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Asymmetric forcing from stratospheric aerosols
impacts Sahelian rainfall
Jim M. Haywood1,2*, Andy Jones1, Nicolas Bellouin1† and David Stephenson2

The Sahelian drought of the 1970s–1990s was one of
the largest humanitarian disasters of the past 50 years,
causing up to 250,000 deaths and creating 10 million
refugees1. It has been attributed to natural variability2–5, over-
grazing6 and the impact of industrial emissions of sulphur
dioxide7,8. Each mechanism can influence the Atlantic sea
surface temperature gradient, which is strongly coupled to
Sahelian precipitation2,3. We suggest that sporadic volcanic
eruptions in the Northern Hemisphere also strongly influence
this gradient and cause Sahelian drought. Using de-trended
observations from 1900 to 2010, we show that three of the
four driest Sahelian summers were preceded by substantial
Northern Hemisphere volcanic eruptions. We use a state-of-
the-art coupled global atmosphere–ocean model to simulate
both episodic volcanic eruptions and geoengineering by
continuous deliberate injection into the stratosphere. In
either case, large asymmetric stratospheric aerosol loadings
concentrated in the Northern Hemisphere are a harbinger
of Sahelian drought whereas those concentrated in the
Southern Hemisphere induce a greening of the Sahel. Further
studies of the detailed regional impacts on the Sahel and
other vulnerable areas are required to inform policymakers
in developing careful consensual global governance before
any practical solar radiation management geoengineering
scheme is implemented.

Atlantic sea surface temperature gradients strongly influence
the position of the intertropical convergence zone (ITCZ), the
Hadley cell and inflow of moisture laden air from the Gulf
of Guinea into the interior of the African continent during
the African monsoon. Previous studies2–8, and others using the
HadGEM climate model9, suggest that the ITCZ moves away
from the cooler hemisphere, shifting the monsoon circulation.
We de-trend observational Sahelian precipitation anomalies10,11
(SPAs) to remove the signal of multi-decadal mechanisms3–8
to isolate the inter-annual impact of volcanic eruptions. Using
the HadGEM2-ES climate model we perform simulations where
stratospheric aerosol loadings are enhanced either globally or
preferentially in the Northern or Southern Hemispheres to mimic
volcanic eruptions and assess the impact on the modelled SPAs.
As deliberate stratospheric injection has recently been suggested
as a plausible climate engineering (geoengineering) measure to
counterbalance predicted global warming, we also perform model
simulations where emissions are made on a continual basis across
both hemispheres or into each hemisphere to simulate potential
global andmore unilateral geoengineering scenarios (seeMethods).

Figure 1a shows the time series of observed SPAs for
1900–201010,11 together with a robust local trend estimate
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Figure 1 |Observational analysis of SPAs. a, The SPA during the
June–October monsoon over the area 10◦–20◦ N, 20◦W–10◦ E (ref. 17).
The local trend (local weighted scatter-plot smoothing13,14) and positive
and negative 10-year return period values are shown by the solid and
dashed red and blue curves; red and blue points are outside the 10-year
return period value. b, The de-trended SPAs and black line representing
250(AODSH–NH). The large eruptions of Katmai (peak AODNH=0.08,
AODSH=0.0), Agung (peak AODNH=0.04, AODSH=0.14), El Chichón
(peak AODNH=0.13, AODSH=0.06) and Pinatubo (peak AODNH=0.17,
AODSH=0.13; ref. 15) are marked.

(locally weighted scatter-plot smoothing12) and the difference in
reconstructed stratospheric aerosol optical depth (AOD) between
the Southern andNorthernHemispheres (AODSH–NH; refs 13,14).

Figure 1a shows significant decadal variability and evidence
of the prolonged drought in the 1980s2,6. The four largest
de-trended negative SPAs are in 1913 (–27.5mmmonth−1),
1984 (–27.3mmmonth−1), 1972 (–26.5mmmonth−1) and 1983
(–25.4mmmonth−1). Three of these years are subsequent to
eruptions of Katmai (58.28◦N, Alaska, June 1912) and El Chichón
(17.36◦N, Mexico, April 1982), which preferentially loaded the
Northern Hemisphere stratosphere. Both rainfall data and Niger
and Nile river flow data have previously been used to suggest
that Sahelian droughts occur subsequent to these eruptions
above and beyond what would be expected from concurrently
occurring El Niños15,16. Note that there is considerable debate
about the influence of El Niños on SPAs (ref. 17) and whereas
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Figure 2 |Model precipitation response to volcanic simulations. a–d, Distribution of June–October mean precipitation anomaly (colour scale) compared
with control simulation using means from 10-member ensembles for ECNH–control (year 1; a), ECSH–control (year 1; b), ECNH–control (year 2; c) and
ECSH–control (year 2; d). The geographic area 10◦–20◦ N, 20◦W–10◦ E corresponding to the observation area is shown by the rectangle in a. e,f, The
temporal evolution of the precipitation anomalies for ECNH–control (e) and ECSH–control (f); dotted lines indicate the month of eruption, and whiskers
represent the mean± 1 s.d. The numbers in e represent the statistical significance (standard deviations) of the SPAs in June–August.

a significant El Niño occurred concurrently with the El Chichón
eruption, the Southern Oscillation was in a neutral phase
during the Katmai eruption. There is no statistically significant
SPA (with respect to the 10-year return period) subsequent
to the eruption of Agung in 1963, which preferentially loaded
the Southern Hemisphere stratosphere, or subsequent to the
hemispherically symmetric eruption of Pinatubo in 1991. Although
correlation does not prove causality and the sparsity of significant
hemispherically asymmetric volcanic eruptions in the recent
historical record hampers definitive attribution as other sources
of variability are certainly present, these results provide a basis
for investigating the impact of volcanic eruptions in a state-of-
the-art climate model.

The observed relationship between Atlantic sea surface temper-
atures and SPAs seems robust in HadGEM2-ES (Supplementary
Fig. S1), suggesting that any modelled volcanic-induced Northern
Hemisphere cooling should lead to corresponding SPA drought.

We examine the mechanistic behaviour of the HadGEM2-ES
model by performing a 10-member ensemble simulation of the
April 1982 El Chichón eruption using stratospheric AOD from
observations13,14 where each ensemble member has different ini-
tial conditions (ECNH). We also invert the AOD distribution
to produce a 10-member ensemble simulation (ECSH) where
aerosols are primarily distributed in the Southern Hemisphere, a
10-member ensemble simulation where an identical stratospheric
AOD is distributed in the same latitudinal bands, but in both
hemispheres (ECG), and a 10-member ensemble of the Katmai
eruption (see Methods). The spatial distribution and temporal
evolution of the SPAs for ECNH and ECSH are shown in Fig. 2 (see
Supplementary Fig. S2 for ECG).

For ECNH, Fig. 2a,c shows a clear shift of the ITCZ to the
south for the two years after the Northern Hemisphere eruption
as evidenced by the latitudinal dipole in the precipitation anomaly
across the Atlantic and into the interior of the African continent.
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Figure 3 | The June–October SPA in HadGEM2 as a function of year over the geographic area 10◦–20◦ N, 20◦W–10◦ E. Simulations use historical
forcings before 2005 followed by a business-as-usual (RCP4.5; ref. 31) simulation for 2005–2020. a–c, For the years 2020–2070, the simulations
correspond to the non-geoengineered scenario (a), G4NH (b) and G4SH (c). The period 2020–2070 is highlighted by the red and blue bars. In 2070,
geoengineering is terminated.

For ECSH, Fig. 2b,d shows a less clear picture: although the dipole
is reversed across the Atlantic as might be expected from the
premise that the ITCZ moves away from the cooler hemisphere,
the signal over the Sahelian region is weaker than for ECNH
and not generally significant (at 1 s.d.). Figure 2e shows that,
for ECNH, the SPA drought is significantly different from zero
during the first year at between 1.1 and 1.9 s.d. (or 86–97%
confidence). The magnitude of the modelled mean SPA drought
can exceed −13mm per month during the peak of the monsoon
for the first and second years subsequent to the simulated eruption.
The mean June–October seasonal SPA is –6.1mm for year 1 and
–4.7mm for year 2. If we account for the underestimation of
the seasonal SPA in the model utilizing the ratio of the slopes
of observed and modelled SPA/sea surface temperature anomaly
(SSTA; Supplementary Fig. S1) we might expect an SPA drought
of 21–27mm, which is in agreement with the observations (Fig. 1).
By year 3, when the stratospheric aerosol loading has returned
to pre-eruption values there is no discernible SPA. Figure 2f
shows that, for ECSH, commensurate with the weaker spatial
signature shown in Fig. 2c,d, the modelled mean SPA is more
difficult to identify. The SPAs from the volcanic simulations
are consistent with the observations shown in Fig. 1: a volcanic
eruption into the Northern Hemisphere of the magnitude of
El Chichón can lead to Sahelian drought. To a lesser extent,
a volcanic eruption into the Southern Hemisphere can lead
to an increase in Sahelian rainfall, but this is unlikely to be
statistically significant (at 1 s.d.). ECG simulations shows less
evidence of Sahelian drought than ECNH simulations because
the model simulation from ECG is very similar to the mean
of the ECNH and ECSH simulations (Supplementary Fig. S2).
Simulations for theKatmai eruption showno statistically significant
SPA during 1912 (at 1 s.d.), but the Sahelian drought is significantly
different from zero at around 2.3 and 2 s.d. (or 99% and 98%

confidence) during July and August 1913 when the geographical
distribution of precipitation anomaly is very similar to that
from ECNH simulations (Supplementary Fig. S3). Thus, the
observed Sahelian droughts in 1913, 1982 and 1983 are all
reproduced in the model.

Climate engineering (geoengineering) to deliberately cool the
Earth has recently been suggested as a plausible measure to
counterbalance the predicted global warming caused by mankind’s
continued reliance on fossil fuels, although there are, of course,
concerns associated with any such approach18,19. One plausible
scheme is the injection of sulphur dioxide into the stratosphere
to mimic the climatic impacts of a large volcanic eruption20–22.
The most comprehensive multi-model simulations so far have
frequently been based on the production of a globally uniform
layer of aerosol or on a dimming of the sun23,24, although
there have been suggestions that high-latitude regions could be
targeted to maintain levels of sea ice22,25,26. Using HadGEM2-ES
we perform and analyse two experiments that are variants of the
Geoengineering Model Intercomparison Project G4 experiment23;
we call these G4NH and G4SH, where injections of 5 T gSO2 yr−1
were made into the Northern and Southern Hemispheres only for
2020–2070 (see Methods).

Under both G4NH and G4SH scenarios, AOD at 550 nm
reaches a steady state with a global perturbation of around 0.05
after around 5 years. The AOD is meridionally well mixed with
around 85% distributed in the Northern/Southern Hemisphere
for G4NH/G4SH, respectively (Supplementary Fig. S4). The iso-
lation between the hemispheres is a well-documented feature of
the Brewer–Dobson circulation. The AOD in the geoengineer-
ing simulations is thus around half of the peak stratospheric
AOD in the El Chichón volcanic simulations (Fig. 1, caption),
but is sustained throughout a 50-year period. As in the G4
simulation, the G4NH and G4SH simulations exhibit a global
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Figure 4 |Model precipitation and NPP response to geoengineering simulations. a,b, The change in annual mean precipitation (colour scale) averaged
over the period 2020–2070 for G4NH (a) and G4SH (b). c,d, The percentage change (colour scale) in the NPP over the period 2020–2070 under
G4NH (c) and G4SH (d). Areas where the absolute NPP in the non-geoengineered simulation is negligible (less than 1× 10−3 kg C m−2 yr−1) are removed
for clarity.

cooling over the geoengineering period of –0.70 to –0.80 K,
demonstrating the potential effectiveness of stratospheric geoengi-
neering in reducing global warming. The temporal evolution of the
SPAs is shown in Fig. 3.

Figure 3 shows that under the non-geoengineered scenario the
SPA continues to be generally positive until 2090 with only 11 out of
50 years during the period 2020–2070 showing negative values. The
modelled increase in Sahelian precipitation is due to the Northern
Hemisphere warming more than the Southern Hemisphere in
the Representative Concentration Pathway (RCP)4.5 scenario. The
results are radically different for G4NH, where 44 out of 50 years
show negative values during the period 2020–2070. Subsequent
to 2070, when G4NH geoengineering is terminated, SPAs recover
and resemble those of the non-geoengineered scenarios. For G4SH,
geoengineering increases the SPA with only 1 out of 50 years
showing a negative value. These results may be understood by
considering the correlation between the SPA and the SSTA,
which seems to be robust (Supplementary Fig. S5), noting that
the sensitivity in the model is smaller than in the observations
and the model is therefore more likely to underestimate the
impacts (Supplementary Fig. S1). Using data from the mean
for 2020–2070 for geoengineering simulations and the second
year after the eruption for volcanic simulations, the ratio of
the SSTAs for G4NH/ECNH, G4NH/Katmai and G4SH/ECSH is
approximately 0.85, 0.85 and 2.8, respectively, helping explain
why a clear impact on SPAs is evident for G4NH, G4SH and
ECNH, but not for ECSH.

Figure 4a,b shows that the G4NH produces precipitation
anomaly patterns that are strikingly similar to those for ECNH
whereas those forG4SH are similar to those for ECSH (Fig. 2).

As in the hemispherically symmetric volcanic simulations, hemi-
spherically symmetric geoengineering simulations (G4) produce
SPAs that are similar to that for the mean of G4NH and G4SH
(Supplementary Fig. S6c,d).

Precipitation is a key factor in agriculturally vulnerable areas
such as the Sahel. HadGEM2-ES contains a coupled carbon cycle
for simulating the impact on the net primary productivity (NPP
equal to the gross primary productivityminus respiration), which is
a key agricultural indicator. The impacts on the percentage change
in NPP are shown in Fig. 4c,d. The G4NH simulation shows that
the Sahelian region (Niger, Mali, Burkina Faso, Senegal, Chad and
the Sudan) is subject to reductions in NPP by 60–100%, which
would clearly be very detrimental. Conversely, G4SH shows that
NPP is enhanced by a factor of greater than 100%, which would
have clear benefits for the region. The causes of these shifts in
the ITCZ and associated precipitation are geographic shifts in the
position and extent of the maximum in the surface temperatures.
These influence the strength and position of the Hadley cell, which
is strongly coupled to African monsoon flow (see Supplementary
Figs S7–S9). Note that many further observed dynamical impacts of
volcanic eruptions and the fidelity of models in representing these
impacts have been studied27.

The implications from this study are far-reaching. Among other
factors, significant volcanic eruptions that preferentially load the
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Northern Hemisphere stratosphere increase the probability and,
if large enough, may be the harbinger, of significant Sahelian
drought. In a similar vein, deliberate geoengineering injections
into the Northern Hemisphere will preferentially load the North-
ern Hemisphere stratosphere causing Sahelian drought, whereas
stratospheric geoengineering in the Southern Hemisphere will
cause a significant increase in Sahel vegetation productivity or
a greening of the region. Deliberate stratospheric injection into
the Southern Hemisphere could theoretically be instigated to in-
crease Sahelian rainfall, ameliorate Sahelian droughts such as those
experienced in the 1970s–1990s or to offset droughts caused by
major Northern Hemisphere volcanic eruptions. Note, however,
that on an intercontinental scale this apparent positive impact
is offset by the impact in the Nordeste region of Brazil where
significant reductions in rainfall and vegetation productivity are
noted. Clearly, the juxtaposition of impacts leads us to believe
that a global governance agreement for geoengineering is essen-
tial before any practical geoengineering system is deployed and
much further research is needed into modelling the impacts of
solar radiation management schemes including assessments using
multi-model ensembles23.

Methods
Observational data sets. Observational SPAs in the region 10◦–20◦ N, 20◦W–10◦ E
are derived by subtracting the long-term mean, are available at monthly resolution
and are reported in millimetres per month (refs 10,11). Observed North–South
Atlantic SSTA data are derived from HADISST1 (ref. 28). June–October anomalies
for 1900–2000, relative to the local calendar month average in each grid box for
1900–2000, were first averaged over June–October and then over the North and
South Atlantic Ocean separately. The difference between the North and South
Atlantic SSTAs is then calculated. Monthly mean reconstructed aerosol optical
depths derived from measurements of solar extinction at different latitudes for the
Northern and Southern Hemispheres13,14 are obtained and the difference between
the optical depths determined.

General circulation model. HadGEM2-ES (ref. 29) is a fully coupled
atmosphere–ocean climate model developed by the Met Office Hadley Centre.
The atmospheric component has 38 levels extending to 40 km, with a horizontal
resolution of 1.25◦×1.875◦ latitude and longitude respectively, equivalent to
a surface resolution of about 208 km× 139 km at the Equator, reducing to
120 km×139 km at 55◦ latitude. ES refers to the Earth System version of the model,
which includes coupling to the carbon cycle. The model includes the Coupled
Large-scale Aerosol Simulator for Studies In Climate (CLASSIC) aerosol scheme30,
which representsmajor aerosol components and direct and indirect effects.

HadGEM2-ES is forced following the Climate Model Intercomparison
Project phase 5 (CMIP5) protocol using historical data from 1860 to 2005 and
RCP scenarios31 up to 2100. Well-mixed greenhouse-gas concentrations (CO2,
CH4, N2O and halocarbons) are prescribed as are emissions of anthropogenic
aerosols or their precursors whereas sea-salt and mineral dust aerosol emissions
are simulated interactively according to climate conditions in the model29,30.
Tropospheric ozone is simulated by the model from surface and aircraft
emissions of tropospheric ozone precursors and reactive gases. Stratospheric
ozone is prescribed as monthly zonal/height fields that cover the period
1850–2100. Land cover is simulated by the model’s dynamic vegetation
scheme but also forced by scenarios of anthropogenic land-use change to
represent deforestation and changes in agricultural extent. Natural climate
forcings are represented by prescribing time-varying changes in total solar
irradiance and monthly volcanic perturbations to stratospheric aerosols and
are applied in four equal area latitudinal bands with updates for the period
1990–2005. To represent natural forcing in the future scenarios, and to prevent
a discontinuity due to a sudden change in forcing after 2005, the last solar
cycle is repeated and volcanic forcing is reduced smoothly to a background
value. Up until 2020, the simulations are referred to as non-geoengineered or
RCP4.5 simulations.

Volcanic and geoengineering simulations. For the volcanic simulations, a control
simulation was performed consisting of perpetual pre-industrial conditions. The
volcanic eruption was simulated by applying a time-varying horizontal and vertical
perturbation to the AOD for the period representing the eruption of El Chichón in
April 198213,14. The peak perturbation (global AOD at 550 nm of 0.098) is in the
Northern Hemisphere in the latitude band 0–30◦ N and the simulation is referred
to as ECNH. A second simulation was performed simply by inverting the latitudinal
distribution of the perturbations from the Northern Hemisphere to the Southern
Hemisphere; this is referred to as ECSH. A third simulation was also performed

by averaging the AODs from ECNH and ECSH to form a globally symmetric
simulation referred to as ECG. A fourth simulation was performed representing
the eruption of Katmai in June 1912 using the appropriate AODs (refs 13,14); this
is referred to as Katmai. Four 10-member ensembles were constructed for ECNH,
ECSH, ECG and Katmai simulations, initializing each member of the ensemble
at the start of December with conditions from different years of the control
simulation. The simulated eruption occurs in the following April for ECNH, ECSH
and ECG and in June for the Katmai simulation and data for the subsequent
three boreal summers are presented as the difference between the eruption and
the control simulations.

Geoengineering simulations are performed by injecting 5 Tg of SO2 per year
into the stratosphere from the year 2020 either into both hemispheres or the
Northern or Southern Hemispheres across all latitude bands (experiments entitled
G4, G4NH or G4SH respectively). The model contains its own sulphur cycle30 for
oxidation of sulphur dioxide to sulphate aerosol, which has been shown to compare
well against observations after volcanic eruptions32. Geoengineering is stopped at
the beginning of 2070 for all scenarios.
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