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Outline

• Overview of “mainstream” research on Sahel
drought

• Key points arising from Rotstayn & Lohmann (JC,
2002): Arguments supporting an aerosol-drought
connection

• Some results from other models and new results
from the CSIRO GCM

• Some further thoughts and conclusions
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The Sahelian droughts developed in the latter
part of the 20th century

Sahel rainfall % departure from
long-term mean (from Sharon
Nicholson)
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The Sahel gets its rain during June-September

From Sharon Nicholson’s web site.
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The summer rainfall coincides with the most northerly
location of the ITCZ and monsoon trough

From Sandler (MWR, 1975)
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The regional dynamical changes associated with
Sahelian drought have been well documented

• Several studies have considered changes in the zonally
averaged winds over Africa (see Rotstayn & Lohmann, J. Clim.,
2002):

- African and Tropical Easterly Jets

- Equatorial (monsoonal) westerlies

• Hastenrath (Int. J. Climatol., 1990) documented trends in the
Atlantic sector during 1948-1983, including:

- pressure rise over tropical North Atlantic

- acceleration of north-east trades

- southward shift of the near-equatorial wind confluence
and associated cloudiness maximum
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First existing theory is based on land-use
changes

• Seminal papers are Otterman, Science, 1974; Charney et
al., Science, 1975.

• Original idea was that land-use changes caused drought
via effect on surface albedo and evapotranspiration

• Critics say modelling studies have prescribed excessive
land surface changes to get substantial rainfall response.

• So they don’t seem to fully explain the drought.

• But surface albedo and evapotranspiration feedbacks may
contribute to persistence of wet or dry states.
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Second existing theory is based on large-scale
SST variations

• Folland et al. (Nature, 1986) showed that Sahelian rainfall
correlates strongly with a near-global quasi-hemispheric (north-
south) SST contrast (r=0.62).

• Ward (J. Clim., 1998) showed the “cool north-warm south”
pattern is important for long-term drying trend; interannual rainfall
fluctuations are more related to ENSO.

• Possible cause of north-south pattern? (Natural variability?)

• Recent research has focused on warming of the Northern Indian
Ocean (Giannini et al., Science, 2003) and cooling of the
Mediterranean Sea (Rowell, J. Clim., 2003). 

• Rowell (2003) explains the mechanism of the Mediterranean-
Sahel connection.
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Recent research seeks to bring together the
SST and land-surface theories

• The Sahel may behave as a complex system with two stable
states: “wet” and “dry” (e.g., Foley et al., Ecosystems, 2003).

• Vegetation feedbacks provide a “memory” from year to year,
thus increasing the persistence of the wet or dry states (positive
feedback).

• These feedbacks could involve surface albedo, moisture
recycling, dust.

• Foley et al. mention the dust-rainfall hypothesis from Rosenfeld
et al, PNAS, 2001.

• Nicholson (Rev. Geophys., 2000) discusses some possible
impacts from the radiative effects of dust.
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Conceptual model of regime shifts in a
coupled vegetation-climate system

Model assumes

• Vegetation has a positive
effect on rainfall

• Vegetation disappears
when precipitation falls
below a certain critical level

(Foley et al., Ecosystems,
2003)
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The “warm north-cool south” SST pattern is a
crucial one related to Sahelian drought

This is “EOF3” from Folland et al., J. Forecasting, 1991.

It is a key input to a statistical seasonal prediction scheme
for the Sahel that the UK Met Office runs each spring.
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The “cool north–warm south” SST pattern
developed during the post-WW2 period

from IPCC (2001)

Could this be the effect of (sulfate) aerosol on top of greenhouse gases?
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US and European SO2 emissions increased
rapidly after WW2 and then decreased after ~1975

Sulfate in Greenland ice cores (lines) and US + European SO2 emissions (+)
(Penner et al, IPCC, 2001).
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Warning: The “cool north–warm south” SST pattern
could be due to natural variability

• There may be a natural multi-decadal oscillation
affecting the North Atlantic and possibly other oceans too
(e.g., Delworth & Mann, Clim. Dyn. 2000).

• These studies are based on observed temperature
record and proxy-based temperature reconstructions.

• So the post-war Northern-Hemisphere cooling could
simply represent the cool phase of such a natural
oscillation.

• But in this audience it looks a bit aerosol-ish!
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Design of experiment from Rotstayn and
Lohmann (2002)

• Low-resolution (R21) Mk3 CSIRO AGCM, with
interactive sulfur chemistry (Rotstayn & Lohmann, JGR,
2002; Feichter et al., Atmos. Env. 1996)

• Coupled to mixed-layer (q-flux) ocean

• Ran the model to equilibrium for present-day (PD: 1985)
and preindustrial (PI) sulfur emissions

• No direct aerosol effect; indirect only

• Model includes 1st and 2nd indirect effects

• Cloud droplet parameterization after Boucher &
Lohmann (1995)

• Total indirect effect –1.8 W m-2   (NH/SH = 4.1)
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Modelled cooling due to the indirect aerosol effect is
stronger in the Northern than Southern Hemisphere.

Equilibrium Ts response to the indirect effects of sulfate aerosol
(present-day minus preindustrial). Global mean is –1.34 K.



17

The stronger cooling of the Northern Hemisphere
weakens the Hadley Cell and nudges it southwards

Zonal-mean meridional streamfunction in 1010 kg/s (unpublished result
from a recent run of the CSIRO GCM: to be discussed later on!)

JJA meridional streamfunction, PD run JJA meridional streamfunction, PD - PI
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The southward shift of the Hadley Cell is associated
with a southward shift of tropical rainfall

Modelled change (present-day minus preindustrial, mm/day) and
observed 1900–1998 trend (mm/day/century) in rainfall over land
(Hulme, 1994). Asterisks denote observed trend significant at 5%.
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A prominent feature in both modelled and observed
changes is the drying of tropical North Africa

• Upper figure shows
modelled rainfall change,
present-day minus
preindustrial in mm/day.

• Lower figure shows
observed 1900–1998
rainfall trend (Hulme) in
mm/day/century.

• Observed drying trend is
much stronger over the
1950–1980 period.
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The model broadly captures the observed
wet-season (JJA) rainfall pattern over Africa

Observed 1980–89 rainfall from GPCP Version 2. Modelled rainfall
is from present-day run.
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The model clearly shows a reduction of wet-season
rainfall over tropical North Africa.
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The model broadly captures the wet season
(July–August) circulation over North Africa.

SW monsoon is important for moisture flux; will show up as
“equatorial westerlies” on a plot of zonal wind.
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The modeled dynamical changes in July-August are
qualitatively similar to those linked to drought in the Sahel

These include:

•  a weaker Tropical Easterly Jet over North Africa

• a more equatorward (and stronger) African Easterly Jet

• (slightly) weaker SW monsoonal winds

• stronger northeast trades over the Atlantic

• higher surface pressure over the tropical North Atlantic

• southward shift of the near-equatorial wind confluence and
associated pressure minimum (loosely, the ITCZ)
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Northeast trades accelerate strongly in the model but
SW monsoon weakens only slightly

Model 900 hPa winds PD minus PI NCEP 925 hPa winds 1970s minus 1950s
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Modelled hemispheric contrast in cloud droplet
radius is supported by 2 out of 3 satellite retrievals.

Average Re (µm) over oceans between 45oS and 45oN from model
(present-day simulation) and three satellite retrievals:
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Summary of case (circa 2002)

• Sahelian drying trend is associated with a quasi-hemispheric
SST anomaly pattern (“cool north–warm south”) that developed
during 1946–1975.

• This coincides with rapid post-war increase of SO2 emissions.

• Drought was less severe in the 1990s cf. 1970s and 1980s.

• Modelled surface cooling in response to indirect effect of sulfate
aerosol is much stronger in NH than in SH.

• Modelled rainfall response to this cooling includes a drying of the
Sahel (part of a generally southward shift of tropical rainfall).

• Modelled dynamical changes over the Atlantic & North Africa are
broadly similar to those associated with Sahelian drought.

• Satellite-retrieved droplet radii tentatively support the model (2/3)
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Sensitivity tests

• Need both European and North American emissions to get a
substantial Sahelian drying in the CSIRO GCM

• Asian emissions didn’t appear to make much difference

• Need both 1st and 2nd indirect effects to get a substantial
Sahelian drying

• A 20th-century transient run forced by increasing CO2, O3
changes, direct and 1st indirect sulfate didn’t give a substantial
Sahelian drying (and only a weak cooling, e.g. in North Atlantic)
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Similar results from other GCM q-flux runs?

• Rotstayn, Ryan and Penner (GRL, 2000) got a similar result with
the CSIRO GCM and monthly mean sulfate from GRANTOUR

• Williams et al (Clim. Dyn., 2001) got a similar result with
HadAM4 (1st and 2nd indirect effects):
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What about GCMs forced by “all” aerosols?

Takemura et al. (AEROCOM meeting, Mar. 2004) showed the
precipitation change from the SPRINTARS model, forced by direct and
1st and 2nd indirect aerosol effects.

                 Year 2000 minus 1850 precipitation (annual mean):
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As usual, this is a model-dependent result

Feichter et al. (J. Clim., 2004), in a similar experiment using
ECHAM, got a different response:
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Let’s try similar runs with the CSIRO GCM
(present-day/preindustrial, q-flux/fixed SST)

• Sulfur cycle as in Rotstayn & Lohmann (JGR, 2002);
emissions updated to Smith et al. (2001) for year 2000

• Dust scheme similar to Ginoux et al. (JGR, 2001)

• Carbonaceous aerosols similar to Cooke & Wilson (JGR,
1996). Emissions updated to year 2000 (Ito & Penner, 2004).

• Diagnostic sea salt (O’Dowd et al, Atmos. Env., 1997)

• Grant & Grossman SW radiation scheme from LLNL

• SW aerosol optical properties from Grant et al (Atmos. Env.,
1999) and Michael Herzog and Yan Feng at U. Michigan.

• Empirical parameterization of cloud droplet number as
function of SO4, sea-salt, hydrophilic OC/BC (similar to Suzuki
et al, JAS, 2004)



32

The rainfall change shows a similar pattern as before

 JJA equilibrium precipitation PD minus PI from CSIRO AGCM
coupled to q-flux ocean (direct + indirect aerosol forcing)
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Radiative forcing and surface temperature change

    -2.59      -2.02         -0.32Global

    -1.65      -1.42         -0.05Southern
Hemisphere

    -3.52      -2.61         -0.55
Northern
Hemisphere

     ΔTs (K)
 (q-flux runs)

Indirect aerosol
effect (W m-2)
(fixed-SST runs)

Direct aerosol TOA
forcing (W m-2)
  (fixed-SST runs)

Compare ΔTs for 2 x CO2 = 3.0 K
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Modelled aerosol optical depths show fair
agreement with satellite retrievals

Modelled aerosol optical depth (AOD) and satellite-retrieved
values from MODIS for July-August

Model: mean AOD = 0.15 MODIS: mean AOD = 0.20
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Further thoughts: Dust SW radiative feedback
may enhance Sahelian drought

JJA rainfall change due to inclusion of dust SW effect:
CSIRO AGCM coupled to q-flux ocean

Warning: Dust LW effects not considered yet
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Further thoughts: Aerosol effects on convective rainfall
have not been considered sufficiently in GCMs

• Rosenfeld has given evidence of aerosol effects on
convective rain formation

• Nober et al (Glob. Plan. Change, 2003) considered this
(crudely) in experiments with the ECHAM AGCM

• The convection scheme in the CSIRO AGCM responds
quite strongly when the rain formation threshold is tied to
aerosol concentration

• The scheme (Gregory & Rowntree, MWR, 1990) is a
fairly “typical” GCM mass-flux scheme

• The change in SWCF due to aerosols is significantly
enhanced, but partly offset by increased LWCF
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Overall conclusions

• One can make a reasonably strong case that industrial
aerosols have contributed to the droughts in the Sahel

• Needs a large-ish indirect effect in the model

• Much more work needed to

- better quantify and model the indirect aerosol effect on
stratiform clouds

- understand the role of dust (via precipitation effects and
radiative feedbacks)

- understand and improve the modeling of interactions
between aerosols and convective clouds

- quantify the role of biomass-burning aerosols

- better estimate historical aerosol emissions


