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Abstract. This study explores mechanisms by which the At-
lantic Multidecadal Variability (AMV) drives multidecadal
changes in the West African Monsoon (WAM), with a fo-
cus on Sahel rainfall. We investigate the AMV-WAM con-
nection through an energetic perspective using atmosphere–
ocean coupled models forced by an idealized AMV sea sur-
face temperature (SST) pattern. Results show that a positive
AMV phase (anomalously warm North Atlantic) increases
net energy input to the atmosphere via enhanced surface la-
tent heat flux. The atmospheric circulation adjusts by export-
ing this excess energy from the North Atlantic. In the Trop-
ical Atlantic and Africa, this is accomplished by anomalous
southward cross-equatorial energy transport and a northward
shift of the Intertropical Convergence Zone (ITCZ). Over
West Africa, this ITCZ shift leads to increased and north-
ward displaced Sahel rainfall. The monsoon intensification is
dynamically consistent with enhanced low-level convergence
and high-level divergence in the main ascent region and a de-
crease in mid-level dry-air intrusion, linked to a weakening
of the shallow meridional circulation over the Sahara.

1 Introduction

The West African monsoon (WAM) is a complex, strongly
coupled system involving the atmosphere, ocean, and land.
Its seasonal cycle is marked by a pronounced northward mi-

gration of the associated rainfall, which reaches its north-
ernmost position during July, August, and September (JAS)
(Thorncroft et al., 2011). During these months, the semi-arid
Sahel region records most of its annual precipitation (Nichol-
son, 2013). Hence, summer seasonal amounts of Sahel pre-
cipitation are closely tied to the strength and latitudinal mi-
grations of the WAM.

Rainfall over the Sahel has experienced strong variabil-
ity during the instrumental record (Rodríguez-Fonseca et al.,
2015), with a notable component at decadal-to-multidecadal
timescales (Kitoh et al., 2020). The transition from the rainy
years in the 1950s–1960s to the severe drought conditions
of the 1970s–1980s was particularly remarkable (Dai et al.,
2004). Since then, Sahel rainfall has shown a recovery, ac-
companied by an increased frequency and intensity of ex-
treme rainfall events (e.g. Sanogo et al., 2015; Taylor et al.,
2017; Chagnaud et al., 2022). Regionally, the recovery has
been weaker in the western Sahel compared to the central
and eastern sectors (Lebel and Ali, 2009).

There is no clear consensus on the ultimate causes of this
observed decadal variability in Sahel rainfall in the instru-
mental period. Changes in external forcings, compounded
with internal climate variability, make attribution of these
rainfall fluctuations particularly challenging. The limited
length of the observational record and systematic biases in
climate models further complicate the task (Herman et al.,
2023). Consequently, the extent to which the Sahel drought
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and its subsequent partial recovery can be attributed to an-
thropogenic influences, such as greenhouse gas emissions or
aerosol loads, either through direct or ocean-mediated in-
fluences, or to internally generated sea surface temperature
(SST) variability, either due to the system’s stochasticity or
to modifications in the deep oceans, is still highly debated
(Rotstayn and Lohmann, 2002; Knight et al., 2006; Haywood
et al., 2013; Hwang et al., 2013; Dong et al., 2014; Dong and
Sutton, 2015; Hua et al., 2019; Zhang et al., 2019; Moreno-
Chamarro et al., 2020; Watanabe and Tatebe, 2019; Giannini
and Kaplan, 2019; Hirasawa et al., 2020, 2022; Kim et al.,
2020; Zhang et al., 2021, 2022; Ndiaye et al., 2022; He et al.,
2023; Herman et al., 2023; Monerie et al., 2023; Guo et al.,
2024).

Despite this lack of consensus, there is broad agree-
ment that SST variability associated with the Atlantic Multi-
decadal Variability (AMV) played a prominent role in modu-
lating Sahel rainfall at decadal timescales. Between 40 % and
65 % of Sahel rainfall variability at these timescales can in
fact be explained by AMV (Zhang and Delworth, 2006; Vil-
lamayor et al., 2018; Kitoh et al., 2020; Joshi et al., 2022).
Observational and modelling studies consistently show that
the positive phase of AMV, characterized by warmer-than-
normal SSTs in the North Atlantic and cooler and weaker
anomalies in the South Atlantic (Zhang et al., 2019), pro-
motes enhanced rainfall over the Sahel and higher occurrence
of extreme rainfall events (Folland et al., 1986; Knight et al.,
2006; Zhang and Delworth, 2006; Mohino et al., 2011; Ting
et al., 2011; Martin et al., 2014; Martin and Thorncroft, 2014;
O’Reilly et al., 2017; Villamayor et al., 2018; Monerie et al.,
2019b; Moreno-Chamarro et al., 2020; Hodson et al., 2022;
Badji et al., 2022; Mohino et al., 2024; Cai et al., 2025).

Regarding the involved mechanisms, most studies agree
that the AMV positive phase shifts the ITCZ northwards and
enhances southwesterly surface winds into the Sahel, pro-
moting enhanced low-level moisture flux convergence, con-
vection, and upper-level divergence (Folland et al., 1986;
Knight et al., 2006; Zhang and Delworth, 2006; Ting et al.,
2011; Mohino et al., 2011; Wang et al., 2012; Zhang et al.,
2021). The cross-equatorial winds are also understood as
a response to the sea level pressure interhemispheric gra-
dient that follows the interhemispheric SST gradient (Mar-
tin et al., 2014; Martin and Thorncroft, 2014; Xue et al.,
2022). Both dynamical and thermodynamical changes con-
tribute to the total response of the WAM precipitation to
AMV (O’Reilly et al., 2017; Monerie et al., 2019b). How-
ever, there is less agreement on the role of the Saharan Heat
Low (SHL) and the shallow meridional circulation (SMC)
over the Sahara. While Martin and Thorncroft (2014) suggest
that a positive AMV increases Sahel precipitation through an
increased SMC in response to a stronger SHL, Shekhar and
Boos (2017) challenge this view, highlighting that a strength-
ened SMC can weaken the monsoon by advecting dry air at
mid levels.

The emerging paradigm of monsoons as energetically di-
rect moist circulations, tightly coupled to the ITCZ and the
Hadley circulation (Schneider et al., 2014; Biasutti et al.,
2018), provides a framework to explore WAM variability
from an energetic perspective. The column-integrated moist
static energy (MSE) budget offers insights into the WAM
response to climate change (Hill et al., 2017, 2018; Mut-
ton et al., 2022). Furthermore, the established relationship
between inter-hemispheric atmospheric energy transport and
the ITCZ position (Kang et al., 2008; Marshall et al., 2014;
Donohoe et al., 2014; Bischoff and Schneider, 2014; Schnei-
der et al., 2014; Adam et al., 2016a, b) enables the use
of energetic-based metrics to diagnose the location of the
monsoon-related rainfall band (Shekhar and Boos, 2016) and
to explore uncertainties related to aerosol forcing in under-
standing 20th-century Sahel rainfall trends (Monerie et al.,
2023). The recent extension of this theory to consideration of
the influence of proximal deserts on monsoonal precipitation
(Shekhar and Boos, 2016) holds promise to also shed light on
the SMC-Sahel rainfall relationship in a unified framework.

Motivated by this perspective, the aim of this study is to
improve understanding of the impact of AMV on the WAM
through the lens of the energetic framework. The limited
length of the observational record, the misrepresentation of
Sahel multidecadal variability in current reanalyses (Berntell
et al., 2018), and the influence of other sources of decadal
SST variability, particularly those centred in the Pacific basin
(Mohino et al., 2011; Villamayor and Mohino, 2015; Dong
and Dai, 2015; Joshi et al., 2022), hinder the evaluation of
the AMV influence on the WAM from observations alone.
To overcome these limitations, here we adopt a modelling
approach in which atmosphere–ocean coupled models are
forced with an idealised North Atlantic SST pattern char-
acteristic of the AMV through SST restoring (Boer et al.,
2016). This approach allows us to analyse a large ensemble
of realisations, improving signal detection, and to quantify
model uncertainty by applying a consistent constraint across
different models.

2 Data and methods

2.1 Description of the simulations

We use two sets of sensitivity experiments, consisting of
10 year runs with global coupled models in which North
Atlantic SSTs are constrained to follow a fixed, idealised
anomalous pattern of the AMV in its positive (AMV+) and
negative (AMV−) phases, respectively. The anomalous pat-
tern (see Fig. S1 in the Supplement) is derived from an
estimation of the internal component of the observed SST
variability, following the procedure proposed by Ting et
al. (2009) and using the ERSSTv4 dataset (Huang et al.,
2015). The SST AMV signal is imposed in the North At-
lantic, from 10–65° N, with an additional 8° buffer zone
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in which the amplitude of the AMV anomaly is reduced.
Within this region, SSTs are constrained either through al-
teration of the surface fluxes or through a Newtonian SST
nudging. Hereinafter, we will jointly refer to these adjust-
ments as SST restoring. Further details on how the AMV
pattern is obtained and on how the models’ SST is con-
strained can be found in Boer et al. (2016) and in the techni-
cal notes for AMV simulations (https://www.wcrp-esmo.org/
projects-and-panels/dcpp/dcpp-cmip6, last access: 17 July
2026). Four models follow the protocol of the Decadal Cli-
mate Prediction Project – Component C (DCPP-C Boer et
al., 2016), while nine others follow the protocol proposed
in the EU Horizon 2020 PRIMAVERA project (Hodson et
al., 2022). In both cases, for each model, multiple ensem-
ble members are generated by slightly perturbing initial con-
ditions. The protocols differ in the applied radiative forcing
(pre-industrial conditions in the DCPP-C protocol and 1950s
conditions in the PRIMAVERA protocol) and in the magni-
tude of the anomalous AMV pattern, which is twice as large
in the PRIMAVERA runs. Changes associated with a pos-
itive AMV phase are estimated by subtracting the negative
experiment from the positive one (AMV+−AMV−). Since
this estimation assumes linearity, changes associated with a
negative AMV phase can be obtained by reversing the sign
of the anomalies. To facilitate comparison between proto-
cols, changes in the model driven by the PRIMAVERA pro-
tocol are halved. For each experiment, we first calculate the
10 year mean of the simulation, and then we average all en-
semble members for each model. The climatology for a given
model and field is computed as half the sum of the positive
and negative experiments, after averaging across ensemble
members and the ten simulated years. Although there could
be non-linear effects in the AMV impacts (e.g. Monerie et
al., 2019b, 2025), the current protocol does not allow their
estimation.

Table 1 lists the models analysed, including their atmo-
spheric horizontal resolution, protocol followed, number of
ensemble members, and main reference.

2.2 Derived variables

From the model’s monthly mean outputs, we calculate the
following derived variables:

– Top-of-atmosphere radiative energy imbalance. The en-
ergy imbalance at the top of the atmosphere RTOA is
calculated as the difference between net incoming short-
wave radiation and outgoing longwave radiation (OLR),
with positive values indicating net radiative energy gain
for the atmosphere.

– Surface energy imbalance. The surface energy imbal-
ance FSFC is calculated as the sum of net surface short-
wave radiation, net surface longwave radiation, and sur-
face turbulent enthalpy fluxes (latent and sensible heat),

with positive values indicating an energy gain for the
atmosphere from below.

– Net energy input. The net energy input NEI into the at-
mospheric column is calculated as the sum of the top-of-
the-atmosphere and surface energy imbalances. A posi-
tive value indicates a net input of energy into the atmo-
sphere.

– Moist static energy. Moist static energy (MSE, h) is cal-
culated as h= cpT +Lvq+gz, where cp is the specific
heat at constant pressure, T is the temperature, Lv is the
latent heat of vaporization, q is the specific humidity,
g is the gravitational constant, and z is the geopotential
height.

– Divergent moist static energy flux. To estimate the
column-integrated divergent MSE flux (〈uh〉+, with u

denoting the horizontal wind, brackets mass-weighted
vertical integrals, and + the divergent component), we
use the column-integrated energy balance of the atmo-
sphere:

∂t 〈e〉+∇h · 〈uh〉 = NEI (1)

where ∂t 〈e〉, the time tendency of the mass-weighted
vertical integral of moist enthalpy e = cpT +Lvq, rep-
resents the moist energy stored in the atmospheric col-
umn, and ∇h is the horizontal divergence operator. As-
suming that energy storage is negligible over seasonal
and long-term averages (denoted by overbars), we ob-
tain ∇h · 〈uh〉 = NEI. The divergent component of the
mass-weighted vertical integral of the MSE flux is
hence inferred from NEI assuming the energy budget in
Eq. (1) is closed and atmospheric energy storage is neg-
ligible. Note that even though NEI calculation is per-
formed with monthly mean values, the inferred diver-
gent component of the mass-weighted vertical integral
of the MSE flux is inclusive of time means and transient
eddies.

– Low-level atmospheric thickness. We calculate the low-
level atmospheric thickness (LLAT) as the difference
between the geopotential heights of the 700 hPa and the
950 hPa surfaces as a metric of the SHL (Shekhar and
Boos, 2017). To focus on robust geopotential changes,
we remove the tropical mean between 23° S and 23° N.
Following Shekhar and Boos (2017), we also estimate
the value and the latitude of the LLAT maximum using
cubic-spline interpolation of the zonally averaged field
between 10 and 35° E.

– ITCZ position. We estimate the zonally varying latitude
of the ITCZ, φmax, following Adam et al. (2016b) as
the position of the maximum rainfall by weighting for
each longitude the latitude (φ) by the 10th power of
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Table 1. Overview of the different models used in this study, together with approximate horizontal resolution, number of atmospheric vertical
levels, protocol followed for the simulations, number of members for each experiment, and main reference for the model documentation.

Model Atmospheric Number of atmospheric Protocol Members Reference
horizontal resolution vertical levels

IPSL-CM6A-LR 2.5°× 1.3° 79 DCPP-C 50 Boucher et al. (2020)
CNRM-CM6-1 1.4°× 1.4° 91 DCPP-C 26 Voldoire et al. (2019)
EC-Earth3a

∼ 100km 91 DCPP-C 32 Döscher et al. (2022)
HadGEM3-GC31-MMb 0.83°× 0.55° 85 DCPP-C 25 Williams et al. (2018)
CNRM-CM6-1 1.4°× 1.4° 91 PRIMAVERA 15 Voldoire et al. (2019)
EC-Earth3P-HR ∼ 50km 91 PRIMAVERA 17 Haarsma et al. (2020)
EC-Earth3Pb

∼ 100km 91 PRIMAVERA 25 Haarsma et al. (2020)
ECMWF-IFS-HRc

∼ 25km 91 PRIMAVERA 15 Roberts et al. (2018)
ECMWF-IFS-LRc

∼ 50km 91 PRIMAVERA 30 Roberts et al. (2018)
MetUM-GOML2-HR 0.83°× 0.55° 85 PRIMAVERA 15 Hirons et al. (2015)
MetUM-GOML2-LR 1.875°× 1.25° 85 PRIMAVERA 15 Hirons et al. (2015)
MPI-ESM1-2-HRd

∼ 100km 95 PRIMAVERA 10 Gutjahr et al. (2019)
MPI-ESM1-2-XRd

∼ 50km 95 PRIMAVERA 10 Gutjahr et al. (2019)

a Too few vertical levels were available in the output of this model, so it was excluded from both the vertical profile analysis and the calculation of low-level atmospheric
thickness.
b No soil moisture data was available for these models.
c No near-surface specific humidity data was available for these models.
d Due to an unrealistic response (see Sect. 3.1), these models are removed from the results shown in the paper. Note that this does not affect the main conclusions of the
manuscript.

the area-weighted precipitation (P ) and integrating be-
tween 20° S and 20° N:

φmax =

∫ 20° N
20° S φ[cos(φ)P ]10dφ∫ 20° N
20° S [cos(φ)P ]10dφ

– African Easterly Jet position. The peak of the African
Easterly Jet (AEJ) is identified as the minimum of the
600 hPa zonal wind, zonally averaged between 10° W
and 10° E, after cubic-spline interpolation.

2.3 Multimodel averaging

To highlight the average signals across models, the multi-
model mean is calculated as the unweighted average across
all available models (an equal weight “1 model, 1 vote”
approach), without any special weighting for different ver-
sions of the same model. In this calculation, each model is
represented by the average over all its ensemble members,
which varies among models (Table 1). Before averaging, all
model outputs are regridded to a common horizontal grid of
1°× 1° using a first-order conservative method. For the cal-
culation of vertical profiles, outputs are first computed for
each model, regridded linearly to a common 1° horizontal
grid (vertical levels are standardised, except for EC-Earth3
in the DCPP-C protocol, which is excluded for profile calcu-
lations), and then averaged across the available models.

In maps and spatial plots, model consistency is evaluated
by hatching the regions where less than 80 % of the models
agree on the sign of the AMV+ minus AMV− changes in a
given variable.

2.4 Statistical confidence and intermodel spread

As is common in modelling studies, the intermodel spread
is used as a measure of uncertainty. We assume the model
values form a sample drawn from a normal distribution with
unknown variance, and we use the sample variance as an es-
timate of the population variance. Confidence intervals are
constructed using a two-tailed Student’s t-test at a signifi-
cance level of α = 0.05.

We also evaluate the potential relation between the inter-
model spread of Sahel rainfall and that of other variables us-
ing scatter plots, for which the linear regression and corre-
lation are calculated. The statistical significance of the latter
is assessed using a t-test at the same significance level of
α = 0.05.

Due to the interdependence among models, determining
the number of degrees of freedom in our sample of mod-
els is not straightforward (Sanderson et al., 2015). Specifi-
cally, two elements are provided by the same model (CNRM-
CM6-1) run under the two different protocols, while others
represent a single model configuration run at different res-
olutions (for instance, MetUM-GOML2-HR and MetUM-
GOML2-LR). Moreover, several models share components
(e.g., atmospheric or oceanic), thus reducing overall diver-
sity. Most results shown are based on a sample of 11 mod-
els, of which around 6 can be considered independent, al-
though their components might not be completely indepen-
dent. Therefore, we assess the statistical significance under
two assumptions: (1) treating all models as independent real-
isations, and (2) assuming only 6 independent elements. This
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dual approach allows us to evaluate the sensitivity of our con-
clusions to model interdependence. These are indicated in the
text and figures with one and two asterisks, respectively.

2.5 Symmetric and antisymmetric components of
changes

To quantify how much of a given change in a zonally av-
eraged field can be interpreted as a latitudinal shift vs. an
amplitude change, we decompose anomalies into symmet-
ric and antisymmetric components relative to the location
of the climatological peak. We restrict the analysis to zon-
ally averaged (in the 10° W–10° E longitudinal sector) fields
that exhibit a distinct extremum (maximum or minimum) as
a function of latitude (e.g., rainfall or zonal wind at 600 hPa)
and focus on a latitude window centred on this peak. For
any latitude within this window, the symmetric (antisymmet-
ric) component is defined as half the sum (difference) of the
value at that latitude and the value at its mirror latitude rela-
tive to the peak. For a given latitude range to one side of the
peak (for instance, Sahel latitudes for rainfall), we identify
the shift with the antisymmetric component and the ampli-
tude change with the symmetric component, both averaged
over the latitude range. The total averaged change for that
given latitude range is the sum of both components. Unless
otherwise stated, the region taken for the averages is from
the latitude of the maximum to the northern limit of the plot.
For the multimodel mean, the calculation is performed after
model averaging.

3 Results

3.1 Drift in the global energy response and model
selection

We evaluate potential drifts of the simulations by calculating
the drift in the TOA energy imbalance RTOA over the simu-
lated years (Fig. 1a). All models except for MPI-ESM-2-HR
and MPI-ESM-2-XR show negative RTOA, indicating that
the AMV+ experiment is losing energy at TOA relative to
AMV−. Although the negative values tend to grow over time,
the trends are not statistically significant. This weak nega-
tive RTOA and its trend in the difference between AMV+ and
AMV− experiments are consistent with a positive value and
trend in OLR (Fig. 1b) and in global mean surface tempera-
tures (Fig. 1c). The SST restoring imposes warm anomalies
over the North Atlantic in the AMV+ experiment relative to
AMV−, resulting in a warmer global mean surface tempera-
ture anomaly (Fig. 1c). This initial anomaly tends to increase
over time as regions remote from the North Atlantic begin
warming up (Fig. 1c). Consequently, the warmer AMV+ ex-
periment loses more OLR to space relative to the AMV− ex-
periment (Fig. 1b), which explains the negative RTOA and its
weak negative trend (Fig. 1a).

Conversely, MPI-ESM-2-HR and MPI-ESM-2-XR exhibit
highly anomalous behaviour. In response to warm North At-
lantic SST anomalies, these models cool over the simulated
period, especially over the tropical ocean regions (Figs. 1d
and S2). The reasons for this cooling remain unclear, and
while we encourage further analysis, it is out of the scope
of this study. This cooling causes a strong positive drift of
RTOA (Fig. 1a) due to a corresponding negative drift in OLR
(Fig. 1b). In addition, these models present a strong response
in Sahel rainfall (see Fig. S3), characterised by a positive
and statistically significant trend throughout the simulation
(Fig. 1e). We consider this behaviour unrealistic and have
therefore removed these two models from the analyses shown
here. We caution against the inclusion of the PRIMAVERA
AMV+ and AMV− simulations performed with these two
models in multimodel means, as it can unrealistically dis-
tort results and increase intermodel spread (as in Hodson
et al., 2022). Nevertheless, our main conclusions regarding
the mechanisms governing the Sahel rainfall response to the
AMV SST pattern remain robust regardless of the exclusion
of these two models.

3.2 Changes in Sahel rainfall

In response to the imposed positive AMV pattern during bo-
real summer, there is a pronounced surface warming across
continental regions poleward of 30° N, including eastern
Asia. In the Southern Hemisphere, warm anomalies appear
mainly over South America (Fig. 2a). This pattern is con-
sistent with previous studies evaluating similar experiments
(Ruprich-Robert et al., 2018, 2021; Monerie et al., 2021;
Hodson et al., 2022). Elsewhere, models show weaker and
less consistent temperature responses, with modest multi-
model mean changes.

In agreement with earlier work (e.g. Folland et al., 1986;
Knight et al., 2006; Zhang and Delworth, 2006; Mohino
et al., 2011; Ting et al., 2011; Martin et al., 2014; Martin
and Thorncroft, 2014; Villamayor et al., 2018; Monerie et
al., 2019b; Hodson et al., 2022; Mohino et al., 2024), over
West Africa, the positive phase of the AMV leads to in-
creased rainfall over the continent, strongest along the west-
ern coast, and over the Atlantic north of 5° N (Fig. 2b).
Negative precipitation anomalies occur to the south of the
main convective regions. Models show high consistency in
the positive rainfall response over the Sahel but larger un-
certainty over the Guinea Gulf coastal regions west of 0° E
(Fig. 2b). On average, models suggest an increase of 0.10±
0.02∗/0.03∗∗mmd−1 in JAS rainfall over the Sahel, corre-
sponding to approximately 5 % of the climatological mean.

Increases in Sahel rainfall can arise from an intensification
and/or a northward shift of the main rainband. The merid-
ional dipole of precipitation anomalies in Fig. 2b is sugges-
tive of a northward displacement of the ITCZ. Most mod-
els indeed show such a northward ITCZ shift over West
Africa (Fig. 2c), with a multimodel mean estimate of 0.09±
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Figure 1. Simulation drifts. Differences between AMV+ and AMV− yearly means averaged across all ensemble members for each model vs.
simulated year for: (a) global mean net TOA energy imbalance RTOA (Wm−2); (b) global mean OLR (Wm−2, positive anomalies meaning
the Earth is losing more longwave radiation at TOA in AMV+ than in AMV−); (c) global mean surface temperature (K); (d) tropical (20° S–
20° N) mean surface temperature (K); (e) Sahel rainfall (averaged over the 10° W–10° E, 10–20° N box, mmd−1). For the models following
the PRIMAVERA protocol (marked as blue in the model names), only half the anomalies are shown. Solid symbols mark statistically
significant differences (two-tailed t-test) in the AMV+ and AMV− experiments evaluated separately for each year. Letters a to e next to the
model name indicate trends in the variables shown in the corresponding plot that are statistically different from 0 (at the level of α = 0.05).

0.05∗/0.08∗∗ °. Moreover, the intermodel spread in the mag-
nitude of this shift is positively associated with the spread in
Sahel rainfall changes, indicating that models simulating a
stronger northward ITCZ shift tend to produce larger rainfall
increases over the Sahel.

To further evaluate if the rainfall response is better in-
terpreted as an intensification or a latitudinal shift, we de-
compose rainfall changes averaged in the 10° W–10° E lon-
gitude sector into symmetric and antisymmetric components
relative to the latitude of maximum climatological rainfall
(Fig. 3a). For the multimodel mean, 70 % of the changes in
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Figure 2. Multimodel mean AMV+ minus AMV− change in JAS for: (a) surface temperature (°C) and (b) rainfall over West Africa
(mmd−1). Dots mark regions where less than 80 % of the models (less than 9 out of 11) agree on the sign of changes. Contours in panel (b)
show multimodel mean JAS rainfall (grey contours are drawn every 2 mmd−1 with the starting black contour at 2 mmd−1). (c) Scatter plot
of Sahel (10° W–10° E, 10–20° N, see purple box in panel b) rainfall change as a function of the ITCZ latitude shift (°) averaged over the
10° W–10° E longitude range. The dashed line shows the linear regression fit, and the correlation coefficient is shown in the title. Correlations
are marked with one asterisk if they are statistically significant at the level of α = 0.05 when taking all the models as independent samples.
Two asterisks are used if correlations are statistically significant when lowering the number of independent samples to 6. For the models
following the PRIMAVERA protocol (marked with orange symbols in the scatter plot), only half the anomalies are shown.

rainfall over Sahel latitudes are explained by the antisymmet-
ric component (Fig. 3b), supporting a dominant contribution
from a northward displacement of the precipitation pattern.
At the individual model level, results are more disparate, with
five models showing a dominance of the antisymmetric com-
ponent and four a dominance of the symmetric component,
consistent with an intensification of the mean precipitation
pattern. The intermodel spread of changes over the Sahel is
positively correlated with both components (Fig. 3c and d),
which is expected since their sum represents the total change.
However, the correlation with the symmetric component is
weak and not statistically significant, while it is stronger and
statistically significant for the antisymmetric one.

In summary, in response to the positive AVM phase, mod-
els simulate an enhancement of Sahel rainfall, arising from
both an intensification and a northward shift of the main rain-
band. The northward displacement dominates the mean re-
sponse and also helps explain the intermodel spread in total
rainfall changes.

3.3 Large-scale mechanism driving changes in Sahel
rainfall

As shown above, the response of Sahel rainfall to a posi-
tive phase of the AMV is dominated by a northward shift of
the ITCZ. The energetic framework has established a clear
link between similar ITCZ shifts and changes in the cross-
equatorial atmospheric energy transport, modulated by the
inverse of the net energy input into the atmosphere (NEI)
in the equatorial region (Donohoe et al., 2014; Adam et al.,
2016a, b, 2019; Shekhar and Boos, 2017). It is therefore of
interest to investigate whether the identified rainfall changes
at Sahel longitudes are related to corresponding changes in
cross-equatorial energy transport and equatorial NEI mod-
ifications. To this aim, Fig. 4a shows NEI into the atmo-
sphere and the divergent component of the column-integrated
total MSE flux (〈uh〉+, arrows). In response to a positive
AMV, changes in equatorial NEI at Sahel longitudes are
small (Fig. 4a) and show no consistent alignment with Sahel
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Figure 3. Decomposition of rainfall changes into symmetric and antisymmetric components. (a) Multimodel mean climatology of rainfall
in JAS averaged between 10° W and 10° E (orange, left axis, mmd−1) and AMV+ minus AMV− change (black continuous line, right axis,
mm d−1). The change has been decomposed into symmetric (grey line, right axis) and antisymmetric (dashed line, right axis), relative to the
maximum climatological value. (b) Symmetric and antisymmetric components of AMV+ minus AMV− average rainfall change in the Sahel
box (see purple box in Fig. 2b) in JAS for all models and the multimodel mean (mmd−1). (c, d) show scatter plots of rainfall change in the
Sahel box as a function of its symmetric and antisymmetric components, respectively (mmd−1). For the models following the PRIMAVERA
protocol (marked as orange symbols), only half the anomalies are shown. In the scatter plots, the dashed line shows the linear regression fit,
and the correlation coefficient is shown in the title. Correlations are marked with one asterisk if they are statistically significant at the level of
α = 0.05 when taking all the models as independent samples. Two asterisks are used if correlations are statistically significant when lowering
the number of independent samples to 6.

rainfall changes (not shown). Conversely, a robust anomalous
southward cross-equatorial column-integrated MSE flux de-
velops in the Atlantic and along African longitudes (〈vh〉+,
with meridional wind v, Fig. 4b), and is also observed at
the global scale in the zonal mean (Fig. S4). Provided gross
moist stability does not change (Kang et al., 2009), the zon-
ally averaged southward energy transport is realised through
a northward displacement of the ascending branch of the
Hadley circulation (Donohoe et al., 2014). The simulated in-
crease in Sahel rainfall and associated ITCZ northward shift
together with the anomalous southward energy transport at
the Sahel longitudes are consistent with the zonally averaged
paradigm, suggesting sector-mean zonal energy fluxes are of
second-order relevance (Adam et al., 2016b).

At Sahel longitudes (10° W–10° E, yellow box in Fig. 4b),
the multimodel mean response in the meridional component
of the column-integrated divergent MSE flux across the equa-
tor is (−1.4±0.4∗/0.6∗∗)×106 Wm−1. Combining this with
our previous estimate of the mean ITCZ shift at these lon-
gitudes yields a displacement of (−6.2± 4.2∗)× 10−8 ° per
each Wm−1. When scaled to the entire latitude circle, this
corresponds to (−1.6± 1.0∗) ° per PW, an estimate in close
agreement with those reported by Donohoe et al. (2014) for
the observed interannual variability of the zonally averaged
ITCZ position.

The southward cross-equatorial energy transport arises as
a response to the enhanced net input of energy into the at-
mosphere in the North Atlantic (Fig. 4a, shaded). This en-
ergy excess cannot be stored locally and results in large-scale
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Figure 4. Multimodel average changes in AMV+ minus AMV− in JAS for: (a) net energy input (NEI) into the atmospheric column (Wm−2,
shaded) and associated divergent component of the column integrated MSE flux (〈uh〉+, 106 Wm−1, arrows); (b) meridional component
of the divergent column integrated MSE flux (〈vh〉+, with meridional wind v, 106 Wm−1); (c) energy imbalance at TOA (RTOA, Wm−2);
(d) energy imbalance at the surface (FSFC, Wm−2); (e) latent heat flux at surface (Wm−2). For NEI and the energy imbalances, positive
values indicate energy gain for the atmosphere. Scatter plots of averaged Sahel rainfall change (mmd−1) and: (f) strength of the divergent
component of the column integrated meridional MSE flux at equatorial latitudes averaged over the Sahel longitudes (〈vh〉+0 , 106 Wm−1,
see orange box in panel b); (g) NEI averaged over the North Atlantic (Wm−2, see orange box in panel c); (h) surface energy imbalance
averaged over the North Atlantic (FSFC, Wm−2). For panel (a), anomalies are only shown in regions where at least 80 % (9 out of 11) of
simulations agree on their sign. Dots in panels (b)–(e) mark regions where fewer than 80 % of the models agree on the sign of changes. For
the models following the PRIMAVERA protocol (marked with orange symbols in the scatter plot), only half the anomalies are shown. The
legend for the symbols in the scatter plots is the same as in Fig. 2c. In the scatter panels, the dashed line shows the linear regression fit, and
the correlation coefficient is shown in the title. Correlations are marked with one asterisk if they are statistically significant at the α = 0.05
level when considering all models as independent samples. Two asterisks are used if correlations are statistically significant when lowering
the number of independent samples to 6.

atmospheric circulation adjustments that generate the diver-
gent MSE flux seen in Fig. 4a. These adjustments also in-
clude changes in NEI in regions remote from the primary
forcing, such as the Atlantic south of the equator, where neg-
ative NEI anomalies develop (Fig. 4a) and further strengthen

the inter-hemispheric energy gradient. Decomposition of the
NEI excess into individual contributions from TOA and sur-
face energy imbalances (Fig. 4c and d) shows that the main
contribution comes from the surface imbalance, which is in
turn principally driven by the latent heat flux (Fig. 4e). The
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mean NEI anomaly in the North Atlantic (see box in Fig. 4c)
is 1.5± 0.1∗/0.2∗∗Wm−2, 85 % of which originates from
latent heat flux changes. A notable exception to the domi-
nance of latent heat fluxes in the NEI pattern is the northern
flank of the tropical NEI maximum (approximately between
60–20° W and 10–20° N). In this specific region, the positive
surface energy anomaly is primarily due to cloud-radiative
feedbacks linked to the northward ITCZ shift (Fig. S5).

Regarding the intermodel spread, the scatterplot in Fig. 4f
suggests that models with a stronger southward energy trans-
port response also exhibit larger increases in Sahel precipita-
tion. A similar relationship emerges when comparing Sahel
rainfall changes with the NEI or surface energy imbalance
averaged over the North Atlantic, where strong NEI anoma-
lies develop (Fig. 4g and h): models with higher atmospheric
energy input through surface fluxes tend to produce stronger
southward cross-equatorial energy transport and greater Sa-
hel rainfall anomalies. Note that both the tropical and extra-
tropical portions contribute to the North Atlantic NEI, and
their combination explains more inter-model spread of Sahel
rainfall changes than either contributor separately (Fig. S6).

To further analyse the changes in surface latent heat flux,
we apply the bulk aerodynamic formula (Hartmann, 2016),
whereby the latent heat flux (LE) can be expressed as:

LE = LvρCDEUrqs(1−RH)

where ρ is the air density, CDE is the aerodynamic transfer
coefficient for moisture, Ur is the mean wind speed at the
standard height, qs is the saturation specific humidity, and
RH is the relative humidity. To a first-order approximation,
we expect the fractional change in latent heat flux (δLE/LE,
with δLE denoting the AMV+ minus AMV− anomalies of
latent heat flux and LE the estimated climatological value)
to be linearly related to the fractional change in saturated
specific humidity (δqs/qs), to the fractional change in mean
wind speed (δUr/Ur ), and to the negative fractional change
in relative humidity (−δRH/(1−RH)). In Fig. 5, we present
these terms for the surface, except for the wind speed, which
is estimated from monthly mean zonal and meridional com-
ponents at 1000 hPa, and RH, which is calculated as the ratio
between near-surface specific humidity and saturation spe-
cific humidity at the surface. These represent approximations
to near-surface wind speed and relative humidity.

In response to the imposed SST restoring, the warm SST
anomalies over the North Atlantic (Fig. 2a) lead to an over-
all increase in saturation specific humidity (Fig. 5b). This
would, in isolation, favour enhanced latent heat flux from
the surface over the North Atlantic. However, the anomalous
spatial patterns in Fig. 5a and b differ markedly. Over the
tropical north Atlantic, between the equator and 20° N, where
fractional changes in qs are nearly uniform (Fig. 5b), latent
heat flux fractional anomalies show a dipole (Fig. 5a), with
weak and negative values in the tropical Atlantic between
10 and 20° N and west of 30° W, and strong and positive
values to the south of 10° N. These differences suggest the

influence of feedbacks that modulate the initial response to
the imposed SST anomalies (Shekhar and Boos, 2016). Be-
cause the atmosphere is decoupled from the ocean within the
SST-restored region, such feedbacks must be of atmospheric
origin. Specifically, the northward shift of the Atlantic ITCZ
following the AMV+ forced energy surplus in the North At-
lantic would reduce the northerly winds to the north of the
climatological ITCZ (approximately located at 10° N) and
enhance the southerly winds to the south. This yields a dipole
in surface wind speed anomalies (negative north of 10° N,
positive to the south; Fig. 5c), which in turn suppresses latent
heat flux to the north and increases it to the south, consistent
with the pattern in Fig. 5a. Note that in this region, the exper-
imental setup prevents full atmosphere–ocean coupling, such
that positive and negative Wind-Evaporation-SST feedbacks
(Karnauskas, 2022; Ganguly et al., 2024) are hindered.

In addition, over the North Atlantic subpolar region,
changes in relative humidity further enhance latent heat flux
into the atmosphere (Fig. 5d). This contribution comes from
a reduction in the northwestern Atlantic RH (note the neg-
ative sign of the RH term in the bulk formula), as the posi-
tive anomaly in near-surface specific humidity (not shown)
is smaller than the saturated one. This likely reflects a
circulation-driven export of moist air away from the North
Atlantic subpolar region, redistributing the excess moisture
generated by warmer SSTs.

In summary, our results show that in response to the posi-
tive AMV phase, enhanced turbulent latent heat fluxes from
the North Atlantic increase the atmospheric energy input.
The excess energy is then exported from the North Atlantic
by anomalous atmospheric circulation patterns, which in turn
feed back onto the surface fluxes. The resulting steady state
is characterised by a southward cross-equatorial energy flux
across the Atlantic and African longitudes. In the African
sector, this flux is accomplished by a northward shift of the
monsoonal Hadley-like circulation’s ascending branch and is
thus associated with a corresponding northward shift of the
main rainfall band, ultimately leading to enhanced rainfall
over the Sahel.

3.4 Changes in the monsoon structure and dynamics

The large-scale responses to the imposed AMV SST anoma-
lies in the North Atlantic indicate modifications of the West
African monsoon that extend beyond changes in seasonal
rainfall amounts. The main changes in the monsoon circu-
lation are summarised in Fig. 6. Close to the surface, during
the positive phase of the AMV, models consistently show a
stronger low-level westerly flow that penetrates further north
(Fig. 6a). The magnitude of these anomalies is weak, consis-
tent with the models’ general underestimation of the AMV’s
impact on Sahel rainfall (Mohino et al., 2024). Changes in
the low-level meridional wind reveal a weakening of the
southerly winds south of 13° N (Fig. 6b), which enhances
low-level wind convergence south of 10° N (Fig. 6c), in
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Figure 5. Multimodel mean of fractional changes in AMV+ minus AMV− in JAS for: (a) latent heat; (b) saturation specific humidity at
surface; (c) wind speed at 1000 hPa; and (d) near-surface relative humidity (plotted as−δRH/(1−RH)). Relative humidity is calculated using
near-surface specific humidity and the saturated specific humidity at the surface. The latter is estimated over the ocean by first calculating the
saturation vapour pressure based on surface temperature (WMO, 2024) and then transforming it into saturation specific humidity, taking into
account sea level pressure. Note that ECMWF-IFS-HR and ECMWF-IFS-LR models were not used for surface calculations since they did
not provide near-surface specific humidity. Likewise, EC-Earth3 was not used for wind speed at 1000 hPa. Fractional changes are expressed
relative to the climatological values at each grid point, which are calculated as half the sum of AMV+ and AMV− simulations. Dots mark
regions where fewer than 80 % of the models agree on the sign of changes, and values over land are masked out.

the region of mean climatological ascent (Thorncroft et al.,
2011; Nicholson, 2013). Positive meridional wind anomalies
peak between 15 and 20° N (Fig. 6b), altering the horizontal
wind divergent field by weakening and shifting northward the
lower branch of the shallow meridional circulation (SMC)
(Fig. 6c).

In the upper troposphere, the Tropical Easterly Jet (TEJ)
strengthens, accompanied by enhanced northerlies associ-
ated with the upper branch of the Hadley cell (Fig. 6a and b).
The upper-level horizontal divergence is also enhanced, es-
pecially on its northern edge between 10 and 15° N (Fig. 6c),
suggesting a strengthening and northward displacement of
the main ascent region, consistent with the rainfall anoma-
lies.

In the mid and lower troposphere, the low-level at-
mospheric thickness anomalies point to an enhanced and

northward-shifted SHL (Lavaysse et al., 2010), with posi-
tive anomalies north of 20° N and negative ones to the south
(Figs. 6d, S7 and S8). These negative anomalies are linked to
the evaporative cooling induced by increased soil moisture
following increased precipitation (see Fig. S9). The result-
ing evaporative cooling modifies the meridional temperature
gradients, reducing them south of the climatological maxi-
mum and strengthening them to the north, which favours a
northward shift of the African Easterly Jet (AEJ), consistent
with thermal wind balance (Cook, 1999). Indeed, between
800 and 500 hPa, cyclonic zonal wind anomalies south of
20° N indicate a northward shift of the AEJ (Fig. 6a). The
AEJ also shows a slight weakening (see Fig. S10). At mid
levels, the upper branch of the SMC, located between 15 and
20° N and 800–600 hPa (see climatological contours showing
divergence in Fig. 6c), shows a consistent weakening across
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Figure 6. Multimodel average changes (shaded) in AMV+ minus AMV− in JAS and climatological values (gray contours, solid for positive
values and dashed for negative ones, black contours mark zero isoline) of: (a) zonal wind averaged between 10° W and 10° E (ms−1, contours
drawn every 2 ms−1); (b) meridional wind averaged between 10° W and 10° E (ms−1, contours drawn every 0.5 ms−1); (c) divergence of
horizontal wind averaged between 10° W and 10° E (10−6 s−1, contours drawn every 10−6 s−1); (d) low-level atmospheric thickness with
respect to average tropical values (m, contours drawn every 10 m). Purple vertical lines in panels (a)–(c) mark the Sahel latitudes. Scatter
plots of rainfall change (mmd−1) averaged over the Sahel box (10° W–10° E, 10–20° N, see purple box in panel d), (e) the shift in the
latitude of AEJ (°); (f) the change in the northerly meridional wind (ms−1) averaged in the 10° W–10° E, 9–16° N box and between 600
and 700 hPa pressure levels (see orange box in panel b); (g) the change in strength of the horizontal wind divergence (10−6 s−1) averaged
in the 10° W–10° E, 14–20° N box and between 600 and 700 hPa pressure levels (see orange box in panel c). For the models following the
PRIMAVERA protocol (marked with orange symbols in the scatter plot), only half of the anomalies are shown. The legend for the symbols
in the scatter plots is the same as in Fig. 2c. In the scatter plots, the dashed line shows the linear regression fit, and the correlation coefficient
is shown in the title. Correlations are marked with one asterisk if they are statistically significant at the α = 0.05 level when considering all
models as independent samples. Two asterisks are used if correlations are statistically significant when lowering the number of independent
samples to 6.

models (see Fig. S11). This is reflected in reduced mid-level
divergence and a weaker return flow south of 15° N (orange
boxes in Fig. 6b and c).

Regarding the intermodel spread, the scatter plots shown
in Fig. 6e–g suggest that the changes at mid levels are

strongly related to the changes in Sahel rainfall. Models
with stronger rainfall change over the Sahel are also those
that show a stronger northward shift of the AEJ (Fig. 6e).
We speculate this link to be a consequence of the surface
response to enhanced rainfall (see Fig. S8): increased soil
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moisture in the latitudinal band between 10 and 15° N fol-
lowing enhanced precipitation promotes evaporative cool-
ing of the surface by changing the balance between latent
and sensible heat fluxes, which alters the surface tempera-
ture latitudinal gradient and, through thermal wind balance
(Cook, 1999), enhances the AEJ to the north and reduces it
to the south. In addition, models that exhibit a weaker shal-
low meridional circulation, characterised by a weaker mid-
level return flow and weaker mid-level divergence close to
15° N, tend to show a stronger rainfall change in the Sahel
(Fig. 6g, f). Conversely, the intermodel spread of neither the
strength nor of the shift of the SHL structure is related to
change in Sahel rainfall (see Fig. S7 and S8). The intermodel
spread in rainfall changes is also not related to the shift of the
divergence by the SMC upper branch (see Fig. S11).

The preceding analysis suggests, consistent with Shekhar
and Boos (2017), a strong coupling between enhanced Sahel
rainfall and a weakened return flow of the SMC at mid-levels.
Such a weakening reduces the intrusion of dry air into the Sa-
hel, thereby modifying horizontal advection of moist static
energy in the region. To further investigate this mechanism,
we examine the column-integrated atmospheric energy bal-
ance (Eq. 1). Taking time averages, again assuming negligi-
ble atmospheric energy storage (∂t 〈e〉 ≈ 0) and decomposing
the total transport in mean and eddy components, the energy
budget can be written as:

NEI−〈∇h · (uh)〉− 〈∇h · (u′h′)〉 = 0 (2)

where overbars denote time averages, and primes denote de-
viations from the time averages. Together with the continuity
equation (∂pω+∇hu= 0, where ω is the vertical velocity in
pressure coordinates), the second term on the left-hand side
of Eq. (2) can be written as:

〈∇h · (uh)〉 = 〈u · ∇hh〉− 〈h∂pω〉 = 〈u · ∇hh〉+ 〈ω∂ph〉

This provides the following expression for the column-
integrated energy balance:

NEI−〈u · ∇hh〉− 〈ω∂ph〉− 〈∇h · (u′h′)〉 = 0

In most deep convective regions, including monsoon sys-
tems, the transient eddy term is small and the dominant bal-
ance is between positive NEI and the MSE divergence by
the vertical advection term (−〈ω∂ph〉< 0) (Neelin and Held,
1987). In the Sahel monsoon, as shown by Hill et al. (2017),
the horizontal advection term (−〈u · ∇hh〉< 0) is non neg-
ligible and in fact partly balances the positive NEI through
import of dry, and hence, lower-MSE air in the upper branch
of the SMC.

Building on these ideas, in Fig. 7, we examine changes
in the MSE export by the time-mean horizontal flow (u ·
∇hh) over the Sahel. Climatologically, the export of MSE
at mid-levels is dominated by the moisture advection term
(u · ∇hLvq, compare black and blue lines in Fig. 7a), due to

northerly flow between 800 and 300 hPa (Fig. 6b) acting on a
negative meridional moisture gradient (Fig. 7c, ∂yq, blue line
and axis), that is, by dry air advection by the upper branch
of the SMC, in agreement with Hill et al. (2017). Tempera-
ture advection slightly counteracts this MSE export (Fig. 7a,
u · ∇hcpT , red line), since the same northerly flow also ad-
vects warmer air.

In response to a positive phase of the AMV, models con-
sistently show a reduction in MSE export at mid-levels due to
weaker time-mean horizontal advection (Fig. 7b, δ(u · ∇hh),
black line). Because changes in NEI over the Sahel are posi-
tive (Fig. 4a) and the transient eddy MSE flux divergence is
small (e.g. Hill et al., 2017), this reduced horizontal export
must be compensated by enhanced export through the di-
vergent circulation. Consequently the vertical advection term
(−〈ω∂ph〉) becomes more negative. Given the tropical MSE
vertical structure, this implies a change from a shallower con-
vection regime to a deeper convection regime with a first-
baroclinic mode structure (see Fig. S12). This interpretation
agrees with the horizontal divergence anomalies in Fig. 6c,
which show reduced divergence at mid levels and stronger
divergence aloft.

A decomposition of the change in the time-mean horizon-
tal MSE export in temperature (δ(u · ∇hcpT )), geopotential
height (δ(u · ∇hz)) and moisture (δ(u · ∇hLvq)) components
shows that the moisture advection term dominates (com-
pare black and blue solid lines in Fig. 7b). Part of the re-
duced dry-air advection, and therefore the weaker MSE ex-
port, stems from the weakening of the meridional flow in the
upper branch of the SMC (Fig. 7b, δ(u) · ∇hLvq, blue dot-
ted line), as positive meridional wind anomalies (Fig. 6b) act
on the climatological negative meridional moisture gradient
(Fig. 7c, blue line and axis). However, and consistent with
Hill et al. (2017), the dominant contribution arises from ther-
modynamic changes (Fig. 7b, u·δ(∇hLvq), dashed blue line)
linked to changes in the moisture field itself. Under a positive
AMV phase, and consistent with a stronger and more north-
ward location of the rainfall band, the tropospheric moisture
content increases across West Africa, especially at Sahel lat-
itudes, peaking slightly north of 15° N in the lower tropo-
sphere (not shown). This moistening induces an anomalous
positive meridional gradient of moisture in the Sahel (Fig. 7c,
δ(∂yq), orange line and axis). The climatological northerlies
(contours in Fig. 6b) acting on this anomalous meridional
gradient explain the negative values of the u ·δ(∇hLvq) term
in Fig. 7b (blue dashed line).

Regarding intermodel differences, the scatter plots in
Fig. 7d–f suggest that changes in Sahel rainfall are strongly
linked to mid-tropospheric MSE horizontal advection (δ(u ·
∇hh), Fig. 7d), mainly through the thermodynamic moisture
advection component (u·∇hδ(Lvq), Fig. 7f). Models exhibit-
ing a stronger reduction in MSE export, through a greater de-
crease in dry air intrusion at mid levels (mainly mediated by
modifications in the moisture profile), also simulate larger in-
creases in Sahel rainfall. This relationship is consistent with
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Figure 7. (a) Climatological export of MSE by the time-mean horizontal flow (u · ∇hh, black line) partitioned into the potential energy
(u · ∇hgz, grey line), sensible (u · ∇hcpT , red line), and latent enthalpy (u · ∇hLvq, blue line) components averaged over the Sahel box
(10° W–10° E, 10–20° N) for the multimodel mean. (b) AMV+ minus AMV− multimodel change in the export of MSE by the time-mean
horizontal flow (δ(u · ∇hh), black) partitioned into the potential energy (δ(u · ∇hgz), grey), sensible (δ(u · ∇hcpT ), red), and latent enthalpy
(δ(u · ∇hLvq), blue) averaged over the Sahel box. The change in latent enthalpy has been further decomposed into its thermodynamic
(u · δ(∇hLvq), blue dashed) and dynamic (δ(u) · ∇hLvq, blue dotted) components. (c) Multimodel mean meridional gradient of the 10° W–
10° E zonally averaged specific humidity (gkg−1 per degree) at 15° N (∂yq, blue) and AMV+ minus AMV− changes (δ(∂yq), orange).
Scatter plots of averaged Sahel rainfall change (mmd−1) and averages of changes over the Sahel box between 850 hPa and the 500 hPa levels
of: (d) total export of MSE due to time-mean horizontal flow (δ(u ·∇hh)); (e) MSE export due to horizontal moisture advection in MSE units
(δ(u ·∇hLvq)); and (f) its thermodynamic component also in MSE units (u · δ(∇hLvq)). Units for the energetic terms are 10−3 Wkg−1. For
the models following the PRIMAVERA protocol (marked with orange symbols), only half of the anomalies are shown. The legend for the
symbols in the scatter plots is the same as in Fig. 2c. Dots in panels (b) and (c) mark changes for which at least 80 % of the models agree on
the sign. In the scatter plots, the dashed line shows the linear regression fit, and the correlation coefficient is shown in the title. Correlations
are marked with one asterisk if they are statistically significant at the level of α = 0.05 when taking all the models as independent samples.
Two asterisks are used if correlations are statistically significant when lowering the number of independent samples to 6.

the models that show greater decreases in mid-tropospheric
horizontal divergence (Fig. 6f) indicating a weakening of the
shallow convection regime.

In summary, a positive phase of AMV promotes a north-
ward shift of the main monsoon circulation features, particu-
larly the SHL and the AEJ. It also enhances low-level conver-
gence near 10° N and divergence aloft, reinforcing the deep
convection branch of the monsoon. While also shifting north-
ward, the shallow meridional circulation weakens, reducing
the intrusion of dry air into the Sahel main convective region
at mid levels. This weakening not only occurs consistently
across models but also scales with the magnitude of rain-

fall increase. The reduced mid-tropospheric dry-air intrusion
lowers the MSE export by horizontal advection, which is then
compensated by enhanced MSE export through the divergent
circulation (Hill et al., 2017), ultimately supporting stronger
precipitation. The dominant driver of the reduced horizontal
MSE export is the thermodynamic component of the mois-
ture advection, highlighting a strong coupling between mois-
ture and circulation changes in the West African monsoon
response to AMV.
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4 Discussion

In this work, we have analysed the impact of AMV on the
WAM by comparing two sensitivity experiments (AMV+

and AMV−) conducted with different models under a com-
mon experimental framework. This framework restores the
North Atlantic SSTs towards an idealised AMV pattern,
which mitigates some of the limitations inherent to obser-
vational analyses, such as the short observational record, the
co-existence of different sources of multidecadal variability,
and the misrepresentation of Sahel multidecadal variability
in current reanalyses (Berntell et al., 2018). It also avoids
uncertainties associated with model-dependent SST patterns
linked to AMV in fully coupled ocean–atmosphere simula-
tions (Martin et al., 2014). Nevertheless, our approach is not
exempt from its own limitations.

The SST restoring, imposed in the North Atlantic, effec-
tively decouples the ocean from the atmosphere in that re-
gion. Aside from potentially destabilising the climate sys-
tem in two models (MPI-ESM1-2-HR and MPI-ESM1-2-
XR), this decoupling may alter the surface energy exchanges,
particularly in the tropical and subtropical North Atlantic
(O’Reilly et al., 2023). On the one hand, the positive surface
heat flux anomalies shown in Fig. 4d would thermodynami-
cally cool the tropical SSTs, thereby dampening these fluxes.
On the other hand, the surface wind anomalies accompany-
ing the northward shift of the ITCZ could also induce dynam-
ical changes in the ocean, potentially altering equatorial up-
welling and heat transport via the subtropical cells (Schnei-
der et al., 2014). These ocean–atmosphere feedbacks could
influence our estimates of NEI and of the dominant role of
surface latent heat fluxes in driving it. Nevertheless, the po-
tential issues associated with SST restoring for surface heat
fluxes are likely smaller during boreal summer, our season
of interest. A comparison of fully-coupled and SST-restoring
simulations suggests the latter are more realistic during bo-
real summer, when surface heat fluxes tend to dampen SST
anomalies also in the tropical and subtropical regions (Kim et
al., 2020; O’Reilly et al., 2023). Furthermore, the observed
relationship between reduced sea surface salinity, moisture
flux divergence, and Sahel multidecadal variability (Li et al.,
2016) suggests that surface latent heat fluxes indeed play a
relevant role in the observed AMV–WAM coupling.

Contrary to what might be expected if the restored set
up resulted in an overestimation of the relevance of tropi-
cal North Atlantic SSTs (Kim et al., 2020; O’Reilly et al.,
2023), the simulated response to AMV is weak. The low-
level zonal wind response in Fig. 6a is approximately ten
times weaker than the observational estimates shown by Mar-
tin and Thorncroft (2014), which cannot be accounted for by
the surface temperature differences to which they are asso-
ciated (roughly 2-4 times weaker in the simulations with re-
spect to the composite used in Martin and Thorncroft, 2014).
The underestimation of the response in WAM circulation is
in agreement with the one already identified by Mohino et

al. (2024) in the simulated precipitation response and could
be due to a lack of forcing. One could argue that part of the
multidecadal variability of WAM responds directly to radia-
tive forcings (i.e., it is not ocean mediated, Dong and Sut-
ton, 2015; Hirasawa et al., 2020), and hence is absent from
our experiments. Alternatively, as suggested by Herman et al.
(2023), if most of WAM’s multidecadal variability is indeed
ocean mediated, the weak simulated response might indicate
that SST anomalies outside the North Atlantic also contribute
to the overall AMV impact. Another potential explanation
for the weak response is the under-representation of key pro-
cesses and feedbacks, such as those related to soil moisture
(Li et al., 2016), African dust (Wang et al., 2012; Balkanski
et al., 2021) or vegetation (Wang et al., 2004), which could
also hinder the simulated response of WAM to SST anoma-
lies.

Some methodological limitations also need to be empha-
sized. First, our energetic framework neglects atmospheric
energy storage, assuming that the divergent component of
the vertically integrated energy flux is balanced by the mean
NEI (Eq. 1), which might not be the case for seasonal means
(Donohoe et al., 2013). While the limited available model
output does not allow us to verify the validity of this assump-
tion in our simulations, a comparison of these terms using
ERA5 reanalysis (Hersbach et al., 2020; Mayer et al., 2021)
suggests this is a robust approximation for a 10 year summer
mean (see Fig. S13). Second, the vertically integrated MSE
fluxes (Fig. 4a) do not uniquely identify the specific chain
of intermediate physical links driving the WAM adjustment
to the AVM forcing. In particular, these integrated fluxes do
not allow us to disentangle the relative contributions of the
mean circulation and transient eddies, nor the specific roles
of latent and sensible energy transport. Consequently, our re-
sults do not preclude, and are indeed consistent with, the hy-
pothesis that enhanced moisture transport from the tropical
Atlantic acts as a primary causal link between North Atlantic
warming and the northward Sahelian ITCZ shift. The pres-
ence of a westerly component in the anomalous MSE flux
over the Sahel (Fig. 4a) supports this interpretation. High-
frequency and vertically resolved model output (not currently
available for this ensemble) would be necessary to further at-
tribute these changes to specific process-level dynamics.

In contrast to Martin and Thorncroft (2014), our results do
not support the hypothesis that the positive phase of AMV
enhances Sahel rainfall through an intensification of the shal-
low meridional circulation (SMC) established over the Sa-
hara. While the entire monsoon system shifts northward and
the SHL deepens, as indicated by increased low-level at-
mospheric thickness, the SMC consistently weakens across
models (Fig. 6c). This result aligns with the mechanism pro-
posed by Shekhar and Boos (2017). The intermodel com-
parison highlights the relevant role of this SMC weakening
at mid-levels: models showing weaker SMC exhibit larger
Sahel rainfall increases in response to the positive phase of
AMV. Conversely, there is no clear relationship between any
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measure (strength or shift) of the SHL and Sahel rainfall in-
tensity (see Figs. S7 and S8).

Our results further suggest that, in response to a positive
phase of AMV, the increase in Sahel rainfall is associated
with a reduction of mid-level dry air intrusion from the north,
which reduces the MSE export by the time-mean horizontal
flow. This is consistent with a transition to deeper convection
and a more top-heavy monsoon structure. This association
is in good agreement with recent studies investigating the
response of Sahel rainfall to climate change (Mutton et al.,
2022, 2024), reinforcing the notion that a weakening of the
SMC and a reduction in mid-level dry air intrusion are key
features of a wetter Sahel. Interestingly, the dominant driver
of this reduced mid-level dry air is the thermodynamic com-
ponent of the moisture advection, suggesting a strong cou-
pling between moisture and circulation changes.

5 Conclusions

In this study, we analysed simulations from 13 coupled mod-
els in which the North Atlantic SSTs were restored to follow
an idealised SST pattern representative of the AMV. We com-
pared two experiments, AMV+ and AMV−, to estimate the
linear response to the AMV and study its impact on the WAM
from an energetic perspective. The simulations showed no
significant drift, except for two models, whose results were
deemed unrealistic and were not included in subsequent anal-
yses.

All models simulate increased Sahel rainfall during the
positive AMV phase. The multimodel mean response is best
described as a northward shift of the local ITCZ rather than
a mere intensification. Intermodel differences in the increase
of Sahel rainfall are also positively correlated with those in
the northward ITCZ shift.

From an energetic perspective, ITCZ shifts, such as those
simulated in the Atlantic and West Africa in response to a
positive AMV phase, have been associated with changes in
the cross-equatorial energy transport (Donohoe et al., 2014;
Adam et al., 2016a, b). The imposed warm SST anomalies
lead to an increase in the net energy input into the atmo-
sphere over the North Atlantic. This excess energy is then
exported from this region by the atmospheric circulation.
In the tropical region, such export is directed towards the
southern hemisphere, with an anomalous southward cross-
equatorial energy flux in Atlantic and African longitudes.
As this transport is primarily accomplished by the Hadley
circulation (Schneider et al., 2014), the southward cross-
equatorial energy flux is consistent with a northward shift of
the Atlantic and African ITCZ, leading to enhanced rainfall
over the Sahel. Additionally, there is a positive intermodel
correlation between anomalous Sahel rainfall and southward
cross-equatorial energy flux at Sahel latitudes and net energy
input over the North Atlantic. The enhanced NEI into the
atmosphere in the North Atlantic arises from enhanced sur-

face latent heat driven by the warmer SST, with feedbacks
from the atmospheric circulation further modulating surface
fluxes, particularly through wind adjustments accompanying
the northward-shifted ITCZ.

The large-scale atmospheric response to the imposed
North Atlantic SST anomalies results in coherent changes
in the monsoonal circulation consistent with stronger Sahel
rainfall. The SHL and the African Easterly Jet are displaced
northward, the low-level southwesterly monsoonal flow is
enhanced over the Sahel, and both the low-level wind con-
vergence and the upper-level divergence in the region of
main climatological ascent strengthen, indicating a stronger
and northward displaced deep convection zone. In agreement
with Shekhar and Boos (2017), the shallow meridional cir-
culation over the Sahara and the mid-level dry-air advection
into the Sahel are consistently weakened across models. In
addition, the reduction in mid-level dry-air intrusion shows
a strong positive intermodel correlation with Sahel rainfall
increases.

The modelled equilibrium response of the WAM to AMV
also suggests a strong feedback between moisture and cir-
culation changes. The response of the AEJ and part of the
northward shift of the SHL can be traced back to modifica-
tions in surface temperature, which are themselves related to
the modified rainfall response through changes in soil mois-
ture and local surface turbulent fluxes. Moreover, the thermo-
dynamic component of the response, namely enhanced atmo-
spheric moisture throughout the column, further suppresses
dry-air intrusion and promotes deeper convection, sustaining
the rainfall increase.

Finally, the energetic framework used in this study, link-
ing the NEI into the atmosphere to the divergent compo-
nent of the vertically integrated MSE flux, proves to be a
powerful diagnostic tool for understanding in simple ener-
getic terms the impact of AMV on Sahel rainfall. This frame-
work may also help elucidate other extratropical sources of
variability for Sahel rainfall, such as Arctic sea-ice loss and
Southern Ocean warming (Monerie et al., 2019a; Jeong et
al., 2025; Datti et al., 2025), whose effects are primarily ex-
pressed through meridional shifts of the energy transport. For
other sources of Sahel decadal variability, such as the Pa-
cific Decadal Variability (Mohino et al., 2011; Villamayor
and Mohino, 2015; Dong and Dai, 2015; Joshi et al., 2022),
consideration of the zonal component of the vertical integral
of MSE flux and associated shifts of the energy flux prime
meridian (Boos and Korty, 2016) could provide additional
insights.

Code and data availability. Data used in this work are pub-
licly available. Model simulations can be downloaded from the
Earth System Grid Federation CMIP6 archive (https://esgf-ui.
ceda.ac.uk/search, last access: 22 January 2026). The original
data has been processed with Climate Data Operators (cdo)
at https://doi.org/10.5281/zenodo.10020800 (Schulzweida, 2023).
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