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Decadal-scale droughts disrupted the 
African Humid Period in the Sahara

Florence Sylvestre1,17 ✉, Martin Melles2,17, Volker Wennrich2, Michèle Dinies3, 
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Andrea Jaeschke2,9, Christine Cocquyt10,11, Jens Karls2, Jan Kuper12, Baba Mallaye13, 
Jean-Charles Mazur1, Christine Paillès1, Remadji Rirongarti14, Janet Rethemeyer2, 
Benedikt Ritter-Prinz2, Enno Schefuß15, Finn Viehberg2,16, Bernd Wagner2, Martin Werner7, 
Abdallah N. Yacoub14 & Stefan Kröpelin12

During the early and mid-Holocene, the Sahara and Sahel experienced a humid phase, 
the so-called African Humid Period (AHP)1. The AHP started around 14.8 thousand 
years before present (kyr bp), peaked between 9.0 kyr bp and 6.0 kyr bp and 
experienced short-lived droughts of as yet poorly constrained age and duration2,3. 
Here we show that the AHP was punctuated by two droughts of decadal-scale 
duration, at about 9.3 kyr bp and 8.2 kyr bp, and another more tentatively identified 
drought at 6.3 kyr bp. Our findings arise from a multiproxy time series from the 
annually layered (varved) sedimentary archive of Lake Yoa in Chad, which covers  
the past 10.25 kyr continuously. During the more prominent drought at 8.2 kyr bp, 
pollen and diatom data, along with leaf-wax isotopes and geochemical source area 
indicators, imply that a reduction in local precipitation and fluvial supply to Lake Yoa 
caused a lake-level drop accompanied by an expansion of reed belts along the shore. 
The proxy data, together with our climate simulations, suggest that the 8.2 kyr bp 
drought event was a direct and rapid response to a potential weakening of the Atlantic 
Meridional Overturning Circulation (AMOC) owing to sudden freshwater input into 
the North Atlantic. The results underline the need for improved decadal predictions4 
to better anticipate such drought risks in the future.

In the geological past, the Sahara and Sahel have repeatedly experi-
enced periods with a climate more humid than at present, the so-called 
AHPs5. The most recent AHP occurred between about 14.8 and 5.5 kyr bp 
(ref. 6) and was strongly time-transgressive, with a later onset and an 
earlier termination in more northern regions2,3,7. During this period, 
the Sahara was a verdant landscape with vast lakes, such as Megalake 
Chad8,9 (Fig. 1b), active drainage systems, the filling up of regional aqui-
fers10, the thriving of large mammals and flourishing human societies11. 

The AHP was caused by increased summertime insolation, which 
generated a strong land–sea temperature contrast over North Africa, 
thus strengthening the African monsoon and carrying rainfall deep 
into the Sahara12. Climate models demonstrate that ocean and land 
surface feedbacks can alter this initial signal and may result in shifts 
between wet and dry regimes13. Whereas the onset of the last AHP was 
presumably caused by post-glacial reorganizations of the AMOC, its 
termination was probably triggered by changes in the meridional grad
ient of insolation, forced by variations in the precessional cycle of the  

Earth’s orbit6. However, climate simulations unequivocally demon-
strate that orbital forcing feedbacks in the climate system, mainly those 
between climate and vegetation, must have played a critical role to 
explaining the observed changes in the hydrological cycle14–16.

The last AHP was not a period of constant humid climate. Lake-level 
records3,17,18 and reconstruction of western Saharan precipitation 
derived from leaf-wax isotopes in marine sediments3 indicate that 
the last AHP was punctuated by drought events, including a prolonged 
drought around 8.0 kyr bp. It has been suggested that these droughts 
are attributed to a weakened AMOC3. However, owing to the scarcity of 
geological records and their insufficient age control, the exact timing of 
the droughts and their influence on the landscape in the Sahara remains 
poorly known. This question is relevant not only for palaeoclimate 
dynamics. Indeed, several climate change projections suggest the risk 
of a strong and fast slowdown of the AMOC, which could negatively 
affect West African monsoon rainfall in a few centuries and therefore 
also the vulnerable populations of the Sahel region19,20.
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The Lake Yoa record
Here we provide the first, to our knowledge, continuous record of hydro-
logical and vegetation changes in the Sahara over the past 10.25 kyr. The 
record originates from Lake Yoa, which is located at 379 m above sea 
level in the hyperarid central Sahara at Ounianga Kebir, northern Chad, 
between the Tibesti and Ennedi mountains (Fig. 1). Lake Yoa today has 
a maximum depth of 26 m, a surface area of 3.58 km2 and a catchment 
area of 67,300 km2, 28% of which is located in the Tibesti Mountains21 
(Fig. 1b and Extended Data Fig. 1). Despite an extremely negative local 
water balance, Lake Yoa did not dry out after the AHP owing to per-
sistent groundwater inflow from the wide Nubian Sandstone Aquifer 
System (NSAS). Previous investigations of the 7.47-m-long lacustrine 
record OUNIK03/04 (Fig. 1c) have revealed the past 6,000 years of 
environmental history22. The record was extended to the full sedimen-
tary infill of Lake Yoa by the 16.34-m-long composite core Co1240 pre-
sented here (Fig. 1c and Extended Data Figs. 2 and 3). According to the 
age model, sedimentation began around 10.8 kyr bp (Extended Data 
Fig. 4). The preservation of annual lamination (varves) in 85% of the 
record allows time control of proxy data to be annual to decadal since 
about 10.25 kyr bp (Fig. 2a, Methods and Extended Data Figs. 2 and 4–6).

Analyses of sedimentological, geochemical and palaeoecologi-
cal proxies on the new record highlight the long-term environmen-
tal changes in the region, as well as the timing and impact of three 
short-term droughts that interrupted the AHP (Fig. 2). The endo-
genic calcite precipitation (Ca and CaCO3 contents; Fig. 2d) reflects 

evaporative conditions23. The Sr/Ca ratio (Fig. 2c) is indicative of sedi-
ment supply by surface runoff from the basaltic suites of the Tibesti 
Mountains, considering their enrichment of Sr (ref. 24). These proxies 
are combined with indicators of transport energy and sediment supply 
into the lake (grain size; Fig. 2i), local precipitation (leaf-wax n-alkane 
δD values, pollen-derived humidity index (HI) and phytogeographi-
cal regions; Fig. 2f,g and Extended Data Fig. 7), lake-shore vegetation 
(Typha pollen; Fig. 2h and Extended Data Fig. 7) and hydrological and 
hydrochemical variability (diatoms; Fig. 2b,e and Extended Data Fig. 8).

Long-term environmental changes
Following the formation of Lake Yoa about 10.8 kyr bp, its hydrological 
and environmental changes took place in four phases (Fig. 2). The phase 
boundaries were defined by distinct changes in diatom-inferred water 
conductivity (Fig. 2e). Other proxies responded at slightly different 
times (Fig. 2), probably because of proxy sensitivity, response time 
and sampling resolution.

Until about 9.6 kyr bp (phase I), dominant silt and clay with very low 
sand content (Fig. 2i) indicates that aeolian and fluvial sediment supplies 
were minor. Relatively light n-alkane δD values (Fig. 2f), high pollen-
derived HI (Fig. 2g), low percentages of Sudanian and Guinean plant 
taxa (Extended Data Fig. 7) and very low Sr/Ca ratios (Fig. 2c) suggest 
that lake formation occurred mainly through infiltration from the NSAS 
and some local precipitation rather than surface inflow from the Tibesti. 
Relatively high diatom-inferred conductivities (Fig. 2e) and high calcite 
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Fig. 1 | Lake Yoa in the context of the central Sahara today and during the 
early Holocene. a, Geopolitical map of Africa showing the territory of Chad 
shaded in grey and the locations of Megalake Chad and Lake Yoa (19.03° N, 
20.31° E) in the central Sahara. b, Satellite image (maps data: Google, 2022, 
Landsat/Copernicus) of northern Chad (for location, see red frame in a) showing 
the location of Ounianga Kebir and Ounianga Serir between the Ennedi and 
Tibesti mountains to the north of Megalake Chad (blue line shows the maximum 
extent during the middle Holocene9,28) with altitudes (dashed white lines) and 

potential water flow from the southeastern Tibesti and the Erdis during moister 
phases (blue arrows). c, Close-up of Lake Yoa, located at 379 m above sea level 
(for location, see red frame in b) showing sand dunes migrating into the lake 
from the north, the exposure of diatom-rich sediments up to 412 m above sea 
level (site W79, blue star) and the locations of the coring sites OUNIK03/04 and 
Co1240 in Lake Yoa (red circles). Maps data: Google, 2024, Maxar Technologies. 
Scale bars, 100 km (b); 1 km (c).
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Fig. 2 | Hydrological and environmental changes at Lake Yoa during the past 
10.25 kyr. The long-term hydrological changes in Lake Yoa occurred in four 
phases (I–IV) punctuated by prominent abrupt droughts (marked by grey and 
red bars). a, Age–depth model for the composite core Co1240 as based on 
triplicate varve counting, confirmed by a 137Cs peak (blue star) and a radiocarbon 
age of plant remains (green square) in the upper sediments and anchored by a 
radiocarbon age of grass charcoal (black diamond) in the lower sediments. 
Another grass charcoal age from the lowermost core catcher indicates the onset 
of lacustrine sedimentation in Lake Yoa. b, Water-depth changes in Lake Yoa 
reconstructed from the planktonic/benthic (P/B) diatom ratio. Dashed lines 
indicate the lowest and highest water depths recorded today and during the 

AHP, respectively. c, Sr/Ca ratio (log10) combined for the OUNIK03/04 and 
Co1240 records. d, CaCO3 (%) and Ca (counts) contents combined for the 
OUNIK03/04 and Co1240 records. e, Water conductivity (log10) reconstructed 
by a diatom-based transfer function. f, Compound-specific hydrogen isotope 
(δD) composition of the most abundant n-alkane homologue (n-C31) with error 
bars relative to Vienna Standard Mean Ocean Water (VSMOW). g, Pollen-derived 
humidity index (HI). h, Relative abundance of pollen from Typha plant taxa.  
i, Grain-size distribution illustrated as a cumulative plot of the clay fraction, five 
silt fractions and the two finest sand fractions. f, fine; vf, very fine; m, medium;  
c, coarse; vc, very coarse. j, Lithology of the composite core Co1240 (for legend, 
see Extended Data Fig. 2).
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deposition (Fig. 2d) suggest an evaporative water body and the occur-
rence of Typha pollen (Fig. 2h) the presence of reed belts along the shore.

From about 9.6 to 5.0 kyr bp (phase II), Lake Yoa experienced fresh-
water conditions with very low conductivity (Fig. 2e) and absence of 
authigenic calcite precipitation (Fig. 2d). Freshwater supply probably 
originated from increased local rainfall, which is reflected by slightly 
depleted n-alkane δD values until 6.5 kyr bp (Fig. 2f) and may have con-
tributed to the replenishment of the NSAS. Moreover, increased surface 
inflow from the Tibesti, as indicated by strongly increased Sr/Ca ratios 
between about 8.6 and 6.2 kyr bp (Fig. 2c) supported a rise in lake level 
(Fig. 2b). Climate modelling suggests greater than 2,000 mm year−1 
precipitation at Tibesti around 7.0 kyr bp (ref. 25), which may have led 
to geomorphic evidence of river channels to the north of Lake Yoa21 
(Fig. 1b and Extended Data Fig. 1).

Other indications of inflow events come from individual, well-sorted 
clay layers, which were deposited between 8.1 and 7.0 kyr bp (Fig. 2i). 
The very fine grain size and the lack of any signs of erosion at their 
bases (Extended Data Fig. 5c,d) exclude formation by sand or dust 
storms, high-energetic deposition by proximal wave action or proxi-
mal river supply, as well as more distal mass-movement events. These 
characteristics along with high Sr/Ca ratios (Fig. 2c) point to deposition 
from distal suspension clouds originating from flash floods from the 
Tibesti. A distal setting of the coring site at that time is also suggested 
by the maximum water depth of 81 m, 55 m more than today (Methods),  
which was reached by Lake Yoa during the period of clay layer forma-
tion (Fig. 2b). During the water-depth maximum, the lake level has 
reached 419 m above sea level, thus activating the overflow towards 
Megalake Chad21 and implying that Lake Yoa turned from a closed into 
an open lake system (Extended Data Fig. 1). The lake-level highstand 
is also reflected by lake sediment sequences with high concentrations 
of benthic diatoms, which were deposited in only a few metres water 
depth and crop out at 412 m above sea level in the southern surround-
ings of Lake Yoa (W79; Fig. 1c). Their formation between 8,054 and 
7,956 years bp (ref. 26) coincides with the maximum extents of Megalake 
Chad and other West and North African lakes7,27–29.

A gradual change towards today’s desert landscape began at 
7.0 kyr bp. The reduction in rainfall is reflected by a decrease in the 
pollen-derived HI (Fig. 2g), lower Sr/Ca ratio (Fig. 2c) and increasing δD 
values of leaf waxes (Fig. 2f). Simultaneously, the Sudanian vegetation 
was replaced by Sahelian and later Saharan vegetation (Extended Data 
Fig. 7). Sediment coarsening with the replacement of clays by medium 
and coarse silts and later sands (Fig. 2i) reflects an increasing aeolian 
sediment supply and a lake-level lowering (Fig. 2b), moving the lake 
shore closer to the coring location.

The lake-level lowering was associated with several fluctuations 
and a rapid change to saline conditions about 5.0 kyr bp (onset of 
phase III; Fig. 2b,e), slightly earlier than suggested from the previous 
OUNIK03/04 record22. Between 5.0 and around 1.0 kyr bp, a low HI 
(Fig. 2g) combined with light δD values of the leaf waxes (Fig. 2f) and 
low Sr/Ca ratios (Fig. 2c) suggest minima in precipitation. These con-
ditions were associated with a further decreasing lake level (Fig. 2b), 
combined with carbonate precipitation (Fig. 2d). Particularly dry con-
ditions during phase III are supported by the desiccation of lakes to 
reed marshes 4.2 kyr bp at Ounianga Serir, east of Lake Yoa30 (Fig. 1).

After 1.0 kyr bp (phase IV), Sr/Ca ratios (Fig. 2c), carbonate contents 
(Fig. 2d) and n-alkane δD values (Fig. 2f) suggest slightly wetter condi-
tions. This assumption agrees with the development of wetlands and 
lake-level rises around the same time in Ounianga Serir30,31 and evidence 
of flourishing trade and organized kingdoms during much of the eighth 
to thirteenth centuries CE (ref. 32).

Short-term droughts
The long-term hydrological and environmental changes at Lake Yoa 
during phase II were interrupted by short-term (<200 years) droughts 

at approximately 9.3, 8.2 and 6.3 kyr bp (Fig. 2). These events are char-
acterized by lowered humidity levels (Fig.  2g), owing to decreases in 
rainfall (Fig. 2c,f). This caused lake-level lowerings (Fig. 2b) as well as 
changes in the lake water ecology (Extended Data Fig. 8) and in catch-
ment vegetation (Fig. 2h and Extended Data Fig. 7). The droughts differ 
in their effects on the lake-water conductivity (Fig. 2e), the carbonate 
precipitation (Fig. 2d) and the grain-size distribution (Fig. 2i), as well 
as in their connection to interregional climate events.

The 9.3 kyr bp drought is reflected by a short-term drop in lake level 
during the initial period of lake-level rise (Fig. 2b), a decrease in local 
precipitation (Fig. 2f) and a regression of Sudanian plant taxa (Fig. 2g 
and Extended Data Fig. 7). Freshwater conditions (Fig. 2e) with limited 
carbonate precipitation (Fig. 2d) suggest that ion enrichment caused 
by the evaporation was compensated by fresh groundwater inflow 
through springs around the lake shore. This drought at Lake Yoa coin-
cides well with drying in the Indian and Asian monsoon domains, as well 
as cooling at high and middle northern latitudes and is probably linked 
to meltwater pulses into the North Atlantic from residual ice sheets33.

The 6.3 kyr bp drought occurred during the transition from high to 
low lake level (Fig. 2b) as a consequence of decreasing precipitation 
(Fig. 2c,f). This event shows two excursions in water depth (Fig. 2b), 
fluvial supply from the Tibesti (Fig. 2c), carbonate precipitation 
(Fig. 2d) and lake-water salinity (Fig. 2e). These excursions can only be 
explained by drought; their dichotomy, however, could be an artefact 
of the deformation in this core interval (Fig. 2j, Extended Data Figs. 2 
and 3). A drought at about 6.3 kyr bp has been previously mentioned 
in several studies, but with poor age control3,17,18. This drought is inter-
preted as a step in the process of aridification, which has led to a notable 
population collapse in the Sahara region34. In Oman, the aridification is 
traced back to a southward shift of the monsoon rain belt in response 
to the gradual decrease of insolation35.

As opposed to the 9.3 and 6.3 kyr bp droughts, the 8.2 kyr bp drought 
happened during the peak of the AHP, when precipitation was high 
(Fig. 2c,f) and the lake level reached its maximum (Fig. 2b). The 
lake-level drop during this event (Fig. 2b) was associated with a sharp 
increase in carbonate deposition (Fig. 2d) but had little effect on the 
lake-water conductivity (Fig. 2e), as reflected by high concentrations 
of freshwater tychoplanktonic diatom species (Extended Data Fig. 8). 
During this drought, some sites occupied in Niger were temporarily 
abandoned36 and fishing and hunting in western Fezzan (Libya) became 
difficult in the lowlands, driving people to move to neighbouring moun-
tains, where they also began to rely on domesticated animals37.

The 8.2 kyr bp drought at Lake Yoa coincides with the 8.2 kyr bp cli-
mate event38 (Fig. 3a). This event is clearly related to a reduction of 
the AMOC in consequence of freshwater supply to the North Atlan-
tic and has led to short-term climate perturbations of nonuniform 
expression39,40. In Greenland, the 8.2 kyr bp event was associated with 
reductions in temperature and precipitation, the former from 8,212 to 
8,141 years bp, with transitions before and after the event comprising 
35 years and 55 years, respectively41. This is remarkably synchronous 
with the drought at Lake Yoa, which, according to the floating varve 
chronology (Fig. 2a), lasted 77 years, from 8,229 to 8,152 years bp, albeit 
with shorter transitions of 13 years before and 7 years after the event 
(Extended Data Fig. 6b).

North Atlantic forcings
To assess the potential impact of freshwater inflows into the North 
Atlantic on precipitation in the central Sahara, we analysed climate 
model output with respect to the 8.2 kyr event. This event is associated 
with a constrained forcing and can therefore be explicitly accounted 
for in climate model simulations.

We first investigated transient Holocene experiments from 
the TraCE42 and LOVECLIM43 models with orbital configurations, 
greenhouse-gas concentrations, ice-sheet extents and volcanic 
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eruptions (only for LOVECLIM) used as external forcings (Methods). 
The long-term and short-term precipitation trends obtained (Extended 
Data Fig. 9) clearly mismatch with the precipitation changes reflected 
by the Lake Yoa record, showing that the external forcings used fail to 
explain this precipitation history. Adding an AMOC reconstruction44 to 
the transient Holocene experiments (Methods) provided a better match 
of the long-term trends with the proxy record (Fig. 3 and Extended Data 
Fig. 9). This suggests that part of the precipitation history at Lake Yoa is 
related to AMOC changes. The simulations also indicate decadal-scale 
reductions in precipitation at about 9, 8 and after 6 kyr bp (Fig. 3d). 
Their temporal deviation from the reconstructed droughts at Lake 
Yoa may be because of the AMOC reconstruction used here, which is 
based on stacked marine sea surface temperature records with centen-
nial resolution that is much lower than that provided by the Lake Yoa 
record (Methods).

Second, we investigated time-slice simulations with the AWI-ESM2- 
wiso climate model. A prescribed constant freshwater inflow into 
the Labrador Sea has been set to 0.15 Sv for 100 years, representing a 
total freshwater amount of 4.67 × 1014 m3, corresponding to the higher 
end of the estimates of meltwater release for this event (Methods). 
We observed that the freshwater inflow reduced precipitation in the 
Sahel and Sahara regions (Fig. 4) compared with the 8.2 kyr bp control 
experiment without freshwater forcing in the North Atlantic Ocean 
(Extended Data Fig. 10). The effect was strongest in West Africa, linked 
to a weakening of the West African monsoon circulation (Extended Data 

Fig. 10e), and extended into the central Sahara region in line with our 
proxy reconstruction from Lake Yoa. In this region, mean annual rainfall 
decreased by approximately 50–100 mm year−1. The overall reduction 
in precipitation over the entire Sahara and Sahel region (Fig. 4) would 
have caused a large-scale decrease also in runoff and groundwater 
flow and, hence, could have had a large effect on the dynamics and 
level of Lake Yoa. The sensitivity experiments therefore support our 
interpretation that past AMOC changes could have driven part of the 
8.2 kyr bp drought event observed in our record.

The palaeoenvironmental reconstruction presented here from Lake 
Yoa, complemented by climate simulations, provides new information 
on the long-term, millennial-scale hydrological and environmental 
changes that have occurred in the central Sahara region in the course 
of the insolation-driven AHP. It also highlights the climate and envi-
ronmental changes associated with short-term changes in the African 
monsoon, particularly with the 8.2 kyr bp drought event substantially 
supported by an AMOC reduction in consequence of freshwater inflow 
into the North Atlantic Ocean. Today, the AMOC seems to weaken owing 
to accelerated melting of the Greenland Ice Sheet45, a trend that will 
probably continue throughout the twenty-first century46 and beyond47. 
The boundary conditions between the early Holocene and today are 
substantially different, for example, in the size of ice sheets, sea level, 
vegetation cover and insolation, the last of these inducing strong con-
sequences for monsoon dynamics. However, the reconstruction from 
Lake Yoa highlights how far into the Sahara region AMOC-triggered 
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droughts can reach, how quick the associated precipitation changes 
can occur and what consequences these can have on regional ecosys-
tems. The results indicate that such changes could have severe con-
sequences for the vulnerable Sahara region at the decadal scale, with 
a substantial decrease in the cultivatable area that can lead to strong 
human migration pressure.
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Methods

Lakes and regional hydrology
Lake Yoa (19° 03′ N, 20° 31′ E, 379 m above sea level) is located in the 
central Sahara in northern Chad (Fig. 1). The lake is part of the Ounianga 
Lakes district, the largest permanent aquatic ecosystem of the Sahara. 
This district comprises Ounianga Kebir to the west and Ounianga Serir 
to the east (Fig. 1 and Extended Data Fig. 1). These areas have been clas-
sified since 2012 as a natural World Heritage Site by the United Nations 
Educational, Scientific and Cultural Organization (UNESCO) in recog-
nition of the unique natural occurrence of several permanent lakes.

The Ounianga Lakes spread in Pleistocene deflation basins at the 
foot of an east–west-oriented escarpment of the Mesozoic Nubian 
Sandstone Complex48,49. The valley network indicates water inflow 
from the northwest (Tibesti) and east (Erdis) (Extended Data Fig. 1). To 
the south, the lakes are bordered to the Lake Chad basin by an overflow 
divide at approximately 419 m above sea level21. Today, the Ounianga 
Lakes are almost exclusively fed by fossil fresh groundwater from the 
NSAS48,50,51. Radiocarbon dating indicates that the groundwater has 
an age of roughly 10,000 calendar years bp (ref. 52), placing it within 
the onset of the AHP6.

The Ounianga Lakes district is characterized by a subtropical desert 
climate resulting from its continental and low-latitude position com-
bined with the present-day location of the Intertropical Convergence 
Zone53. The region experiences only erratic rainfall of <20 mm year−1 
and extreme evaporation of >6,000 mm year−1 (refs. 54,55). It is exposed 
to strong near-surface winds predominantly from the northeast and 
mainly during the winter months56. The monthly average temperatures 
vary from 14 °C to 30 °C (ref. 55). The vegetation surrounding the lake 
is of the Saharan type57, predominantly fed by groundwater discharge 
from springs.

Lake Yoa represents the largest lake in Ounianga Kebir. Today, it has 
a surface area of 3.58 km2 and a maximum water depth of about 26 m. 
The lake is not connected to any active hydrographical network21,54 
but is essentially fed by springs with conductivities ranging from  
100 µS cm−1 to 250 µS cm−1 (refs. 52,58). Monitoring carried out between 
November 2010 and February 2012 shows that the lake experienced 
complete mixing from October to January and stratification culmi-
nated between July and September59. From the surface to the bottom, 
the water column showed a pH of about 10, an increase in conductivity 
from 66,200 µS cm−1 to 68,000 µS cm−1, a decrease in temperature 
from 21 °C to 16 °C and a decrease in oxygen saturation from 45% to 
5%. Owing to the almost exclusive groundwater supply, the seasonal 
lake-level variations do not exceed 1.0 m (ref. 55). The water residence 
time amounts to approximately 3.4 years (ref. 51).

Coring and development of the composite core
Coring site Co1240 (19° 03.456′ N, 20° 30.915′ E) is located in the north-
eastern part of Lake Yoa, about 500 m away from the southern shore and 
about 600 m from the northern shore, at which dunes prograde into the 
lake (Fig. 1c). Coring was carried out in 2010 from a floating platform 
(UWITEC Corp.). A gravity corer was used to recover the uppermost 
lake sediments down to 1.12 m below the lake floor (blf) (Extended Data 
Fig. 2). Deeper sediments from overlapping sections were recovered 
with a 3-m-long percussion piston corer. On the basis of matching lith-
ologies and Ti counts (2-mm resolution, see below), overlapping core 
segments from two gravity cores and nine piston cores were spliced into 
a 16.34-m-long composite sediment record (Extended Data Fig. 2). A gap 
was identified between 1.12 and 1.64 m blf and bridged with data from 
the core succession OUNIK03/04, which was recovered approximately 
150 m to the northwest of coring site Co1240 (refs. 22,23) (Fig. 1c).

Core lithology
The composite core Co1240 starts with crudely stratified, poorly sorted 
sediments that contain weathered sandstone fragments at its base, 

which prevented further penetration of the piston corer (Extended 
Data Fig. 2). Together with hydroacoustic data, these findings sug-
gest that the whole lake-sediment infilling was recovered. Above 
16.19 m blf, the core consists of fine-grained laminated sediments of 
clastic, biogenic and authigenic origin. Francus et al.23 investigated 
the laminations in the 7.47-m-long core succession OUNIK03/04 and 
confirmed their annual formation (varves). Our Co1240 core contains 
similar laminations (Extended Data Figs. 5 and 6) complemented by 
irregularly intercalated clay layers of up to 20 mm thickness in the 
interval between 15.05 and 9.50 m blf (Extended Data Figs. 2, 3 and 5).  
The clay layers contain <40% silt and no coarser grains, which is too 
fine-grained for an aeolian formation by dust or sand storms60 or 
near-shore, wave-dominated deposition. Their massive appearance 
and sharp but non-erosive lower boundaries (Extended Data Fig. 2) 
further exclude a formation by mass-movement events, such as turbid-
ity currents. Hence, it is most likely that the clay layers were deposited 
from very-fine-grained suspension in a deep stagnant water body, with 
the suspension being the distal overflow component of fluvial sedi-
ment supply. The water depth at that time can have reached 81 m blf, 
55 m more than today, taking in account the overflow altitude (419 m 
above sea level), the modern lake level (379 m above sea level), the 
current water depth (26 m) and the thickness of the sediments above 
the clay layers (15 m).

Chronology
The chronology of the composite core Co1240 (Fig. 2a and Extended 
Data Fig. 4) is based on varve counting, supported by a 137Cs peak in the 
uppermost sediments and 14C ages of grass charcoal and plant remains 
in the deeper sediments.

Varve counting was conducted on linescan colour images of the 
split-core sediment surfaces, complemented by X-radiographs, 
high-resolution X-ray fluorescence (XRF) data and thin sections for 
transmitted light microscopy (for examples, see Extended Data Fig. 5). 
A full documentation of the varve counts is provided in the Zenodo 
repository26. Starting from the top, the number of varves throughout 
10-cm-thick increments was recorded. Counting was carried out three 
times by two different analysts and the mean values were used to con-
struct the age-depth model and to calculate the sedimentation rates. 
The duration of the gap in the upper part of core Co1240 (1.12–1.64 m 
blf) was derived from the chronology of the respective sediments in 
core OUNIK03/04 (ref. 22) and a correlation of both cores based on Ti 
counts23 (Extended Data Fig. 2). Varve counting was also not possible 
in the intervals 6.50–7.28 m and 8.48–10.04 m blf, in which lamination 
is deformed and the sediment is partly homogenized (Extended Data 
Figs. 2 and 3). The age–depth models for these core parts are based on 
extrapolation of the sedimentation rates in the varved sediments 10 cm 
below and above the partly disturbed sediments. The average error 
derived from the triplicate counting is ±8 years, with up to 53 years in 
intervals with low sedimentation rate or faint lamination.

A 137Cs peak 7 cm below the sediment surface in the OUNIK03/04 
record22 is ascribed to the nuclear-bomb-testing peak AD 1963 (ref. 61). 
This peak transfers to 14 cm depth in the gravity core Co1240-1 based 
on the correlation of comparable lamination patterns in both cores, 
in which the varve counts suggest exactly the same age of AD 1963 
(ref. 26) (Extended Data Fig. 6a). This confirms undisturbed sampling 
of the sediment surface22 and that the laminations in the upper part of 
the record represent annual deposition23.

14C dating was performed on both cores, using bulk carbonate (n = 2), 
bulk organic matter (n = 35), Typha rhizome (n = 5), undefined plant 
material (n = 1) and grass charcoal (n = 4), following the standard acid–
alkali–acid extraction protocol62. Furthermore, compound-specific 
14C dating of long-chain n-fatty acids (C24 and/or C28) was performed 
on bulk sediment (n = 4) following extraction and separation after 
ref. 63. 14C samples were measured at Beta Analytic Limited, Miami 
(USA), the CologneAMS facility (Germany), the AMS facility of the Swiss 
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Federal Institute of Technology (ETH) Zurich (Switzerland), the Poznań 
Radiocarbon Laboratory (Poland) and the Rijksuniversiteit Groningen 
Radiocarbon Laboratory (The Netherlands). The radiocarbon dates 
were calibrated using the OxCal 4.4 software package64 with the IntCal 
2020 calibration dataset65.

The calendar ages derived by 14C dating of plant remains and grass 
charcoal26 are very similar to those obtained by varve counting26 
(Extended Data Fig. 4). This suggests that they are unaffected by res-
ervoir effects, as found in other lake sediment records previously22,66. 
Hence, the match of the 14C age of the plant remains from 4.13 m blf 
(3,421 ± 27 calendar years bp) with the varve age (3,214 ± 6 varve years bp) 
confirms annual lamination down to 6.50 m blf in the part of the 
record that is anchored by the sediment surface and the 137Cs peak 
(see above). Moreover, the good agreement of the grass-charcoal 14C 
age from 13.92 m blf (7,883 ± 58 calendar years bp) with the respective 
varve age (7,868 ± 6 varve years bp) supports the extrapolation of the 
varve counts over the intervals 6.50–7.28 m and 8.48–10.04 m blf and 
thus the floating varve chronology. The lowermost grass-charcoal 14C 
age from the core catcher (16.31 m blf; 10,672 ± 114 calendar years bp) 
is used to date the sediments below the basal varve age (16.19 m blf; 
9,814 ± 36 varve years bp) by linear extrapolation to the 14C age and is 
important for the timing of the onset of lake sedimentation.

In contrast to the 14C ages of plant remains and grass charcoal, the 
14C ages of plant wax n-fatty acids slightly overestimate the varve ages, 
possibly because of some delay between the fatty acid formation and 
deposition. A stronger bias by reservoir effects is reflected by the 14C 
ages of bulk organic matter and Typha rhizomes in Lake Yoa, as already 
found in ref. 22. The same holds true for a bulk carbonate 14C age from 
8.91 m blf (sample Beta-293232), whereas a second bulk carbonate 
age (sample Beta-293233) is unrealistically young and thus was con-
sidered an outlier. The reservoir effect is reflected by the differences 
between the varve counts and the uncorrected 14C ages of bulk organic 
matter, Typha rhizomes and bulk carbonate (Extended Data Fig. 4); 
it is constant at approximately 1,500 years in the upper part of the 
record, whereas it decreases between about 10 and 12 m blf to values 
<500 years.

As a result, the age–depth model strongly suggests that lacustrine 
sedimentation in Lake Yoa began at around 10,800 years bp and has 
continued until the present (Extended Data Fig. 4). The sedimentation 
rates were the lowest (average 0.5 mm year−1) in the early stage of the 
lake history, strongly increased in value and variability between about 
8,200 and 5,600 calendar years bp (average 3.9 mm year−1; varying 
from 0.7 to 9.1 mm year−1) and became relatively constant (average 
1.3 mm year−1) since then.

Complementary 14C dating was carried out on carbonates from lake 
sediments exposed to the south of Lake Yoa26 (site W79, Fig. 1c) to esti-
mate the altitude and timing of the maximal lake-level highstand. The 
carbonate radiocarbon ages were first transformed into bulk organic 
matter ages, taking the age difference of 380 years between carbon-
ate and bulk organic matter at 8.91 m blf depth of the composite core. 
The bulk organic matter ages were then calibrated into calendar ages 
using the OxCal 4.4 software package64 with the IntCal 2020 calibration 
dataset65 and subsequently transferred into varve ages by subtracting 
the age difference between the Bayesian and the varve age models at 
the corresponding depths in the composite core during the Bayesian 
times of deposition (Extended Data Fig. 4).

Grain-size and geochemical analyses
For grain-size analyses of the lithogenic material, approximately 1.0-g 
aliquots were treated with hydrogen peroxide (H2O2; 35%), HCl (10%) 
and sodium hydroxide (NaOH, 1 M) to remove the organic material, 
calcium carbonate and biogenic silica, respectively. Subsequently, 
the aliquots were dispersed on a shaker for 12 h after adding 60 ml of 
deionized water with sodium pyrophosphate (Na4P2O7, 2.5 g l−1) and 
1 min of ultrasonic treatment. Grain-size analyses were performed 

using a Saturn DigiSizer 5200 laser-particle analyser (Micromeritics 
Co.). Grain-size statistics were calculated with the software GRADISTAT 
version 8.0 (ref. 67) and are given according to the method in ref. 68.

Variations in inorganic geochemistry were determined using 
non-destructive XRF scanning on half-cores. Before the measure-
ment, the sediment surface was carefully levelled and covered with 
an Ultra-Polyester Thin Film (1.5 µm) (Chemplex). Scanning was per-
formed at 2-mm intervals using an ITRAX core scanner (Cox Analytical 
Systems)69 equipped with a 1.9-kV chromium (Cr) X-ray source and a 
Si-drift detector in combination with a multichannel analyser. Volt-
age, amperage and exposure time were set to 30 kV, 30 mA and 20 s, 
respectively. Spectral evaluation and data processing were performed 
using the software QSpec 6.5 (Cox Analytical Systems).

For analyses of total inorganic carbon (TIC), an aliquot of 0.5 g of 
each sample was homogenized and ground to <63 μm in a planetary 
mill. TIC was measured with a DIMATOC 100 carbon analyser (Dimatec 
Analysentechnik GmbH) on CO2 released through the reaction with 
orthophosphoric acid (H3PO4; 40%) at 160 °C. The CaCO3 concentra-
tions were calculated from the TIC contents and the atomic weights 
of the elements in calcite.

Compound-specific hydrogen isotope (δD) analysis of the most 
abundant n-alkane homologues (n-C29 and n-C31) was performed on 
a Thermo Scientific TRACE GC coupled by means of a combustion 
reactor to a Thermo Fisher MAT 253 mass spectrometer. The GC was 
equipped with a 30 m × 0.25 mm column (Restek Rxi-5ms, film thickness 
1.0 µm) and He was used as the carrier gas. The fractions were injected 
using a PTV injector at 40 °C and then transferred to the GC column. 
The GC temperature was programmed to increase from 120 °C (2 min 
hold) to 200 °C at a rate of 30 °C min−1 and then at 4 °C min−1 to 320 °C 
(held for 12.3 min). H2 was used as a reference gas; δD values are given 
in ‰ relative to Vienna Standard Mean Ocean Water (VSMOW). The H3 
factor monitored on a daily basis had a mean of 6.00 ± 0.02. An exter-
nal standard mixture with known δD values was analysed repeatedly 
every six runs, yielding a long-term mean standard deviation of <3‰ 
and a mean deviation of <1‰ from the reference values. All samples 
were analysed in duplicate with an average standard deviation of 2‰.

Palynology processing and data analysis
Published palynological data from Lake Yoa, which were obtained from 
core OUNIK03/04 (Fig. 1c) and cover the past 5.2 kyr bp (refs. 22,57), 
were complemented by palynological analyses of 76 samples col-
lected from the lower part of core Co1240 deposited between 10.4 and 
5.2 kyr bp. These samples of 1–5 cm3 (ref. 26) were treated with HCl (10% 
at 95 °C) and potassium hydroxide (KOH 10%) to dissolve carbonates 
and humic acids, respectively. Sample preparation differed to that used 
for OUNIK03/04 by density separation using sodium polytungstate 
(SPT; Na6H2W12O40, ρ = 2.01 g cm−3) instead of hydrofluoric acid treat-
ment to remove the minerogenic fraction70,71. The SPT method has 
been shown to provide results comparable with the hydrofluoric acid 
treatment72. Duplicate analyses of Co1240 samples from the interval 
<5.2 kyr bp treated with SPT yield results comparable with the respec-
tive OUNIK03/04 counts26, thus confirming no marked biases between 
the two preparation methods. Subsequent acetolysis (acetic anhydride 
and sulfuric acid; ratio 9:1) and sieving (< 5 µm) were conducted to 
reduce organic components, such as (hemi)cellulose and fine-grained 
particles72. The pollen concentrates were mounted with glycerine and 
counted under a Leica DM2000 microscope at 400× magnification. 
Pollen sample residues are stored at the Institute of Geographical Sci-
ences of Freie Universität Berlin.

Pollen and selected non-pollen palynomorphs (fern spores, fungal 
remains, algae other than diatoms and charred plant particles) were 
identified using published atlases73–80 and online databases81–86, as well 
as the reference collection of Freie Universität Berlin. The identified 
pollen types were harmonized with those determined by Kröpelin 
et al.22 and Lézine et al.57 to assure data comparability within the core 



composite, resulting in a total of 185 different pollen types. A mean sum 
of 411 (32-1381, four samples <150) terrestrial pollen grains and fern 
spores were counted and assigned to pollen types. Pollen percentages 
were calculated to the sum of terrestrial types, with exclusively aquatic 
and palustrine pollen types (for example, Typha and Cyperaceae) as 
well as non-pollen palynomorphs being excluded.

For vegetation reconstructions for the past 10.4 kyr bp, the full pol-
len dataset from cores OUNIK03/04 and Co1240 was used, exclud-
ing rare pollen types with occurrences ≤1% (ref. 87) observed in fewer 
than ten samples. Following previous palynological studies of North-
ern Africa88–90, pollen types were assigned to the Saharan, Sahelian, 
Sudanian, Guinean and mountainous phytogeographical regions26 
(Extended Data Fig. 7b). From north to south, the large Saharan desert 
region passes into the Sahelian phytoregion, which is characterized by 
unreliable rainfall of 150–500 mm, mainly in summer, and a pronounced 
and long dry season. To the south of about 15° N, the Sudanian region, 
which belongs to the tropical summer-rainfall zone with a dry season 
of 5–7 months, passes into the Guinean equatorial region, which is 
characterized by a humid monsoonal climate. Thereby, pollen types 
are often assigned to several phytoregions. Tribulus, for example, is 
assigned 50% to the Saharan and 50% to the Sahelian regions. Pollen 
types that have only been identified at the family level were excluded. 
For visualization of the summed Guinean, Sudanian, Sahelian and Saha-
ran proportions, the z-scores were calculated (Extended Data Fig. 7b). 
Shifts in the proportions of the assigned phytoregions over time are 
assumed to indicate changes in humidity and seasonality.

The pollen-derived HI (Fig. 2g and Extended Data Fig. 7a) is based on 
the phytogeographical affinity of each sample. Therefore, the square 
root (sqrt) and centre log ratio (clr) transformed counts of a pollen type 
were multiplied by its respective phytogeographical indication. Sam-
ples with fewer than three phytogeographically assigned pollen types 
and/or fewer than nine assigned pollen type counts were excluded. The 
HI of a sample has been calculated from the ratio between the propor-
tions of more humid (Guinean, Sudanian) to more arid phytoregions 
(Sudanian, Sahelian, Saharan) as follows:

HI = (Grasses(sqr, clr) × Guinean(sqrt, clr) + Sudanian(sqrt, clr))/

(0.5 × Sudanian(sqrt, clr) + Sahelian(sqrt, clr) + Saharan(sqrt, clr))

Sudanian taxa are included with a weighting factor of 1 in the more 
humid and with a factor of 0.5 in the more arid phytoregions, because 
Sudanian plant taxa can penetrate drier regions, for instance, along 
wadis91,92. The combination of grasses (Poaceae) with the wettest group 
(Guinean) takes into account that they function as the main (biomass) 
component of savannah vegetation during humid periods (Extended 
Data Fig. 7c).

Diatom processing and data analysis
Diatom taxonomic and counting analyses were conducted on 0.5-g bulk 
sediment of 177 samples that were pretreated by standard procedures 
(1:1 hot mixture of H2O2/water, 1:1 hot mixture of HCl/water and repeat-
edly rinsed in distilled water). Slides were mounted using Naphrax 
mounting medium (refractive index 1.71)93. For each sample, at least 
400 diatom valves were identified and counted, except for samples 
younger than 2.6 kyr bp, which contained few diatoms (<200 valves). 
A Nikon ECLIPSE 80i and an Olympus BX50 microscope (equipped 
with differential interference contrast optics at ×1,000 magnification, 
numerical aperture 1.25) were used for taxonomic identification and 
counting. Most of the diatoms were identified to their lowest taxonomic 
level (that is, variety) following the species concept defined by Kram-
mer and Lange-Bertalot94–96 and using the most recent revised nomen-
clature97. The fossil diatom dataset is based on diatom counts from 
OUNIK03/04 between 0 and 6,000 calendar years bp (n = 89 samples)22 
and from Co1240 between 6,000 and 10,800 calendar years bp (n = 88 
samples; this study). Taxonomic harmonization has been realized on 

the basis of the references cited above. The data are expressed as rela-
tive abundances (%) (Extended Data Fig. 8). Dominant diatom species 
were identified using multivariate analysis (PCA, CA) based on XLSTAT 
2021.4.1 (ref. 98).

A total of 232 diatom species was identified. The diatom taxa were 
classified according to their preferred habitats based on the ecological 
classification proposed in ref. 99 and a modern calibration conducted 
on Ounianga Lakes100. Diatom habitats are categorized into planktonic 
and benthic species. Benthic species include epipelic, epipsammic 
and epiphytic taxa. Facultative-planktonic taxa are included in the 
planktonic group. The planktonic to benthic (P/B) ratio, which is known 
to reveal lake-level fluctuations101, was calculated for each sample by 
dividing the number of planktonic by the sum of planktonic, tychop-
lanktonic and benthic diatoms (Fig. 2b and Extended Data Fig. 8).

A transfer function based on the method of weighted averaging 
regression102,103 was developed to infer water conductivity from the 
diatom data, with a regional dataset including samples from Lake Chad, 
Lake Fitri and the Ounianga Lakes100,104. The dataset includes 119 samples 
in which 393 species were identified. Statistical treatment of the data 
enabled to identify, hence remove, statistical ‘noise’: species with fewer 
than two occurrences, species with less than 3% maximum relative 
abundance in the dataset, species with only one occurrence and less 
than 50% relative abundance and samples with fewer than 200 counted 
valves. The selected dataset consists of 111 samples and 88 species. 
This method relies on the calculation of an optimum value for a given 
hydrochemical parameter—here we focused on the water conductivity— 
which is the theoretical value for which the species encounters the 
optimal conditions for its development. The tolerance is a parameter 
that quantifies the theoretical ability of the species to be maintained 
if the environmental parameter deviates from the optimum value.

The water conductivity reconstruction, expressed in log10 values and 
using the tolerance-downweighted weighted averaging, shows the high-
est performances for both the correlation between diatom-inferred 
and measured conductivity (R2 = 0.92) and the root mean square error 
(RMSE: 0.29 and 0.28 for the classical and inverse deshrinking meth-
ods, respectively). The bootstrapping procedure confirms the robust 
performance of this diatom conductivity transfer function (R2 = 0.85 
and R2 = 0.84 and RMSEP = 0.43 and RMSEP = 0.43 for the classical and 
inverse deshrinking methods, respectively), which demonstrates its 
relevance for application to fossil data. The deshrinking procedure 
provided regression coefficients of b0 = 0.39 and b1 = 0.83 for the 
classical method and b0 = −0.22 and b1 = 1.10 for the inverse method.

From the 177 diatom samples analysed from the Lake Yoa record, 
more than 200 valves were counted in 137 samples. Twenty-two samples 
after 2.6 kyr bp have counts between 100 and 200 valves from which 
the diatom-inferred water conductivity should be considered with 
caution and 17 samples were removed because fewer than 100 valves 
were counted. Among the 88 species from the modern training set 
documented in the transfer function, 55 species were observed in the 
Yoa sequence, accounting for between 40 and 60% of the total relative 
percentage for 14 samples, between 60 and 80% for 38 samples and 
more than 80% for 85 samples. After 2.7 kyr bp, Aulacoseira granulata 
was removed from the data, as the valves of this species in the assem-
blages were attributed to wind dispersion during the corresponding 
period22. Conductivity inferences, calibration statistics and errors were 
obtained in C2 version 1.3.4 (ref. 105).

Model simulations
Two transient simulations of the Holocene were based on the TraCE 
simulation using the CCSM3 model and the LOVECLIM model, which 
were used to evaluate whether external forcings can explain our records 
(Extended Data Fig. 9). The TraCE simulation included variations in 
insolation, greenhouse-gas concentrations, ice-sheet extension and 
altitude from the ICE5-G reconstruction and a crude estimate of associ-
ated freshwater release into the North Atlantic. The LOVECLIM model 
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used similar forcings but included ICE-6G for the ice sheet, an estimate 
of volcanic forcing, and did not account for freshwater release into 
the North Atlantic.

The AMOC correction is based on the AMOC reconstruction in ref. 44, 
which is based on 22 proxy records of sea surface temperature in the 
North Atlantic, and has a temporal resolution of 50 years and cov-
ers the period 10–2 kyr bp. The AMOC reconstruction was calibrated 
using the Northern Hemisphere reconstruction in ref. 106, transient 
model simulations and hosting simulations4,107. The impact of AMOC 
variations was quantified after 100 years of 0.3 Sv added to the North 
Atlantic, leading to freshwater release similar to that estimated during 
the 8.2 kyr bp event39. The variables simulated in the transient run were 
subsequently corrected using a semi-empirical model described in 
detail in ref. 107. The effects of the AMOC on precipitation simulated in 
IPSL-CM6A-LR are similar to those simulated in other models from the 
North Atlantic Hosing Model Intercomparison Project (NAhosMIP)20. 
However, owing to a lack of availability of the data from other models, 
we were not able to compute an error bar related to the model used, 
so the results presented in Extended Data Fig. 9 should be taken as a 
proof of concept rather than a precise estimate.

For the 8.2 kyr bp water-hosing experiment, the AWI-ESM2.1 model 
used in this study is a state-of-the-art climate model equipped with 
water-stable isotope diagnostics108 developed on the basis of the 
AWI climate model, version 2 (AWI-ESM2). The model consists of an 
ice-ocean component, FESOM2 (refs. 109–111), whose structure is based 
on a finite-volume approach109,111, and the atmosphere general circula-
tion model ECHAM6 (ref. 112), which incorporates diabatic processes 
with large-scale circulation of the atmosphere and contains the dynamic 
vegetation model JSBACH113–115. Three water-stable isotope tracers are 
further added to all relevant processes in the water cycle108. This model 
has already been applied in several studies covering a wide range of 
climate conditions involving the present day111, the latest Holocene116, 
the Last Glacial Maximum117, the Last Interglacial118 and the Miocene119.

With AWI-ESM2.1-wiso, we performed equilibrium simulations for the 
early Holocene, in which we fixed the boundary conditions at 8.2 kyr bp 
(Extended Data Fig. 10b), following the simulations in ref. 120. The 
greenhouse-gas concentrations were taken from ice-core records121. The 
topography and ice-sheet properties were derived from the GLAC1D 
reconstruction. The atmosphere model resolution is T63 (about 1.9°) 
in the horizontal domain with 47 vertical levels. The resolution for the 
ocean reaches 20 km in polar and coastal areas and 35–50 km across 
the equatorial belt. We integrated the early Holocene experiment for 
1,000 model years, with no obvious trends observed for the final 100 
model years. Then, to reproduce the 8.2 kyr bp cold event, we extended 
the simulation by adding 0.15 Sv of freshwater over the Labrador Sea 
for another 100 model years (Fig. 4 and Extended Data Fig. 10d).

Data availability
All data that support this study are available from Zenodo with refer-
ence to the paper (including all information and references to the paper) 
at https://doi.org/10.5281/zenodo.13912623 (ref. 26). The maps in Fig. 1 
were made with the software ArcMap 10.6 (Esri Inc.) using background 
maps (Fig. 1b: maps data: Google, 2022, Landsat/Copernicus; Fig. 1c: 
maps data: Google, 2024, Maxar Technologies). The water drainage 
map in Extended Data Fig. 1a and the swath profile in Extended Data 
Fig. 1b are based on the Advanced Spaceborne Thermal Emission and 
Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) 
and made using ArcMap 10.6 (Esri Inc.).
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Extended Data Fig. 1 | Geomorphological and hydrometric context of the 
Ounianga Lakes district. a, Water drainage to Ounianga Serir and Ounianga 
Kebir based on Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) Global Digital Elevation Model (GDEM) data using 
ArcMap 10.6 with the main Lake Yoa (dark-blue shading) and the potential sizes of 
lakes formed by flooding up to 419 m above sea level (a.s.l.) (light-blue shading), 

as suggested by exposed diatomites and a potential overflow divide at 419 m 
according to ref. 21. b, Elevation ranges (m a.s.l.) from a southwest–northeast 
swath profile (based on ASTER GDEM; for location, see dashed red frame in a), 
superimposed by the current water level of Lake Yoa (continuous blue line) and 
its maximum level during the AHP (dashed blue line).



Extended Data Fig. 2 | Construction of the Co1240 composite core. a, Core 
Co1240 lithology with a core gap and bedding types. b, The composite core 
(central column) is based on the correlation of lithological changes and Ti XRF 
counts of the cores Co1240 and OUNIK03/04. Core segments building the 

composite are highlighted with darker shading and dashed lines. The red  
arrows and rectangles mark the positions of the thin sections shown in 
Extended Data Fig. 5.
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Extended Data Fig. 3 | Linescan images of the composite core Co1240. For classified bedding types, see Extended Data Fig. 2.



Extended Data Fig. 4 | Chronology of the composite core Co1240.  
The chronology of Co1240 is based on varve counting (black line, hatched 
where extrapolated), supported by the AD 1963 137Cs peak and 14C ages of  
grass charcoal and plant remains26 (compare with Extended Data Fig. 6).  
The resultant sedimentation rates are indicated by the striped pattern.  
Also shown are the chronology of core OUNIK03/04 (ref. 22) (red line), the four 
lake phases (at the top of the figure and dashed lines), 14C ages of bulk carbonate 

and compound-specific plant waxes and uncorrected (uc) and reservoir-
corrected (c) 14C ages of bulk organic matter and Typha rhizomes. The 
uncorrected 14C ages of organic matter and Typha rhizomes were used for the 
Bayesian age–depth model (grey shading), whose differences to the varve 
chronology (green shading) reflect the variable reservoir effects associated 
with the radiocarbon ages of these components.
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Extended Data Fig. 5 | Exemplary thin sections from core Co1240.  
For positions of thin sections, see red arrows and rectangles in Extended  
Data Fig. 2. a, Calcite-rich finely laminated sediment in the upper core part 
corresponding to the lower laminated facies in core OUNIK03/04 (ref. 23) that 
has proved to represent annual layers (varves). b, Finely laminated sediment 
similar to a in larger sediment depth, below the two disturbed intervals in core 

Co1240. c, Coarsely laminated sediment with intercalated non-erosive, reddish-
brown clay layers (indicated by black rectangles and partly labelled). d, Finely 
laminated sediment deposited during the 8.2 kyr event and first clay layers 
above (indicated by black rectangles). e, Particularly finely laminated sediment 
deposited during the initial stage of Lake Yoa.



Extended Data Fig. 6 | Annual layering in core Co1240. a, High-resolution 
linescan colour image of the upper 22.7 cm in the gravity core Co1240-1 that 
forms the uppermost part of the composite core (Extended Data Fig. 2). 
Superimposed is the greyscale image of X-radiographs, with the layer counting 
indicated by black and white lines. Also shown is the depth of the 137Cs peak 
ascribed to AD 1963, which was measured in core OUNIK03/04 (Fig. 1) and 
transferred to Co1240-1 based on the correlation of comparable lamination 
patterns in both cores (Methods). The perfect match of the 137Cs peak with the 

layer counts confirms their annual formation as varves. b, Thin section from 
1,506.5–1,516.0 cm, bracketing the 8.2 kyr bp drought event. The thin section  
is shown in plane (PPL) and cross-polarized light (XPL), with the varve counts 
superimposed (yellow lines) and the sediment depths and varve ages before 
present indicated. The Ca/Ti ratio, measured along the centre of the thin section 
in 200-µm resolution, illustrates the amounts of calcite precipitation relative to 
clastic sedimentation.
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Extended Data Fig. 7 | The Lake Yoa pollen record. The record is based on 
pollen counts from cores OUNIK03/04 (<5.2 kyr bp)22 and Co1240 (>5.2 kyr bp) 
(Fig. 1). a, Pollen-derived HI and Typha as an indicator of extended littoral 
vegetation. b, z-scores of the summed proportions of Guinean, Sudanian, 
Sahelian and Saharan taxa, calculated from squared-root-transformed and 
centre-log-ratio-transformed values. Phytochoria groups are colour-coded 
according to moisture: positive values (on the right) of the Guinean (dark green) 
and Sudanian (light green) curves show the spread of these taxa indicative  
of humid conditions; values to the left (negative) their decrease, indicating 
reduced plant-available moisture; positive values of the Sahelian taxa (orange) 
indicate semi-arid conditions and shifts of the Saharan taxa (yellow) to positive 

values indicate the establishment of today’s desert vegetation under arid 
conditions. The small bars show the samples; the larger, semi-transparent  
bars correspond to 250 years average. c, Percentage variations of the main 
phytomass producers, that is, grasses (Poaceae) and Amaranthaceae (sum of 
Cornulaca-type and Amaranthus-type), which mainly reflect savannah and 
desert vegetation, respectively. d, Percentages of selected pollen types showing 
the main vegetation changes. The colours of the pollen types correspond to their 
respective phytogeographical affinity. The column on the right and the dashed 
lines indicate the four phases of long-term hydrological changes, the grey and 
red horizontal bars the superimposed short-term droughts during phase II.



Extended Data Fig. 8 | The Lake Yoa diatom record. The record is based on 
diatom counts from cores OUNIK03/04 (<6.0 kyr bp)22 and Co1240 (>6.0 kyr bp) 
(Fig. 1). Taxa are presented according to their preferred habitats and the resultant 

P/B diatom ratio, as shown in Fig. 2b. The column on the right side and the dashed 
lines indicate the four phases of long-term hydrological changes, the grey and red 
horizontal bars the superimposed short-term droughts during phase II.
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Extended Data Fig. 9 | Transient Holocene precipitation simulations for the 
Lake Yoa area. a, Results of the TraCE model. b, Results of the LOVECLIM model. 
Black and blue lines indicate simulations without and with AMOC correction, 
respectively.



Extended Data Fig. 10 | Simulated in monsoon changes for the 8.2 kyr bp 
event. a–d, Annual mean precipitation anomalies simulated by AWI-ESM 
between 6 kyr bp and the preindustrial period (PI) (a), 8.2 kyr bp without hosing 
and PI (b), 8.2 kyr bp without hosing and 6 kyr BP (c) and 8.2 kyr bp with hosing 

and PI (d). e, Difference in 850 hPa zonal wind during the summer months  
(June, July, August, September) between 8.2 kyr bp with hosing and 8.2 kyr bp 
without hosing. The location of Lake Yoa is marked by stars.
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