriculture in the region. Alongside this, much 
of the population relying on the monsoon have a relatively 

low adaptive capacity (Busby et al. 2014; Cook and Vizy 
2019; Raj et al. 2019). Reliable rainfall projections are there-
fore vital for developing well-informed adaptation strategies 
that can support this climate-vulnerable population. Despite 
this, long term climate model projections of the WAM pre-
cipitation are uncertain (Raj et al. 2019; Wang et al. 2020; 
Gaetani et al. 2017). The Working Group I Contribution to 
the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change (Masson-Delmotte et al. 2021) state with 
only medium confidence that “precipitation is projected to 
increase over the central Sahel and decrease over the far 
western Sahel”. Within the CMIP6 model ensemble, there 
are coupled models that predict both large increases and 
decreases in WAM precipitation in response to an abrupt 
quadrupling of  CO2 (see Fig. 1). To address this, it has been 
suggested that an improved understanding of the key mecha-
nisms leading to precipitation change can help identify the 
inter-model differences at the root of the large uncertainty 
in WAM precipitation projections (Chadwick et al. 2017).
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Using Atmosphere-only General Circulation Models 
(AGCM)s, the full forcing of increased atmospheric  CO2, 
simulated using coupled GCMs, can be broken down into a 
number of direct and indirect effects (Chadwick et al. 2017, 
2019). Performing such a decomposition can simplify the 
coupled model response to increased  CO2. We suggest that 
by understanding each driver individually, it is possible to 
gain an improved understanding of the mechanisms that lead 
to precipitation changes in the coupled GCM simulations. A 
plot of the precipitation response to different forcing experi-
ments (see Appendix 1) across a range of CMIP6 models 
can be seen in Fig. 1. Here, the coupled model response 
refers to the full forcing of increased  CO2, and the differ-
ent components of this full response are highlighted in the 
columns following. One of these components is the indirect 
effect of a uniform SST warming (referring to the effect of 
uniformly warming the SSTs by 4K whilst keeping  CO2 con-
centrations constant). Figure 1 indicates that this uniform 
4K ocean warming causes a decrease in WAM precipitation 
in a range of CMIP6 models, a response consistent with 
the findings of Gaetani et al. (2017) and Held et al. (2005). 
The direct radiative effect refers to the impact of increasing 
atmospheric  CO2 concentrations whilst keeping SSTs fixed. 
Figure 1 indicates that the direct radiative effect causes an 
increase in WAM precipitation, consistent with the results 
of Mutton et al. (2022) and Gaetani et al. (2017). The future 
SST warming column refers to the impact of a non-uniform 

ocean warming whilst keeping  CO2 concentrations constant, 
aiming to reflect a projected SST pattern in a future climate 
with increased atmospheric  CO2 concentrations. The global 
mean SST perturbation in the future SST column is 4K and 
can therefore be thought of as the Uniform SST warming 
with an additional pattern applied. It is shown that similar 
to the uniform SST warming, this also causes a decrease 
in WAM precipitation. Using these AGCM experiments to 
decompose the coupled model response could provide useful 
insight into the intermodel differences in the coupled models 
by exploring relevant physical mechanisms.

It has previously been shown that in CMIP5 models the 
different components of this decomposition add up fairly 
linearly to produce the full coupled response (Chadwick 
et al. 2017). In Fig. 1 however, the sum of the direct radia-
tive effect and the future SST experiments are not always 
equal to the coupled response. To produce the coupled 
response using this kind of decomposition, the AGCMs 
must be forced by SSTs from the respective coupled model 
(Chadwick et al. 2017; Skinner et al. 2012). Such a decom-
position has been produced using “timeslice” experiments 
(see Appendix 1) Chadwick et al. (2017). To demonstrate 
the linearity of this decomposition, maps showing the sum 
of the “timeslice” decomposition components, the coupled 
model response, and the difference between the two have 
been shown in Fig. 2. Here, the sum of the components per-
forms well in capturing the coupled model response and the 
residual term is small. This result suggests that using such a 
decomposition can be useful in understanding the coupled 
model response. The reason these timeslice experiments 
have not been used throughout the analysis is due to the 
small number of models that have run them (4).

A decomposition as seen in Fig. 1 has been used previ-
ously in an investigation into the impact of the direct radia-
tive effect on the WAM. Mutton et al. (2022) highlighted 
several key mechanisms that lead to an increase in precipita-
tion. It was shown that a weakening of the shallow meridi-
onal circulation over West Africa caused a reduction in dry 
air advection into the monsoon rainband and an increase 
in monsoon precipitation (see schematic in Fig. 3). These 
circulation changes were shown to be generated through 
changes in large-scale temperature gradients (caused by 
differing constraints on atmospheric temperature between 
the dry desert airmass and the moist monsoon airmass) as 
well as local soil moisture feedbacks over the Sahel which 
lead to a local enhancement of these large-scale gradients 
in temperature.

Investigating the impact of a uniform ocean warm-
ing, it has been found that in general the tropic-wide 
response is for precipitation to increase over the ocean 
and to decrease over many land regions (Chadwick et al. 
2019; He et al. 2014). Looking more specifically at the 
WAM, previous work has demonstrated that in response 

Fig. 1  West African Monsoon precipitation response across 8 CMIP6 
GCMs; Coupled GCM (comparing years 50–150 in the abrupt-
4xCO2 and piControl experiments), Direct Radiative Effect (amip-
4xCO2 - amip), Uniform 4K SST Warming (amip-p4K - amip), 
Future SSTs (amip-future4K - amip), and DRE + Future SSTs (refer-
ring to the sum of the precipitation response to the Direct Radiative 
Effect and Future SST warming). WAM precipitation is defined as 
the area average precipitation over the dashed blue box indicated in 
Fig.  4b between June–August. See Appendix 1 for a description of 
the different CMIP6 experiments used to produce this decomposition
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Fig. 2  Maps of anomalous JJA precipitation from the sum of the 
timeslice decomposition (see Appendix 1), the coupled model 
response (abrupt-4xCO2 - piControl), and the difference between the 

two, highlighting the non-linear processes not captured in the times-
lice decomposition

Fig. 3  Schematics depicting the climatological circulation over West 
Africa during the monsoon season and the relationship between the 
shallow circulation and monsoon precipitation (Shekhar and Boos 
2017). Deep circulation highlighted by blue dotted box and shallow 

circulation indicated by red dotted box. Strong (weak) and south-
ward (northward) shifted shallow circulation associated with weaker 
(stronger) monsoon precipitation
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to a uniform ocean warming, the WAM precipitation 
decreases (Mutton et al. 2022; Gaetani et al. 2017; Held 
et al. 2005; Hill et al. 2017; Biasutti 2013, 2019; Giannini 
et al. 2003, 2008).

A number of different mechanisms have been sug-
gested for drying the WAM in response to uniform ocean 
warming, but their relative importance and interactions 
with each other remain unclear. Gaetani et  al. (2017) 
describe how the WAM precipitation is reduced through 
a heating of the troposphere that increases stability inland 
as in Caminade and Terray (2010), and through a general 
weakening of the monsoon circulation. This is consistent 
with the results of Giannini (2010) who describe how 
ocean warming imposes stability and reduces convection 
over land. Held et al. (2005) also identified a reduction 
in WAM precipitation in response to a uniform ocean 
warming, noting an impact of soil moisture on precipita-
tion responses under warming. A soil moisture feedback 
was identified by Mutton et al. (2022) when investigat-
ing the direct radiative effect of increased  CO2 on the 
WAM. There, the feedback acted to amplify the precipi-
tation response through changing soil moisture leading 
to anomalous surface heat fluxes which then influenced 
circulation changes. Hill et al. (2017) attributed the WAM 
response to ocean warming to enhanced moist static 
energy gradients in the mid-troposphere over the Sahel 
(10–20◦ N) which increase the advection of low moist 
static energy into the monsoon rainband. They showed 
that the increase in horizontal advection of low moist 
static energy is balanced by a decrease in vertical motion 
in the rainband, thus inhibiting precipitation. Each of 
these findings provide useful insight into the mechanisms 
that cause a reduction in WAM precipitation in response 
to a uniform SST increase. However, since these have 
only been demonstrated in the long-term ’equilibrium 
response’, where the atmosphere has reached a steady 
state, it is not clear how this final state is reached or how 
the different mechanisms interact with each other.

This paper uses an ensemble of spin-up experiments 
in which an abrupt SST increase of 4K is applied. The 
response over the 30 days following this warming is ana-
lysed, helping to reveal the order in which different mecha-
nisms affect WAM precipitation. It is then shown how the 
equilibrium response to the SST warming is reached and 
how the processes uncovered in the spin-up experiments 
are relevant to the longer-term response.

Section 2 describes the data and methods used in this 
analysis. Section 3 presents the results, looking at the 
response on the first day of the spin-up experiment, the 
transition throughout the spin-up response towards the 
equilibrium response, and the equilibrium response. Sec-
tion 4 summarises the results and Sect. 5 presents a discus-
sion, conclusions and some suggestions for future work.

2  Data and methods

2.1  Models

Most of the analysis presented in this paper makes use of 
HadGEM2-A, a CMIP5 AGCM with a resolution of 1.85◦ 
longitude by 1.25◦ latitude and 38 vertical levels output 
to 17 pressure levels. Further description can be found in 
Martin et al. (2011). HadGEM2-A is used since it enables 
the analysis of spin-up experiments not part of the CMIP6 
model set.

An ensemble of 8 CMIP6 AGCMs is also used to com-
pare the long term equilibrium response in HadGEM2-A 
to other models. The set of CMIP6 models used are those 
shown in Fig. 1: CESM2, BCC-CM2-MR, CNRM-CM6-1, 
HadGEM3-GC31-LL, IPSL-CMA6A-LR, MRI-ESM2-0, 
CanESM5, and MIROC6.

2.2  Experiment design

The analysis presented uses three experiments based on the 
atmosphere model intercomparison project. The control 
experiment (amip) uses prescribed monthly-varying SSTs 
and atmospheric constituents set to historical values. The 
two other experiments (amip-p4K and amip-p4K-spinup) 
use the same experimental setup with an additional 4K 
warming uniformly applied to the SSTs.

For the CMIP6 models, data is used between 1979 and 
2014. For the HadGEM2-A experiments, seven ensemble 
members each initiated with different atmospheric state 
and soil moisture conditions (obtained from the CMIP5 
HadGEM2-A r1i1p1 amip experiment on the 1st of August 
1986, 1988, 1990, 1992, 1994, 1996, and 1998) are used. 
This ensemble runs with prescribed historical SSTs and 
atmospheric constituents from August 1986 to December 
1998 for both the amip and amip-p4K experiment mean-
ing the only difference between ensemble members is 
the initial conditions. The mean difference between amip 
and amip-p4K experiments provides the ‘equilibrium’ 
response to a uniform SST warming.

The amip-p4K-spinup analysis uses a similar experi-
mental design. Here the term “spin-up” is used to describe 
the period immediately following the abrupt change in 
ocean temperatures. This captures the "spin-up" period 
from the initial amip state towards the long term steady 
state with uniform ocean warming. On the 1st of August 
1988, 1990, and 1997 the spin-up experiment branches 
from the amip experiment. On these dates, the 4K uniform 
SST warming is applied and the model is run forward 
until December that year (Todd 2018). The days following 
the uniform warming are analysed using daily output from 
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these spin-up experiments. Treating each spin-up branch 
as its own ensemble member, a 21 member ensemble is 
obtained across the seven original amip runs and the three 
spin-up branches. To enable direct comparison, the same 
dates as the spin-up branches are used to investigate the 
equilibrium response. The HadGEM2-A experiments used 
here were originally designed for work not related to the 
WAM. Therefore, the initial conditions and branch times 
were not specifically designed for this analysis. However, 
the spin-up experiment initialising on the 1st of August 
is suitable for analysing the WAM since this is the month 
over which the monsoon reaches its peak intensity.

2.3  Regions

Several regions are used in this analysis to capture dif-
ferent processes and mechanisms related to WAM pre-
cipitation change. Cross-sections of the atmosphere are 
calculated by taking a zonal mean between 10◦ W and 25◦ 
E, consistent with the bounds used by Shekhar and Boos 
(2017) (Fig. 4b green lines). In addition to these longi-
tudinal bounds, the WAM region is characterised using 
GPCP observations between 1980 and 2010 and a box to 
approximate the region where the annual range in rainfall 
(June–August precipitation minus December–February 
precipitation) exceeds 180 mm and where the summer 
rainfall accounts for over 35% of the total annual rainfall 
(Wang and Ding 2006). Averages are taken over this WAM 
region, which extends from 10◦ W to 25◦ E and 7 to 15◦ 

Fig. 4  a HadGEM2-A, and c 8 CMIP6 model ensemble mean, amip 
climatological (black lines) and amip-p4K - amip anomalous (colors) 
August precipitation. a Regions where anomalous HadGEM2-A pre-
cipitation lies outside the CMIP6 range are highlighted with stippling. 
c CMIP6 model agreement is highlighted using a t-test where the p 
value represents the probability of the ensemble mean being consist-
ent with zero. Stippling represents regions with a p value greater than 
0.05. b Regions used for analysis; green lines indicate the longitu-
dinal bounds used for cross-section analysis, dashed blue box indi-

cates West African monsoon region, and dashed magenta box indi-
cates the region used to characterise the land vs ocean equilibrium 
precipitation responses in Fig.  18b. d (Left of vertical black line) 
HadGEM2-A spin-up experiment time–latitude plot of anomalous 
(amip-p4K-spinup - amip) precipitation, and (right of vertical black 
line) HadGEM2-A equilibrium anomalous (amip-p4K - amip) August 
precipitation. Here, for each day, precipitation has been zonally aver-
aged between the green lines in b 
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N (Fig. 4b blue box). A third region is used to investigate 
the changes in the strength of the shallow meridional cir-
culation over West Africa, again using the same longitu-
dinal range and averaging meridionally between 8 -22◦ 
N (red lines in Fig. 9a). Finally, to investigate changes in 
land/ocean precipitation in the equilibrium experiment, 
a box covering 24◦ W–11◦ E and 0–15◦ N is used and 
a land mask is employed to characterise land and ocean 
precipitation (Fig. 4b magenta box). The ocean region in 
the magenta box in Fig. 4b is also used to characterise the 
changes in near surface specific humidity over the ocean 
in Sect. 3.2.

2.4  Definition of key quantities

A set of equations used to calculate equivalent potential tem-
perature, Low Level Atmospheric Thickness (LLAT) (used 
to document changes in the shallow circulation), horizontal 
divergence of moisture transport, and other key quantities 
used in the analysis are presented in Appendix 2.

3  Results

WAM precipitation decreases in response to a uniform 
ocean warming both in the equilibrium response (Fig. 4a, 
c) and in the spin-up response (Fig. 4d). This equilibrium 
response is consistent with previous results of Gaetani et al. 
(2017); Held et al. (2005); Hill et al. (2017), however, the 
spin-up response has not previously been investigated. Here, 
the spin-up response highlights the time evolution from the 
day after the abrupt ocean warming towards the equilibrium 
state. Focusing on the equilibrium response (Fig. 4a, c), cli-
matologically the monsoon rainband is seen around 10◦ N, 
with more precipitation over ocean compared to land. In 
response to a uniform SST increase, rainfall decreases across 
the whole monsoon region, with a weaker response towards 
the east. Over the ocean, the anomalous precipitation indi-
cates both a slight decrease and a southward shift in the rain-
band. Comparing Fig. 4a and c, the precipitation response 
seen in HadGEM2-A is consistent with the CMIP6 ensemble 
mean. The CMIP6 ensemble mean demonstrates both a less 
intense climatological rainband and a weaker response to 
the warmer SSTs. The stippling in Fig. 4a highlights areas 
where the precipitation anomalies in HadGEM2-A are out-
side the range of precipitation anomalies seen in the CMIP6 
ensemble. This shows that, for most regions, the HadGEM2-
A response sits within the CMIP6 range. The regions where 
this is not the case are mainly over the West coast where the 
North–South dipole in precipitation change in the CMIP6 
models is located further north compared to HadGEM2-A.

3.1  Spin‑up Day 1

In order to understand how the equilibrium response is 
reached, the spin-up experiment is used to analyse the 
response over the first month following the uniform ocean 
warming. It is found that, after just one day of the spin-up 
experiment simulation, the WAM precipitation decreases. 
A moisture budget analysis of the first day of the spin-up 
experiment shows the anomalous precipitation, evaporation, 
moisture convergence and total column moisture (Fig. 5). 
The moisture budget stipulates that any changes in total col-
umn moisture are balanced by evaporation and moisture con-
vergence into the column, and precipitation out of the col-
umn (Eq. 2) (Brown and Kummerow 2014; Trenberth et al. 
2011). A large increase in precipitation over the ocean is 
seen, whilst inland, the precipitation decreases slightly. Due 
to the warmer SSTs, the evaporation and total column mois-
ture increases over the ocean and remains largely unchanged 
inland. The moisture convergence map indicates enhanced 
convergence in regions where the precipitation increases, 
and reduced levels of convergence over land regions and 
over non-convective ocean regions. The moisture budget 
analysis in Fig. 5 indicates that the reduced WAM precipi-
tation on day 1 of the spin-up experiment is primarily caused 
by a reduction in moisture convergence over the region.

To explore this decrease in moisture convergence and 
precipitation in the WAM region further, the anomalous 
500 hPa temperature is shown in Fig. 6. Here, it is seen 
that the atmosphere over the ocean warms and this warm-
ing spreads inland over West Africa. This response occurs 
through boundary layer warming (due to warmer oceans) 
being efficiently transported upwards in the atmosphere 
through convection and, since large free tropospheric tem-
perature gradients cannot be sustained at low latitudes, this 
warming is horizontally transported away efficiently through 
atmospheric waves to dissipate the pressure gradient that 
forms as a result of the temperature change. These processes 
can be explained through convective quasi-equilibrium and 
the Weak Temperature Gradient (WTG) approximation. 
Convective quasi-equilibrium suggests that, since convection 
occurs rapidly, the temperature profile of an atmospheric 
column tends towards a moist adiabatic lapse rate in regions 
of active deep convection. This means that in such regions, 
the temperature of the free troposphere is to some degree set 
by the moist static energy in the boundary layer (Emanuel 
et al. 1994). The WTG approximation postulates that at low 
latitudes, large free tropospheric temperature gradients can-
not be sustained due to the small Coriolis parameter (Sobel 
et al. 2001). In Fig. 6, it is seen that the free tropospheric 
warming over the ocean spreads inland to maintain a weaker 
temperature gradient. This propagation of temperature away 
from the convective ocean regions warms the atmosphere 
inland, thus stabilising the atmosphere in the WAM region, 
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acting to inhibit convection (Caminade and Terray 2010; 
Herceg et al. 2007).

To demonstrate that this advection of temperature inland 
stabilises the atmosphere in the monsoon region on the first 
day of the spin-up experiment, vertical profiles of equivalent 
potential temperature ( �e ) and saturation equivalent potential 
temperature ( �es ) over the WAM region are shown in Fig. 7 
(calculated using Eq. 3 (Stull 1988)), with the anomalies 
presented in Fig. 7a, and the climatology shown in 7b. Since 
the increase in free tropospheric (roughly 700–300 hPa) �es 

Fig. 5  HadGEM2-A spin-up experiment day 1 moisture budget analy-
sis showing anomalous (amip-p4K-spinup - amip); a precipitation, b 
evaporation, c moisture convergence, and d total column moisture. 

spin-up experiment day 1 anomalous (amip-p4K-spinup - amip) 925 
hPa winds are also indicated using arrows in a–d 

Fig. 6  HadGEM2-A spin-up experiment day 1 anomalous (amip-
p4K-spinup - amip) 500 hPa temperature

Fig. 7  HadGEM2-A spin-up experiment day 1; a anomalous (amip-
p4K-spinup - amip), and b control (amip), equivalent potential tem-
perature �

e
 (red) and saturation equivalent potential temperature �

es
 

(blue) averaged over the WAM region (10◦ W–25◦ E and 7–15◦ N)
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exceeds the changes in boundary layer �e , the atmosphere 
is more stable (in a moist sense, i.e. considering �e not just 
� ) on the first day of the spin-up experiment. This increase 
in stability over the WAM region is consistent with the 
decrease in precipitation in Fig. 5a.

The WAM precipitation is also influenced by disruptions 
to the monsoon inflow at low levels. The warmer SSTs on 
the first day of the spin-up experiment warms the atmos-
phere over the ocean more than over the land (Fig. 8a). This 
differential warming occurs in the boundary layer due to 
the abrupt ocean warming and the lack of changes to land 
surface temperatures. A map indicating the percentage of 
atmospheric warming over the ocean occurring in the lower 
levels of the atmosphere (1000–700 hPa) shows that over 
50% of the warming occurs in the lowest 300 hPa (Fig. 8b). 
This atmospheric warming causes differential changes to 
surface pressure patterns, with lower pressures over the 
ocean compared to the land (Fig. 8a). These surface pres-
sure changes generate an anomalous wind at low levels from 
land to ocean, opposing the climatological monsoon flow. 
This weakening of the monsoon inflow at low levels reduces 
the convergence of moisture inland and leads to a reduction 
in precipitation. This reduced level of moisture convergence 
inland is consistent with the results presented in Fig. 5.

To summarise, on day 1 of the spin-up experiment, pre-
cipitation is reduced through enhanced convection over the 
ocean, stabilising the atmosphere inland, and through tem-
perature and pressure changes that cause reduced levels of 
moisture convergence at the surface in the monsoon region.

3.2  Spin‑up transition towards equilibrium 
response

As discussed in Sect. 3.1, the immediate WAM response to 
an abrupt SST warming is for the precipitation to decrease. 
Here, the remainder of the spin-up experiment is analysed 
and compared to the equilibrium response, to show how 

different mechanisms affect the WAM on different time-
scales, and how these mechanisms relate to the long term 
WAM precipitation response.

Figure 4d shows a time-latitude plot of precipitation, 
zonally averaged from 10◦ W–25◦ E. The initial increase in 
precipitation over the ocean persists for the first few days of 
the spin-up experiment but becomes much weaker after day 
7. In contrast, the decrease in precipitation over the WAM 
region is evident throughout the spin-up experiment and into 
the equilibrium response. It is likely that the decrease in 
precipitation is largely caused by dynamical changes to the 
WAM circulation or through more subtle effects of changes 
in moisture and moisture gradients (Chadwick et al. 2016). 
The large-scale moistening of the atmosphere will also likely 
have an impact on WAM precipitation (i.e. a thermodynami-
cally driven increase in rainfall). However, this effect is evi-
dently not dominating the response since the precipitation 
decreases.

Climatologically, two key circulations are associated with 
the WAM; a deep circulation, ascending through the depth 
of the troposphere at about 10◦ N, and a shallow circula-
tion, ascending to around 700 hPa and extending further 
northwards to 15◦ N (Fig. 3) (Mutton et al. 2022; Gaetani 
et al. 2017; Zhang et al. 2008). The deep circulation is asso-
ciated with the Hadley cell, with the ascending branch being 
closely linked to the monsoon rainband. The shallow circu-
lation is a thermally direct circulation closely linked to the 
Saharan heat low. Climatologically, this shallow circulation 
tends to advect dry air into the monsoon rainband at mid-
levels, acting to inhibit WAM precipitation. Shekhar and 
Boos (2017) demonstrated that the strength and meridional 
extent of the shallow circulation is associated with changes 
in WAM precipitation. As indicated in Fig. 3, a strong and 
southward shifted shallow circulation is associated with a 
drier WAM.

To investigate how this shallow circulation responds to a 
uniform SST warming, plots of 700 hPa horizontal moisture 

Fig. 8  HadGEM2-A spin-up experiment day 1; a anomalous (amip-
p4K-spinup - amip); mass weighted column mean temperature 
(colors), sea level pressure (blue lines), and 925 hPa winds (arrows), 

and b percentage of mass weighted column mean temperature change 
occurring between 1000 and 600 hPa. Black lines indicate 60, 70, and 
80% contours. Grid boxes masked by orography are shown in white
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flux divergence are shown in Fig. 9. A time-latitude plot of 
700 hPa moisture divergence is presented in Fig. 9a, and a 
decomposition of the change in moisture flux divergence 
into thermodynamic and dynamic terms is shown in Fig. 9b 
and c respectively (Eqs. 6 and 7). Figure 9d highlights the 
change in strength of 700 hPa moisture flux divergence asso-
ciated with the shallow circulation by averaging the total, 
thermodynamic, and dynamic terms meridionally between 8 
and 22◦ N (see horizontal red lines in Fig. 9a). These bounds 
are used to capture both positive and negative components of 
the dipole caused by the circulation shift, therefore isolating 
the change in strength of moisture flux divergence. Clima-
tologically, a maximum in moisture flux divergence is seen 
around 15◦ N, associated with the outflow from the ascend-
ing branch of the shallow circulation (Fig. 9a black lines). 
By roughly day 5 of the spin-up experiment, this region of 
divergence strengthens (Fig. 9d black line) and shifts south-
wards (Fig. 9a colors), indicating a strengthening and a 
southward shift of the shallow circulation over West Africa. 
Decomposing this change in moisture flux divergence into a 

dynamic and a thermodynamic component, it is shown that 
the response in the spin-up experiment is largely dynami-
cally driven, particularly for the first 20 days after the abrupt 
ocean warming (Fig. 9b–d). The thermodynamic component 
remains negligible for most of the spin-up experiment. How-
ever, after day 20, this component begins to play a more sig-
nificant role in the total change in moisture flux divergence. 
The moisture flux divergence response in the equilibrium 
experiment can also be seen in Fig. 9 (panel right of vertical 
black line in each plot). Here, the strengthening of the mois-
ture flux divergence persists, and the two thermodynamic 
and dynamic components both contribute to this strength-
ening, with the dynamic component slightly larger than the 
thermodynamic component (Fig. 9d). Calculating the change 
in strength of moisture flux divergence in the equilibrium 
experiment as a percentage, a 94% increase is seen. This 
strengthened moisture flux divergence at 700 hPa inhibits 
WAM precipitation through the advection of dry air into 
the monsoon rainband, contributing to the reduction in pre-
cipitation seen in the spin-up and equilibrium experiments.

Fig. 9  HadGEM2-A (a) (left of vertical black line) climatologi-
cal (amip) (black lines) and spin-up anomalous (amip-p4K-spinup 
- amip) (colors) 700 hPa horizontal moisture flux divergence. Red 
lines indicate the region used to average meridionally to produce 
Fig.  9d. (right of vertical black line) equilibrium anomalous (amip-
p4K - amip) August 700 hPa horizontal moisture flux divergence. b 
Thermodynamic, and c Dynamic component of (left of vertical black 
line) spin-up anomalous (amip-p4K-spinup - amip) 700 hPa horizon-
tal moisture flux divergence, and (right of vertical black line) equi-

librium anomalous (amip-p4K - amip) August 700 hPa horizontal 
moisture flux divergence. d HadGEM2-A (left of vertical black line) 
spin-up anomalous (amip-p4K-spinup - amip), and (right of vertical 
black line) August equilibrium anomalous (amip-p4K - amip); hori-
zontal moisture flux divergence (black), dynamical component of 
anomalous 700 hPa horizontal moisture flux divergence (red), and 
thermodynamic component of anomalous 700 hPa horizontal mois-
ture flux divergence (blue), averaged between 8 and 22◦ N. Zonal 
averages taken between 10◦ W and 25◦ E
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Here, horizontal moisture flux divergence has been used 
to describe how changes relating to the shallow circulation 
can impact the WAM. Changes in this moisture flux diver-
gence have been decomposed into dynamic and thermo-
dynamic terms to highlight the relative contributions from 
changes in circulation or moisture and moisture gradients 
respectively. However, in order to fully highlight how the 
circulation itself changes relative to the climatological circu-
lation, climatological and anomalous horizontal divergence 
of winds have been shown in Fig. 10a, and climatological 
and anomalous zonal winds have been shown in Fig. 10b. 
Climatologically the mid-level divergence associated with 
the shallow circulation can be seen at 15◦ N and 700 hPa. In 
response to the uniform SST warming, this region of diver-
gence strengthens and shifts southwards (consistent with the 
results shown in Fig. 9). The divergence at 7 ◦ N and 200 hPa 
associated with the monsoon rainband is shown to weaken, 
consistent with reduced convection and precipitation. The 
zonal winds in Fig. 10b also capture important changes in 
the circulation. The strong climatological easterlies seen at 
10◦ N and 700 hPa highlight the location of the African 
easterly jet. The African easterly jet influences WAM pre-
cipitation through its role in the formation of mesoscale con-
vective systems (Besson and Lemaitre 2014), and through 
its influence on the large scale circulation (Cook 1999). The 
former of which is not simulated realistically in GCMs due 
to their coarse resolution. On the impact of the African east-
erly jet on the large scale circulation, Cook (1999) suggests 
that the presence of the jet inhibits moisture convergence. 
This is consistent with the results of Figs. 9 and 10b, where 
both the location of horizontal moisture flux divergence and 
the African easterly jet are shifted southwards.

Since the shallow meridional circulation is closely linked 
to the Saharan heat low, changes in temperature and LLAT 
over West Africa can influence changes in the circulation. 
LLAT is defined as the difference in geopotential heights 
between 700 and 925 hPa (Eq. 8) and can be used to monitor 

changes in the Saharan heat low (Lavaysse et al. 2009). 
Time-latitude plots of LLAT, meridional gradient of LLAT, 
and meridional winds at 925 hPa are shown in Fig. 11. 

Fig. 10  HadGEM2-A August a zonally averaged horizontal divergence of winds and b zonally averaged zonal winds. Climatological (amip) val-
ues indicated with lines and anomalies (amip-p4K - amip) in colors. Zonal averages taken between 10◦ W and 25◦ E

Fig. 11  HadGEM2-A (left of vertical black line) climatological 
(amip) (lines), and spin-up anomalous (amip-p4K-spinup - amip) 
(shaded colors), and (right of vertical black line) August equilibrium 
anomalous (amip-p4K - amip); a LLAT, b meridional LLAT gradi-
ent, and c 925 hPa meridional winds
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Here, the climatological values are shown with lines and 
the anomalies are indicated by the shaded colors. The spin-
up results are presented to the left of the vertical black line 
and the equilibrium response shown to the right. The initial 
response, seen over the first 5 days of the spin-up experi-
ment, is for the atmosphere to warm more over the ocean 
(and in the ocean sourced monsoon airmass) compared to 
the dry desert region further inland. This is seen in Fig. 11a 
where the LLAT increase is larger to the south of 15◦ N. The 
LLAT changes generate a large-scale meridional gradient in 
LLAT (Fig. 11b), and the meridional winds respond accord-
ingly with a southward anomaly. The change in meridional 
winds shown in Fig. 11c is consistent with a southward shift 
in the shallow circulation, a response seen in the 700 hPa 
moisture flux divergence shown in Fig. 9.

After roughly day 7 of the spin-up experiment, a warm 
tongue between 10–15◦ N begins to form. This causes a 
positive LLAT gradient anomaly to the south and a nega-
tive LLAT gradient anomaly to the north of the maximum 
in anomalous LLAT. Again, the meridional winds respond 
to these gradient changes, and a northward wind anomaly is 
seen to the south of the LLAT maximum and a southward 
wind anomaly is seen to the north. These changes in low 
level wind are consistent with a strengthening and southward 
shift of the low level convergence associated with the shal-
low circulation (as seen in Fig. 9).

By day 20 of the spin-up experiment, the warming to the 
north of 15◦ N has begun to catch up with the warming to the 
south, and the large-scale LLAT gradient anomalies begin to 
weaken, reflected in a weakening of the southward meridi-
onal wind anomaly after day 20. By the equilibrium experi-
ment (Fig. 11 right of the vertical black line), the large-scale 
gradient in temperature between the ocean and the dry desert 
airmass is no longer apparent. The warm tongue between 
10 and 15◦ N persist however, generating a positive LLAT 
gradient anomaly to the south and negative LLAT gradi-
ent anomaly to the north. The meridional winds respond 
accordingly with a southerly wind anomaly to the south of 
the LLAT maximum and an (albeit small) northerly wind 
anomaly to the north, again consistent with a strengthening 
of the shallow meridional circulation seen in the equilibrium 
response presented in Fig. 9.

The maximum increase in LLAT seen in Fig. 11a is 
located over the Southern Sahel (between 10 and 15◦ N). 
The Sahel is a semi-arid region where the sparse vegeta-
tion cover means that surface heat fluxes are strongly con-
trolled by the amount of precipitation falling over the previ-
ous days. This is not the case for the regions to the south 
with denser vegetation cover since the plant roots are able 
to access moisture from deeper underground (Lohou et al. 
2014). In the Sahel, a reduced level of precipitation leads to 
a reduction in surface latent heat flux. This reduced latent 
heat flux is largely balanced by an increase in sensible heat 

flux, which in turn warms the atmosphere above the surface. 
To demonstrate this, time latitude plots of surface latent and 
sensible heat are shown in Fig. 12. Over the first 5 days 
of the spin-up experiment, the warmer oceans lead to a 
large increase in latent heat flux south of 5 ◦ N. Inland, the 
decrease in precipitation over the Sahel is associated with a 
decrease in latent heat flux and an increase in sensible heat 
flux, with the strongest response seen between 10 and 15◦ 
N. This is the region over which the precipitation anomaly is 
sufficiently negative (Fig. 4d) and the surface is more water-
limited (i.e. where the latent heat flux is largely controlled 
by the amount of precipitation that falls over the previous 
days). These changes in sensible heat flux warm the atmos-
phere and form the warm tongue seen in the LLAT response 
in Fig. 11a. This surface heat flux response to a decrease in 
precipitation can act as a positive feedback mechanism, with 
the increase in LLAT generated by the sensible heat flux 
anomalies over the Sahel causing changes in circulation that 
then lead to further reductions in precipitation. This mecha-
nism could help sustain the strengthening of the shallow 
circulation, even when the large scale LLAT gradient of a 
warmer ocean and cooler land no longer persists.

To help further demonstrate the relationship between the 
soil moisture feedback and changes in circulation, the latent 
heat flux, sensible heat flux, and 925 hPa wind anomalies 
between the amip-p4K and amip experiments have been 
plotted in Fig. 13. The regions with decreased latent heat 

Fig. 12  HadGEM2-A (left of vertical black line) climatological 
(amip) (lines) and spin-up anomalous (amip-p4K-spinup - amip) 
(shaded colors) and (right of vertical black line) August equilibrium 
anomalous (amip-p4K - amip); a latent heat flux, and b sensible heat 
flux
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flux also have an increased sensible heat flux. These regions 
exhibit the larger wind anomalies, helping to show how the 
surface heat flux response to the reduction in precipitation 
leads to a change in circulation.

So far, the dynamic response to an abrupt ocean warming 
has been investigated, showing how the combined effects 
of differential warming between land and ocean and a soil 
moisture feedback mechanism can lead to a southward shift 
and strengthening of the shallow circulation and a decrease 
in WAM precipitation. However, towards the end of the spin-
up experiment and into the equilibrium response, the ther-
modynamic changes associated with the shallow circulation 
become more significant and play a larger role in strengthen-
ing the dry air advection into the monsoon rainband in the 
lower free-troposphere (Fig. 9b).

To investigate these thermodynamic changes, a time–lati-
tude plot of 700 hPa specific humidity is shown in Fig. 14. 
Over the first 10 days of the spin-up run, the specific 
humidity gradually increases over the ocean (south of 5 ◦ 
N) and decreases slightly inland. After day 5, north of 15◦ 
N, the specific humidity decreases likely associated with 

a southward shift in the boundary between the dry desert 
airmass and the moist monsoon airmass. After day 20 of 
the spin-up run, the specific humidity increases inland, a 
response mostly located south of 15◦ N, as this is the approx-
imate boundary of the low-level monsoon airmass. Further 
north, the increase in specific humidity is weaker. This dif-
ferential change in specific humidity leads to a strengthened 
meridional gradient in specific humidity, thus leading to a 
thermodynamic increase in the efficiency of which southerly 
dry air advection dries out the monsoon rainband at 700 
hPa (Fig. 9b). In the equilibrium experiment, this response 
is even clearer, with an even stronger gradient in specific 
humidity anomalies between 10 and 15◦ N, again, consist-
ent with the increase in the thermodynamic component 
of the 700 hPa moisture flux divergence anomalies in the 
equilibrium experiment shown in Fig. 9b, d. This mecha-
nism whereby enhanced moisture gradients in the lower 
free-troposphere inhibits WAM precipitation is consistent 
with the findings of Hill et al. (2017). There, a moist static 
energy budget analysis was used to investigate the Sahel 
precipitation response to a uniform ocean warming. It was 
found that enhanced moist static energy gradients in the mid-
troposphere strengthened the advection of low moist static 
energy into the monsoon rainband. This increase in low 
moist static energy advection was balanced by a decrease in 
vertical motion in the rainband, thus inhibiting precipitation.

This specific humidity response to a uniform ocean 
warming, whereby the moist regions get more moist relative 
to the dryer regions, is consistent with the work of Chadwick 
et al. (2016) and Byrne and O’Gorman (2016). They sug-
gest that changes in specific humidity over land in response 
to SST warming could be determined by scaling the pre-
sent day specific humidity by the fractional increase in the 
near surface specific humidity over the ocean. To investi-
gate this in the equilibrium response presented in Fig. 14, 
a scatter plot of control (amip) against anomalous (amip-
p4K - amip) 700 hPa specific humidity across the latitudes 

Fig. 13  HadGEM2-A anomalous (amip-p4K - amip) August a latent heat flux and b sensible heat flux (colors) and a, b 925 hPa winds (arrows)

Fig. 14  HadGEM2-A (left of vertical black line) climatological 
(amip) (lines) and spin-up anomalous (amip-p4K-spinup - amip) and 
(right of vertical black line) August equilibrium anomalous (amip-
p4K - amip) 700 hPa specific humidity
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presented in Fig. 14 is shown in Fig. 15. The diagonal black 
line across the axis highlights the fractional change in near 
surface (1000 hPa) specific humidity over the ocean in the 
magenta box in Fig. 4b, where a 31% increase in specific 
humidity is calculated. This 31% increase in near surface 
specific humidity is consistent with what might be expected 
if specific humidity were to increase in line with atmos-
pheric temperatures under the Clausius–Clapeyron equation 
(assuming no changes in relative humidity). Under this equa-
tion an approximate 7% K −1 increase in specific humidity 
would be expected (Held and Soden 2006). Therefore, with 
a warming of 4K, this Clausius–Clapeyron scaling predicts 
a 28% increase in near surface specific humidity (assuming 
no dynamical changes). The scatter plot shown in Fig. 15 
indicates that the changes in 700 hPa specific humidity over 
West Africa are largely consistent with the scaling of near 
surface ocean specific humidity, and the smaller deviations 
from this scaling are likely caused by dynamic changes in 
circulation such as the position of airmass boundaries or by 
changes in surface evaporation. It is important to note that 
the method presented by Chadwick et al. (2016) looked at 
changes in near surface specific humidity, whereas here, the 
scaling is applied to 700 hPa specific humidity. Despite this, 
the scaling still appears to hold reasonably well, with some 
larger deviations in the more moist regions.

3.3  Equilibrium response

Section 3.2 investigated the response to an abrupt uniform 
ocean warming over the first month following the SST 
increase. The analysis examines the mechanisms that can 
influence precipitation and suggests how the response moves 
through the spin-up time frame towards the equilibrium 
response. This section aims firstly to demonstrate that the 
mechanisms identified in HadGEM2-A are also present in 
the CMIP6 ensemble equilibrium response, and secondly, 
to investigate whether there is evidence to show that the 
mechanisms identified in the spin-up experiment also apply 
during the seasonal cycle of the equilibrium response.

One mechanism identified in Sect. 3.2 involves changes 
in the shallow meridional circulation over West Africa. It 
was shown that both dynamically, through a strengthening of 
the circulation, and thermodynamically, through enhanced 
moisture gradients over the Sahel, enhanced horizontal 
moisture flux divergence at 700 hPa is associated with a 
decrease in WAM precipitation (consistent with Shekhar and 
Boos (2017)). A cross-section of horizontal moisture flux 
divergence in the CMIP6 model ensemble mean, zonally 
averaged between 10◦ W and 25◦ E, is shown in Fig. 16. 
Consistent with the response seen in HadGEM2-A, the 
CMIP6 ensemble mean also exhibits a strengthening of the 
horizontal moisture flux divergence associated with the shal-
low circulation.

In Sect. 3.2, the cause of this enhanced moisture flux 
divergence at 700 hPa was also investigated. Firstly, the 
combined impact of changing LLAT gradients and a soil 
moisture feedback influenced changes in circulation. Fig-
ure 17 shows that the response seen in HadGEM2-A is 
consistent with that seen in the CMIP6 ensemble mean. 
Figure 17a highlights the decrease in precipitation over the 
WAM region in response to ocean warming and Fig. 17b 
shows the surface heat flux response. Over the Sahel, the 
decreased precipitation is associated with a decrease in 

Fig. 15  Scatter plot of control (amip) against anomalous (amip-p4K 
- amip) 700 hPa specific humidity at each latitude point between 0 
and 30◦ N averaged across the green cross section area indicated in 
Fig. 4b. Blue circles indicate ocean regions and black crosses indicate 
land regions. The diagonal black line indicates the specific humidity 
scaling based on the percentage change in 1000 hPa specific humidity 
over the ocean in the magenta box in Fig. 4b between amip and amip-
p4K experiments (31%)

Fig. 16  Zonally averaged June–August horizontal moisture flux 
divergence climatology (lines), and amip-p4K - amip anomaly 
(colors) in the CMIP6 ensemble mean. Zonal averages taken between 
10◦ W and 25◦ E
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latent heat flux and an increase in sensible heat flux. These 
sensible heat flux anomalies influence temperature changes 
over West Africa and a maximum in anomalous LLAT 
can be seen over the Sahel (Fig. 17c). The second way in 
which the enhanced moisture flux divergence at 700 hPa 
is explained in Sect. 3.2 is through enhanced gradients in 

specific humidity between the moist monsoon airmass and 
the drier desert airmass. More moistening was seen in the 
climatologically moist regions compared to the climatologi-
cally dry regions. Again, Fig. 17d shows that the response 
seen in HadGEM2-A is consistent with the CMIP6 ensemble 
mean. The 700 hPa specific humidity increase is greater to 
the South compared to the North. This specific humidity 
gradient over the Sahel can increase the efficiency at which 
southerly dry air advection dries out the monsoon rainband 
at 700 hPa.

Thus far in this section we have shown that the mecha-
nisms involving changes in the shallow circulation, a soil 
moisture feedback and an increased gradients in specific 
humidity are not only found in the HadGEM2-A spin-up 
analysis but are also seen in the CMIP6 ensemble mean equi-
librium response. However, in Sect. 3.1 it was shown that 
over the first 5 days of the spin-up response, WAM precipita-
tion decreases due to the stabilising affect of increased con-
vective heating over the ocean and due to enhanced bound-
ary layer warming over the ocean affecting the monsoon 
inflow at low levels through changing pressure gradients. In 
the spin-up experiments we have seen that this mechanism 
holds for the transient adjustment to ocean warming but it 
is unclear whether the mechanism also holds as we move 
towards equilibrium. Here, we investigate the possibility that 
this mechanism identified in the spin-up experiment could 
apply to the the seasonal cycle of the equilibrium response.

The seasonal cycle of the equilibrium response to a uni-
form ocean warming, as well as the climatological sea-
sonal cycle is shown in Fig. 18. Here, the average over all 
years and every model has been calculated. All models 
shown in Fig. 1 have been used minus CNRM-CM6-1 
due to data availability. In Fig. 18a a time-latitude plot of 
anomalous LLAT is shown (colors) and the climatologi-
cal LLAT (lines) highlights the seasonal formation of the 

Fig. 17  Zonally averaged June–August amip-p4K - amip anomalous 
a precipitation, b surface heat fluxes, c LLAT, and d 700 hPa spe-
cific humidity in the CMIP6 ensemble mean. Zonal averages taken 
between 10◦ W and 25◦ E

Fig. 18  7 CMIP6 model 
ensemble mean of seasonal a 
LLAT amip climatology (lines) 
and amip-p4K - amip anomaly 
(colors), and b changes in 
amip-p4K - amip anomalous 
mean land/ocean precipitation. 
Land and ocean precipitation 
averaged over the land/ocean 
regions within the magenta box 
in Fig. 4b
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Saharan heat low which reaches its peak over the summer 
months. The LLAT anomalies prior to the main monsoon 
season are larger south of 10◦ N (over the ocean and ocean 
sourced monsoon airmass) compared to the desert regions 
to the north (although some larger values north of 25◦ 
N are also seen). This exhibits similar anomalous LLAT 
patterns to those seen in the first 5 days of the spin-up 
experiment (Fig. 11a). Alongside this, Fig. 18b shows 
that between May and October, positive precipitation 
anomalies are present over the ocean, again, similar to the 
response seen over the first 5 days of the spin-up experi-
ment. These two results suggest that the WAM precipita-
tion may be reduced in the equilibrium response due to 
differential warming over the land and ocean and enhanced 
oceanic precipitation, consistent with the response seen 
in the early stages of the spin-up experiment. Here we 
are suggesting it is possible that processes that manifest 
during the initial adjustment to SST warming may also be 
important at the start of each monsoon season during the 
equilibrium response. At the start of the spin-up experi-
ment, the enhanced warming over the ocean compared to 
inland is most likely caused by the initial forcing being 
based over the ocean and the land warming taking time 
to adjust to this forcing. However, in Fig. 18a the warmer 
ocean–cooler land seen between January and May (i.e. the 
run up to the monsoon season) is likely caused by different 
processes. Despite this, the impact of this warming pattern 
on monsoon precipitation may still be similar.

The results shown in this section suggest that the mech-
anisms identified in the HadGEM2-A spin-up experiment 
are not only relevant when considering the transition 
towards the long term response, but are also useful for 
understanding how this response is sustained once the 
steady state equilibrium response has been reached.

4  Summary of results

This paper investigates the mechanisms behind a decrease 
in WAM precipitation in response to a uniform ocean 
warming. It is suggested that the decrease in precipitation is 
largely caused by dynamical changes to the WAM circula-
tion or through more subtle effects of changes in moisture 
and moisture gradients (Chadwick et al. 2016). Consistent 
with the results of Monerie et al. (2020), the thermodynami-
cally driven increase in rainfall associated with the large-
scale moistening of the atmosphere does not dominate the 
response. A set of spin-up experiments are used to analyse 
the response over the days following the abrupt ocean warm-
ing, finding the precipitation decrease is caused by several 
mechanisms acting over a range of timescales following the 
SST perturbation.

The first mechanism identified in the spin-up analy-
sis is shown to act within the first day of the experiment. 
Enhanced warming over the ocean increases convection 
and precipitation over the ocean, causing the atmosphere 
to warm at mid-levels. This atmospheric warming spreads 
inland and acts to stabilise the atmosphere over the monsoon 
region (Fig. 19a). The enhanced atmospheric warming over 
the ocean (largely at lower levels) also acts to influence low 
level winds by generating an anomaly directed from land to 
ocean. This anomalous wind disrupts the monsoon inflow 
and reduces the amount of moisture convergence inland, thus 
reducing the moisture supplied to the monsoon rainband and 
reducing precipitation.

The second mechanism identified in the spin-up analy-
sis suggests that a reduction in precipitation is caused by a 
strengthening of the shallow meridional circulation, which 
tends to advect dry air into the monsoon airmass at mid-
levels. A strengthening of this circulation advects more dry 
air into the rainband and can inhibit precipitation (Fig. 19b). 

Fig. 19  Schematic depicting three key mechanisms that lead to a decrease in WAM precipitation in response to a uniform ocean warming
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Since the shallow circulation over North Africa is thermally 
direct and closely linked to the Saharan heat low, changes in 
temperature and atmospheric thickness can affect the loca-
tion and strength of the circulation. At the start of the spin-
up run, the ocean warms more than the land, generating a 
large-scale meridional gradient in anomalous LLAT, with 
larger LLAT anomalies to the south and smaller anomalies 
to the north. This large-scale gradient causes the shallow 
circulation to shift southwards and strengthen, inhibiting 
precipitation in the WAM.

The third mechanism affecting the WAM precipitation 
involves a soil moisture feedback mechanism in the semi-
arid Sahel region. In this region, due to the sparse vegetation 
cover, the surface heat fluxes are particularly sensitive to the 
precipitation that falls over the previous days. When less rain 
falls, the ground is dryer and there is less moisture available 
for evaporation. This reduced soil moisture causes a decrease 
in latent heat flux at the surface, which is approximately 
balanced by an increase in sensible heat flux. The increase 
in sensible heat flux warms the atmosphere over the Sahel 
and leads to a local LLAT maximum in the region. The local 
maximum in anomalous LLAT causes the shallow circula-
tion over North Africa to strengthen and helps to sustain the 
circulation changes even when the large-scale meridional 
gradient in anomalous LLAT is no longer present.

The final mechanism identified through the spin-up analy-
sis leading to a reduction in WAM precipitation involves 
an increased meridional gradient in specific humidity at 
700hPa. In response to ocean warming, the moist monsoon 
airmass experiences a larger moistening compared to the 
dryer desert airmass, leading to a strong gradient in anoma-
lous specific humidity between 10 and 15◦ N. This anomaly 
increases the efficiency at which dry air advection into the 
monsoon airmass at 700 hPa acts to inhibit precipitation 
(Fig. 19c).

Using an ensemble of CMIP6 models, it has been shown 
that each of the mechanisms identified in the spin-up exper-
iment may also be present in the long term equilibrium 
response where the atmosphere has reached a steady state.

5  Discussion and conclusions

The WAM is depended on by a large population with rela-
tively low adaptive capacity. Because of this, it is important 
that any adaptation strategies in the region are well informed 
by accurate climate projections. Currently, the uncertainty 
in WAM precipitation projections is large, and in order to 
address this, a greater understanding of the mechanisms and 
processes that influence the WAM in response to increased 
 CO2 should be obtained. By breaking down the full forc-
ing of increased  CO2 into a number of direct and indirect 
effects it is possible to simplify the analysis and highlight 

different processes that influence precipitation in the WAM 
region. Here, the impact of a uniform ocean warming on 
the WAM has been investigated. In response to a uniform 
SST warming, the precipitation associated with the WAM 
is expected to decrease. Despite this being a consistent 
response seen across a range of CMIP5 and CMIP6 mod-
els and having been investigated in previous literature, the 
mechanisms behind this decrease in precipitation are yet to 
be fully understood.

The results highlight several mechanisms that act to cause 
a decrease in WAM precipitation in response to a uniform 
ocean warming. These results, alongside the results from a 
companion paper examining the response of the WAM to the 
direct radiative effect of increased  CO2 (Mutton et al. 2022), 
could help obtain a greater understanding of the mechanisms 
and processes that influence the WAM in the full response 
to increased  CO2. Previously in Mutton et al. (2022), it 
was found that in response to the direct radiative effect, the 
WAM precipitation increased. This increase was caused by 
a northward shift and weakening of the shallow meridional 
circulation over West Africa. The circulation changes were 
generated by large-scale changes in temperature as well as 
the local warming of the atmosphere caused by a soil mois-
ture feedback over the Sahel. In contrast, in this paper, it 
was found that in response to a uniform ocean warming the 
WAM precipitation decreased. This decrease was caused (in 
part) by a strengthening of the shallow circulation over West 
Africa, again, with soil moisture feedbacks over the Sahel 
contributing to these circulation changes.

It is possible that the WAM coupled model response to 
increased  CO2 may be largely set by the differing magni-
tudes of the opposing effects of the direct radiative effect 
and the uniform ocean warming. It is also possible that the 
large spread in projections may be increased by the soil 
moisture feedback that acts to amplify any changes to the 
monsoon precipitation or circulation that occur. In future 
work we aim to understand how different models simulate 
the processes and mechanisms identified in these two papers. 
Examining intermodel differences could then help elucidate 
the source of the uncertainty in WAM projections in the cou-
pled models as well as enabling analysis of possible emer-
gent constraints. Previous work investigating intermodel 
differences in WAM projections has focused on future SST 
pattern changes such as Giannini et al. (2013); Park et al. 
(2015) and Park et al. (2016). Park et al. (2015) suggest 
that intermodel spread in Sahel rainfall projections can be 
largely explained through the difference in warming between 
tropical and extratropical SSTs in the Northern Hemisphere 
whilst Giannini et al. (2013) suggest the difference between 
North Atlantic SSTs and the global tropical SSTs is key to 
understanding WAM variability and intermodel differences 
in projections. Park et al. (2016) state that understanding 
Mediterranean Sea warming is key to understanding the 
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uncertainty in Sahel precipitation projections. The impact of 
a patterned SST change is another component of the Fig. 1 
and timeslice precipitation decomposition and applying the 
results of Giannini et al. (2013); Park et al. (2015) and Park 
et al. (2016) to these experiments could provide valuable 
information.

Other methods have also been used previously to decom-
pose WAM precipitation changes in a future climate. Mon-
erie et al. (2021) decomposed precipitation changes into 
the fast response and the slow response, whereby the fast 
response refers to the effect of radiative warming over land 
and the slow response captures the effect of changes in ocean 
circulation. The work of Monerie et al. (2021) provides use-
ful insight into the timescales over which the mechanisms 
identified in this paper or in Mutton et al. (2022) would be 
expected to occur.

Finally, a further path for future work could involve inves-
tigation into whether the findings in this paper relating to the 
WAM could also be applied to changes in other monsoon 
regions.

It is important to note a couple of limitations to the analy-
sis presented in this paper. Firstly, the spin-up analysis is 
limited to the month of August since the model runs that we 
use only started on this month, and secondly, the spin-up 
analysis is limited to only one model. Despite this, the single 
model analysis allowed the use of experimental designs out-
side of the CMIP6 set, and enabled the identification of a set 
of mechanisms that have then then been investigated in other 
models from CMIP6. The analysis presented in this paper 
has provided insight into the different mechanisms acting to 
influence the WAM precipitation in response to a uniform 
ocean warming. The use of a spin-up experiment has allowed 
investigation into the causality of these different mechanisms 
and the timescales over which they occur, showing how the 
response progresses from the abrupt ocean warming to the 
long-term equilibrium response. Finally, through an analysis 
of the CMIP6 ensemble equilibrium response, it was shown 
that each of the mechanisms identified in the spin-up analy-
sis may still be present in the equilibrium response.

Appendix 1: Figures 1 and 2 experiment 
description

Several CMIP6 experiments have been used to decompose 
the full forcing of  CO2 into different components as shown 
in Fig. 1. The coupled model column in Fig. 1 refers to the 
full forcing of increased  CO2 and is calculated by comparing 
years 50–150 of the piControl and Abrupt-4xCO2 CMIP6 
experiments. This time frame was used to capture the slow 
response of the ocean warming as well as the direct radia-
tive effect. The direct radiative effect refers to the impact of 
multiplying  CO2 concentrations by 4 whilst keeping SSTs 

unchanged. In Fig. 1, the impact of the direct radiative effect 
on the WAM has been calculated by comparing the amip 
and amip-4xCO2 experiments (two AGCM experiments 
forced by observed SSTs and atmospheric constituents, with 
the  CO2 concentrations multiplied by 4 in the case of the 
amip-4xCO2 experiment). The indirect effect of a uniform 
SST warming on the WAM has been calculated using the 
amip and amip-p4K experiment. Again, these experiments 
are two AGCM experiments forced by observed SSTs and 
atmospheric constituents, with a uniform warming of 4K 
applied in the case of amip-p4K. The future SST column in 
Fig. 1 refers to the impact of a uniform SST warming with 
an additional pattern applied, aiming to reflect a projected 
SST pattern in a future climate with increased atmospheric 
 CO2 concentrations. The amip and amip-future4K experi-
ments were used here, where the SST pattern applied is cal-
culated by taking a mean of the CMIP6 ensemble Abrupt-
4xCO2 experiment. Similar to the amip-p4K experiment, in 
the amip-future4K experiment,  CO2 concentrations remain 
unchanged from the amip experiment.

Although these amip experiments described do provide 
useful insight the mechanisms seen in the direct radia-
tive effect and uniform SST warming response, in order 
to produce an accurate decomposition of the full coupled 
model response to increased  CO2 the AGCMs used must be 
forced with SSTs from the associated coupled model. Such 
a decomposition can be made using the timeslice experi-
ments used by Chadwick et al. (2017), which use SST forc-
ing from each coupled model’s own piControl and abrupt-
4xCO2 experiment. The decomposition produced using 
these experiments uses a very similar framework to the amip 
based decomposition described previously but also includes 
further elements of the full forcing of increased  CO2 such 
as the plant physiological effect (i.e. the impact of changing 
plant physiology in response to increased  CO2) and the the 
impact of melting sea ice. The experiment set-up used to 
produce this decomposition is presented in Table 1 and the 
different components of the full response are calculated as 
stated in Table 2. The map plots presented in Fig. 2 show 
the sum of all the components, the coupled model response, 
and the difference between the two.

Appendix 2: Definition of key quantities

Mass weighted vertical average

A mass weighted vertical average has been calculated as.

(1)mass weighted vertical average = ∫
pa

pb

x dp∕(pa − pb)
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where x represents the relevant variable being integrated 
(e.g. temperature), and pa and pb represent the top and bot-
tom pressure limits of the integral.

Atmospheric moisture budget

A vertically integrated moisture budget has been calculated 
as.

where �W
�t

 is the rate of change of vertically integrated atmos-
pheric moisture content, ∇ ⋅ Q is the vertically integrated 
moisture divergence, E is the evaporation, and P is the pre-
cipitation (Brown and Kummerow 2014; Trenberth et al. 
2011).

Equivalent potential temperature

Equivalent potential temperature ( �e ) has been calculated as.

where T is the atmospheric temperature, Lv is the latent heat 
of vaporization, cp is the specific heat capacity at constant 
pressure, p0 is the standard reference pressure of 1000 hPa, 

(2)
�W

�t
= E − P − ∇ ⋅ Q

(3)�e =

(

T +
Lv

cp
r

)(

p0

p

)

Rd

cp

p is the atmospheric pressure, and Rd is the specific gas con-
stant (Stull 1988).

Horizontal divergences

Horizontal divergence of winds and horizontal divergence 
of moisture flux has been calculated as.

where V is the wind, and ∇h⋅ is the horizontal divergence 
operator.

The change in horizontal divergence of moisture trans-
port between amip and amip-p4K has been decomposed 
into dynamic and thermodynamic components (Endo and 
Kitoh 2014).

where subscripts A refer to the amip experiment and Δ 
refers to the difference between the amip-4xCO2 and amip 
experiments.

Low level atmospheric thickness (LLAT)

As defined by Lavaysse et al. (2009) and Shekhar and Boos 
(2017), Low Level Atmospheric Thickness (LLAT) has 
been calculated as.

where Zg(x) is the geopotential height at pressure x. LLAT 
is used here to document changes in the shallow circulation 
over West Africa.

(4)Horizontal divergence of winds = ∇h ⋅ V

(5)Horizontal divergence of moisture flux = ∇h ⋅ qV

(6)ΔDynamic(∇h ⋅ qV) = ∇h ⋅ (qAΔV)

(7)ΔThermodynamic(∇h ⋅ qV) = ∇h ⋅ (VAΔq)

(8)LLAT = Zg(700 hPa) − Zg(925 hPa)

Table 1  Description of 
experimental set-up for 
timeslice experiments used in 
Fig. 2

Each component of the full  CO2 forcing is calculated as described in Table 2

Timeslice experiments

Experiment name Prescribed SSTs CO2 concentrations Sea ice
piSST piControl Pre-industrial piControl
piSST-4xCO2-rad piControl Pre-industrial × 4 (only seen 

by the radiation scheme)
piControl

piSST-4xCO2 piControl Pre-industrial × 4 piControl
piSST-pxK piControl + mean global SST anom-

aly from abrupt-4xCO2 - piControl
Pre-industrial piControl

a4SST abrupt-4xCO2 Pre-industrial piControl
a4SSTice abrupt-4xCO2 Pre-industrial abrupt-4xCO2

Table 2  Definition of components of full forcing of increased  CO2 
using timeslice experiments

Timeslice component definition

Direct radiative effect = piSST-4xCO2-rad − piSST
Uniform SST warming = piSST-pxK − piSST
Patterned SST change = a4SST − piSST-pxK
Plant effect = piSST-4xCO2 − piSST-4xCO2-rad
Sea ice effect = a4SSTice − a4SST
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