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C L I M A T O L O G Y

A predominantly tropical influence on late Holocene 
hydroclimate variation in the hyperarid central Sahara
Thijs Van der Meeren1*, Dirk Verschuren1, Florence Sylvestre2, Yacoub A. Nassour2,3,  
Evi L. Naudts1, Luis E. Aguilar Ortiz1, Pierre Deschamps2, Kazuyo Tachikawa2, Edouard Bard2, 
Mathieu Schuster4, Moussa Abderamane3

The climate history of the Sahara desert during recent millennia is obscured by the near absence of natural 
climate archives, hampering insight in the relative importance of southerly (tropical) and northerly (midlatitude) 
weather systems at submillennial time scales. A new lake sediment record from Ounianga Serir oasis in northern 
Chad, spanning the Late Holocene without interruption, confirms that immediately before ca 4200 years ago, the 
Sahara experienced an episode of hyperaridity even more extreme than today’s desert climate. The hypersaline 
terminal lake which formed afterwards never desiccated during the late Holocene due to continuous inflow of fossil 
groundwater, yet its water balance was sensitive to temporal variation in local rainfall and lake surface evapora-
tion. Our in-lake geochemical proxies show that, during the last 3000 years, century-scale hydroclimate variation 
in the central Sahara primarily tracked the intensity of the tropical West African monsoon, modulated at shorter 
time scales by weather patterns linked to shifts in midlatitude Atlantic Ocean circulation.

INTRODUCTION
The climate history of the Sahara, the world’s largest warm desert, is 
a subject of considerable interest as much as it is difficult to achieve 
adequate documentation. Much of what we know of past climate dy-
namics in the Sahara during the Holocene (starting 11,700 years ago; 
11.7 ka to present) is deduced from natural climate archives situated 
along its fringes (1–4), as archives with adequate continuity and age 
control are extremely rare in the continental interior (3, 5). The last 
3000 years, in particular, remain largely blank, because progressive 
aridification of North Africa throughout the Middle and Late Holocene 
(6) eventually led to complete desiccation of the lakes that would 
have accumulated climate proxy information in their sediments (7, 8). 
Consequently, at present, virtually no data exist to assess the varying 
influence of southerly (tropical) and northerly (midlatitude) weather 
systems on Saharan climate in the last few millennia and, in turn, 
the relative importance of different climate forcing mechanisms op-
erating at decadal to century time scales (9).

The only lakes in the Sahara known to accumulate a high-quality 
sedimentary record today are the Ounianga lakes in northeastern 
Chad (18.98°N and 20.67°E; Fig. 1) (10, 11). Two desert oases named 
Ounianga Kebir and Ounianga Serir are classified together as a 
Natural World Heritage Site by the United Nations Educational, 
Scientific and Cultural Organization (UNESCO) because of the 
unique natural occurrence of 18 permanent aquatic habitats, ranging 
from fresh to hypersaline, despite the hyperarid climate (<25 mm 
mean annual rainfall) prevailing in this region (12). Sediment re-
cords of the Ounianga lakes are hence logical targets of study to 
elucidate the Late Holocene climate history of the central Sahara. 
Previously, detailed paleoclimate information was mainly provided 
by Lake Yoa at Ounianga Kebir (10, 13, 14). Lake Yoa being the 

deepest (26 m) of all Ounianga lakes, its sediment record is the only 
paleoenvironmental archive in the entire Sahara suspected to be 
continuous throughout the Holocene (15). However, the large vol-
ume of Lake Yoa and its hypersaline status during the past four 
millennia (16) preclude the hydrological sensitivity required to 
record the possibly modest hydroclimate variation occurring at 
decadal to century time scales. Consequently, this latest phase of 
climate and environmental history in the central Sahara has re-
mained largely undocumented to date. Here, we fill this knowledge 
gap with detailed climate proxy data extracted from the sediment 
record of Lake Teli, the largest permanent lake at Ounianga Serir.

Today, rainfall in the Ounianga region is erratic (annual rainfall 
averaged ca 10 mm in the period 1970–2000) and limited to the 
months of July and August. This precipitation represents the extreme 
northern limit of the summer rainfall regime that sustains sparse 
Sahelian vegetation ca 300 km to the south (Fig. 1A), where annual 
rainfall is at least 100 mm. Most precipitation (>90%) currently 
reaching the North African Sahel region is generated by mesoscale 
convective systems that propagate westward over the continent and 
are linked to the position and relative strength of jets associated 
with the West African monsoon (WAM) (17). Springtime rainfall 
of northerly (midlatitude) origin is substantial only at high eleva-
tions on the Tibesti massif, 400 km to the northwest of Ounianga 
(18). The region’s temperature regime is subtropical with monthly 
mean temperatures ranging from 19°C in January to 32°C in July and 
with a large daily temperature range of 15°C (19). Another impor-
tant climatic feature is the Bodelé Jet, which represents the 
channeling of northeasterly surface winds through the low-elevation 
corridor between the Tibesti and Ennedi massifs in northern Chad 
(20). The Bodelé Jet attains maximum strength (8 m/s) in January, 
whereas it is absent or weak during July to August when surface wind 
convergence over North Africa is displaced farthest north (Fig. 1A). 
With virtually no rainfall or river inflow to compensate for massive 
lake surface evaporation year round, the Ounianga lakes would quickly 
dry out if they were not maintained by continuous spring discharge 
from the Nubian Sandstone Aquifer. This aquifer was last recharged 
in the Early Holocene (see the Supplementary Materials) (21) under 
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the much wetter climate conditions that prevailed during the African 
Humid Period (AHP; 15 to 5 ka) (1, 22). At that time, most of the 
present-day Sahara was a grass savanna (13) dotted with numerous 
lakes and swamps interconnected by an extensive network of 

permanent and seasonal rivers (7, 8); the two Ounianga depressions 
were filled by large freshwater lakes (Fig. 1B) (10, 23, 24).

Today, the largest lake of Ounianga Serir is Lake Teli (Fig. 1B), 
which is shallow (5 m), hypersaline (105 mS/cm specific conductance 

Fig. 1. Geographical and climatological setting of the Ounianga lakes. (A) Map of northern Africa showing the present-day distribution of mean annual precipitation 
(MAP; millimeters per year, nonlinear color gradient), major weather systems, and location of Ounianga in relation to the Tibesti (T) and Ennedi (E) mountains and other sites 
mentioned in the main text. The dashed lines indicate the position of maximum wind convergence in northern hemisphere summer (July to August) and winter (January). 
Blue and black arrows show the general direction and relative strength of associated winds. Green and orange contours along the southern Mediterranean coast delineate 
regions with respectively increased and reduced winter rainfall under a negative mode of the NAO (45). 1, Lake Sidi Ali (43); 2, Tassili N’Ajjer plateau (40); 3, Red Sea corals (62); 
4, Saloum Delta shell middens (63); 5, Lake Bosumtwi (6); 6, Manga grasslands (5); 7, Lake Chad (2); 8, Lake Tizong (42). (B) Topography surrounding the deflation basins of 
Ounianga Kebir and Ounianga Serir at the base of the Erdi escarpment, with the estimated Early Holocene extent of both paleolakes (purple stippled lines) (15, 23) and the 
extant lakes color coded according to their salinity (expressed as conductivity, in microsiemens per centimeter). The red line traces the transect across the Ounianga Serir 
basin shown in (C). (C) Schematic cross section of Ounianga Serir basin passing through the three OUNIS16 coring sites, with elevational position of its seven extant lakes 
separated by dunes (see fig. S1 for a true-color satellite image). Figure based on a regional hydrogeological map (76) and own terrain data. m.a.s.l., meters above sea level.
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in 2016), and lacks either surface or subsurface outflows (15). Analysis 
of short sediment records from three smaller lakes at Ounianga Serir 
(Edem, Agouta, and Hogou; Fig. 1C), covering the last ca 200 to 
600 years, indicated fairly stable hydrological conditions at the century 
time scale (11) and thus the potential of depositional continuity over 
multiple millennia. Yet, analysis of Early Holocene, subrecent, and 
modern-day assemblages of aquatic molluscs suggested temporal 
discontinuity of freshwater habitat between the Early Holocene and 
the last few centuries (11, 24), implying that Ounianga Serir oasis 
must have desiccated (almost) completely at least once during the 
Middle to Late Holocene. If substantiated, then it would imply the 
occurrence of a sustained past period of hyperaridity even more ex-
treme than today’s climate regime of the central Sahara desert.

Here, we reconstruct the Late Holocene paleohydrological evo-
lution of the Ounianga Serir basin based on the radiocarbon (14C) 
dated lake sediment record from Lake Teli. This longest and 
most detailed paleohydrological record is supplemented with selected 
sediment data from lakes Edem and Agouta. These lakes are simi-
larly shallow (7.5 and 4.2 m); however, in contrast to Teli, they are 
respectively fresh and slightly brackish (0.7 and 1.8 mS/cm), because 

overland flow and/or seepage through the sand dunes toward Teli 
(Fig. 1C and fig. S1) removes dissolved salts and hence prevents 
strong evaporative concentration. Our hydroclimate reconstruction 
is mainly based on variation in the bulk composition and x-ray 
fluorescence (XRF) elemental ratios of the Teli record, along with the 
temporal distribution of diagnostic fossil remains from two groups 
of aquatic invertebrates (see Methods).

RESULTS
4200-year paleohydrological record from the  
central Sahara
Recovery of the sediment record from Lake Teli by manual push-rod 
coring was halted abruptly by impenetrable deposits at a sub-bottom 
depth of 3.8 meters. Stiff and low organic silty clays at the base of the re-
covered sequence (unit 0 in Fig. 2) represent a desiccation surface radio-
carbon 14C dated to 4.2 ± 0.2 ka [all dates mentioned are calibrated 
years before the present (B.P.) unless stated otherwise; fig. S3]. These 
clays are characterized by low water and organic matter (OM) content, 
elevated magnetic susceptibility (MS) values, low Ca/Ti values, and 

Fig. 2. 4200-year paleohydrological record of Lake Teli. Variation in geochemical and biological proxies through time with indication of the six major stratigraphic units 
plotted alongside digital and computed tomography (CT) images of the 3.85-m sediment sequence: (A) carbonate (%CO3) and OM (%OM) content; (B) log-transformed 
(base 10) elemental ratio of Ca/Ti; (C) log-transformed (base 10) elemental ratio of Mn/Fe; and (D) density of Ephydridae remains (larval claws) and Ostracoda (valves), both 
expressed as abundance per gram of dry sediment. Note the reversed axes of the Ca/Ti and Mn/Fe time series, which both have a GAM smoothing function (red line) to 
highlight decade-scale variability. Sediment chronology is based on an age model constrained by the sediment surface (2016 CE) and eight radiocarbon (14C) dates on 
charred grass particles, extracted from discrete depth intervals (red diamonds along the depth axis; see Methods, fig. S3, and table S1).
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high XRF counts of elements reflecting detrital input (Fe, Ti, Zr, and Si) 
(Fig. 2 and fig. S4), all indicative of the drying and oxidation that 
occurs when sediments are exposed on a desiccated lake floor (25). 
Because the studied sediment record was recovered from near 
the deepest point of the lowest-elevation lake at Ounianga Serir 
(Fig. 1C), this desiccation surface implies (near) absence of aquatic 
habitat throughout the basin at that time (see the Supplementary 
Materials). Unit I comprises the first ~500 years (ca 4.2 to 3.7 ka) 
of lacustrine deposition following this dry stand and consists of 
coarsely laminated reddish brown and carbonate-rich (on average, 
37.7% CO3; range: 32.2 to 41.2%; Fig. 2) mud with high Ca/Ti and 
Mn/Fe values, reflecting frequent calcite precipitation in an oxygen-
ated water column. High densities of Ephydridae (brine fly) larval 
remains at the base of this unit point to proximity of oxygenated 
hypersaline water (26, 27) near the coring site, indicating that Teli 
was hypersaline already at the onset of this post–4.2 ka filling phase, 
probably due to dissolution of salt crusts that likely covered the 
basin floor during the dry stand. The transition to unit II is marked 
by decreasing values of Ca/Ti and especially Mn/Fe (Fig. 2) as well 
as the absence of Ephydridae remains, suggesting higher lake level 
and/or stronger water column stratification and consequently an 
increasingly anoxic lake bottom. Nevertheless, unit II (3.7 to 3.0 ka) 
is a rather homogeneous brown and carbonate-rich (on average, 
38.8% CO3; range: 29.2 to 43.4%) mud with low and stable OM 
content (6 to 7%).

Unit III (3.0 to 2.2 ka) consists of coarsely laminated, brown, and 
sandy carbonate mud with clayey sections. Ca/Ti and Mn/Fe stabilize 
at relatively low values, and the carbonate content is variable but 
comparatively low (on average, 19.1% CO3; range: 10.9 to 31.2%). 
At the same time, Ephydridae reappear in low numbers, suggesting 
the occurrence of suitable habitat not too distant from the coring site. 
Together, these proxies indicate a lake depth not unlike that of 
today but stronger water column stratification. Peaks in carbonate 
content and Ca/Ti are dated to ca 2.9 and 2.6 to 2.4 ka (Fig. 2). Unit IV 
(2.2 to 0.96 ka) similarly consists of coarsely laminated and sandy 
carbonate mud alternating with clayey sections but is more reddish 
than unit III because of its higher sand and carbonate contents 
(on average, 23.8% CO3; range: 11.0 to 37.1%). Maxima in carbonate 
and Ca/Ti are dated to ca 2.2 to 2.1, 1.7, and 1.2 ka. The progressive 
increases in Ca/Ti and Mn/Fe from 1.5 to 1.2 ka are accompanied by 
very high abundances of Ephydridae, indicating a strongly reduced 
lake depth and weakly stratified water column between 1.5 and 
1.2 ka. At the top of unit IV, declining values of Ca/Ti and Mn/Fe 
and low Ephydridae numbers co-occur with a high abundance of 
ostracod valves (calcitic skeletal remains of mostly bottom-dwelling 
aquatic microcrustaceans). Limnocythere inopinata, the dominant 
species involved (>95% of ostracod remains in this section), does not 
normally occur in extreme hypersaline environments such as Lake 
Teli (see also the Supplementary Materials) (28) and certainly not in 
the anoxic or hypoxic conditions prevailing on its offshore lake 
bottom. Therefore, the recovered valves most likely represent a 
population that lived in less saline, spring-fed backwater ponds 
during the preceding low stand and were resuspended from muds 
deposited in those nearshore areas during or shortly after the trans-
gression dated to 1.2 to 1.1 ka. Unit V (0.96 ka to present) consists of 
sandy but finely laminated and reddish carbonate mud (on average, 
21.4% CO3; range: 12.3 to 29.5%,), with relatively high OM content 
throughout (on average, 12.3%) and Ca/Ti and Mn/Fe values peaking 
around 0.8 ka.

Landscape evolution surrounding the modern-day desert 
oases at Ounianga
Two paleoenvironmental proxies extracted from Lake Teli sediments 
do not reflect in-lake processes but trace changes in the terrestrial 
environment surrounding the Ounianga Serir basin. Close temporal 
congruence between these landscape indicators as recorded in Lake 
Teli (this study) and in Lake Yoa at Ounianga Kebir 50 km to the 
west (Fig. 1B) (10, 14) imply that climate-driven changes in vegeta-
tion cover and surface hydrology resulted in highly similar late 
Holocene landscape evolution at both oases. In turn, this temporal 
congruence between the paleoenvironmental records from lakes Yoa 
and Teli provides strong support for the robustness of their inde-
pendently established 14C-based chronologies (this study; fig. S3) 
(10). In particular, the Yoa and Teli records display congruent tem-
poral variation in potassium (K) counts (R = 0.57, P < 0.001; fig. S5), 
a proxy for detrital mineral input (29), which, in this desert setting, 
is at least partly aeolian and therefore likely a representative for the 
wider Ounianga region. Second, the transition from clayey lake muds 
totally lacking sand-sized mineral particles (units 0, I, and II) to in-
creasingly higher proportions of coarse silt and sand in units III, IV, 
and V (fig. S6) reflects the development of sand dunes at Ounianga 
Serir from ca 2.7 ka onward and their gradual encroachment of its 
surface waters (fig. S1) toward the present. Dune development 
at Ounianga Kebir progressed through time in a highly similar 
manner (fig. S6) (10).

DISCUSSION
Late Holocene hydroclimate evolution of the central Sahara
The sediment record of Lake Yoa at Ounianga Kebir (10, 14) revealed 
hydrological and vegetation responses in the central Sahara to the 
marked decline in climatic moisture balance over the last 6000 years 
(1, 3), thereby reinvigorating the long-standing debate about whether 
Mid-Holocene drying of the Sahara was gradual or abrupt (22, 30–32). 
The data now extracted from Lake Teli at Ounianga Serir provide 
detailed information, heretofore lacking, on Saharan climate evolu-
tion within the last four millennia, i.e., most of the interval since 
the end of the AHP. Our data indicate that, immediately before 
ca 4200 years ago, the central basin floor of Ounianga Serir must 
have been completely desiccated, implying that open-water aquatic 
habitat, if present, only remained in areas of spring discharge along 
the basin’s periphery. This result supports the hypothesis, based on 
mollusk assemblages, that the basin’s aquatic habitats have experi-
enced temporal discontinuity (11, 24), thereby countering the idea 
that the modern-day Serir oasis contains relict aquatic habitats 
dating back to the AHP (15). The timing of Lake Teli’s most recent 
complete desiccation notably aligns with the well-known 4.2-ka 
event, a possibly near-global climate anomaly (33) that is widely ex-
pressed as a dry spell at other Sahara oases, at lakes across the Sahel, 
and at other tropical areas of North Africa (2, 5, 34–38). The trans-
gression of Lake Teli immediately following this dry spell corresponds 
with a temporary return to wetter conditions across the Sahara and 
Sahel (5, 8, 36), which has been broadly dated to the period 4.2 to 
3.2 ka. The Late Holocene high stand of Lake Chad dated to ca 3 ka 
(2, 38) is also an expression of this modestly wetter episode. 
Combined with the available evidence of Saharan climate evolution 
through the Holocene (8, 36), our data indicate that the 4.2-ka event 
may represent the most extreme drought that the Sahara desert has 
experienced in the last 11,000 years.
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In broad agreement with the continent-wide synthesis, which sug-
gests that modern-day hyperarid conditions in the Sahara were estab-
lished ca 3.2 ka (8, 36), evidence for sand mobilization at Yoa and Teli 
from 2.7 ka onward points to the establishment of present-day atmo-
spheric circulation patterns in the Ounianga region around that 
time (10). Before ca 3000 years ago, fluviatile sediment input to the 
Ounianga basins must also have been substantial (13, 14). Combined 
with the probable erosion and redeposition of subaerially exposed 
early Holocene lacustrine deposits (see the Supplementary Materials), 
this multiplicity of sediment sources complicates climatic interpre-
tation of geochemical proxies deposited in Lake Teli during that 
time. We therefore limit our hydroclimatic inferences to the portion 
of the Teli sequence deposited within the last three millennia. Al-
though, during this time, the dominant regime of northeasterly 
harmattan winds (blowing most strongly in winter months) (39) 
implies a substantial contribution of aeolian sources to lacustrine 
sedimentation (14), gradual encroachment of Ounianga Serir by 

permeable sand dunes (fig. S1) is not likely to have overridden its 
basin-wide response to climate-driven water balance variation.

The strong positive correlation between Ca/Ti (reflecting the 
intensity of carbonate deposition) and Mn/Fe (reflecting water col-
umn oxygenation) throughout units III to V, both in raw (R = 0.67, 
P < 0.001) and generalized additive model (GAM)–smoothed data 
(R = 0.91, P < 0.001), suggests that the Ca/Ti ratio in Lake Teli sedi-
ments can be used as proxy for climate-driven variation in the water 
balance of Ounianga Serir over the last 3000 years. The Teli Ca/Ti 
record and associated other proxies (%CO3 and Mn/Fe) indicate 
that pronounced hydroclimatic variability also occurred within the 
last three millennia, with major drought episodes dated to ca 2.9 to 
2.8, 2.6 to 2.5, 2.2 to 2.1, 2.0 to 1.9, 1.7, 1.3 to 1.2, and 0.8 ka (Fig. 3 
and fig. S8). The 1.2-ka low stand is the most pronounced and 
corresponds with the (near) desiccation of Lake Agouta as inferred 
from the age of the basal mud just above the nonrecovered desiccation 
horizon (fig. S5 and the Supplementary Materials). This implies 

Fig. 3. Comparison of the Teli Ca/Ti time series with selected high-resolution hydroclimatic records covering the last three millennia. Climate proxy time series 
representing: (A) NAO as registered in a Scottish stalagmite (53); (B) winter precipitation in Morocco recorded in lake carbonates from Sidi Ali (43); (C) the Teli Ca/Ti record 
of moisture balance variation at Ounianga (this study), with indication of age model uncertainty (radiocarbon-dated depths as red diamonds with 2 envelope) and the 
most pronounced century-scale episodes of sustained climatic drought (orange boxes); (D) intensity of the WAM recorded in lake carbonates from Lake Bosumtwi (6). All 
original data are in gray color, with a red GAM smooth added to highlight (multi)decadal trends. Yellow background shading indicates past episodes of pronounced 
negative NAO mode, some of which are registered as signatures of positive moisture balance in Morocco and negative in the central Sahara (see Discussion).
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that, around 1200 years ago, all or most of the peripheral lakes at 
Ounianga Serir (but not the terminal lake Teli) must have stood dry 
or were transformed into reed marsh. Representing the culmination 
of a drying trend that appears to have started ca 1.5 ka, this timing 
is in close agreement with pronounced drought during the period 
1.5 to 1.3 ka in the Tassili N’Ajjer region of southern Algeria 
(~25°N), as inferred from a discontinuous tree-ring record (site 2 in 
Fig. 1A) (40). Also around 1.5 ka, a shift to more enriched ostracod 
oxygen isotope values and a conspicuous rise in dust deposition at 
Kajemarum oasis (13°N; site 6 in Fig. 1A) indicate an abrupt change 
in atmospheric circulation over the Sahel (41). Relative drought 
in the period 1.5 to 1.2 ka has also been inferred for Sahel lakes in 
northern Nigeria and western Niger (13°N) (5). Still further south 
in northern Cameroon (7°N; site 8 in Fig. 1A), the most pronounced 
late Holocene low stand of Lake Tizong is dated to 1.3 ka (42). Thus, 
our high-resolution hydroclimate record confirms previous indica-
tions of drought being widespread across North Africa between 
ca 1.5 and 1.2 ka (450 to 750 CE), and extends documentation of its 
impact to over 18° latitude from wet tropical areas bordering the 
Gulf of Guinea to the central Sahara (Fig. 1A). Notably, this dry 
episode in continental North Africa is coeval with a prominent wet 
phase in Morocco (Fig. 3B) (43), an area of the western Mediterranean 
where predominant winter precipitation is positively related with 
the negative mode of the North Atlantic Oscillation (NAO; Fig. 1A).

At Ounianga, improved moisture balance following this drought 
allowed development of a marshy wetland at Lake Agouta from ca 
1.1 ka (and probably at Edem, but our record from the latter lake 
starts at 0.9 ka only), with expansion of floating Phragmites reedbeds 
around the freshwater lakes (see the Supplementary Materials). These 
data from two peripheral Serir lakes are consistent with the Ca/Ti 
time series from Lake Teli (Fig. 3C), which suggests that lake-level 
rise from ca 1.2 ka and again in the period 0.9 to 0.7 ka culminated in 
a pronounced high stand 700 to 600 years ago, i.e., coeval with the 
onset of more open water conditions at Edem and Agouta (the units 
I to II transition at these two sites; fig. S5). This generally improved 
water balance following the pronounced 1.2-ka inferred low stand 
agrees well with historically documented wetter conditions in the 
Sahel during much of the 8th through 13th centuries CE, leading to 
flourishing trade and strongly organized kingdoms (44). Following 
this relatively wet phase, hydroclimate variability in the Ounianga 
region within the last 600 years appears to have been rather modest, 
with Ca/Ti variability in Teli only suggesting slightly drier conditions 
ca 300 years ago followed by moisture balance generally improving 
toward the present (Fig. 3C). This most recent wetting trend is also 
registered in the adjacent Lake Hogou (Fig. 1C) (11).

Southerly (tropical) versus northerly (midlatitude) climate 
dynamical influences
Evaluating hydroclimate history of the central Sahara during the 
last 3000 years as evidenced by sedimentary proxies of past water 
balance variation at Ounianga Serir and in the context of large-scale 
climate dynamical influences, we find a positive correlation (R = 0.62, 
P < 0.001; fig. S7A) between the Teli Ca/Ti ratio (detrended and 
logarithmically transformed) and variation in the intensity of the 
WAM (Fig. 3D), as inferred from carbonate oxygen isotope signa-
tures in the sediments of Lake Bosumtwi in Ghana (6.5°N; site 5 in 
Fig. 1A) (6). At the same time, the Teli Ca/Ti record is inversely 
correlated (R = −0.50, P = 0.001; fig. S7B) with western Mediterranean 
winter precipitation (Fig. 3B), inferred from ostracod oxygen 

isotope signatures in the sediments of Lake Sidi Ali (also known as 
Lake Aguelmame Sidi Ali) in Morocco (33°N; site 1 in Fig. 1A) (43). 
In other words, at the multi-century time scale, the climatic moisture 
balance of the Sahara is improved (i.e., less extremely negative) when 
the WAM is strong and western Mediterranean winter rainfall is 
reduced. Conversely, the central Sahara experienced extreme aridity 
(e.g., ca 1300 years ago: 1.25 ka or 700 CE) when the WAM was rela-
tively weak and western Mediterranean winter rainfall was higher than 
average. The broad anticorrelation between winter precipitation in 
Morocco and moisture balance at Ounianga (Fig. 3, B and C) sug-
gests that the opposing moisture response manifested in western and 
eastern parts of the southern Mediterranean associated with the nega-
tive NAO phase (Fig. 1A) (45, 46) may affect a broader region of con-
tinental North Africa. We suggest that this spatial pattern, for which 
there are indications that it existed on longer time scales in north-
western Africa (47), may extend far southward into the central Sahara, 
as is also indicated by climate simulations for the last millennium 
(48). However, on the basis of our results, a teleconnection whereby 
midlatitude westerlies interact with the subtropical manifestation of 
monsoon-derived moisture advection provides a more likely mech-
anism than a direct effect on central Saharan hydroclimate through 
variation in winter precipitation. Simulated variability in the WAM 
and Atlantic sea surface temperatures during the last millennium in 
fact suggest a strong link between episodes of enhanced (reduced) 
moisture transport into the broader Sahel region and high (low) sea 
surface temperatures in the North Atlantic and the Mediterranean (9).

The positive correlation between Teli Ca/Ti and WAM intensity 
suggests that conditions of somewhat tempered desert aridity during 
the late Holocene depended on (sub)tropical moisture penetrating 
far into the Sahara during summer rather than midlatitude mois-
ture being delivered during winter, as was recently proposed to have 
occurred during the AHP (49). Also in today’s climatic setting, 
the scarce and erratic moisture reaching Ounianga intrudes during 
summer months from the Sahel region to the south (18). Although 
rainfall is extremely variable between years even there and the num-
ber of active weather stations is rather low, the instrumental record 
depicts a rainfall dipole between the Sahel and the tropical Gulf of 
Guinea region (17). This dipole pattern is thought to arise from 
variation in the intensity and position of atmospheric jets associated 
with the intertropical convergence zone (50) and also features in 
climate simulations for the last millennium (9). Our results indicate 
that on multidecadal to century time scales this dipole may not have 
been the dominant mode of rainfall variation. Rather, over the last 
three millennia, a relatively stable atmospheric teleconnection appears 
to have existed between moisture balance in the central Sahara and 
WAM strength. On the other hand, instrumental data do reveal 
fairly strong teleconnections between the WAM and NAO (51) and 
between the WAM and the Atlantic Meridional Overturning Circu-
lation (AMOC) (52). Despite the strong positive correlation between 
Saharan hydroclimate as recorded in Teli Ca/Ti and the Bosumtwi 
record of WAM variability (R = 0.62, P < 0.001), at least the timing 
of the 1.4- to 1.2-ka drought at Ounianga matches better with nega-
tive anomalies in the longest available proxy record of NAO mode 
(Fig. 3, A to C) (53). However, taken in its entirety, there is no sig-
nificant linear correlation between Teli Ca/Ti and this NAO proxy 
record (R = −0.03, P = 0.47) nor between Teli Ca/Ti and the longest 
available high-resolution AMOC reconstruction (R = −0.11, P = 0.44) 
(54). However, this may partly be due to the signatures of relatively 
short-term NAO anomalies being overpowered by longer-term 
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(i.e., multidecadal and century-scale) hydroclimate trends in our 
lake-based climate archive, and the AMOC reconstruction (1.4 ka 
to present) not extending long enough to allow robust correlation 
with our proxy data.

Focusing on the last millennium, our Teli data support earlier 
suggestions based on data from lakes with sedimentologically more 
dynamic settings (5, 41) that the period equivalent to the Medieval 
Climate Anomaly (ca 1000 to 700 B.P. or 950 to 1250 CE) was not 
particularly dry in either the Sahara or Sahel (55), although WAM 
strength was below average throughout this 300-year period (6). 
Rather, extreme drought in the central Sahara occurred ca 1.4 to 
1.2 ka B.P. (550 to 750 CE). Within the last millennium, the least 
arid conditions in the central Sahara prevailed ca 700 to 550 B.P. 
(1250 to 1400 CE), i.e., coeval with the early phase of the glaciological 
Little Ice Age (LIA) in Europe (56) and with strong tropical 
monsoon circulation worldwide (6, 57–60). The glaciological LIA 
in the European Alps relied heavily on winter precipitation (56), 
consistent with a predominantly negative NAO mode and above- 
average precipitation in Morocco combined with below-average 
precipitation in the southern central Mediterranean (43, 45). During 
the main phase of the LIA ca 500 to 150 B.P. (1450 to 1800 CE), i.e., 
the episode of near-global cooling resulting from the coincidence of 
low solar irradiance with high frequency of explosive volcanic erup-
tions (61), aridity in the central Sahara was not particularly pro-
nounced either, notwithstanding a weak WAM (Fig. 3) and thus 
presumably negligible southerly moisture supply during summer. 
This may indicate that LIA cooling by itself reduced lake surface 
evaporation and tempered the overall climatic aridity. No tempera-
ture reconstruction from within the Sahara is currently available to 
corroborate this hypothesis, but coral records from the Red Sea (site 3 
in Fig. 1A) suggest relatively modest temperatures over the eastern 
Sahara and Arabian desert at least during the late 18th century CE 
(62). Alternatively, lack of a distinct wet or dry anomaly at Ounianga 
may be due to its mid-continental position, yielding main-phase 
LIA conditions intermediate between anomalously wet conditions 
in the western Sahel (63) and northwestern Africa (43, 46) versus 
dry conditions in northeastern Africa (62).

The overall pattern that emerges from our high-resolution cli-
mate proxy data is that century-scale variability in the moisture 
balance of the central Sahara over the last 3000 years was predomi-
nantly governed by a relatively persistent positive relationship with 
tropical WAM intensity and modulated by shorter-term variability 
in weather patterns linked to shifts in midlatitude Atlantic Ocean 
circulation. Paleodata from Morocco and from the North Atlantic 
(43, 64) suggest that these same dynamics may have been at play on 
longer time scales, even implying that the millennial-scale southward 
retreat of the WAM during the Middle and Late Holocene (6) was 
modulated on the century time scale by midlatitude Atlantic events 
(4, 43, 64). Our lake sediment record from Ounianga Serir appears 
to confirm such linkage between tropical and midlatitude dynamics 
also for the interior North African continent, distant from Atlantic 
Ocean forcing.

METHODS
Sediment core collection and scanning
Composite sediment cores including the intact sediment-water in-
terface were recovered from near the depositional center of lakes Teli, 
Agouta, and Edem in October 2016, using gravity and push-rod 

operated piston corers from an anchored platform and applying 
state-of-the-art field curating techniques (65). Computed tomography 
(CT) images were obtained with a medical x-ray CT scanner (Siemens, 
SOMATOM Definition Flash) at Ghent University Hospital. After 
splitting, the cores were photographed and scanned using a Geotek 
Multi-Sensor Core Logger, followed by lithostratigraphic description. 
Successive core sections were cross-correlated to produce a single 
composite “OUNIS16” sequence for each lake, using volume-specific 
MS (MS) data collected with a Bartington MS2E point sensor 
(2-mm resolution). The elemental profiles were determined with 
an Itrax XRF scanner (Cox Analytical Systems) with a Mo tube and 
operated at 30 kV, 45 mA, and 15-s exposure. XRF data obtained at 
0.2-mm resolution from the upper 2.3 m of finely laminated mud in 
the Teli record was here reduced to 0.8-mm resolution to obtain 
a uniform data series for the entire OUNIS16-1P sequence. The 
nonlaminated sediment sequences from Edem (OUNIS16-2P) and 
Agouta (OUNIS16-3P) were XRF-scanned at 2-mm resolution.

Selection and interpretation of XRF elemental proxies
Raw elemental counts obtained by XRF scanning were divided by 
103 counts per second to correct for instrumental bias and a matrix 
effect (66). Following earlier work on the Yoa record (13) that we 
deemed most relevant to our present study site in a similar desert- 
oasis setting, we used the Ca/Ti ratio as proxy for in-lake carbonate 
formation, because calcium is strongly associated with the authigenic 
carbonate fraction while titanium is usually absent from authigenic 
precipitates (67) but commonly associated with detrital mineral 
input (68). Similarly, we interpret the Mn/Fe ratio as proxy for 
bottom water oxygenation (69), taking into account that bottom 
oxygenation may be impeded both by greater lake depth (i.e., higher 
lake surface level) and by increased salinity (65). Potassium (K) is often 
considered a proxy for clay content (29); however, poor correlation 
with this grain-size fraction in both the Yoa (15) and Teli (this 
study) records suggest that, in these desert-oasis systems, it may be 
a broader proxy for clastic mineral input (29), which includes a sub-
stantial component of aeolian input in this environment.

Sedimentological and paleoecological analysis
Contiguous 2-cm, 1-ml samples were dried and subjected to the 
loss-on-ignition method (70) to provide data on specific wet and 
dry weight (grams per ml), porosity (volume %) and water content 
(weight %), and the organic (%OM), carbonate (%CO3), and silici-
clastic fractions of dry sediment. Calculation of the carbonate frac-
tion based on weight loss by ashing at 1000°C (70) assumes that it 
consists entirely of CaCO3. Specific dry weight data were then used 
to convert MS to mass-specific MS (MS; expressed in SI units). 
Mineral grain-size analysis was performed at 21 selected depth in-
tervals in the Teli record following analytical procedures adopted 
for Lake Yoa (14) and performed on a LS 13 320 (Beckman Coulter) 
after suspension in 0.03 M sodium hexametaphosphate [(NaPO3)6] 
to promote the dispersion of clay particles. Paleoecological analysis 
involved counting ostracod valves and Ephydridae larval remains 
sieved (250 m) from ca 14-ml sediment samples extracted contig-
uously at 4-cm intervals.

Chronology
Radiocarbon (14C) dating was executed on batches of cleaned macro-
scopic charcoal particles, sieved (150 m), and picked from sediment 
samples with volumes ranging between 14 and 173 ml. To identify 
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core sections containing sufficient high-quality charcoal for dating, 
the three sediment sequences were first subjected to a full scan of 
charcoal abundance in 1-ml samples at contiguous 1- (Teli) or 2-cm 
(Agouta and Edem) increments. Eventually, adequate charcoal 
samples could be extracted from eight (Teli), four (Agouta) and 
three (Edem) depth intervals in the respective sediment sequences. 
The dated material (table S1) are thin flakes of charred grasses, likely 
including Phragmites (reed) of which stands line and partly cover 
the Ounianga Serir lakes (fig. S1). One 14C date on a reed stem 
from the lower part of unit I in Agouta produced an erroneously 
young age and was not included in the age model. Independent age 
models (fig. S3) for the three sediment sequences were made 
with the Bacon package in R (71). Calibrated ages are reported 
either as calendar years in the CE or as thousands of years B.P., with 
1950 CE = 0 B.P. Given their intact sediment- water interface, the 
core tops were anchored in 2016 CE (−66 B.P.). No attempt was 
made to date subrecent deposits with a fast-decaying radio isotope 
(137Cs or 210Pb) because of the exceedingly low concentrations 
of these elements encountered previously in the Yoa record (10).

Time series smoothing and correlation
GAM smoothing functions (72, 73) were fitted to the time series of 
XRF-derived elemental data to emphasize variability at the (multi)
decadal time scale. In this procedure, automatic selection objectively 
determines the complexity of the fitted smoothing function, thus 
providing a reproducible way of smoothing data (74). The divergence 
between a relatively rigid and a highly smoothed GAM model was 
used to objectively delineate major anomalies in Ca/Ti compared 
to a longer-term mean, with positive Ca/Ti anomalies spanning 
>100 years (with tolerance for one brief negative excursion) re-
tained as reflecting century-scale episodes of sustained climatic 
drought (fig. S8). Correlations between different proxy data were 
calculated using the BINCOR package in R (75), with unsmoothed 
but detrended data series resampled to achieve identical time reso-
lution. Bin-wise resampling of the last 3000 years of the Teli Ca/Ti 
record produced 567 correlation points (5.2-year resolution) with 
the corresponding NAO reconstruction (53), 49 correlation points 
(56.2-year resolution) with the 2700-year WAM reconstruction (6), 
48 correlation points (31.2-year resolution) with the 1500-year 
AMOC reconstruction (54), and 38 correlation points (72.7-year 
resolution) with the reconstruction of winter precipitation in 
Morocco (43).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1261
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