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Attribute
Slope albedo
Contrast
Dust index*
Thermal inertia
Width
Slope aspect
preferences
Latitudes;
longitudes
Formation LS
Fading time
scale
Associated
with rocks
Associated
with channels
Abundance on
a slope
Regional
mineralogy
Formation
events
Yearly
recurrence

Slope streaks

RSL

High (>0.25)
~10% darker
High (e < 0.95)
Low (<100)
Up to 200 m
Varies with regional wind flow (15)

Low (<0.2)
Up to 40% darker
Low (e > 0.96)
180 to 340
Up to 5 m
Equator-facing in middle latitudes

Corresponds to dust distribution

32°S to 48°S; all longitudes

All seasons (31)
Years to decades

LS = 240 to 20
Months

No

Yes

No

Yes

Up to tens

Up to thousands

Mars dust

Variable

One event per streak or streaks

Incremental growth of each feature

No

Yes

*1350 to 1400 cm−1 emissivity (e) (SOM).

seasonality to their formation (31). The Phoenix
lander may have observed droplets of brine on
the lander legs (9), and perchlorates should form
liquids at times (8, 32), but definitive evidence
for liquid at the landing site is lacking (33).
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Interannual rainfall variations in equatorial East Africa are tightly linked to the El Niño Southern
Oscillation (ENSO), with more rain and flooding during El Niño and droughts in La Niña years,
both having severe impacts on human habitation and food security. Here we report evidence
from an annually laminated lake sediment record from southeastern Kenya for interannual to
centennial-scale changes in ENSO-related rainfall variability during the last three millennia and for
reductions in both the mean rate and the variability of rainfall in East Africa during the Last Glacial
period. Climate model simulations support forward extrapolation from these lake sediment data
that future warming will intensify the interannual variability of East Africa’s rainfall.

I

n the tropics, changes in rainfall patterns have
severe consequences for millions of people.
East Africa, in particular, has in recent years

experienced both extreme flooding and severe
droughts, with serious impacts on developing
economies and wildlife throughout the region
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(1). Seasonality in East African climate is controlled primarily by the biannual migration of
the Intertropical Convergence Zone (ITCZ) across
the region (2) (fig. S1). As a result, equatorial
East Africa experiences two climatological rainy
seasons (3). Dry seasons are windy because of
the trade winds that straddle the ITCZ. Interannual variations in the seasonal migration of
the East African ITCZ are driven to a large extent
by the El Niño Southern Oscillation (ENSO) (4)
and its related western Indian Ocean sea surface temperature (SST) anomalies (5, 6). El Niño
events alter the atmospheric circulation, often
generating an equatorial Indian Ocean SST
pattern that is warmer in the west and cooler in
the east, a configuration sometimes referred to
as the positive phase of the Indian Ocean Dipole Mode (7). Surface ocean warming in the
western Indian Ocean leads to intensification
and shifts of the ITCZ, bringing more precipitation to East Africa and weakening the local
surface winds (8, 9) (Fig. 1A). El Niño thus
tends to enhance East African rainfall indirectly
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by causing a warming in the western Indian Ocean,
even though the direct teleconnection through
the atmosphere tends to reduce rainfall (6).
Here we provide information on interannual
climate variability in East Africa going back to
the last ice age, using the annual varve thickness record of sedimentation in Lake Challa
(3°19’S, 37°42’E; 880 m above sea level), a
freshwater crater lake on the lower east slope of
Mount Kilimanjaro (Kenya/Tanzania) (fig. S2).
The Lake Challa sediment profile is dominated
by thick sequences of fine laminations. These
laminated sequences, deposited under anoxic conditions, consist of light-dark couplets that accumulated in the lake over the last 25,000 years (10) at
a sedimentation rate varying between 0.08 and
7 mm yr−1 (fig. S3). The darker layers consist
largely of amorphous organic matter derived
from phytoplankton and calcite crystals precipitated from the water column, whereas diatom
frustules are the dominant constituent of the light
layers. In order to refine our interpretation of
seasonal layer deposition in Lake Challa, a sediment trap program was initiated in 2006 at an
offshore location in the lake. Analysis of the
monthly collected sediment trap material confirmed the annual origin of the dark-light couplets, with the light layer deposited during the
long dry season (June to October, i.e., centered
on the austral winter season) and the dark layer
representing the two rainy seasons (November
to December and March to May) and the brief
intervening dry season (January to February)
(fig. S4). Comparison of the thickness of the light
and dark layer within a year’s couplet indicates
that the total varve thickness is controlled by the
thickness of the light layer (figs. S5 and S6). Thus,
varve thickness mainly reflects the quantity of
diatom frustules deposited during the dry season
and in particular during April to September.
In southeastern Kenya, the windy season
begins in April or May, when the ITCZ moves
1
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north across the equator and southerly winds
become dominant. These winds, which in the
modern climate normally last until late October,
combine with seasonally lower insolation to cool
the lake surface and deepen the mixed layer of
the lake from late June to September. During
episodes of high wind stress, convection extends
to below 35 m depth (as deep as 40 to 45 m in
some years) (fig. S7), making the dissolved nutrients that accumulate over time in the deep lower
water column available for phytoplankton growth
at the lake surface. Enhanced nutrient availability coinciding with a more turbulent water column
promotes diatom blooms (11), which are preserved
as the light layer in the varves. Therefore, we interpret thick varves to indicate years of longer
windy conditions. Conversely, thin varves reflect
reduced diatom productivity due to weaker winds,
characteristic of years when the ITCZ remains

overhead or nearby for a greater fraction of the
year. Given the modern control of seasonal ITCZ
location on wind and rain in this region (2–4)
and the broad inverse relation between rainfall
and windiness at the interannual time scale (fig.
S8), thick varves represent windier and thus drier
years (fig. S9).
El Niño (La Niña) events are associated with
wetter (drier) conditions in East Africa and decreased (increased) surface wind speeds (Fig. 1A
and fig. S10). We verified the regional significance of our varve thickness record as an ENSOITCZ–sensitive record by comparing the varve
thickness data of the last 150 years with an
ENSO index and a western Indian Ocean SST
index (12, 13) (Fig. 1B). To a remarkable degree,
thick varves coincide with La Niña years, and
thin varves correspond to El Niño years (fig. S11),
which supports our expectations based on the

Fig. 1. The effect of tropical sea surface temperature anomalies on interannual climate variations in East
Africa and varve thickness variations in Lake Challa. (A) Shading: Correlation between November 10-m
wind-speed anomalies near Lake Challa (yellow star) (3.5°S to 3°S, 37°E to 38°E), obtained from the
National Centers for Environmental Prediction (NCEP)–NCAR reanalysis (27) and the November Hadley
Centre's HadISST1 sea surface temperature anomalies (13) at every grid point in the tropical Indo-Pacific
from 1948 to 2011. Contours: Correlation between November precipitation anomalies at the World
Meteorological Organization station 63816 in Same, Tanzania (4°05′S, 37°43′E, 872.0 m elevation), near
Lake Challa and the November HadISST sea surface temperature anomalies (13) at every grid point from
1950 to 1989, contour interval is 0.2 and the cyan (blue dashed line) contours indicate positive (negative)
correlations. The solid black line is the zero correlation contour. In November, positive wind-speed anomalies and negative precipitation anomalies near Lake Challa are significantly correlated with La Niña and
negative Indian Ocean Dipole conditions at the 95% level (B) Time series of HadISST anomalies averaged
over the western Indian Ocean from 48°E to 72°E and 24°S to 12°S (green line; 3-point running mean) (13)
and the Niño3.4 index (red line) (12) show a high degree of correlation with varve thickness in Lake Challa
(blue line). Thin varves correspond to El Niño events (positive Niño3.4 values) and thick varves to La Niña
events (negative Niño3.4 values).
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and/or regional geometry of convection. In the
same vein, a record from the Cariaco Basin
(17) identifies the Little Ice Age as mostly a dry,
rather than wet, interval. This out-of-phase relation between equatorial East Africa and northern South America is consistent with ENSO’s
global impacts on the locations of convection
(4, 18).
As reconstructed from the Lake Challa varve
thickness record, ENSO-related interannual rainfall variability has undergone changes and transitions during the last 3000 years (Fig. 3). Our
reconstruction indicates that this variability was
strongly muted during the period between 300
B.C.E. and A.D. 300, in agreement with ENSO
proxy data from Ecuador (19). An increase in
variability is observed for the period AD 400 to
750. The gradual decline in variability during the
Medieval Climate Anomaly terminated abruptly
around A.D. 1300. A second, less prominent phase
of variance reduction occurred during the Little
Ice Age (A.D. 1400 to 1750). The drivers for these
prominent century-scale variations are unknown.

-34

BIT index

Fig. 2. Varve thickness data with selected
other climate records spanning the last
22,500 years (top) and the past 1100 years
(bottom). (Top) The mean varve thickness
data (blue line, 21-point running mean) in
comparison with the Greenland d18O ice
core record on the Greenland Ice Core Chronology 2005 (GICC05) time scale [joint European Greenland Ice Core Project (NGRIP)–
GICC05], (black line) (28); and the Lake
Challa BIT-index rainfall reconstruction (red
line; 3-point running mean) (10). The BIT
index is based on the contribution of soilderived bacterial membrane lipids relative
to aquatically produced crenarchaeotal membrane lipids (29). (Bottom) Varve thickness
data (blue line, 7-point running mean) during the past 1100 years compared with the
lake-level record from Lake Naivasha in central Kenya (16) (green line).

19 thousand yr B.P., (15)], than in the last 3000
years (0- to 2.80-m core depth) (Fig. 2). Further,
during the Maunder and Spörer sunspot minima
within the Little Ice Age (A.D. 1270 to 1750),
below-average varve thickness at Lake Challa
coincided with high lake level in nearby Lake
Naivasha (16). These correspondences (Fig. 2)
provide evidence that a broad negative relation
between the length of the windy season and rainfall also applies on time scales of centuries and
millennia. Lake Challa varves primarily capture
the rainfall variability that is inherently anticorrelated to local windiness (figs. S8 and S9).
This type of variability dominates the interannual to decadal variability evident in instrumental
data (Fig. 1A), and in general, it is associated
with the regionality of atmospheric convergence
(e.g., the ITCZ and its migration). The correspondences noted above between the varve thickness
record and lake level and BIT index data suggest that, even on centennial to millennial time
scales, a substantial part of variability in East
African rainfall is driven by changes in the global

varve thickness (mm)

annual cycle. It should be noted here that the
varve thickness record is particularly sensitive to
La Niña conditions and shows some evidence for
saturation during El Niño years. The results confirm that varve thickness in Lake Challa is a
robust indicator of regional climate and its largescale sensitivities.
The correspondence between Lake Challa
varve thickness and regional rainfall can also be
evaluated in the more distant past by comparison
with other proxies. Combined 25,000-year records
of an organic biomarker [branched and isoprenoid tetraether (BIT) index] rainfall proxy from
Lake Challa, as well as lake level inferred from
seismic stratigraphy (10, 14), show that climate
in easternmost equatorial Africa was generally
much drier than today between 20.5 thousand
and 16.5 thousand years before the present (yr
B.P.). The average varve thickness in Lake Challa
is greater between ~18,500 and 21,000 yr B.P.
(14.38- to 17.45-m core depth), which includes
the later part of the Last Glacial Maximum [LGM,
recently defined as the period 26.5 thousand to
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On interannual time scales, the SST anomalies in
the western Indian Ocean are strongly controlled
by ENSO; however, on glacial-interglacial time
scales, the role of external forcings, such as reduced greenhouse gas concentrations, orbital
forcing, and remote effects of the expanded ice
sheets (22) must also be considered.
Instrumental data show that winds and rainfall are highly anticorrelated on interannual to
decadal time scales (Fig. 1A and fig. S8). Thus,
the use of Lake Challa varves to reconstruct rain-

fall variability is best justified when applied to
these time scales. In this context, the interannual variability of the Lake Challa varves suggests an important difference between LGM and
late Holocene conditions. The variability in varve
thickness might be expected to be intrinsically
related to mean varve thickness. However, although mean varve thickness in the 2554-yearlong glacial section of our core is greater than
in the 3056-year-long Late Holocene section, its
interannual variability is markedly less (Fig. 3
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More detailed comparisons with other ENSOsensitive paleo-proxies may shed light on the
exact role of Pacific versus Indian Ocean SST
control in rainfall variability over tropical East
Africa during these periods (6).
During the last ice age, climate in tropical
Africa differed greatly from modern climate
(20). The greater mean varve thickness in Lake
Challa suggests on average stronger winds during the peak glacial climate, reminiscent of colder conditions in the western Indian Ocean (21).

Fig. 3. (A) Simulated East African rainfall (average from 15°S to 0°S and
35°E to 50°E) and Indian Ocean surface temperature changes (average from
24°S to 12°N and 48°E to 72°E) for a series of Coupled General Circulation
Model Simulations conducted with the CCSM3 climate model. The labels LGM,
PIND, PRES, and 2xCO2 refer to the LGM experiments, the preindustrial control
run, the present-day control run, and a CO2-doubling experiment, respectively. The green dots represent the mean of simulated East African precipitation
as a function of western Indian Ocean SST change relative to the PRES run.
The vertical bars indicate the standard deviation of the simulated annual and
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interannual rainfall variability. Indian Ocean warming leads to an
intensification of the ITCZ and increased variability. (B) Power spectrum on
varve thickness for the last 3000 years (blue line) and between 18,500 and
21,000 yr B.P. (red line); the dashed lines represent the 95% significance
level for a red noise spectrum. (C) Varve thickness time series for the last
3000 years and between 18,500 and 21,000 yr B.P. (gray line shows raw
varve thickness data; thick blue and red lines show a 21-point running mean).
(D) Corresponding running standard deviation for the last 3000 years and
between 18,500 and 21,000 yr B.P. per 15 years.
SCIENCE
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by our varve thickness data, may bring further
environmental stress to a region with a reduced
capacity to adapt to the mounting adverse effects
of global climate change.
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A 10,000-Year Record of Arctic
Ocean Sea-Ice Variability—View
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We present a sea-ice record from northern Greenland covering the past 10,000 years. Multiyear
sea ice reached a minimum between ~8500 and 6000 years ago, when the limit of year-round
sea ice at the coast of Greenland was located ~1000 kilometers to the north of its present position.
The subsequent increase in multiyear sea ice culminated during the past 2500 years and is linked
to an increase in ice export from the western Arctic and higher variability of ice-drift routes.
When the ice was at its minimum in northern Greenland, it greatly increased at Ellesmere Island
to the west. The lack of uniformity in past sea-ice changes, which is probably related to
large-scale atmospheric anomalies such as the Arctic Oscillation, is not well reproduced in
models. This needs to be further explored, as it is likely to have an impact on predictions
of future sea-ice distribution.
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expected to be the very last area to become icefree in summer (2–4). We present a long-term
(~10,000-year) record of variations in multiyear
and land-fast sea ice from this key area, using
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the abundance and origin of driftwood as signals of multiyear sea ice and its traveling route,
and the occurrence or absence of beach ridges
as signals of seasonally open water. This record is compared with a previously published
record from the western Arctic Ocean, which
is based on the same type of evidence and is
sensitive to the same oceanographic and climatic
factors (5-7).
Driftwood on Greenland’s raised beaches
and shores originates from transocean drift from
Asia and America. The voyage takes several
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and fig. S12). This result—less variability when
varves are thicker—indicates reduced variability in
East African winds and rainfall at ENSO time scales
under cold LGM conditions. It is notable that the
late Holocene sediments, characterized by thinner
varves on average, nevertheless have the thickest individual varves (Fig. 3). Thus, although the
interglacial is generally characterized by wetter,
less windy conditions, it has experienced years
that were windier (and thus very likely also drier)
than prevailed during the last ice age (23).
These findings of a more interannually stable
climate in East Africa during colder periods support the notion of the strong sensitivity of the
winds and the hydrological cycle to the largerscale climate. Warmer climate states appear to
produce greater climate variability. This inference
fits the growing consensus that current global
warming will intensify the hydrological cycle,
with wet regions and periods becoming wetter
and dry regions and periods becoming drier (24).
As an example of this tendency from models, experiments with the National Center for Atmospheric Research (NCAR) Community Climate
Systems Model (CCSM3) coupled the general
circulation model for LGM, preindustrial and
modern conditions, and a doubling of preindustrial CO2 levels (25, 26) show the same trends
in mean rainfall and rainfall variability in eastern
equatorial Africa in relation to mean temperatures as indicated by our lake varve data (Fig. 3):
Under warmer climates, both mean rainfall and
interannual rainfall variability are greater (Fig.
3A). A future increase in the interannual variability of rainfall in equatorial eastern Africa,
which is projected by the model and supported
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