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1.  Introduction
The West African Sahel region is the semiarid border between the Sahara desert and the tropical savannah. Its 
precipitation regime is linked to the West African Monsoon (WAM), with a well-defined rainy season between 
July and September (JAS) (e.g., Nicholson, 2013). However, the Sahel rainfall regime has undergone dramatic 
changes in the 20th century, primarily linked to the sea surface temperature (SST) variability (Folland et al., 1986; 
Giannini et al., 2003; Park et al., 2015). At inter-annual timescale, precipitation variability is primarily associated 
with El Niño-Southern Oscillation (ENSO) (Rodríguez-Fonseca et al., 2015) while the Atlantic Multi-decadal 
Variability (AMV) can affect decadal rainfall variability and trends (Knight et al., 2006). The role of anthropo-
genic forcing has also been explored, such as the effect of increasing atmospheric carbon dioxide (Biasutti, 2013; 
Gaetani et al., 2017), the role of land use changes in amplifying precipitation variations (Kucharski et al., 2013; 
Zeng & Neelin,  1999) and tropospheric aerosols in driving SST and rainfall changes (Ackerley et  al.,  2011; 
Haywood et al., 2013). Yet, volcanic eruptions over the 20th century are also found to impact the Sahel rainfall 
(Haywood et al., 2013; Jacobson et al., 2020).

As a major natural precursor influencing global climate (McGregor et al., 2015), explosive volcanic eruptions 
eject large amounts of sulfur gasses into the stratosphere and form aerosol clouds, which persist there for a couple 
of years to increase the Earth's albedo by reflecting solar radiation (Robock, 2000). Consequently, surface and 
tropospheric cooling occurs in post-eruption years, amplified by water vapor feedbacks (Soden et  al.,  2002). 
The climate impact depends on the height reached by the ejections and the aerosol cloud distribution, respec-
tively determined by the eruption's explosivity, season and latitude. Tropical eruptions induce more symmetri-
cal forcing across the equator and global impact on surface temperature, while extra-tropical eruptions lead to 
inter-hemispheric asymmetric forcing and impact predominantly the own hemisphere (Timmreck, 2012).

Most work about volcanic impact on hydroclimate focuses on the hemispheric asymmetry of the forcing, which 
induces strong inter-hemispheric energetic imbalance and ITCZ shifts (Colose et al., 2016; Erez & Adam, 2021), 
although large tropical eruption clouds lead to decreased monsoon precipitation and tropical circulation changes 
(D’Agostino & Timmreck, 2022). The strongest eruptions over the 20th century in the Northern Hemisphere 
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(NH) have been associated with Sahel drought in the following couple of years, while Southern Hemisphere  (SH) 
eruptions result in more rainfall (Haywood et al., 2013). Yet, past reconstructions of volcanic forcing show larger 
eruptions over the past millennium compared to the 20th century and a wider variety of erupting volcanoes 
(Toohey & Sigl, 2017). Hence, the observational period is not representative of volcanic forcing of the Common 
Era (CE) in terms of magnitude, location and eruptions frequency. In turn, reconstructed indices of the 19th 
century Sahel precipitation show evidence of more pronounced variability than in the 20th century (Nicholson 
et al., 2012), suggesting a link with concurrent large volcanic activity (Gallego et al., 2015). Reconstructions of 
the Nile River flow also add evidence for a significant volcanic impact on the African monsoon over the past 
millennium (Manning et al., 2017; Oman et al., 2006). Therefore, studying eruptions over the past millennium 
provides better representativeness of the variety of volcanic events and the impact on Sahel precipitation.

Understanding the consequences of historical eruptions on climate is crucial for accurately attributing the 
observed variability and constraining the potential climatic effects of future eruptions (Lüning et al., 2018; Man 
et al., 2021; Tejedor et al., 2021). This work assesses the volcanic impact on Sahel precipitation over the last 
millennium (850–1849 CE) relying on state-of-the-art coupled global climate model (GCM) simulations aiming 
at (a) finding different WAM inter-annual responses to strong volcanic eruptions depending on the latitudinal 
distribution of the radiative forcing, (b) characterizing the leading mechanisms and (c) discussing decadal to 
secular Sahel rainfall variability in association with volcanic forcing.

2.  Data and Methods
This study uses the past millennium (past1000; Jungclaus et al., 2017) simulations run by the IPSL-CM6A-LR 
(Boucher et al., 2020; Lurton et al., 2020) and the MPI-ESM1-2-LR (Mauritsen et al., 2019; van Dijk et al., 2022) 
GCMs, participating in the Paleoclimate Modeling Intercomparison Project phase 4 (PMIP4; Kageyama 
et al., 2018) and the Coupled Model Intercomparison Project phase 6 (CMIP6; Eyring et al., 2016) (overview in 
Table S1 in Supporting Information S1). Ensembles of respectively three and two members are provided by these 
models and employed in this work. Pre-industrial control (piControl) runs are used to calculate the climatology 
and quantify the internal climate variability.

Presently, PMIP4 past1000 simulations using four different models are available. We focus here on the 
IPSL-CM6A-LR and MPI-ESM1-2-LR past1000 simulations since they consistently include a long-term 
volcanic forcing reconstruction of zonal and monthly mean aerosol optical depth (AOD) and effective radius 
compiled from the evolv2k data set (Toohey & Sigl, 2017) with the Easy Volcanic Aerosol (EVA) forcing gener-
ator (Toohey et al., 2016). Then, a selection of strong volcanic events was made based on the stratospheric AOD 
at 550 nm as follows: extra-tropical NH (ETNH) and tropical (TROP) eruptions are classified as strong when the 
mean AOD across, respectively, 45°N–90°N and 16°S–16°N peaks above the global-mean AOD and exceeds the 
threshold of 0.1, that is, the magnitude of a Pinatubo-like eruption (Figure 1a). No extra-tropical SH (90°S–45°S) 
events were found with this criterion. An estimate of the magnitude of the radiative forcing is computed as the 
annual global-mean anomaly of the net short-wave radiation at the top of the atmosphere (TOA). Then, the 
first post-eruption years are defined as those showing maximum radiative forcing anomaly following the start 
of selected eruptions (Table S2 in Supporting Information S1). Although the MRI-ESM2-0 and MIROC-ES2L 
PMIP4/past1000 model simulations use different strategies in the volcanic forcing implementation (Table S1, 
Figures S1 and S2 in Supporting Information S1), they were also analyzed for decadal and secular scale variabil-
ity of Sahel precipitation.

After the classification of volcanic events, composites of different fields (i.e., precipitation, temperature, wind, 
velocity potential and specific humidity) are computed as the mean anomalies relative to the piControl clima-
tology across the selected events. To highlight surface temperature gradients underlying the overall volcanic 
radiative cooling (Khodri et al., 2017), composites of relative (i.e., with respect to the 16°S–16°N mean) surface 
temperature anomalies are also represented. The confidence interval of the mean across all composite members is 
assessed with a Student t-test and the forcing effect on the composite anomalies relative to the internal variability 
is statistically evaluated by bootstrapping the unperturbed piControl anomalies.

In order to characterize the simulated variability of the Sahel mean precipitation, an inter-annual summer Sahel 
precipitation index (SAHELPI) is defined as the JAS mean precipitation anomalies, area-weighted and averaged 
across 17.5°W–10°E; 10°N–17.5°N.
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A moist static energy (MSE) decomposition (Pu & Cook, 2012) is performed to evaluate the convective local 
precipitation over central Sahel (10°W–10°E; 10°N–17.5°N) by decomposing it to the sensible heat (cpT), the 
latent heat (Lq) and the potential energy (gz) components:

MSE = 𝑐𝑐p𝑇𝑇 + 𝐿𝐿𝐿𝐿 + 𝑔𝑔𝑔𝑔;�

where T, q, and z are the temperature, the specific humidity and the geopotential height, respectively, averaged 
over the central Sahel area. cp is the specific heat of dry air at constant pressure, L is the latent heat of vapouriza-
tion of water at 0°C and g the gravitational acceleration.

3.  Results
3.1.  Sahel Inter-Annual Response to Volcanic Eruptions

The selection and classification of strong volcanic eruptions based on the AOD result in 7 ETNH and 26 TROP 
events (Figure 1, Table S2 in Supporting Information S1), with respectively strongly asymmetric and broadly 
symmetric hemispheric distributions of the radiative forcing (Figure S1 in Supporting Information  S1). By 
matching the past1000 SAHELPI anomalies represented by all models with the selected eruptions events, it is 
noticeable that intense dry anomalies emerge following most of the large volcanic eruptions with different ampli-
tudes that could be related to latitudes, season and magnitude of the events (Figures 1b and 1c). ETNH eruptions 
seem to induce larger Sahel rainfall response than TROP ones, even though the strongest eruptions in the CE are 
TROP events (e.g., the 1258 eruption; Figure 1a).

In order to analyze the different Sahel precipitation sensitivity simulated by the IPSL-CM6A-LR and 
MPI-ESM1-2-LR models to ETNH and TROP eruptions, the relationship between post-eruption JAS precipi-
tation anomalies and the amplitude of the volcanic radiative forcing is represented in Figures 2a and 2b. Both 
models represent a similar linear relationship to ETNH eruptions with a significant precipitation response emerg-
ing from the internal variability when the global radiative imbalance exceeds about 1  W  m −2. However, the 
sensitivity to TROP eruptions differs across the two models. The radiative forcing has to be larger than 4 and 
11 W m −2 for respectively IPSL-CM6A-LR and MPI-ESM1-2-LR to exert a significant drying which amplitude 
increases linearly with the eruption magnitude (R 2  ∼  0.6 for TROP and 0.7 for ETNH). Such uncertainty is 

Figure 1.  Volcanic forcing and Sahel rainfall anomalies between July and September in past1000 simulations. (a) Mean aerosol optical depth averaged (black) globally, 
(red) over the tropical (TROP) and (blue) extra-tropical NH (ETNH) ranges. Selection of (red triangles) TROP and (blue triangles) ETNH eruptions, exceeding 
(horizontal dashed line) the 0.1 threshold, extended as dashed vertical lines in (b, c). (b, c) Sahel precipitation index (SAHELPI) (mm day −1) of (black indices) the 
three- and two-member ensemble-mean for respectively the IPSL-CM6A-LR and MPI-ESM1-2-LR models and (gray shading) ensemble spread. Horizontal dashed 
lines indicate the ±σ (standard deviation) of the piControl SAHELPI.
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likely conditioned by the respective model biases in precipitation (Figure S3 in Supporting Information S1) and 
modulating factors. These results stress that the Sahel precipitation sensitivity is notably larger to ETNH than to 
TROP eruptions.

The ETNH-related composites maps of JAS precipitation show an anomalous tropical rain belt south of the 
climatological ITCZ position in both models (Figures 2c and 2d), while an overall drying over West Africa is 

Figure 2.  First post-eruption precipitation response between July and September to strong eruptions. (a, b) Linear relationship between Sahel precipitation and radiative 
forcing (asterisks) ensemble-mean and (crosses) individual-member anomalies corresponding to the selected (red) tropical (TROP) and (blue) extra-tropical NH 
(ETNH) volcanic events. (Gray shading) 95% confidence interval of the internal variability. (c, d) ETNH and (e, f) TROP composites of JAS precipitation anomalies 
the first post-eruption year (mm day −1) and (contours) the climatology from 2 mm day −1 in intervals of 4 mm day −1. Stippling indicates areas where the composite 
anomalies significantly emerge from the internal variability with 95% confidence level.
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shown in TROP composites (Figures 2e and 2f). This suggests that the WAM reacts differently depending on the 
eruption latitude. We therefore investigate the different mechanisms at play during ETNH and TROP eruptions 
by analyzing the associated dynamics and thermodynamics in the following sections.

3.1.1.  ETNH-Related Response

The time evolution of the Sahel rainfall response to ETNH eruptions is represented as composites of monthly 
anomalies over 3 years starting in the first post-eruption year (Figures 3a and 3b). They show significant nega-
tive anomalies during the two monsoon seasons following the eruptions (referred to as 1JAS and 2JAS seasons, 
respectively) robustly represented by both the IPSL-CM6A-LR and MPI-ESM1-2-LR models.

Associated with the 1JAS drying, a hemispheric contrast dominates the pattern of relative surface temperature 
composite anomalies (Figures 3c and 3d). Also, El Niño-like tropical Pacific warm anomalies and a strong land-sea 
contrast around West Africa are remarkable. These features are robustly represented by both the IPSL-CM6A-LR 
and MPI-ESM1-2-LR simulations and are consistent with Sahel drying (Grodsky et al., 2003; Nicholson, 2013). 
The atmospheric vertical profiles from both models show consistent anomalous southward shift of the local ITCZ 
over West Africa (i.e., mid-level convection around the equator along with strong subsidence roughly between 
5°N and 20°N) along with the African Easterly Jet (Figures 3e and 3f). This mechanism, coherent with the anom-
alous meridional gradient of surface temperature, hinders the climatological northward intrusion of the tropical 
rain belt during the WAM season resulting in Sahel dry summers, in agreement with previous work (Dogar 
et al., 2017; Nicholson, 2013; Rowell et al., 1992). On the other hand, the El Niño-like relative SST pattern is 
associated with Walker circulation weakening and eastward shifting (Lau & Yang, 2003; Figure S4 in Supporting 
Information S1), coherent with 200-hPa velocity potential negative anomalies (i.e., high-level wind divergence) 
over the Pacific and positive anomalies (i.e., high-level wind convergence) over Africa (Figures 3c and 3d contour 
lines). This teleconnection induces widespread subsidence (Figure S4 in Supporting Information S1, left column) 
over the tropical Atlantic-western Indian ocean sector, which together with the southward ITCZ shift results in 
an overall West Africa drying and positive rainfall anomalies over Gulf of Guinea and equatorial Africa (Joly & 
Voldoire, 2009; Mohino, Rodríguez-Fonseca, et al., 2011). Similar but dimmed mechanisms are also found in 
2JAS (Figure S5 in Supporting Information S1).

3.1.2.  TROP-Related Response

In response to TROP eruptions, both the IPSL-CM6A-LR and the MPI-ESM1-2-LR past1000 simulations show 
negative precipitation anomalies in the 1JAS season (Figures 4a and 4b). However, the dry anomalies rarely 
exceed the threshold of internal variability significantly, given the aforementioned weaker sensitivity to TROP 
than to ETNH eruptions. The second post-eruption year significantly presents an anomalous early WAM onset 
robustly in both models in June (2Jun) and followed by a dry 2JAS season.

The TROP-related Sahel precipitation drying in 1JAS is associated with a pattern of relative surface temperatures 
with El Niño-like anomalies and pronounced land-sea contrast over West Africa. The tropical vertical profiles 
of both models show widespread subsidence and air-column drying all over West Africa, consistent with the El 
Niño-like Walker circulation anomalies (Janicot et al., 2001) and with tropical troposphere cooling in response to 
volcanic forcing, likely amplified by water vapor feedback (Soden et al., 2002) (Figure S4 in Supporting Informa-
tion S1, right column; Figures 5c–5f). On the other hand, the land-sea temperature contrast between the Sahara 
and equatorial Atlantic is also associated with a WAM weakening (Grodsky et al., 2003; Nicholson, 2013) by 
dampening the inland pressure gradient that usually promotes the low-level monsoon flow in summer (Hourdin 
et al., 2010). In 2JAS, the responses are dimmed but consistent to 1JAS (Figure S6 in Supporting Information S1).

In 2Jun, positive Sahel precipitation anomalies are associated with a northward shift of the tropical rain belt 
(Figures 4g and 4h). The corresponding vertical profiles show an anomalous ITCZ shift compatible with an early 
onset of the Sahel rainy season (Figure S7 in Supporting Information S1), but cannot be explained by teleconnec-
tions with the relative SST pattern (not shown but similar to 1JAS and 2JAS). Therefore, we study the air-column 
thermodynamics over the Sahel relying on the MSE decomposition (Figures 4h–4j). MSE anomalies are asso-
ciated with convective precipitation such that a negative MSE gradient with height denotes air column destabi-
lization (Pu & Cook, 2012). Hence, the significant anomalies of the sensible heat (cpT) component at around 
500–300 hPa suggest the dominance of the intense upper-level troposphere cooling induced by TROP eruptions 
(Figure S4 in Supporting Information S1). This cooling is consistent with air-column instability favoring mid- 
and high-level deep convection (negative omega anomalies in Figures 4i and 4j; Nicholson, 2013) over the Sahel.
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Figure 3.  Extra-tropical NH-related composites of simulated (left column) IPSL-CM6A-LR and (right column) MPI-ESM1-2-LR post-eruption anomalies. (a, b) 
Timing of (bar chart) ensemble-mean monthly anomalies of Sahel precipitation, 95% confidence interval of (gray shade) the internal noise and (error bars) the spread 
across composite members. (c, d) Composites of 1JAS anomalies of (shade colors) relative surface temperature in °C and (contours) velocity potential at 200 hPa in 
intervals of 4 × 10 6 m 2 s −1. (Stippling) Areas where the composite anomalies of relative temperature are statistically significant with a 95% confidence level. (e, f) 
Vertical profiles of 10°W–10°E averaged anomalies of (black streamlines) meridional-vertical wind, (red contours) zonal wind in m s −1 and (shade) relative anomalies 
of specific humidity in %.
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Figure 4.  Tropical (TROP) composites of (left column) the IPSL-CM6A-LR and (right column) the MPI-ESM1-2-LR. (a–f) 
Same as Figure 3 but for TROP composites. (g, h) 2Jun composites of precipitation anomalies in mm day −1 (equivalent to 
Figures 2c–2f). (i, j) 2Jun anomalies of (black) the total moist static energy profile, (red) the sensible and (blue) latent heat 
components (units are kJ kg −1), and (green) the omega vertical flow (units are hPa s −1). Colored shadings indicate the 95% 
confidence intervals.
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These results suggest that the WAM responds to TROP events with reduced convection over West Africa through 
teleconnection with El Niño-like tropical Pacific SST the first post-eruption rainy season. The following year, 
the upper troposphere radiative cooling promotes an early Sahel rainy season, which turns out to be short due to 
a similar teleconnection as in 1JAS.

3.2.  Sahel Multi-Decadal to Secular Response to Volcanic Eruptions

In this section, we explore the role of volcanic forcing over the past millennium Sahel precipitation multi-decadal 
variability. As both the ETNH and TROP eruptions are found to induce Sahel drought the following couple of 
years, we expect that high volcanic activity over long periods may modulate long-term changes on precipitation. 
In particular, the AMV, which affects the multi-decadal variability of the Sahel precipitation (e.g., Martin & 
Thorncroft, 2014; Mohino, Janicot, & Bader, 2011), can be impacted by volcanic eruptions in past1000 simula-
tions (Fang et al., 2021).

The 10-year low pass filter SAHELPI from the IPSL-CM6A-LR and MPI-ESM1-2-LR multi-model mean (two 
members each for consistency) indicates a long-term component with 4% decline of the JAS precipitation in the 
Little Ice Age (LIA) with respect to the Medieval Climate Anomaly (MCA) (Figure 5a). The first centuries of 
the last millennium show relatively low volcanic activity until the 13th century and abundant Sahel precipita-
tion. Then, after 1250, along with the increasing volcanic activity (Figure S8 in Supporting Information S1), a 
linear loss of JAS rainfall of −0.5 mm per decade is simulated until 1849. This suggests that increasing radiative 
imbalances triggered by strong volcanic eruptions over several centuries can induce a secular Sahel precipitation 
change toward a drier regime. The contrast between the MCA and the LIA (Figure 5c) is likely associated with an 
inter-hemispheric temperature contrast integrated by the ocean heat capacity favoring a gradual ITCZ southward 

Figure 5.  Decadal-to-secular variability of the model-mean Sahel precipitation. (a) (Green/red areas) Positive/negative anomalies of the (black line) 10-year 
low-pass-filtered Sahel precipitation index (SAHELPI) (mm day −1) averaged across two members of the IPSL-CM6A-LR and MPI-ESM1-2-LR past1000 simulations 
(total spread in gray shade). (Blue index) model-mean forced Atlantic Multi-decadal Variability (AMV) index (i.e., “AMV-Residual” index from Fang et al. (2021)) in 
units of one standard deviation. (Brown shading) index of long-term drought persistence, that is, duration in years (right axis) of the filtered SAHELPI negative phases 
persisting above 5 years. Vertical dashed lines as in Figure 1. (b) Model-mean regression of standardized filtered SAHELPI on (colors) annual surface temperature 
anomalies in °C per std. dev. and (green/purple contours) positive/negative precipitation anomalies between July and September. (c) (Colors) Difference between 
the Medieval Climate Anomaly (950–1249) and the Little Ice Age (1450–1849) mean surface temperature in °C and (green/purple contours) positive/negative JAS 
precipitation anomalies. Stippling areas: full agreement of temperature anomalies sign across members. Precipitation contours: from ±0.1 in intervals of ±0.2 (b) 
mm day −1 per std. dev. or (c) mm day −1.
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shift and a dipole of JAS precipitation anomalies spanning West Africa (Bischoff & Schneider, 2014; Schneider 
et al., 2014).

From the 16th century onwards, on top of the long-term trend, multi-decadal drought periods with larger ampli-
tude emerge with a persistence that increases toward the late-18th and the mid-19th century (brown shading 
in Figure  5a; see also Figure S8a in Supporting Information  S1). Such multi-decadal changes project on an 
AMV-like pattern of intense annual SST anomalies in the North Atlantic (Mohino, Janicot, & Bader,  2011) 
(Figure 5b). Our results are consistent with the recently reported contribution of volcanic forcing in the AMV 
signal in PMIP4/past1000 simulations (Fang et al., 2021). This forced AMV component (blue line in Figure 5a) 
significantly correlates with SAHELPI (r = 0.28, significant at the 1% level according to a random-phase test 
of Ebisuzaki  (1997)), including those models with different volcanic forcing implementations (Figure S9 in 
Supporting Information S1) supporting a leading role of strong eruptions frequency (consistent across models) 
integrated by the ocean memory, rather than the short-term spatial distribution of the volcanic radiative forcing. 
The PMIP4/past1000 simulations further show a dramatic Sahel multi-decadal drought in the 19 th century in 
agreement with historical reconstructions (Nicholson et al., 2012) that is unprecedented in amplitude and persis-
tence since 850 AD. This result supports the hypothesis that the historical industrial period started from the Sahel 
driest decades of the past millennium, which was likely promoted by the closely spaced extra-tropical Laki event 
in 1783 CE and the tropical eruptions cluster over 1809–1835 CE before the anthropogenic effects came into play 
(Herman et al., 2020; Figure S9 in Supporting Information S1).

4.  Summary
With past1000 simulations, this study shows WAM reactions to strong ETNH and TROP eruptions respectively 
associated with different mechanisms, up to two years after the event. A larger sensitivity of Sahel precipitation 
to ETNH than to TROP eruptions is found, both resulting in droughts whose magnitude is linearly related to the 
eruption strength.

ETNH-related drought in the two rainy seasons following a major eruption is controlled by the combined 
influence of El Niño-like teleconnection and an anomalous ITCZ southward shift due to surface temperature 
inter-hemispheric contrast in response to the asymmetric volcanic radiative forcing. TROP eruptions also lead 
to Sahel drought in the first following rainy season but an early and short rainy season in the second year. The 
TROP-induced WAM weakening is associated with ENSO teleconnections while the pre-onsetting of the second 
rainy season is due to the intense radiative cooling of the tropical troposphere.

We also identify and discuss multi-decadal-to-secular Sahel precipitation changes associated with volcanic forc-
ing in past1000 simulations. These results suggest that the larger LIA multi-decadal variability is a consequence 
of the integration of the volcanic forcing in the AMV (Fang et al., 2021) through the modulation of the ITCZ 
meridional shifts over West Africa. Increasing volcanic activity over the late past millennium is also suggested 
to promote a secular drift of the Sahel precipitation regime toward drier conditions that culminated in the 19th 
century.

Data Availability Statement
Models used in this work are listed in Table S1 in Supporting Information S1. Data supporting the findings of this 
study are available at: https://esgf-node.ipsl.upmc.fr/search/cmip6-ipsl/.
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