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the presence of African dust (35), an effect
that could alter cloud radiative processes,
precipitation, and cloud lifetimes.
The great variability of African dust transport has broader implications beyond weather
and climate. Iron associated with dust is an
important micronutrient for phytoplankton
(36). Thus, variations in dust transport to the
oceans could modulate ocean primary productivity and, consequently, the ocean carbon
cycle and atmospheric CO2. Certain species
of cyanobacteria also use iron in their metabolism; the rate of production of nitrate, a
primary nutrient, by these organisms could be
strongly influenced by dust inputs (36, 37).
Finally, during intense drought phases, the
concentration of respirable dust (38) over the
Caribbean probably exceeds the U.S. Environmental Protection Agency’s 24-hour standard. Although there is no evidence that exposure to dust across this region presents a
health problem, it does demonstrate how climate processes can bring about changes in
our environment that could have a wide range
of consequences on intercontinental scales.
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We present evidence, based on an ensemble of integrations with NSIPP1 (version 1 of the atmospheric general circulation model developed at NASA’s
Goddard Space Flight Center in the framework of the Seasonal-to-Interannual
Prediction Project) forced only by the observed record of sea surface temperature from 1930 to 2000, to suggest that variability of rainfall in the Sahel
results from the response of the African summer monsoon to oceanic forcing,
ampliﬁed by land-atmosphere interaction. The recent drying trend in the semiarid Sahel is attributed to warmer-than-average low-latitude waters around
Africa, which, by favoring the establishment of deep convection over the ocean,
weaken the continental convergence associated with the monsoon and engender widespread drought from Senegal to Ethiopia.
The cause of the persistence of drought in the
African Sahel during the 1970s and 1980s (1)
has yet to be determined. Is human activity to
blame, or is climate variability an issue that the
newly independent nations of sub-Saharan Africa would have to contend with as they devised
strategies for their development (2)?
Over the past 30 years, research into the
physical cause(s) of the recurrence of drought
in Africa has progressed along two parallel
directions. One, motivated by the belief that
humanity was irreversibly impacting the environment and climate— by way of land cover
and/or land use changes associated with the
expansion of farming and herding into marginal areas, ultimately linked to the pressure of rapid population growth—emphasized
1
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the role of the feedback between the atmospheric circulation and land surface processes. The
other, revitalized by the initial successes in
dynamical seasonal prediction of the mid1980s, pointed to the atmospheric response to
temperature changes in the global oceans as the
leading cause of African climate variability.
Charney’s influential work on the positive
albedo-precipitation feedback (3, 4) pointed to
the potential relevance of land surface conditions
in the prolonged Sahel drought; an increase in
surface albedo due to a human-induced change
in vegetation cover could cause a decrease in
precipitation that, in turn, would lead to a decrease in vegetation cover and thus a further
enhancement of the albedo. What has become
popularly known as “Charney’s hypothesis” has,
through the years, engendered a number of modeling studies of increasing detail (5–7). Although
these studies generally support a land surface
feedback mechanism, the extent to which this
mechanism constitutes the leading cause of African climate variability has not been established,
in part because the prescribed changes in land
surface and/or vegetation cover were largely ex-
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aggerated. In fact, the notion of the overpowering, destructive influence of human activity on a
“pristine African environment” during the 20th
century has recently been challenged (8–10).
Using remotely sensed observations of vegetation, it had already been shown (11) that the
latitudinal location of the Sahara-Sahel border is subject to fluctuations that can, in
large part, be explained as the adjustment to
interannual rainfall variability.
In the mid-1980s, modeling studies (12–14)
spurred by advances in dynamical seasonal climate prediction confirmed the statistical association between observed Sahel rainfall variability
and tropical Atlantic sea surface temperature
(SST) (15, 16), for the first time suggesting a
role for the other oceans as well. Hence, the
focus progressively shifted away from the selfperpetuating role of desertification toward
that of global oceanic conditions as the trigger for drought (17 ). However, success in
modeling was limited to case studies, either
forced with idealized SST anomalies obtained by compositing on the wettest and

driest Sahel years or aimed at reproducing
the response in specific anomalous years. The
extent to which global SSTs contribute to the
long-term variability of Sahel precipitation has
not, to date, been fully demonstrated.
The purpose of this report is to give a quantitative assessment of the importance of the oceanic influence on the variability of African climate on interannual to interdecadal time scales
and to elucidate the associated dynamical processes. We analyze the variability of northern
summer African monsoon precipitation in an
ensemble of nine simulations spanning the
1930–2000 period (18). In the ensemble mean,
any agreement with observed climate variability
can only come from the observed SSTs imposed
as the common oceanic boundary condition (19),
because atmospheric CO2 concentrations are
held constant in time, at 350 parts per million,
and vegetation cover is prescribed to vary seasonally but not interannually.
Figure 1 shows a comparison of long-term
climate variability in the Sahel (10°N to 20°N,
20°W to 35°E) in observations (20) and in the

Fig. 1. Indices of Sahel rainfall variability. Observations used the average of
stations between 10°N and 20°N, 20°W
and 40°E. Model numbers were bases
on the ensemble-mean average of gridboxes between 10°N and 20°N, 20°W
and 35°E. The correlation between observed and modeled indices of ( JAS)
rainfall over 1930 –2000 is 0.60. (Time
series are standardized to allow for an
immediate comparison, because variability in the ensemble mean is muted
in comparison to the single observed
realization. The ratio of observed to ensemble-mean standard deviations in the
Sahel is 4.)
Fig. 2. Results of a
PCA of northern
summer rainfall
over tropical Africa during 1930 –
2000. The two
leading patterns
of observed precipitation explain
25% and 15% of
the total variance,
their
modeled
counterparts 32%
and 21% of the
ensemble-mean
variance, respectively. (A and D)
Leading spatial
patterns (EOFs)
in the model.
Red, positive precipitation anomalies; blue, negative
anomalies. (B and
E) Leading PCs;
(B) is interannual in nature, whereas (E) captures the well-known trend in
Sahel rainfall. The correlation between observed (red, solid line) and modeled
(blue, dashed line) Gulf of Guinea PCs is 0.62; that between Sahel PCs is
0.73. (C and F) Regression maps of the leading model PCs with
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model. The correlation between the two time
series of July to September (JAS) rainfall, characterized by a distinct negative trend between the
wetter-than-average 1950s and the progressively
drier decades of the 1960s, 1970s, and 1980s, is
0.60. The fact that the historical climatic progression can be reproduced using SST as the
only external forcing demonstrates that the secular change in Sahel rainfall during the past
century was not a direct consequence of regional
environmental change, anthropogenic in nature
or otherwise.
We further show that rainfall variability associated with the northern summer African monsoon is dominated by two distinct patterns that
explain most of the rainfall variance (on the
order of 40% in observations, 50% in the model’s ensemble mean). These patterns are well
separated geographically, act on different time
scales, and are linked to distinctively different
patterns of SST. We obtained these patterns by
applying principal component analysis (PCA)
(21) and linear regression analysis to observed
and modeled summer precipitation over tropical
Africa (20°S to 20°N). Results are summarized
in Fig. 2. The spatial patterns associated with the
two leading principal components (PCs) of modeled precipitation (Fig. 2, A and D) highlight the
separation between the oceanic Intertropical
Convergence Zone (ITCZ) and its extension
along the Gulf of Guinea coast, between the
equator and 10°N, and continental convergence
in the Sahel, between 10°N and 20°N. This
separation is confirmed in observations (22).
One PC is dominated by variability on the interannual time scale, whereas the other captures
interdecadal variability (Fig. 2, B and E). In Fig.
2, C and F, contrast the localized to the
eastern equatorial Atlantic character of the

ensemble-mean surface temperature. Contour interval is every 0.4 K,
starting at 0.2 K, and shading represents statistical signiﬁcance of the
anomalies at the 99.9% level or higher. Solid lines and red color, positive
anomalies; dashed lines and blue color, negative anomalies.
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regression of the Gulf of Guinea PC with
surface temperature (23) to the global character of the regression of the Sahel PC with
surface temperature (over land it is the simulated, ensemble-mean surface temperature,
whereas over the oceans it is the prescribed,
observed SST).
A positive rainfall anomaly of one standard
deviation in the Sahel PC (0.73 mm/day in observations) is associated with negative SST
anomalies in the tropical Pacific and Indian
Oceans of 0.2°C or larger and with negative
surface temperature anomalies in the Sahel of up
to 0.6°C (Fig. 2F). Over land, above average
rainfall leads to above-average soil moisture.
Because the incident energy flux is used preferentially to evaporate moisture rather than to
heat the surface, enhanced precipitation over
land goes together with increased soil moisture and evaporation and decreased land surface temperature. Consistent with this, the recent negative trend in Sahel rainfall was
accompanied by an equally strong, positive
surface temperature trend, simulated by

the model and confirmed in observations (22).
In the presence of a positive precipitation
anomaly, the enhanced upward motion that
characterizes deep convection is accompanied by enhanced mid-level condensation and
latent heat release, which further fuel rising
motion and large-scale moisture convergence
(24). Increased evaporation also contributes
to this positive dynamical feedback, by locally recycling moisture. The evaporation anomaly accounts for one-third of the precipitation
anomaly, whereas the larger part is contributed by moisture convergence (22).
Thus a land-atmosphere feedback acts to amplify the ocean-forced precipitation signal. To
compare the relative impacts of oceanic forcing
and land-atmosphere interaction on Sahel rainfall, we analyzed two additional integrations in
which either interannual SST variability or landatmosphere interaction were disabled (25). We
compared Sahel rainfall variability by projecting
the pattern in Fig. 2D onto the precipitation
fields taken from these additional integrations.
Results are shown in Fig. 3. In the absence of

interannual SST variability (Fig. 3A), variability
in the Sahel is muted: the variance in Sahel
precipitation is reduced to one-quarter of that in
the ensemble mean. In the absence of landatmosphere interaction (Fig. 3B), the long-term
variability of Sahel rainfall is still successfully
reproduced (the correlation with the ensemblemean time series over 1950–1999 is 0.83), but
variance is also consistently weaker (by 40%)
than in the ensemble mean. This comparison
supports the conclusion that SST variability is
instrumental in determining the sign of rainfall
anomalies in the Sahel, whereas coherent
land-atmosphere interaction acts to amplify
them (26).
In order to identify the causes of the trend in
Sahel rainfall, we decomposed the Sahel PC into
high- and low-frequency components (27) (Fig.
4). “Low-frequency” here is defined as the result
of a 21-year running mean of the PC, whereas
“high-frequency” is its residual. This decomposition highlights the role of the slower oceanic
variability characteristic of the southern Atlantic
and Indian Oceans in forcing the trend (Fig. 4, B

Fig. 3. Projection of the ensemblemean Sahel EOF onto precipitation
in two additional integrations. (A)
When interannual SST variability is
disabled, variability in precipitation
is reduced. (B) When land-atmosphere interaction is disabled, decadal variability is still adequately
reproduced. All time series are
normalized by the square root of
the eigenvalue associated with the
ensemble-mean Sahel EOF. AMIP,
Atmospheric Model Intercomparison Project.

Fig. 4. Decomposition of the Sahel PC of precipitation into low (A to C)
and high frequency (D to F) components. (A) Twenty-one year running
mean of the Sahel PC, in observations (red), and in the model (blue). (D)
Solid lines, the observed PC; dashed lines, the modeled PC. Correlation is
0.52, meaning that the success of the simulations comes from their
ability to capture more than just the interdecadal variability. The ver-

tical lines represent ENSO events: warm in red, cold in blue. (B and E)
Regression maps of the (B) low- and (E) high-frequency components
of the Jahel PC with ensemble-mean surface temperature. Contouring
and shading are as in Fig. 2. [(C) and (F)] Regression maps with
precipitation. Contour interval is every 0.4 mm/day, starting at 0.2
mm/day.
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and C), while confining the influence of the El
Niño-Southern Oscillation (ENSO) (28, 29) to
the interannual time scale (Fig. 4, E and F).
The semi-arid Sahel emerges as a region
highly sensitive to SST variability in all tropical
basins, remote (Pacific) and local (Atlantic and
Indian). A positive trend in equatorial Indian
Ocean SSTs, between East Africa and Indonesia,
is identified as the proximate cause for the negative rainfall trend observed in the Sahel from
the late 1960s to the 1980s (Fig. 4, A and B).
Teaming up with an occasionally warmer-thanaverage eastern equatorial Atlantic Ocean (15,
16), it formed a low-latitude ring of warm SSTs
around Africa that may have disrupted the fragile
balance that defines the monsoon, between the
competing effects of high summertime land surface temperatures and the associated development of a land-ocean temperature contrast versus
the availability of moisture (30). Rainfall anomalies of opposite sign across the Sahel and in the
equatorial Indian Ocean (Fig. 4C) support the
hypothesis that the oceanic warming around Africa may indeed have weakened the land-ocean
temperature contrast and consequently the monsoon, causing deep convection to migrate over
the ocean and engendering widespread drought
over land, from the Atlantic coast of West Africa
to the highlands of Ethiopia.
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Increased Longevities of
Post-Paleozoic Marine Genera
After Mass Extinctions
Arnold I. Miller1* and Michael Foote2
Cohorts of marine taxa that originated during recoveries from mass extinctions
were commonly more widespread spatially than those originating at other
times. Coupled with the recognition of a correlation between the geographic
ranges and temporal longevities of marine taxa, this observation predicts that
recovery taxa were unusually long-lived geologically. We analyzed this possibility by assessing the longevities of marine genus cohorts that originated in
successive substages throughout the Phanerozoic. Results conﬁrm that several
mass extinction recovery cohorts were signiﬁcantly longer lived than other
cohorts, but this effect was limited to the post-Paleozoic, suggesting differences
in the dynamics of Paleozoic versus post-Paleozoic diversiﬁcation.
In evaluating the global biotic effects of mass
extinctions, attention has focused increasingly on
recovery biotas, the taxa that originated or contributed to diversity in the immediate aftermaths
of extinction events (1–5). Postextinction diver-

sification has proven to be more geographically
and temporally complex than once envisioned,
with the onset of major rebounds in diversity
characterized by lag times and geographic variability (6–9). Nevertheless, several principles
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