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ABSTRACT
The Sahara and Sahel regions of northern Africa
have complex environmental histories punctuated
by sudden and dramatic �regime shifts� in climate
and ecological conditions. Here we review the cur-
rent understanding of the causes and consequences
of two environmental regime shifts in the Sahara
and Sahel. The first regime shift is the sudden tran-
sition from vegetated to desert conditions in the
Sahara about 5500 years ago. Geologic data show
that wet environmental conditions in this region—
giving rise to extensive vegetation, lakes, and wet-
lands—came to an abrupt end about 5500 years
ago. Explanations for climatic changes in northern
Africa during the Holocene have suggested that mil-
lennial-scale changes in the Earth’s orbit could have
caused the wet conditions that prevailed in the
early Holocene and the dry conditions prevalent
today. However, the orbital hypothesis, by itself,
does not explain the sudden regime shift 5500 years
ago. Several modeling studies have proposed that
strong, nonlinear feedbacks between vegetation
and the atmosphere could amplify the effects of
orbital variations and create two alternative stable
states (or �regimes�) in the climate and ecosystems
of the Sahara: a “green Sahara” and a “desert Sa-

hara.” A recent coupled atmosphere-ocean-land
model confirmed that there was a sudden shift from
the �green Sahara� to the �desert Sahara� regime
approximately 5500 years ago. The second regime
shift is the onset of a major 30-year drought over
the Sahel around 1969. Several lines of evidence
have suggested that the interactions between atmo-
sphere and vegetation act to reinforce either a “wet
Sahel” or a “dry Sahel” climatic regime, which may
persist for decades at a time. Recent modeling stud-
ies have indicated that the shift from a �wet Sahel�
to a �dry Sahel� regime was caused by strong feed-
backs between the climate and vegetation cover
and may have been triggered by slow changes in
either land degradation or sea-surface tempera-
tures. Taken together, we conclude that the exis-
tence of alternative stable states (or regimes) in the
climate and ecosystems of the Sahara and Sahel
may be the result of strong, nonlinear interactions
between vegetation and the atmosphere. Although
the shifts between these regimes occur rapidly, they
are made possible by slow, subtle changes in under-
lying environmental conditions, including slow
changes in incoming solar radiation, sea-surface
temperatures, or the degree of land degradation.
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INTRODUCTION

The behavior of environmental systems results
from a complex interplay between their biotic and
abiotic components. Over a large region, such as the
Sahara or the Sahel, the coupled behavior of envi-
ronmental systems are often expressed through
strong biogeochemical, biophysical, and hydrologi-
cal linkages among terrestrial ecosystems, aquatic
ecosystems, and the atmosphere. These linkages
can occur over a wide range of time and space
scales, and may involve strong feedbacks among the
components of the system.

Predicting the behavior of such a system is enor-
mously challenging. Instead of following a simple
linear path along existing trends, coupled environ-
mental systems often exhibit highly nonlinear be-
havior. In fact, the behavior of environmental sys-
tems—especially those involving strong linkages
and feedbacks between their component parts—
may give rise to sudden, sometimes catastrophic
changes (Scheffer and others 2001; Higgins and
others 2002).

Such a sudden, large change in environmental
conditions—called a “threshold response” or “re-
gime shift” (following Scheffer and others 2001; see
also Appendix)—often occurs without advance
warning. In fact, predicting the exact timing, loca-
tion, and pace of these regime shifts may be impos-
sible. Regime shifts often appear to be caused by
fairly small, stochastic events, such as an individual
storm, drought, disease epidemic, or biological in-
vasion. But these events are generally not the ulti-
mate cause of the regime shift; rather, they are the
�trigger� mechanism.

Instead of trying to predict the exact timing and
location of all possible �triggers�, we can instead
focus on the underlying conditions that may pre-
dispose a system to regime shifts. Typically, these
underlying environmental conditions are changing
very slowly and often go unnoticed. For example,
Scheffer and others (2001) suggested that the loss
of ecological resilience leads to a catastrophic re-
gime shift in many environmental systems, even if
a proximate �trigger� is never clearly identified.
Other slow changes to the underlying environmen-
tal conditions—including changes from subtle as-
tronomical, geological, ecological or human driv-
ers—may also help predispose a system to a regime
shift.

Here we consider two particular regions, the Sa-
hara and Sahel of northern Africa, and examine
how the behavior of these environmental systems
may have given rise to important regime shifts in
the past.

ENVIRONMENTAL CONDITIONS IN THE
SAHARA AND SAHEL

Northern Africa is a land of extremes. To the north is
the Sahara desert, the largest hot desert on the planet
today. To the south, there is a sharp gradient of pre-
cipitation and vegetation cover ranging from open
shrublands, through grasslands, to tropical savannas
and forests. This transition zone is called the Sahel,
which comes from an Arabic word for “shore” (Graetz
1991; Le Houerou 1980). For practical purposes, Ni-
cholson (1994) suggested that the Sahel be defined as
a region bounded between 15°W and 20°E longitude
and 13°N and 20°N latitude (see Figure 1).

Many people think that the Sahel is losing
ground—literally. There is a popular notion that the
Sahara desert is slowly expanding, consuming the
more productive ecosystems to the south. This pro-
cess of �desertification�—the loss of perennial veg-
etation and topsoil and the associated decline in
biological productivity—is often cited as one of the
main ecological threats facing the semiarid regions
of the world today (for example, see, Verstraete
1986; Mainguet 1991; Graetz 1991).

But recent analyses have indicated that the Sahel,
although currently experiencing a persistent and
serious drought, is not experiencing the slow,
steady grind of desertification (Nicholson and oth-
ers 1998; Helldén 1991; Thomas and Middleton
1994). In fact, evidence from long-term satellite
records indicates that desertification has not been
occurring along the Sahara/Sahel boundary during
the last 20 years (Tucker and others 1991; Prince
and others 1998; Tucker and Nicholson 1999). In-
stead, satellite and rainfall records indicate strong
variations from year to year in rainfall and vegeta-
tion greenness since the late 1970s, but no system-
atic expansion of the deserts is seen.

Of course, this does not mean that the environ-
ments of the Sahara and Sahel are static and cannot
change. Instead, we find that the environmental
histories of the Sahara and Sahel are characterized
by sudden, abrupt changes—including several dra-
matic regime shifts that occurred with no apparent
warning. In the following sections, we review two
major environmental regime shifts that occurred in
the Sahara and Sahel during the last 6000 years.

REGIME SHIFT 1: SUDDEN ONSET OF
DESERT CONDITIONS IN THE SAHARA
ABOUT 5500 YEARS AGO

First we consider a dramatic regime shift that oc-
curred in the Sahara and the neighboring Sahel
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approximately 5500 years ago. From the late Pleis-
tocene until the middle Holocene era—roughly
14,500 to 5500 years ago (in terms of calibrated
calendar dates, not raw radiocarbon dates)—the Sa-
hara and Sahel were much wetter than today, with
extensive vegetation cover, lakes, and wetlands;
thriving animal communities; and numerous hu-
man settlements (McIntosh and McIntosh 1981;
Ritchie and others 1985; COHMAP 1988; Street-
Perrott and Perrott 1993; Petit-Maire and Guo
1996; Roberts 1998).

There are numerous geologic records left from
this wet and productive environment, including
fossil lakebeds and shorelines (Street and Grove
1979; Petit-Maire and Riser 1981; Fontes and oth-
ers 1985; Street-Perrott and Harrison 1984; Gasse
1987; Haynes 1987; Pachur and Kröpelin 1987;
Haynes and others 1989; Pachur and Hoelzmann
1991; Petit-Maire and others 1993; Yu and Harrison
1996), pollen from flourishing vegetation commu-
nities (Maley 1981, 1983; Ritchie and others 1985;
Lézine 1991; Lézine and Casanova 1989; Lézine and
others 1990; Schulz 1991; Street-Perrott and Per-
rott 1993), and the skeletal remains of grazing an-

imals (Pachur and Kröpelin 1987; McIntosh and
McIntosh 1981; Petit-Maire and Guo 1996). In ad-
dition, there is abundant archaeological evidence of
thriving human communities, including numerous
cave paintings and rock carvings (Servant and Ser-
vant-Vildary 1980; McIntosh and McIntosh 1983,
1981).

Recent efforts have attempted to compile these
geologic data to construct regional-scale descrip-
tions of changing environmental conditions over
the Sahara and Sahel (Petit-Maire and Guo 1996;
Hoelzmann and others 1998; Jolly and others 1998;
Prentice and others 2000). For example, Hoelz-
mann and others (1998) and Prentice and others
(2000) presented maps of the Sahara and Sahel
regions for the middle Holocene epoch (roughly
6000 years ago) showing that there was signifi-
cantly less area of desert; instead, the region was
dominated by grasslands and shrublands. Hoelz-
mann and others (1998) also showed that lakes and
wetlands were much more abundant 6000 years
ago, with large water bodies in the Chad basin
(including Lake Megachad) and the Niger bend.

But these lush conditions did not last forever.

Figure 1. Vegetation cover and
precipitation patterns of Africa.
Patterns of precipitation (ex-
pressed as annual means, in units
of mm/y) are tightly correlated
with patterns of vegetation cover.
Northern Africa is dominated by
the Sahara, the largest hot desert
on the planet today. The transi-
tion between the Sahara and the
savannas to the south occurs in
the Sahel zone (outlined in black).
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Sometime between 5000 and 6000 years ago, there
was a switch to much more arid conditions extend-
ing throughout the Sahara and the Sahel (Street
and Grove 1979; Street-Perrott and Harrison 1984;
Pachur and Kröpelin 1987; Haynes and others
1989; Gasse and Van Campo 1994; Petit-Maine and
Guo 1996; Pachur and Altmann 1997). Mesic veg-
etation communities disappeared rapidly (Lezine
and others 1990; Lamb and others 1995) and lake
levels declined dramatically (Street and Grove
1979; Street-Perrott and Harrison 1984). Archaeo-
logical evidence also shows that highly mobile pas-
toralist cultures started to dominate the region at
this time, replacing the more sedentary lacustrine
traditions (McIntosh and McIntosh 1981; Pachur
and Kröpelin 1987; Petit-Maire and Guo 1996).

Compared to the long period of wet conditions
(between roughly 14,500–5500 years ago), the dry-
ing of the Sahara and Sahel occurred rather
abruptly. The terrestrial geologic records include a
wide range of dates, but they generally indicate that
the transition to desert conditions took place over a
few centuries, sometime between 5000 to 6000
years ago, especially in West Africa. However, the
climatic history of the eastern Sahara appears to be
somewhat more complex; and may show a some-
what more gradual transition, punctuated by other
fluctuations (Geyh and Jäkel 1974; Jäkel 1979; Pa-
chur and Wünnemann 1996).

But it is extremely difficult to estimate the precise
time of this switch to desert conditions using ter-
restrial records. Very few well-dated records can be
found on land, since many of the sediment records
from the early and middle Holocene epochs were
eroded away in the last 5000 years. Perhaps the best
evidence for an abrupt transition comes from a
recent study by deMenocal and others (2000). They
reported the results from a detailed and well-dated
marine record of terrigenous (eolian) sediment
from the Ocean Drilling Program Site 658C, which
is located off the coast of Mauritania and presum-
ably reflects conditions in the western Sahara. de
Menocal and co-workers (2000) clearly show that
there was an abrupt transition from wet to dry
conditions in the western Sahara around 5500
years ago. Between 14,800 and 5500 (calendar)
years ago, there was a period of low terrigenous
sediment influx from the region, indicating wet
conditions, extensive vegetation cover, and little
loss of sediment from land. But starting 5500 years
ago, an abrupt increase in the amount of terrig-
enous sediment was seen in the core, indicating a
significant decline in vegetation cover and a signif-
icant increase in windborne sediments from the
land. The increase is dramatic and occurs within a

few decades or centuries (Figure 2). This increase in
terrigenous sediment thus represents an abrupt re-
gime shift—at least compared to the geologic time
under consideration.

This sudden change in the climate, ecosystems,
and lakes of the Sahara and Sahel has been difficult
to explain. Conventional explanations of the wet
climate during the late Pleistocene and early Holo-
cene have suggested that changes in incoming solar
radiation, caused by slow shifts in the Earth’s or-
bit—the so-called Milankovitch variations, which
include changes in tilt, eccentricity, and perihelion
(see Berger 1978)—enhanced the strength of the
summer monsoon rains (COHMAP 1988). Numer-
ous climate model simulations, using atmospheric
General Circulation Models (GCMs), have shown

Figure 2. Orbital variations, sediment records, coupled
model results. Many studies have suggested that gradual
changes in the Earth’s orbit and the amount of incoming
solar radiation in summertime (A) are responsible for
changes in climate during the Holocene. However, geo-
logic records (including an ocean sediment record re-
ported by deMenocal and others 1999) indicate that there
was an abrupt change in the climate and vegetation cover
over the Sahara roughly 5500 years ago (B). At this time,
there was rapid change from the green Sahara to the
desert Sahara condition. Claussen and others (1999) used
a simple coupled atmosphere–ocean–vegetation model to
demonstrate how a switch from a green Sahara to a
desert Sahara could occur (C), even when the model was
only forced by slow changes in incoming solar radiation
(A). This is an excellent example of a regime shift. A and
B were redrawn from deMenocal and others (2000) C
was redrawn from Claussen and others (1999).
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how these changes in the Earth’s orbit could have
enhanced rainfall in the Sahel and Sahara region
during the early and middle Holocene (Kutzbach
and Otto-Bliesner 1982; Kutzbach and Street-Per-
rott 1985; Kutzbach and Guetter 1986; Street-Per-
rott and others 1990; deMenocal and Rind 1993).
Comparisons of GCM paleoclimate simulations to
geological data have shown general patterns of
agreement over the Sahara/Sahel zone, suggesting
that the Milankovitch hypothesis is correct (CO-
HMAP 1988; Yu and Harrison 1996; Jolly and oth-
ers 1998; Harrison and others 1998; Joussaume and
others 1999).

However, the Milankovitch theory alone does
not explain the regime shift in climate 5500 years
ago; changes in the Earth’s orbit produced very
slow changes in the incoming solar radiation (Fig-
ure 2a), which by themselves would not be ex-
pected to cause such a sudden change in climate. To
produce such a regime shift, there must have been
a source of strong nonlinearity in the climate sys-
tem—something that would enable a slow change
in incoming solar radiation to cause a very large and
sudden change in climate.

One hypothesis suggests that the interactions be-
tween the atmosphere and vegetation cover of the
region may produce this nonlinear behavior. For
example, several GCM-based studies have demon-
strated how changes in the monsoon rains of north-
ern Africa might have been amplified through feed-
backs from the expanded vegetation cover (Street-
Perrott and others 1990; Kutzbach and others 1996;
Texier and others 1997, 2000; Claussen 1997, 1998;
Claussen and Gayler 1997; Broström and others
1998; Pollard and others 1998; Braconnot and oth-
ers 1999; Doherty and others 2000) and increased
areas of lake and wetland cover (Coe and Bonan
1997; Broström and others 1998; Carrington and
others 2001).

In this hypothesis, variations in the Earth’s orbit
initially lead to enhanced monsoon rains in the
Sahara and Sahel regions, thereby increasing the
extent of vegetation cover, lakes, and wetlands. The
increased extent of vegetation and water bodies has
two major effects on the land-surface water and
energy balance: a significant reduction in surface
albedo and an increased ability to recycle water
back to the atmosphere through evapotranspira-
tion. The lower albedo and increased ability to re-
cycle water both help fuel the monsoon with addi-
tional energy and moisture, thereby increasing the
summer rains and producing a positive feedback on
the orbital variations (Figure 3). For a more detailed
explanation of these vegetation–climate feedback

mechanisms, see Eltahir (1996), Pielke and others
(1998), and Claussen (1998).

Claussen (1998) went on to suggest that the feed-
backs between climate and vegetation tend to rein-
force two alternative stable states (or regimes) in
northern Africa: a “green Sahara” regime, and a
“desert Sahara” regime. Examining multiple simu-
lations with a coupled climate–vegetation model,
Claussen found that the climate–vegetation system
could support only a green Sahara regime at 6000
years ago. However, for the modern climate, Claus-
sen found that both a �green Sahara� and a �desert
Sahara� were possible outcomes of the model, de-
pending on the initial vegetation conditions stipu-
lated in the model. This suggests that sometime
between 6000 years ago and today, the Earth’s
orbital forcing caused the climate–vegetation sys-
tem over the Sahara to change from a system with
only one stable state (the �green Sahara�) to a sys-
tem with two possible alternative stable states (a
�green� or a �desert� Sahara).

But could climate–vegetation feedbacks (and the
existence of alternative stable states in the atmo-
sphere–biosphere system) have been responsible
for the rapid switch between vegetated and desert
conditions around 5500 years ago?

Using a coupled atmosphere–ocean–biosphere
model of �intermediate complexity�, Claussen and
others (1999) demonstrated how such an abrupt
switch in climate could have occurred–even when
the climate was being driven by slow changes in the
Earth’s orbit. Until recently, climate models could

Figure 3. Feedbacks between vegetation and the atmo-
sphere over the Sahara during the Middle Holocene.
Claussen (1997) showed feedbacks between vegetation,
and the atmosphere work to maintain two distinct cli-
matic regimes over the Sahara—a green Sahara and a
desert Sahara. This schematic illustrates the feedback
loops among vegetation cover, albedo and evapotranspi-
ration, and monsoon rainfall. The feedbacks can work in
either direction—to maintain either green or desert con-
ditions. Claussen and others (1999) further illustrated
how changes in orbital forcing could have triggered the
system to flip from a green Sahara to a desert Sahara
approximately 5500 years ago.
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not simulate the full climatic history of the Holo-
cene era; traditional GCM-based climate models are
too computationally expensive to perform repeated
10,000-year simulations. But the advent of new,
computationally efficient climate models of �inter-
mediate complexity� (for example, see, Ganopolski
and others 1998; Claussen and others 1999) allow
us to explore the feedbacks among atmosphere,
biosphere, and oceans much more easily.

With their simplified climate model, Claussen
and others (1999) were able to reproduce a major
regime shift in climate and vegetation cover about
5500 years ago (5440 years ago, plus or minus 30
years) just by including the nonlinear coupling be-
tween vegetation and the atmosphere (Figure 3). In
the model, a gradual reduction in monsoon precip-
itation (through slowly changing Milankovitch or-
bital forcing) continued until approximately 5500
years ago; thereafter, precipitation fell greatly in
only a few centuries because of the effects of strong
climate–vegetation feedbacks (Figure 2c).

The results reported by Claussen and others
(1999) suggest that the climate–vegetation system
crossed a �threshold� sometime around 5500 years
ago, where gradual reductions in rainfall (caused by
slow changes in the Earth’s orbit) were suddenly
amplified through land-surface feedback mecha-
nisms. It appears that the climate–vegetation sys-
tem maintained a �green Sahara� climatic regime as
long as possible through the middle Holocene, and
then suddenly made the transition to a �desert Sa-
hara� regime when adequate rainfall could no
longer be maintained in the Sahara zone.

According to Claussen and others (1999), the role
of the oceans was relatively minor. In their simu-
lations, the state of the oceans influenced the tim-
ing of the shift (producing a range between 5800
and 5300 years ago for the beginning of the deser-
tification), but feedbacks from the oceans were not
required to produce the climatic regime shift.

The model presented by Claussen and others
(1999) provides a plausible explanation for the re-
gime shift in the climate and ecosystems of the
Sahara and Sahel around 5500 years ago. However,
their results have not yet been confirmed by other
modeling groups; much more work should be done
to evaluate these climate feedback mechanisms.
Additional evaluation of the paleoclimatic data is
also needed. Specifically, more detailed compari-
sons between high-resolution, well-dated paleocli-
matic records (for example, see deMenocal and oth-
ers 2000) and new 10,000-year climate simulations
(for example, Claussen and others 1999) should be
performed.

REGIME SHIFT 2: THE POST-1969
DROUGHT IN THE SAHEL

A second regime shift occurred around 1969 over
the Sahel zone. Since then, the Sahel has experi-
enced a devastating and prolonged drought.

The human impact of this drought captured
worldwide attention. During the early 1970s; there
were almost daily reports of the widespread human
suffering caused by the drought. By the end of the
decade, roughly half of the domestic livestock had
died, nearly a million people had starved to death,
and millions of people became refugees (Graetz
1991; Nicholson and others 1998).

Compared to the dramatic switch from the �green
Sahara� to the �desert Sahara� around 5500 years
ago, this change in climate has been relatively small
and confined to a more limited region. Neverthe-
less, the drought has been one of the longest and
most severe in recent history. Between 1968 and
1997, precipitation over the Sahel was 25%–40%
lower than the standard climatological period of
1931–60 (Nicholson 2000). Furthermore, the
drought has been unusually persistent: nearly every
year since 1970 has been anomalously dry. In fact,
looking back over the 20th century, we see that the
persistence of both wet and dry conditions has been
unusually long in the Sahel (see Figure 4); in other
parts of the world, runs of wet or dry years typically
do not exceed 2–5 years (Nicholson 2000).

Numerous hypotheses have been put forward to
explain the Sahel drought. But each of these hy-
potheses must be tested against a variety of ques-

Figure 4. Precipitation record of the Sahel. Precipitation
in the Sahel shows unusually strong persistence from
year to year and decade to decade. In other regions of the
world, runs of wet and dry years typically do not last
more than a few years. The precipitation data are taken
from Hulme and others (1998).
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tions. First, is the hypothesized mechanism suffi-
ciently large to trigger a drought of this magnitude?
Furthermore, does this mechanism maintain such a
persistent drought over a period of 3 decades—
especially when the atmosphere should have no
memory of the previous year? Finally, why did the
mechanism cause a sudden “flip” between the two
distinct modes—a �wet Sahel� (from the 1910s until
the mid-1960s) and a �dry Sahel� (since 1969)—
rather than slowly drifting through a series of in-
termediate conditions?

Over the last 25 years, there have been two lead-
ing explanations for the drought in the Sahel, one
involving the land, the other the ocean. Both ex-
planations provide a one-way, cause-and-effect ex-
planation of the drought in the Sahel, considering
how changes in land cover could affect the mon-
soon circulation, or how changes in the ocean could
affect the monsoon. In neither case are two-way
feedbacks among the atmosphere, ocean, and land
considered. Here we will review both of these one-
way explanations and describe why they are un-
likely to provide a complete explanation for the
magnitude and persistence of the post-1969
drought.

Land Degradation and �Desertification�

In a pioneering paper, Charney (1975) suggested
that overgrazing and other human land-use pres-
sures may be responsible for the Sahel drought,
mainly through changes in the surface albedo (and
the consequent changes in surface energy balance
and atmospheric heating) and their impact on the
West African monsoon. For a more detailed descrip-
tion of how changes in vegetation and the surface
energy balance affect monsoon systems, see Eltahir
(1996).

The specific mechanism of the original �Charney
hypothesis�—land degradation causes a large in-
crease in albedo, thereby affecting the surface en-
ergy budget and monsoon circulations (Charney
and others 1977)—has now been largely discred-
ited. Recent observations indicate that land degra-
dation does not necessarily lead to a large increase
in albedo (Fuller and Ottke 2002; Mortimore 1998).
However, the Charney hypothesis has been ex-
panded in scope to include other effects of land
degradation on the surface energy and water bud-
get, including changes in vegetation rooting depth,
surface roughness, and leaf area.

Many studies have examined this �broader� Char-
ney hypothesis using global climate models (for
example, Xue and Shukla 1993; Xue 1997; Clark
and others 2001). These studies have considered
how human-induced changes in land cover in the

Sahel would change land-surface processes, atmo-
spheric heating, monsoon circulations, and climate.
These GCM sensitivity studies have generally con-
cluded that anthropogenic land-cover change in the
Sahel could cause a significant drought in the re-
gion. But it is important to note that these studies
used idealized and highly unrealistic scenarios of
land-cover change that greatly exaggerated the de-
gree of land degradation in the Sahel region (Taylor
and others 2002).

Taylor and others (2002) were the first to use a
realistic history of land-cover change in the Sahel to
drive a general circulation model. They concluded
that land degradation in the Sahel could have led to
drier conditions, but the drying simulated in their
GCM was much smaller than the observed magni-
tude—casting serious doubt on the Charney hy-
pothesis.

Furthermore, it is unlikely that human-induced
land degradation, by itself, could have produced
such a dramatic regime shift in climate in 1969.
Before that time, there were several decades of
wetter-than-normal conditions. After 1969, we
have seen over 30 years of severe drought. How
could gradual changes in land use, by themselves,
have caused such an abrupt shift in climate? Again,
the Charney hypothesis does not seem to provide
an adequate explanation.

Changes in Ocean Temperatures

Other authors have suggested that the drought was
caused by changes in the ocean—specifically, as a
result of changes in sea-surface temperatures (SSTs)
and their impact on atmospheric circulation pat-
terns.

On a year-by-year basis, there are clear ties be-
tween SSTs and rainfall patterns in the Sahel (Fol-
land and others 1991; Ward 1992; Fontaine and
Janicot 1996; Rowell and others 1995). But on the
decadal time scales of concern here, the picture is
less clear. There are decadal-scale variations in SSTs
that can be linked to rainfall in the Sahel (Ward
1998), but these variations are considerably smaller
than those found on shorter time scales (Nicholson
2000), and are not as persistent as the precipitation
changes over this time period Nevertheless, Rowell
and others (1995) were able to simulate some im-
portant aspects of the post-1969 Sahel drought in a
climate model driven only by observed changes in
SSTs. However, Sud and Lau (1996) were unable to
duplicate this result with another climate model.

Nicholson (2000) has suggested that changes in
ocean circulation and SSTs are potential contribu-
tors to the post-1969 drought, but other factors
(possibly related to land-surface feedbacks) are also
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likely to be involved. To back up this argument,
Nicholson pointed out that the rainfall variability in
the Sahel is correlated and in phase, with rainfall
variations in Southern Africa on yearly and decadal
time scales. This suggests that both precipitation
regimes are affected by the same large-scale climatic
controls, such as changes in ocean circulation and
SSTs. However, Nicholson also indicated that the
strong year-to-year persistence of rainfall anomalies
does not occur in Southern Africa, suggesting that
some other mechanism differentiates the two re-
gions. Furthermore, she noted that the drastic
�switch� from wet to dry conditions in the Sahel in
1969 did not occur in phase with changes in the
large-scale atmospheric circulation over Africa.

Taken together, these arguments suggest that the
SST hypothesis cannot completely explain the post-
1969 drought in the Sahel. Ultimately, both of these
one-way explanations for the Sahel drought have
serious shortcomings. They fail to explain either the
magnitude of the drought or the strong persistence
over 3 decades. Neither hypothesis alone provides a
totally satisfactory explanation of these two factors.

But a new set of simplified climate models that
incorporate coupled representations of the atmo-
sphere, oceans, and terrestrial ecosystems and the
strong two-way feedbacks between them may begin
to offer a plausible explanation for the magnitude
and persistence of the post-1969 drought in the
Sahel.

Zeng and others (1999) suggested that while the
post-1969 drought could have been initiated by
changes in SST patterns, its magnitude and multidec-
adal persistence are caused largely by nonlinear feed-
backs between the natural vegetation cover and the
atmosphere. Using a simplified model of the atmo-
sphere, ocean, and terrestrial vegetation cover,
Zeng and others (1999) showed how changes in the
monsoon climate induced by forcing SSTs are
greatly amplified by vegetation interactions.

Interestingly, the effect of these vegetation feed-
backs appears to be strongest on decadal time scales.
Zeng and others (1999) suggested that vegetation
feedbacks amplify the interdecadal variation of the
Sahel precipitation but act to reduce year-to-year
variability. As a result, vegetation interactions allow
for the decade-to-decade persistence of drought;
without the memory of the vegetation cover,
drought occurs sporadically as scattered events (Fig-
ure 5).

Using a different simplified climate model that
links atmospheric and ecological processes, Wang
and Eltahir (2000b) drew a similar conclusion.
Without considering the impact of vegetation feed-
backs, climate models may not reproduce the full

spectrum of observed rainfall variability in the Sa-
hel (Figure 6). According to Zeng and others (1999)
and Wang and Eltahir (2000b), vegetation dynam-
ics (that is, the growth, development, and death of
vegetation over a few growing seasons) act as a sort
of integrator to provide �memory� from one year to
the next in this monsoon-dominated climate sys-
tem. As a result, the vegetation allows there to be
some influence from one summer monsoon season
to the next; without the memory carried by vege-
tation (or, to some extent, the soil moisture con-
tent), the effect of last year’s monsoon would have
no significant impact on this year’s monsoon.

A more complete explanation for the post-1969
drought was provided by Wang and Eltahir
(2000a). Using their simplified climate model, they
showed that the Sahel, through strong feedbacks
between vegetation and the atmosphere, is predis-
posed toward having two distinct climatic regimes
(or two alternative stable states): a �wet Sahel� and
a �dry Sahel�. (A similar feedback mechanism was

Figure 5. Observed and simulated precipitation histories
over the Sahel. Zeng and others (1999) used a simplified
coupled atmosphere–ocean–land model to investigate
the mechanisms behind long-term climate variability in
the Sahel region. They found that a model configured to
represent only atmosphere–ocean coupling (B) did not
match the observed record of precipitation (A). Only
when vegetation dynamics and land-surface feedbacks
were included in the model (C) did the model capture the
long-term variations in rainfall observed in the Sahel.
Figure redrawn from Zeng and others (1999)).
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hypothesized by Claussen (1998) for the existence
of the �green Sahara� and �desert Sahara� regimes).
Wang and Eltahir further demonstrated that
changes in SSTs or a small amount of land degra-
dation in the 1960s could, through these vegeta-
tion–atmosphere feedbacks, have triggered the re-
gional biosphere–atmosphere system to shift from
the �wet Sahel� regime to the �dry Sahel� state
within a relatively short time (Figure 7). Such a
climate transition can take place abruptly once the
coupled system reaches the attraction zone of the
alternative regime (see Appendix), which helps ex-
plain the sudden onset of the severe post-1969
drought. In this case, changing SSTs or land degra-
dation acts as the �trigger� for climate transition,
while vegetation–atmosphere feedbacks reinforce
the impact of the trigger during the transition pro-
cess. Once the system settles into its new regime,
these feedbacks then work to maintain the system
in that regime for decades (Figure 8) before other
triggering forcing pushes the system into the attrac-
tion zone of the alternative regime (see Appendix).

The hypothesis proposed by Zeng and others
(1999) and Wang and Eltahir (2000a, 2000b) ap-
pears to provide a satisfactory explanation for the
magnitude, duration, and sudden onset of the Sahel
drought. However, the exact details of how the land
surface and atmosphere are coupled may require
additional consideration. For example, a recent
study by Rosenfeld and others (2001) suggested

that increased amounts of desert dust in the atmo-
sphere may suppress rainfall in the Sahel. Rosenfeld
and others argue that clouds loaded with large
amounts of dust have smaller water-droplet sizes,
often below the 14-&#181;m radius needed for the
onset of rainfall. If this hypothesis is correct, it could
present a different positive feedback mechanism
between the land surface and the atmosphere—
whereby land degradation increases dust loading
into the atmosphere, reduces rainfall, suppresses
vegetation growth, and makes the land more sus-
ceptible to degradation. The effect of dust on the
atmosphere is still a major topic of study (Ra-
manathan and others 2001; Nicholson 2000), and
more research is needed to quantify the links
among land cover, dust loading, and climate.

SUMMARY AND CONCLUSIONS

In this paper, we have described two major envi-
ronmental regime shifts that occurred in the Sahel
region during the last 6000 years.

For the first regime shift (mid-Holocene monsoon
collapse), there is an abundance of geologic data to
show how relatively wet environmental condi-
tions—including extensive vegetation cover, lakes,
and wetlands throughout the Sahara and Sahel—
came to an abrupt end nearly 5500 years ago. Tra-
ditional explanations for the changes in climate
during the Holocene era have suggested that slowly
varying changes in the Earth’s orbit could have
caused wet conditions in the early Holocene and
dry conditions today. But the orbital hypothesis, by
itself, could not explain the sudden regime shift at
5500 years ago. A number of climate modeling
studies suggest that strong nonlinear feedbacks be-
tween vegetation and the atmosphere can dramat-
ically amplify the effects of orbital variations and
create two alternative stable states (or regimes) in
the climate and ecosystems of the Sahara—a �green
Sahara� or a �desert Sahara�. A recent coupled at-
mosphere–ocean–land modeling result from Claus-
sen and others 1999 suggest that there was a shift
from the �green Sahara� to the �desert Sahara� re-
gime approximately 5500 years ago.

In the second regime shift (post-1969 drought), it
appears that the 3-decade-long drought in the Sa-
hel may be the result of complex interactions
among the atmosphere, land, and ocean. Recent
studies (Zeng and others 1999; Wang and Eltahir
2000a, 2000b) provide a plausible explanation for
the drought, whereby dry conditions were initiated
either through changes in SSTs or increases in de-
graded land cover. In each case, the strength and
persistence of the drought results from the strong

Figure 6. Observed and simulated spectra of precipita-
tion variability in the Sahel. Wang and Eltahir (2000b)
compared observed and simulated spectra of rainfall over
the Sahel. The thick solid line shows the spectrum based
on the observed rainfall time series in Figure 4; the thin
solid and thin dashed lines show the spectrum of simu-
lated precipitation with and without feedbacks from dy-
namic vegetation cover, respectively.

532 Foley and others



coupling between vegetation and monsoon circula-
tions over the Sahel region. These conditions help
to reinforce either a �wet Sahel� or a �dry Sahel�
climatic regime, while the sudden onset of the
drought may result from a transition of the climate
system from its wet equilibrium to a drier one.

In both the Sahara and Sahel regions of northern
Africa, it appears that environmental systems are
predisposed toward having at least two alternative
stable states (or regimes)—for example, the �wet
Sahel�/�dry Sahel� or the �green Sahara�/�desert Sa-
hara�. Strong feedbacks between vegetation and the
atmosphere, operating through linkages between
the surface energy and water balance and the West
African monsoon circulation, appear to be respon-
sible for the existence of these alternative steady-
state conditions.

In these two examples, a switch from one regime
to another is accomplished through slow, steady
changes in underlying environmental conditions
(for example, orbital variations over thousands of
years, slowly changing patterns of ocean tempera-
tures, or steady increases in land degradation),

combined with a stochastic triggering event (for
example, a particularly wet or dry monsoon sea-
son). Under the right circumstances, a large enough
perturbation to the coupled system can rapidly
switch the Sahara or Sahel from one regime to
another.

While the exact timing and circumstances of re-
gime shifts may be unpredictable, the existence of
the alternative stable states can be—and has been—
predicted. We may therefore forecast the future of
the Sahara and Sahel in terms of probabilistic as-
sessments of wet versus dry or green versus desert
conditions—but not the precise timing of the re-
gime shifts.

The Sahara and Sahel present us with very good
examples of regions with alternative stable states
and dramatic regime shifts. The predisposition of
these regions to regime shifts appears to result from
the strong interactions between the vegetation
cover and the atmosphere. We hypothesize that the
unique geography of northern Africa, combined
with the extremely sharp gradients in precipitation
and vegetation cover across this region, may make

Figure 7. Simulated regime shifts in Sahel rainfall. Wang and Eltahir (2000a) used a simplified coupled atmosphere–
ocean–land model to explore the dynamics of the Sahel climate. Their model results suggested that feedbacks between
vegetation and the atmosphere create two distinct climatic regimes: a dry Sahel and a wet Sahel. Using this model, they
showed that either changes in sea surface temperatures or slight increases in the amount of degraded land could have
triggered a shift from the wet Sahel to the dry Sahel sometime in the late 1960s. This study provides the most complete
explanation for the Sahel drought to date, including plausible mechanisms for the magnitude, duration, and rapid onset
of the post-1969 drought. Changes in land degradation induce major reductions in precipitation (a) and vegetation
productivity (b) in these simulations (dashed lines are for the control simulation: solid lines are where land degradation
occurs). In addition, changes in sea surface temperatures can also cause an abrupt reduction in rainfall and vegetation
productivity (c and d).
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the Sahara and Sahel such strong examples. How-
ever, other regions of the world may also be pre-
disposed to such regime shifts.

Future research should examine the historical
and geological data for evidence of large-scale en-
vironmental regime shifts in other regions of the
world. By examining the underlying state of envi-
ronmental systems and their degree of nonlinearity,
we may be able to predict which regions of the
world are susceptible to regime shifts and which are
not. The results would provide us with important
insights on the vulnerability and environmental
sustainability of particular regions—and their pos-
sible response to human activities and global envi-
ronmental change.
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Appendix: A Conceptual Model of
�Regime Shifts�

In this paper, we have documented two �regime
shifts� that occurred in the Sahara and Sahel during
the last 6000 years. Such regime shifts may be
linked to the existence of alternative stable states
(or regimes) in an environmental system, which in
turn are usually explained through strong positive
feedbacks among the component parts of the sys-
tem. Here we have suggested that strong feedbacks
between vegetation and the atmosphere give rise to
alternative stable states in the climate and ecosys-
tems of northern Africa, thereby leading to a pre-
disposition to regime shifts. In this Appendix, we
briefly elaborate on these ideas and discuss some
common misconceptions.

Positive feedbacks occur at various levels in many
complex systems. For instance, as discussed in this
review, vegetation cover may have a positive effect
on local precipitation patterns. Furthermore, in-
creases in local rainfall will, in turn, stimulate veg-
etation growth (Figure A1). One can easily imagine
that such a feedback between precipitation and veg-
etation cover could lead to two alternative stable
states: If there is no vegetation, water availability is
too low for vegetation growth and plants cannot
colonize; however, once vegetation cover is
present, it may enhance water availability enough
to ensure persistence of the vegetation.

To obtain a better intuitive feeling for the prop-
erties of a system with alternative stable states,
imagine a situation in which large-scale, external
climate drivers (for example, the Earth’s orbital
forcing, atmospheric carbon dioxide concentration)
control precipitation over a dry region, but local
precipitation is higher in the presence of vegetation
than over desert (Figure A2). In the hypothetical
case that vegetation dies and disappears at a critical
precipitation level, this gives rise to alternative sta-
ble states of the coupled climate–vegetation system
over a range of external climate drivers. (Obviously,
the assumption that vegetation disappears com-

Figure A1. Vegetation–climate feedbacks. In dry areas of
the world, a positive effect of vegetation cover on local
precipitation may cause a feedback between vegetation
and climate.

Figure A2. Alternative stable states in a coupled vegeta-
tion–climate system. This conceptual model is based on
three assumptions: (a) Precipitation in the absence of
vegetation is driven by the external climatic parameters
(for example, solar radiation, carbon dioxide concentra-
tions); (b) vegetation has a positive effect on local rainfall;
and (c) vegetation disappears when precipitation falls
below a certain critical level. Above a critical precipitation
level, vegetation will be present. In this case, the upper
equilibrium line is the relevant one; below this precipi-
tation level, the lower equilibrium curve applies. Over a
range of intermediate climatic situations, two alternative
stable states exist: one with vegetation and one as a
desert, separated by a (dashed) unstable equilibrium. The
arrows indicate the direction of change if the system is
not on one of the equilibrium lines. It can be seen from
these arrows that the dashed middle line is unstable, since
a small deviation from the line will make the system
move further away to one of the (solid) stable equilibrium
lines.
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pletely from a region at a critical precipitation level
is a crude oversimplification. Some sites will always
be more suitable than others, leading to a more
gradual response of vegetation cover to precipita-
tion).

More realistic models confirm that alternative
stable states may arise in environmental systems
with strong positive feedbacks among components,
and that this is part of a continuum of possibilities
(Scheffer and others 2001). For example, some eco-
systems may respond in a smooth, continuous way
to environmental change (Figure A3a). But another
system may be quite inert over certain ranges of
conditions, responding more strongly when condi-
tions approach a certain critical level (Figure A3b).
Finally, if positive feedbacks are of overriding im-
portance, the ecosystem response curve is “folded”
backward (Figure A3c). This final example corre-
sponds to our simple graphical model (Figure A2),
implying that for certain environmental conditions
the ecosystem has two alternative stable states, sep-
arated by an unstable equilibrium that marks the
border between the basins of attraction of the alter-
native stable states.

A system with alternative stable states typically
responds in a discontinuous way to external forc-
ing, making the exact timing of regime shifts diffi-
cult, if not impossible, to forecast. For example, in
our simple model (Figure A2), when conditions are
wet and vegetation cover is present, the state of the
system lies on the upper branch of the diagram.
However, if external climatic drivers gradually
change and precipitation slowly decreases, the veg-
etation cover will remain present until the thresh-
old (F d) is passed and a sudden shift to a low-
rainfall/desert state occurs. It is important to note
that there is very little change in the state of the
system before the regime shift. As a result, there is
little or no early warning of the impending regime
shift before it occurs.

Regime shifts can also be difficult to reverse. In
our conceptual model, it is interesting to observe
that returning the system back to the original state
(F d) does not occur easily. Simply restoring the
external climate driving parameters back to their
original values is not sufficient to induce a switch

Figure A3. Ways in which ecosystem equilibrium states
can vary with environmental conditions. A variety of
different models confirm that alternative stable states
may arise in environmental systems with strong positive
feedbacks among components, but this is only one on a
continuum of possibilities (Scheffer and others 2001).
First, the state of some ecosystems may respond in a
smooth, continuous way to environmental change (a).
Another system may be quite inert over certain ranges of
conditions, responding more strongly when conditions

approaches a certain critical level (b). Finally, if positive
feedbacks are of overriding importance, the ecosystem
response curve is folded backward (c). Only if the equi-
librium curve is folded backward (c) will alternative sta-
ble states exist for a given condition. Modified after Schef-
fer and others (2001).
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back to the upper branch. Instead, the climate
needs to move beyond the other switch point (F c)
before the system can be restored to the original
state. In dynamical systems theory, this phenome-
non—where the forward and the backward
switches occur at different conditions—is known as
hysteresis. (Note that this is a more strict definition of
hysteresis than the general meaning of “a tendency
to remain constant in spite of external forcing
changes.”)

The reader should note that a sudden shift in
environmental conditions does not necessarily im-
ply that there are alternative stable states in the
system. Systems that have no alternative stable
states may also respond in a discontinuous way to
environmental change (for example, Figure A3b),
although they will show no hysteresis. In practice,
one cannot divide systems simply into those that
have multiple attractors and those that have not.
Also, in models, there is usually a gradual range of
possibilities between strong hysteresis and merely a
relatively steep response around a certain threshold
which can vary depending on parameter settings
(Brovkin and others 1998; Claussen and others
1999).

Another important aspect of systems with alter-
native equilibria is that stochastic events, such as
extreme weather episodes, can bring the system
into the basin of attraction of another state (Figure
A4). If the valley of attraction (resilience rom Holling
1973) around the current state of the system is
small, a minor perturbation may be enough to
cause a shift to the alternative stable state. Thus,
even if in our example global climatic change may
seem to have little effect on the state of the systems,
the resilience may shrink, making the system more
fragile in the sense that it can be easily tipped into
a contrasting state by an adverse event.

Please note that these conceptual models of en-
vironmental systems are oversimplifications of re-
ality. For instance, no states are truly “stable” in the
sense that they could persist forever. Also, these
states are certainly never stable in the sense that
they are perfectly constant. Rather they are dy-
namic regimes in which random variation in
weather and other conditions interact with the in-

ternal dynamics of the system to produce erratic
fluctuations (Ellner and Turchin 1995). This makes
regime shifts a rather appropriate term to describe
the changes we refer to in this paper.

Figure A4. Stability landscapes. Stability landscapes il-
lustrate how environmental conditions may affect the
resilience of multistable ecosystems to perturbations. The
bottom plane shows the equilibrium curve as in Figure
A1. Each landscape depicts the equilibria and their basins
of attraction for a range of different environmental con-
ditions. Stable equilibria correspond to valleys; the unsta-
ble middle section of the folded equilibrium curve corre-
sponds to hilltops. Close to a bifurcation (F 2), the size of
the attraction basin is small, and perturbation may easily
bring the system into the alternative basin of attraction.
Modified after Scheffer and others (2001).
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