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The spatial pattern of precipitation variability in tropical and subtropical Africa over the late Quaternary
has long been debated. Prevailing hypotheses variously infer (1) insolation-controlled asymmetry of wet
phases between hemispheres, (2) symmetric contraction and expansion of the tropical rainbelt, and (3)
independent control on moisture available in Southern Africa via sea surface temperatures in the Indian
Ocean. In this study we use climate-model simulations covering the last glacial cycle (120 kyr) with
HadCM3 and the multi-model ensembles from PMIP3 (the Palaeoclimate Model Intercomparison Project)
to investigate the long-term behaviour of the African rainbelt, and test these simulations against existing
empirical palaeohydrological records. Through regional model-data comparisons we ﬁnd evidence for
the validity of several hypotheses, with various proposed processes occurring concurrently but with
different regional emphasis (e.g. asymmetric shifts at the seasonal extremes and symmetric expansions/
contractions towards West equatorial regions). Crucially, variations in rainfall are associated with multiple forcing mechanisms that vary in their dominance both spatially and temporally over the glacial
cycle; an important consideration when interpreting and extrapolating from often relatively short
palaeoenvironmental records.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The climate of intertropical Africa is strongly governed by the
dynamics of the tropical rainbelt, which is often associated with the
Intertropical Convergence Zone (ITCZ) (Holton et al., 1971;
Nicholson, 2009). Surface convergence has a strong inﬂuence on
the tropical rainbelt in Africa but is not its sole driving mechanism
and, as a consequence, the location of the ITCZ and the African
rainbelt can markedly differ. Following Nicholson (2009), we
deliberately distinguish the zone of maximum rainfall (the tropical
rainbelt) from the ITCZ rather than use these terms interchangeably. Both the mean annual position and strength of the rainbelt are
affected by the interhemispheric temperature gradient, which
varies on seasonal to orbital scales. Over modern seasonal timescales, the oscillation of maximum insolation between hemispheres causes the rainbelt to track the summer temperature
maximum, so that, away from the equator, the wet season is antiphased between northern (June, July, Aug) and southern (Dec,
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Jan, Feb) Africa (Fig. 1). Equatorial regions experience a bimodal
pattern of rainfall seasonality (Fig. 1B) where the tropical rainbelt
passes overhead twice a year as it moves north and then south. In
many areas this double rainfall peak is unevenly distributed into
‘long rains’ and ‘short rains’, separated by a drier season.
Records of palaeoenvironmental change in North Africa clearly
document the existence of ‘wet phases’ in the Sahara-Sahel and
these appear to be paced by the 19e23 kyr periodicity of orbital
precession, via its control on northern hemisphere summer insolation. Orbitally-induced peaks in summer insolation amplify the
pressure difference between the continental landmass and the
Atlantic Ocean, intensifying monsoonal circulation and potentially
shifting the average position of the tropical rainbelt further north
(DeMenocal et al., 2000; Braconnot et al., 2007; Patricola and Cook,
2007). The ﬂuctuations between wet and dry phases in North Africa
are recorded in a diverse range of palaeoproxies including vegetation composition, lake levels, dust emissions, and sapropel formation in the Mediterranean (e.g. DeMenocal et al., 2000; Demenocal
zine et al., 2011; Rossignol-Strick, 1983; Tjallingii
et al., 1993; Le
et al., 2008). There is still vigorous debate on the role of biophysical
feedbacks and the magnitude and abruptness of the resulting
€ pelin
environmental changes (e.g. Brovkin and Claussen, 2008; Kro
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Fig. 1. A) Monthly mean precipitation in mm/day (ﬁlled contours) and 10 m winds from ERA Interim renanalysis (1979e2013 average; Dee et al., 2011). Black lines illustrate the
main zone of intertropical convergence. Dashed black lines illustrate the Congo Air Boundary. B) Seasonality of precipitation over a central latitudinal cross-section of Africa
(15e30 W).

et al., 2008; Claussen et al., 2013), but there is a strong consensus
(e.g. Huang et al., 2008) that the periodic ‘greening’ of the Sahara,
the most recent being the African Humid Period (14.5e5.5 kyr), is
causally related to orbitally driven increases in northern hemisphere summer insolation (Pokras and Mix, 1987; Prell and
Kutzbach, 1987).
In sub-Saharan Africa and in southern Africa in particular, the
pacing and nature of long-term environmental change is less clear
(Burrough and Thomas, 2013; Govin et al., 2014) and there is little
consensus on the role of direct insolation forcing as a causal
mechanism for observed changes in palaeo-rainfall records and the
behaviour of the African rainbelt during the Quaternary. This lack of
coherence is due in part to the fragmentary nature of available
empirical data and the paucity of long, continuous, high-resolution
records of palaeoenvironmental change in the southern hemisphere tropics. In addition, the land mass/ocean conﬁguration of
Africa south of the equator may add spatial complexity to the
climate system response to forcing (Lee Thorp et al., 2004;
Burrough and Thomas, 2013) in comparison to the more homogeneous response of northern Africa.
Direct insolation control of hydroclimate (and by extension, the
predicted pattern of anti-phased responses between hemispheres
e further discussion below) is best detectable in climate signals
when the amplitude of the precessional cycle, modiﬁed by eccentricity, is at its greatest. It is possible therefore to predict periods of
time during the Quaternary, such as the last interglacial, when
hydroclimatic changes might be more visible in long palaeoclimate
records (supplementary information, Fig. S1). However, one of the
difﬁculties of assessing the relative importance of insolation control
on African climate stems from the scarcity of continuous highresolution palaeoclimate records that extend beyond the Holocene (when the amplitude of insolation forcing is relatively small).
Longer time series that capture the last Interglacial (~130e115 kyr)
do indeed suggest that this was a period when palaeoclimate underwent high amplitude changes linked to precession (Burnett
et al., 2011; Cohen et al., 2007; Moernaut et al., 2010; Scholz
et al., 2007; Trauth et al., 2003). When the amplitude of

precessional variability is low, direct insolation control as a driver of
climate may be muted and other forcing mechanisms, including
high latitude events and long-term greenhouse-gas (GHG) variation, may become relatively more important for determining
climate responses (Kuechler et al., 2013; Tjallingii et al., 2008).
Several alternative hypotheses concerning the main drivers of
intertropical rainfall change in the late Quaternary have emerged
in recent years in response to new palaeorecords that do not ﬁt
the idea of hemispheric asymmetry driven by local insolation
variations. These include the periodic expansion and contraction
of the rainbelt causing a symmetrical pattern of palaeorainfall
trends between the northern and southern hemispheres; the
zonal movement of the rainbelt, particularly associated with the
Congo Air Boundary (CAB) and the role of sea surface temperatures (SST) in the Indian Ocean as a driver of terrestrial rainfall.
There is intense debate about the validity of these seemingly
conﬂicting models of palaeohydroclimate change, which is difﬁcult to resolve with the spatiotemporal resolution of the existing
palaeoenvironmental archive. As such, climate model simulations
may provide useful insights into the primary controls on late
Quaternary tropical rainfall variations. The aim of this study is to:
i) review the current theoretical models (section 2); ii) use
HadCM3 climate model simulations covering the late Quaternary
as well as multi-model ensemble simulations (methods described
in section 3), in conjunction with long palaeohydrological records, to examine the applicability of the above hypotheses in
different regions (section 4); iii) reﬂect on the proposed mechanisms, and suggest where future data collection and synthesis
would be most useful to differentiate between conﬂicting ﬁndings or to better resolve the spatial extent of regional patterns of
change (section 5).
2. Theoretical models
Here, we outline the prevailing ideas commonly employed to
explain palaeo-rainfall data across Africa. The records we use to
illustrate these models are selected for their length, continuity, and
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relevance to the hypotheses discussed below (Fig. 2, Table 1). We
have not included qualitative data (e.g. where pollen composition is
used to infer a change in rainfall without a quantitative interpretation) or palaeoenvironmental records shorter than 10 kyrs. We
have also tried to avoid using discontinuous data except where it
serves to test speciﬁc model outcomes. This is not a judgement on
the quality of these data but instead is driven by the need for
palaeodata that is directly comparable with model data outputs.
2.1. Interhemispheric asymmetry
The effect of orbital precession is to cyclically modify the seasonal distribution of insolation between hemispheres with
approximately 23-kyr periodicity such that 10 kyrs ago, summer
insolation in the north African subtropics was ~8% more intense
than today (warmer summers, colder winters) while in the
southern sub-tropics the opposite was true (Berger, 1978). Because
the intensity of low-latitude rainfall is controlled by summer season insolation, the logical extension of this theory, supported by
several climate-model simulations (Kutzbach et al., 2008; Liu et al.,
2003) is that ‘wet periods’ will be anti-phased between hemispheres on the African continent over orbital timescales. In a
seminal paper by Partridge et al. (1997b) documenting a 200-kyr
rainfall record derived from the Tswaing Crater in southern Africa, a strong correlation was found between enhanced North African monsoons and reduced rainfall in southern Africa. These data
provided the ﬁrst strong empirical evidence to support the notion
that both subtropical northern and southern African climate were
responsive to precessionally driven changes in summer-season

insolation and that these responses were out-of-phase between
hemispheres (Fig. 3a). Despite strong criticisms over the last decade
for its poorly constrained and tuned age model, the Tswaing crater
proxy rainfall data (Fig. 3a) has remained the only continuous,
terrestrial hydroclimate record in South Africa to extend beyond
the last glacial.
New archives of palaeoenvironmental change from central,
eastern, and southern Africa, many of which do not conform to a
simple model of hemispheric asymmetry, have led researchers to
question or modify the mechanism of direct insolation control on
African climate. In Eastern Africa, an emerging network of palaeoproxy data suggests that the climatic ‘hinge zone’, which separates
sites with an apparent ‘northern mode’ of orbital scale climate
variability from those sites with a ‘southern mode’ responding
directly to southern hemisphere insolation forcing (Barker and
Gasse, 2003, Tierney et al., 2011a; Shefuß et al., 2011; Costa et al.,
2014), lies south of the equator. Geographically, this divide appears to occur just north or west of Lakes Malawi/Masoko which
generally exhibit a southern mode of hydroclimate variability
(Konecky et al., 2011; Garcin et al., 2006) (Fig. 4). To the south, a
~17-kyr leaf-wax dD record from the Zambezi basin (site 14) and a
140-kyr southeast Atlantic leaf-wax dD record derived from the
Kalahari desert (site 9) (Fig. 6) are more consistent with the notion
that hydroclimate variability has been strongly inﬂuenced by direct
southern hemisphere insolation control (Collins et al., 2014;
Schefuß et al., 2011). Other southerly sites, such as the Makgadikgadi basin (Fig. 6), may add complexity to this pattern through
their size and catchment geography, and the fact that the lacustrine
basin itself lies south of the ‘hinge zone’ but is fed by moisture in
the central African tropics, strongly inﬂuenced by a northern mode
of hydroclimate variability that controls the west African monsoon
(Burrough and Thomas, 2013; Burrough et al., 2009a).
2.2. Symmetry across the equator: expansion and contraction of the
African rainbelt
Terrestrially derived organic and sedimentary markers from
marine sediment cores spanning the western margin of tropical
Africa suggest that, rather than an asymmetric pattern of hydroclimate change between the northern and southern modes, the
African rainbelt contracted and expanded symmetrically in both
hemispheres (Collins et al., 2011). In this model, the dominant
dynamic of the African rainbelt is in terms of the latitudinal range of
seasonal movement, increasing or decreasing the average length of
the rainy season (Collins et al., 2011). The idea that southwest African hydroclimate effectively responds in phase with northern
hemisphere Africa is supported by other proxies from southwest
Africa including stable nitrogen-isotope records from hyrax middens interpreted as an indicator of moisture availability (Chase
et al., 2010, 2009) (Fig. 5A) leading researchers to suggest that
Southern Africa underwent a ‘progressive aridiﬁcation’ during the
Holocene synchronously with declining humidity characterising
the North African Humid Period.
2.3. Diverging patterns of hydroclimate across an east-west
gradient and the role of the Congo Air Boundary (CAB)

Fig. 2. Principal sites discussed in text. Terrestrial source regions for some oceanic
cores are shown in grey and labelled with the relevant site number. Site details are
provided in Table 1 below and palaeoproxy time-series are shown in Figs. 4e6. Winter
rainfall zones (i.e. not dominantly impacted by the behaviour of the intertropical
rainbelt are shown in yellow and not considered further in this paper). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

High lakes and apparent wetter conditions are similarly found
to occur periodically in equatorial East Africa in phase with the
North African humid periods (e.g. Gasse et al., 2008; Costa et al.,
2014; Tierney and deMenocal, 2013; Garcin et al., 2009; Berke
et al., 2012). Changes in insolation and shifts in the mean annual
position of the ITCZ do not adequately explain this long term
hydroclimate variability, particularly as this behaviour extends
south of the equator to southeast African lakes, including Rukwa
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Table 1
Principal site locations and details of empirical data discussed in text.
Site no.

Site description

Longitude

Proxy

Time range of record (ka)

Reference

1

Offshore Mauritania (GeoB7920-2)

Latitude
20.75

18.58

116e0.5

Tjallingii et al., 2008

2
3
4
5
6
7
8

Cape Verde Plateau (ODP Site 659)
Offshore Senegal (GeoB9508-5)
Lake Bosumtwi
Gulf of Guinea (MD03-2707)
Congo River Mouth
Spitzkoppe
Walvis Ridge (MD962094)

18.08
15.50
6.51
2.5
5.94
21.82
20

21.03
17.95
1.41
9.4
11.47
15.18
9.27

131e2.5
43.6e1.4
26.7e0.2
156e0.4
19.5e0.03
11.8e0.05
321e4

Küchler et al., 2013
Niedermeyer et al., 2010
Peck et al., 2004
Weldeab et al., 2007
Schefub et al., 2005
Chase et al., 2009
Stuut et al., 2004

9
10
11
12
13
14
15
16
17
18
19
20
21
22

Offshore Nambia (MD08-3167)
Makgadikgadi basin sump
Wonderkrater
Tswaing Crater
Indian Ocean (MD79257)
GeoB9307-3 Zambezi Delta
Lake Chilwa
Lake Malawi
Lake Masoko
Lake Tanganyika
Lake Challa
Lake Victoria
Lake Tana
Gulf of Aden

23.32
20.62
24.43
25.56
20.4
18.56
15.5
10
9.33
6.71
3.3
1.23
12
12

12.38
25.36
28.75
28.75
36.33
37.38
35.3
34
33.75
29.83
37.7
33.20
37.35
44.3

Continental humidity index
(grain-size analyses)
C31 dDwax
C31 dDwax
% LOI organic content
Ba/Ca (riverine runoff/SSS)
C29 dDwax
Hydrax midden d15N
Continental aridity index
(grain-size analyses)
C31 dD dDwax
Shoreline OSL
Pollen derived wet season rainfall
Grain size
Sea surface temperature from Uk'37
C28 dDwax
Shoreline OSL
C28 dDwax
Low-ﬁeld magnetic susceptibility
C28 dDwax
BIT index
C28 dDwax
C28 dDwax
C30 dDwax

136e1.5
288e8.4 (discontinuous)
19.7e0.3
199e0.02
45e1.2
16.9e0.3
44e0 (discontinuous)
78.9e0.1
45.3e0.03
59.5e1.4
25e0.05
14.9e1.4
15.1e1.4
40.1e0

Collins et al., 2014
Burrough et al., 2009a
Truc et al., 2013
Partridge et al., 1997a, 1997b
Bard et al., 1997
Schefub et al., 2011
Thomas et al., 2009
Konecky et al.;, 2011
Garcin et al., 2006
Tierney et al., 2008, 2010
Verschuren et al., 2009
Berke et al., 2012
Costa et al., 2014
Tierney and deMenocal 2013

(Vincens et al., 2005), Cheshi (Stager, 1988) and Tanganyika
(Burnett et al., 2011; Tierney et al., 2008). Using simulations with
the GISS Model E-R of the mid-Holocene (6 kyr BP), Tierney et al.
(2011a) have argued that an increase in available moisture can be
attributed to a reduction in southern equatorial East African seasonality (i.e. a wetter dry season (JuneeNov) and drier wet season
(DeceMay)) (Tierney et al., 2011a). The theory asserts that
increased P-E (precipitation minus evaporation) during the dry
season had a major impact on the cumulative annual water balance
and vegetation response but the decreased wet season P-E had less
hydrological impact so that the overall response was mean higher
lake levels in spite of little change in mean annual P-E. Mechanistically, it argued this East African hydroclimatic shift was an
indirect response to insolation caused by a change in the zonal
advection of moisture from both the Atlantic and Indian Ocean. To
the west, enhanced low pressure over North Africa during the
summer wet season and the development of a dipole SST anomaly
in the tropical Atlantic caused the trade winds to weaken and
allowed an increase of westerly moisture ﬂux inland from the
Atlantic (Kutzbach and Liu, 1997; Tierney et al., 2011a). At the same
time, heating of the southern half of the continent set up a pressure
differential with the SE Atlantic, which remained cool following
reduced winter insolation in the southern Hemisphere. This pressure gradient also pulled in moisture from the Atlantic. Therefore
in the mid-Holocene during Sept-Oct-Nov within the equatorial
region, and slightly south of it, an intensiﬁcation of precipitation
occurred in the regions affected by convergence along the Congo
Air Boundary (CAB). In addition, warmer SSTs in the Indian Ocean
related to the Indian Monsoon, resulted in increased moisture
advection on to easternmost Africa.
The Congo Air Boundary (CAB; Fig. 1) is a zonal extension of the
ITCZ which marks the conﬂuence between Atlantic and Indian
Ocean derived moisture. Variations in the Atlantic moisture ﬂux,
which converges and precipitates at the CAB, are now commonly
cited as a key driver of the observed spatial and temporal pattern of
hydroclimate change across Africa (Costa et al., 2014; Tierney et al.,
2011b). In particular, the long term behaviour of the CAB has been
invoked to explain the differences in palaeoproxy records between
sites in easternmost Africa (e.g. Lakes Tana and Challa) and those

further to the west (e.g. Lake Tanganyika, Lake Victoria). This
pattern appears to be a recurring feature of the geography of African palaeoclimate at both orbital and millennial scales. In these
models, increased moisture availability to the sites in the west
occurs via either enhanced convergence at the CAB (Tierney et al.,
2011a, 2011b) or through its progressive inﬂuence on lacustrine
basins as the CAB migrates east with the northerly migration of the
ITCZ during peaks in boreal summer insolation (Costa et al., 2014).
The Ethiopian and Kenyan highlands serve to isolate the easternmost sector of tropical Africa from the inﬂuence of the Atlantic
Ocean (Verschuren et al., 2009; Tierney et al., 2011b). Sites in
easternmost Africa respond instead to changes in the degree of
moisture advected from the western Indian Ocean either via the
northeast or southeast monsoons or sometimes both e.g. Lake
Challa (Fig. 4), where palaeodata suggest increased rainfall at halfprecessional dynamics (Verschuren et al., 2009).
2.4. Indian Ocean SST control on southern African rainfall
A suite of emerging palaeoecological data from southeast Africa
has led researchers to reject a simple model of asymmetric
hydroclimate change. Some authors advocate various degrees of
expansion and contraction of the Winter Rainfall Zone (WRZ, Fig. 2)
and strengthening and northward migration of the westerlies carrying Atlantic derived moisture (Chase and Meadows, 2007;
Cockcroft et al., 1987; Stuut et al., 2002a; van Zinderen Bakker,
1976). This mechanism is ultimately driven by variability in the
pole-equator temperature gradient and dominantly paced by
glacial/interglacial cycles. Debate is ongoing as to the amplitude
and/or geographical extent of that shift both northwards and
eastwards (Chase et al., 2010; Heine, 1982; Shi et al., 2001; Stuut
et al., 2004).
Under modern day conditions, SSTs (sea surface temperatures)
in the Indian Ocean exert signiﬁcant control on rainfall variability
across the region affected by summer season rainfall (Jury et al.,
1993; Reason and Mulenga, 1999). Indian Ocean SST variability
over the Quaternary has been frequently cited as a driving mechanism for ﬂuctuating humidity resulting in vegetation and landscape change in Southern Africa both on the eastern coastal
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Fig. 3. a) Long time-series illustrating terrestrial palaeo-precipitation proxies from northern hemisphere Africa (top) (Tjallingii et al., 2008) and southern hemisphere Africa
(bottom) (Partridge et al., 1997a) in relation to variations in their respective summer-season insolation (grey dashed line) (Berger and Loutre, 1991); b) Difference in the maximum
latitudinal extent of both northern (squares) and southern (triangles) hemisphere rainbelt between Mid-Holocene (ITCZMH) and Pre-Industrial (ITCZPI) conditions for different
models; c) Maximum latitudinal limit of boreal (top) and austral (bottom) summer rainbelt HadCM3 model simulation forced by variations in orbit only (ORB), greenhouse gases
and orbital variations (ORB_GHG) and greenhouse gases, orbital and ice-sheet variations (ALL), variations in summer insolation (June average for boreal summer and December for
austral summer) are given in the grey dotted lines in Wm2, values on the right-hand axes; d) Mean Annual Precipitation (MAP) for northern and southern hemisphere Africa
simulated by HadCM3 (latitudinal extent from c is shown for comparison).

margins (Dupont et al., 2011) and further inland (Stokes et al., 1997;
Truc et al., 2013). This model implies there is a strong positive
correlation between southwest Indian Ocean SSTs and the intensity
of southeast African rainfall via enhancing the availability of atmospheric moisture and that this, rather than direct insolation

forcing, exerts ﬁrst order control on hydroclimate variability in
Southern Africa. SSTs in the Atlantic Ocean may also be important.
Using dated dune records as a proxy for aridity, Stokes et al. (1997)
suggested it was the SST gradient across southern Africa that was
key to understanding past hydroclimatic change. Kalahari wet
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Fig. 4. East African palaeorainfall proxy time series: a) Gulf of Aden dDwax (‰) (Tierney and deMenocal, 2013); b) Lake Tana dDwax (‰) (Costa et al., 2014); c) Victoria dDwax (‰)
(Berke et al., 2012); d) Challa BIT index (Verschuren et al., 2009); e) Tanganyika dDwax (‰) (Tierney et al., 2008); f) Lake Masoko magnetic susceptibility records (Garcin et al., 2006);
g) Malawi dDwax (‰) (Konecky et al., 2011); and h) Zambezi Fan dDwax (‰) (Schefub et al., 2011).

phases were, it was argued, forced by large SST gradients which
lead to stationary easterly disturbances over the African landmass
and westward retreat of the South Atlantic anticyclone (Stokes
et al., 1997).
These broad theoretical models are frequently offered up as
mutually exclusive possibilities for governing past patterns of
rainfall. The emerging suite of palaeodata across the continent,

however, suggests that the dominance of a particular forcing
mechanism is not only regionally inhomogeneous but has changed
over time at any one site. The lower continental area of southern
Africa and the co-occurring inﬂuence of both the Atlantic and Indian Oceans on hydroclimate change mean that a complex
geographical pattern of past precipitation is more likely there than
in northern Africa.
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Fig. 5. A) West African proxy palaeorainfall records a) Grain-size derived continental humidity index from an ocean core offshore Mauritania (Tjallingii et al., 2008); b) C31 dD
rainfall record from terrestrially derived sediments of the Saharan/Sahel region (Kuechler et al., 2013); c) Ocean core C31 dD rainfall record from terrestrial sediments derived from
the western Sahel (Niedermeyer et al., 2010); d) Lake Bosumtwi sediment organic content derived from Loss on Ignition (LOI) (Peck et al., 2004); e) Gulf of Guinea sea surface
salinity record controlled by freshwater input from the Sanaga and Niger Rivers (Weldeab et al., 2007); f) C29 dDwax rainfall record from the Congo basin (Schefuß et al., 2005); g)
Hyrax midden d15N reﬂecting rainfall in the Northwest Namib (Chase et al., 2009); h) Walvis ridge southwestern Africa aridity index derived from grain size end-member modelling
(ratio of aeolian end members to hemipelagic component) (Stuut et al., 2002b); i) C28 dD eastern Namib/western Kalahari rainfall record (Collins et al., 2014). Numbers in brackets
refer to Table 1 and Fig. 2. B) Model simulated terrestrial precipitation (mm day1) for varying latitudes and longitudes. Proxy data from nearest palaeodata record (within 5
latitude) to modelled data shown on same plot for comparison.

3. Modelling methodologies
Model-data comparisons described in this study are primarily
performed with a unique, existing set of palaeoclimate simulations
over the last 120 kyr (originally described in Singarayer and Valdes,
2010) using the Hadley Centre coupled climate model, HadCM3.

However, given that climate models may vary in their response to
multi-millennial forcing due to differences in spatial resolution,
model physics, and parameterizations, we examine the robustness
of HadCM3 using multi-model outputs from the Paleoclimate
Model Intercomparison Project (PMIP3) for the mid-Holocene and
LGM. This enables us to elucidate common model responses to
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Fig. 6. Southern African palaeorainfall proxies a) Lake Masoko low-ﬁeld magnetic susceptibility (lower values indicative of lower seasonal ﬂuctuations and/or lake highstands)
(Garcin et al., 2006); b) C28 dD record from Lake Malawi sediments (inﬂuenced by both moisture transport history and monsoon intensity) (Konecky et al., 2011); c) Shoreline ages at
Lake Chilwa (dated highstands) (Thomas et al., 2009); d) C28 dD Zambezi basin rainfall record from the Zambezi Fan (Schefuß et al., 2011); e) Walvis Ridge sediment size aridity
index (Stuut et al., 2004) f) C28 dD eastern Namib/western Kalahari rainfall record (Collins et al., 2014); g) Makgadikgadi shoreline OSL ages (Burrough et al., 2009a); h) Pollen
derived wet season rainfall record from Wonderkrater (Truc et al., 2013); i) Tswaing crater rainfall record derived from sediment composition (Partridge et al., 1997a); j) Indian
Ocean alkenone SST record (Bard et al., 1997; Sonzogni et al., 1998). Numbers in brackets refer to Table 1 and Fig. 2.
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orbital and glacial forcing, and to outline regions of model
disagreement where additional palaeodata may be useful for model
evaluation. The models and experiments used are outlined in the
following subsections.
3.1. HadCM3 glacial cycle simulations
HadCM3 is a GCM (General Circulation Model) consisting of
coupled atmospheric, ocean and sea-ice model components, (Pope
et al., 2000; Gordon et al., 2000) and in this study there is an
additional coupled dynamic vegetation component. The resolution
of the atmospheric model is 2.5 in latitude by 3.75 in longitude by
19 unequally spaced vertical levels. The spatial resolution over the
ocean in HadCM3 is 1.25 by 1.25 by 20 unequally spaced layers in
the ocean extending to a depth of 5200 m. The model contains a
typical range of parameterizations in the atmosphere and ocean,
including a detailed radiation scheme that can represent the effects
of minor trace gases (Edwards and Slingo, 1996). The ocean model
uses the GenteMcWilliams mixing scheme (Gent and McWilliams,
1990). The sea ice model is a simple thermodynamic scheme and
contains parameterizations of ice drift based on surface ocean
currents (Cattle and Crossley, 1995). The model version used here
incorporates the MOSES2.1 land surface scheme (Essery et al., 2001)
and the TRIFFID vegetation model (Cox, 2001), which divide the
land surface into nine surface types, including ﬁve plant functional
types. The land surface exchanges water, carbon, and energy with
the atmosphere component. TRIFFID was asynchronously coupled
in ‘equilibrium mode’ to speed up the time to reach steady state, i.e.
the vegetation model was run for 50 years after every 5 years of
climate model time.
HadCM3 is forced with prescribed changes in orbit (altering the
seasonal and latitudinal distribution of solar insolation), greenhouse gases, sea level, and ice-sheet evolution (Fig. 7). Orbital parameters are taken from Berger and Loutre (1991). Atmospheric
concentrations of CO2 were taken from Vostok (Petit et al., 1999;
Loulergue et al., 2008) and CH4, and N2O were taken from EPICA
(Spahni et al., 2005), with all data transferred to the EDC3 timescale
(Parrenin et al., 2007). Ice-sheet reconstructions use the ICE5G
model of Peltier (2004) for pre-industrial to LGM time slices, which
includes a detailed evolution of the ice thickness, extent, and
isostatic rebound for the last 21 kyr. This dataset was used to
calculate GCM continental elevation, bathymetry, ice area, and landsea mask using an anomaly-based method for consistency with the
HadCM3 pre-industrial boundary conditions. Prior to the LGM,
when ice-sheet extent is relatively unconstrained, the ice extent and
height producing a particular ice volume for pre-industrial to LGM
were mapped onto similar ice volumes for LGM to 120 kyr BP, as
given by SPECMAP global sea level curve (see Singarayer and Valdes,
2010; and Eriksson et al., 2012 for model details).
Three sets of snapshot simulations have been run (see also
Singarayer et al., 2011), each consisting of 62 model runs covering
the whole of the last 120 kyr. In the ﬁrst set of simulations, ORBONLY, only the orbital conﬁguration was modiﬁed for each time
slice, with all other boundary conditions set to pre-industrial. In the
second experiment, ORB þ GHG, orbit and trace greenhouse gases
were modiﬁed. In the ﬁnal experiment, ALL, additional boundary
conditions of ice-sheet extent/height and sea level were included.
In all simulations the initial conditions were the same, based on a
prior spun-up pre-industrial simulation, and each was run to
equilibrium for 500 years. The climatologies presented here are
averages of the last 30 years. See Fig. S2 for the pre-industrial
seasonal variation in rainfall and 10 m winds as simulated by
HadCM3 over Africa.
This modelling methodology focuses on multi-millennial scale
variations in hydroclimate and does not include millennial-scale

Fig. 7. HadCM3 model inputs. From top to bottom: i) Global Atmospheric CO2 (Petit
et al., 1999); ii) global Atmospheric CH4 (Spahni et al., 2005); iii) Northern Hemisphere ice-sheet volume (Peltier, 2004); iv) variability of insolation at the earth's
surface over time (Berger and Loutre, 1991).

variability such as Dansgaard-Oeschger events and Heinrich
events, although relevant Heinrich event simulations are in existence (Singarayer and Valdes, 2010). A second qualiﬁcation is that
the methodology assumes the climate is in equilibrium with the
boundary conditions and is not affected by initial conditions (i.e.
there are not multiple possible stable states). Previous publications
using these and related model simulations suggest this is a
reasonable ﬁrst order approximation for multi-millennial climate
variability (e.g. Singarayer and Valdes, 2010; Singarayer et al., 2011).
All time slices over the last 120 kyr were examined for all three
HadCM3 experiments to assess the most important factors driving
variation in the position and seasonal range, as well as the symmetry/asymmetry of the rainbelt in the model for comparison with
the palaeorecord (e.g. Partridge et al., 1997).
3.2. PMIP3 simulations
The HadCM3 experiments covering the last glacial cycle are
complemented by model simulations from a range of coupled
models run as part of the CMIP5/PMIP3 initiatives (downloaded
from http://cmip-pcmdi.llnl.gov/cmip5/dataportal.html in Mar
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2014). At the time of downloading there were 13 models for which
pre-industrial and mid-Holocene (6 kyr BP) conditions are available
and 8 models for which a Last Glacial Maximum (LGM) simulation
was performed. See Table 2 for details of those models for which
palaeo time slices were available. The mid-Holocene simulations
included changes to orbital conﬁguration and greenhouse gases for
6 kyr BP. We have used the HadGEM2-CC model output in the results sections but not the HadGEM2-ES version due to the short
length of integration available with the latter model version for the
mid-Holocene. The LGM simulations included changes to orbital
conﬁguration and greenhouse gases appropriate to 21 kyr BP, and
ice-sheet related changes to orography using ICE6G. Taylor et al.
(2012) and Braconnot et al. (2012) provide further details of the
CMI5/PMIP3 experimental set-up. There are minor differences in
the boundary conditions used for mid-Holocene and LGM boundary conditions between the PMIP3 simulations and the HadCM3
simulations described in section 3.1, e.g. use of ICE5G with HadCM3
vs. ICE6G for PMIP3. However, these are small enough to enable
reasonable comparison of the two sets of experiments at the relevant time slices.
3.3. Calculating variations in the inter-hemispheric latitudinal
range of the tropical rainbelt
To calculate the seasonal latitudinal range of the tropical rainbelt we follow the approach of Braconnot et al. (2007) to ﬁnd the
latitudes encompassing the core of the rainbelt. To ﬁnd the
northern limit of the core rainbelt, for each longitude, the latitudinal position of weighted monthly mean precipitation on the
north side of peak precipitation for that month was calculated. This
enables any spurious precipitation in arid regions to be disregarded
to obtain a more robust estimate of the tropical rainbelt than taking
the absolute northern limit of precipitation. Braconnot et al. (2007)
used this method for the northern hemisphere alone, but here the
method is similarly used in the southern hemisphere to ﬁnd the
total latitudinal range of the rainbelt. At any longitude, the
maximum seasonal rainbelt excursion north or south is given by
calculating the maximum North/South latitude over all months (i.e.
the timing of the seasonal extremes is allowed to vary by this
method).
4. Results
4.1. Interhemispheric variations in rainbelt seasonal range
As found previously, the model suggests that the extent of the
northern excursion of the African rainbelt (Fig. 3c) in boreal
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summer varies in phase with northern hemisphere summer insolation (e.g. Braconnot et al., 2007; Marzin and Braconnot, 2009;
Kutzbach et al., 2008). Similarly, the maximum southern excursion of the austral summer rainbelt (Fig. 3c) varies in phase with
southern hemisphere summer insolation. In combination, the
model tropical African rainbelt range shifts latitudinally in response
to orbitally driven variation in seasonal insolation, and corroborates
earlier assertions based on palaeoenvironmental data (e.g.
Partridge et al., 1997, Schefuß et al., 2011; Collins et al., 2014,
Fig. 3a).
Comparison of all three model experiments (ORB-ONLY,
ORB þ GHG, ALL) reveals that the largest variations in latitudinal
position of the rainbelt result from orbital conﬁguration insolation,
with secondary impacts from changes to greenhouse gases (GHGs)
and ice-sheets/sea level (Fig. 3c), although a proper factor separation is not possible in this experimental set up without further
experiments to isolate all the forcings in turn. Both GHGs and icesheets (in conjunction with orbital forcing) produce asymmetric
responses; with ice-sheet expansion occurring mostly in the
northern hemisphere, and reduced GHGs in the glacial producing
cooling that was larger in the northern hemisphere due to the
larger area of land there compared to the southern hemisphere. In
order to compensate for the larger cooling in the northern hemisphere, resulting from continental ice-sheet expansion and GHG
reductions during the last glacial period, the model rainbelt moves
south to scavenge heat from the warmer hemisphere (mechanism
described in Broccoli et al., 2006). This can be seen by comparison
of the three curves in Fig. 3c. The modelled boreal summer
northern rainbelt limit is more sensitive to ice-sheet changes and
the southern limit more sensitive to GHGs (Otto-Bliesner et al.,
2014; found similar sensitivity of the southern African tropics to
GHGs). However, both forcings also produce asymmetric variations
in the rainbelt.
Similar calculations for the mid-Holocene (MH) vs. PreIndustrial (PI) time slices with available PMIP3 model outputs
demonstrate that this asymmetric response to the orbitally driven
changes in insolation seasonality is a robust response (Fig. 3b). All
models produce northward movement of the northern limit of the
boreal summer rainbelt in the MH in response to enhanced boreal
summer insolation (replicating the results from Braconnot et al.,
2007 with PMIP1/PMIP2 models). However they generally underestimate the magnitude of increase in precipitation in comparison
rez Sanz et al.,
with palaeodata syntheses (Bartlein et al., 2011; Pe
2014; Braconnot et al., 2012). There is less agreement in the
southern hemisphere limit, but 10 of 13 models agreed with the
results produced by the HadCM3 experiment. This is despite the
precipitation anomalies (MH-PI) being much more spatially

Table 2
List of CMIP5/PMIP3 models and available palaeoclimate simulations. OA refers to coupled ocean-atmosphere models. OAC refers to coupled ocean-atmosphere-carbon/
vegetation models.
Model

bcc-csm1-1
CCSM4
CNRM-CM5
CSIRO-Mk3-6-0
FGOALS-g2
FGOALS-s2
GISS-E2-R
HadGEM2-CC
HadGEM2-ES
IPSL-CM5A-LR
MIROC-ESM
MPI-ESM-P
MRI-CGCM3

Atmos. Res.

128  64  L26
288  192  L26
256  128  L31
192  96  L18
128  60  L26
128  108  L26
144  90  L40
192  145  L60
192  145  L38
96  96  L39
128  64  L80
192  96  L47
320  160  L48

Model conﬁg.

OAC
OA
OA
OA
OA
OA
OA
OAC
OAC
OAC
OAC
OA
OA

Available simulations
PI

MH

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Reference
LGM
Y
Y
Y
Y

Y
Y
Y
Y

Wu et al. (2013)
Gent et al. (2011)
Voldoire et al. (2013)
Rotstayn et al. (2010)
Li et al. (2013)
Bao et al. (2013)
Schmidt et al. (2014)
Collins et al. (2011)
Collins et al. (2011)
Dufresne et al. (2013)
Watanabe et al. (2011)
Jungclaus et al. (2006)
Yukimoto et al. (2011)
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variable in the southern hemisphere than the northern (see Fig. 8
for PMIP3 models HadCM3). There was no common pattern to
the inter-model magnitude of N/S response. In other words, models
with large movement of the northern rainbelt excursion did not
necessarily have a larger southern excursion.
While the boreal summer rainbelt variations strongly correlate
with precession-dominated boreal summer insolation throughout
the modelled last 120 kyr, the southern rainbelt displays a greater
degree of noise and has generally lower correlation with austral
summer insolation from ~50 kyr to PI (Fig. 3c) than the northern
hemisphere rainbelt has with boreal summer insolation. During
this period, precessional insolation variation has been muted
compared to the earlier half of the last glacial cycle, due to reduced
eccentricity modulation (Fig. S1). When insolation is a smaller
driver, the lower continentality of southern Africa results in more
inﬂuence from internal climate variability than in northern Africa
in HadCM3. Given the short length of the climate averages (30 yr) it
appears that multi-decadal variability in rainbelt position has a
similar magnitude as its response to insolation, resulting in a
relatively noisy time series (in particular for ORB-ONLY, Fig. 3c).
Extrapolation from the modelled result would suggest that when
precession-driven insolation variation is small, other driving forces
might dominate the palaeo-precipitation signal in southern African
data more so than has similarly been observed in northern Africa
(Kuechler et al., 2013; Tjallingii et al., 2008).
Results from HadCM3 for the African rainbelt asymmetry
(Fig. 3c/d) are consistent with key palaeodata ﬁndings (Collins et al.,
2014; Partridge et al., 1997a; Schefuß et al., 2011). However, it is
important to acknowledge the care that must be taken in interpreting palaeo-precipitation records from single sites in terms of
movement in the rainbelt. It is not possible to distinguish changes
in the rainbelt position from changes in rainbelt intensity of precipitation from a single location, rather data from a range of latitudes must be compiled (Shanahan et al., 2015). Even then

interpretation can be difﬁcult since changes in intensity and rainbelt shifts do not necessarily co-vary in all geographical locations,
and may even vary out of phase in certain areas (Singarayer and
Valdes, in review). However, in the particular case of northern
and southern Africa, the annual mean precipitation near the seasonal limits of the tropical rainbelt does echo the rainbelt shifts in
this model (Fig. 3d).
Of equal note is the behaviour of the rainbelt in any one season
in response to insolation forcing. The simple picture of latitudinal
shifts in the whole precipitation band does not apply when
considering individual seasons. When insolation increases (decreases) in any month, the precipitation increases (decreases) over
a wide latitudinal range (for non-coastal regions), resulting in
pulses of higher (lower) rainfall also to the north and south in the
main rain band at these times (Fig. 9). Similar responses can be seen
in the majority of the PMIP3 models’ monthly/seasonal precipitation. This is in contrast to the variation in convergence (ITCZ) near
the surface (Fig. S3), which primarily shifts meridionally, especially
over northern Africa. Due to relatively small thermal inertia over
land (in comparison with oceans) local surface heating dominates
the response in the continental interior (Chiang and Bitz, 2005),
resulting in higher rainfall over a wide latitudinal range.
4.2. Spatial patterns in the equatorial response
Recent palaeodata retrieved from lower latitudes and mainly
from the western African continent or offshore sediment cores from
the west coast suggest a coherent response in the northern and
southern hemispheres (e.g. Collins et al., 2011, Fig. 5A). At ﬁrst
glance this result seems at odds with prior ﬁndings of asymmetric
shifts in the latitudinal range of the rainbelt (Fig. 3). The expectation might be for similar asymmetric trends in the northern and
southern regions of equatorial Africa. Using the HadCM3 suite of
simulations covering the last glacial cycle it is possible to examine

Fig. 8. Mid-Holocene minus Pre-industrial mean annual precipitation anomalies (in mm/day) of the available models from the PMIP3 experiment. See Table 2 for individual model
details.
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Fig. 9. Changes in January, April, June and October precipitation for latitudes between
30 S and 30 N over the last glacial cycle in the HadCM3 ‘ALL’ experiment averaged
over 15e30 E.

this by recreating equivalent model-based latitudinal time series
(Fig. 5B) to those collated in the palaeorecords, which in general
reﬂect changes in past rainfall, and in the case of offshore cores,
integrate a region of around ten degrees inland from the coast (cf.
source regions for offshore cores in Fig. 2).
For the ALL experiment, time series of annual precipitation at
numerous latitudinal locations on the west side of Africa between
20 N and 16 S all demonstrate ~20-kyr cyclicity (Fig. 5B). At these
latitudes (except 3e5 N of Fig. 5B) a general drying is simulated
over the Holocene, following a wetter early Holocene and an LGM
that was as dry as the PI or drier. This reﬂects the pattern observed
in available palaeodata (Fig. 5A), and at a coarse temporal resolution could be considered approximately symmetric. At the most
southern latitude plotted (18e20 S; Fig. 5B) the sense of symmetry
breaks down somewhat in the model. Here, the drying begins even
earlier near the LGM and then remains relatively dry from the midHolocene onwards (as also seen in the data).
The apparent ‘symmetry’ in wet/dry phases around the equator
between 20 N and 16 S is more complex when considered in more
detail. The southern-latitude model output for West Africa effectively leads the northern hemisphere by 3e5 kyr throughout the
glacial cycle. At these southern equatorial latitudes the majority of
annual precipitation falls between September to May, but is
essentially bimodel, with two peaks at roughly November and
March/April (varies with time slice; Fig. S4). Given this seasonality,
one might expect the annual mean precipitation to follow Jan/Feb
insolation (somewhere in the middle of the rainy season). However,
the model rainfall here effectively has a temporal variation equivalent of following May insolation. In the earlier part of the rainy
season (OcteFeb) the precipitation is in anti-phase with local
insolation (for reasons explained in the next paragraph). However,
in the later part of the rainy season (MareMay) the precipitation is
in phase with local insolation. The superposition of these two
phases results in the overall annual precipitation being roughly in
phase with May insolation (see Fig. S4), resulting in an apparent
lead of 3e5 kyr over the northern latitudes (which are in phase
with July/August insolation).
The anti-phasing of OcteFeb precipitation with local insolation
originates in the dynamic ocean response to changes in seasonal
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insolation. The HadCM3 Atlantic ITCZ responds to interhemispheric
temperature gradients by shifting to the warmer hemisphere to
scavenge heat (Broccoli et al., 2006; Chiang and Bitz, 2005). When
boreal summer insolation is high the northern hemisphere warms
more than the southern hemisphere due to the larger continental
area in that hemisphere, which has smaller thermal inertia than
ocean. This results in lower precipitation at the equator and higher
precipitation to the north over the Atlantic. When boreal summer
insolation is high, coincident austral summer insolation (and boreal
winter insolation) is low. As a result, the northern hemisphere cools
more than the southern hemisphere (again due to higher continentality) and consequently the austral summer Atlantic ITCZ
shifts into the warmer southern hemisphere to compensate. Its
impact on annual rainbelt precipitation over the Atlantic is to create
wetter conditions to the north and south of the equator and drier
conditions close to the equator, i.e. symmetric expansion
(contraction) of the oceanic rainbelt when boreal summer insolation is at a maximum (minimum) (Singarayer and Valdes, in
review). This oceanic feature is a robust characteristic observed in
HadCM3 and the majority of PMIP3 models (Fig. 8). In HadCM3 the
precipitation anomalies originating in the tropical Atlantic are
advected into west coast regions of Africa, resulting in roughly
latitudinally symmetric variation in precipitation during October to
February. However, by the peak rains between March and May the
impact of local insolation on temperatures over southwest tropical
Africa predominates the precipitation response (because the relative impact of local convection over land increases) and so the rain
in these months follows local seasonal insolation rather than being
in anti-phase.
In HadCM3 model output, there is a small latitudinal band of
simulated drier conditions at the equator on the west coast when
wetter conditions prevail to the north and south (Fig. 8). However,
there is a high level of inter-model variation in the extent to which
the latitudinal ‘wetter-drier-wetter’ spatial pattern of Atlantic
anomalies is advected over coastal regions to the continental
interior (Fig. 8). For example, CCSM4, FGOALS-s2, IPSL, and MPI
models display features in spatial patterns in MH-PI annual mean
precipitation anomalies along the western side of Africa that are
similar to HadCM3. However, in HadGEM2-CC the drier equatorial
Atlantic anomalies do not propagate signiﬁcantly onto the continent, resulting in predominantly wetter conditions over the whole
latitudinal range between 20oS and 20oN. In MIROC and FGOALS-g2
model output the wetter southern Atlantic conditions during the
MH are mostly/entirely restricted to the ocean, and this results in
an NeS dipole response over the continent with drier conditions
south of the equator and wetter conditions in the northern
hemisphere.
The differences between models will be a consequence of
different land-atmosphere coupling strengths, differences in
included processes, inconsistent boundary conditions (Braconnot
et al., 2007), parameterizations relating to convection, and spatial
resolution. Further work is required to assess which factors dominate the inter-model variation. However, this northern equatorial
region has the potential to differentiate model skill in tropical
hydroclimate using palaeodata. Comparison of the model data with
the palaeodata (Fig. 5B) highlights a signiﬁcant disagreement in the
direction of change during the Holocene (at 3e5oN). In the model,
the latitude of the switch from wetter to drier equatorial conditions
due to precessional-scale forcing moves southwards during the
glacial in response to hemispherically asymmetric ice-sheet forcing, so that during the glacial period this particular region sits
slightly more within the ‘wetter’ northern regime when boreal
summer insolation is high, but during the Holocene it has a higher
proportion of area in the ‘drier’ equatorial regime when summer
insolation is high. The available palaeodata do not seem to suggest

60

J.S. Singarayer, S.L. Burrough / Quaternary Science Reviews 124 (2015) 48e67

such a change in regime at this latitude. This might reﬂect the more
northern location of the catchment region of the ﬂuvial systems
that feed the Ocean Core in the Gulf of Guinea (site 5, Fig. 2) which
reﬂect a wetter Saharan/Sahel region, or that HadCM3 is expressing
this mode of variation at the wrong latitudes and/or overestimating
the advection of this oceanic pattern over terrestrial regions.
Palaeodata that directly reﬂects terrestrial hydrological change at
these equatorial latitudes would greatly improve our ability to
assess the model outputs for this region.
Note that while our results suggest that multi-millennial orbital
forcing can result in an element of symmetry between N and S on
the west coast of Africa, Otto-Bliesner et al. (2014) also found a
symmetrical response to millennial-scale forcing in a transient
simulation of the last deglaciation. In their study the symmetrical
response in North Africa and southeast equatorial Africa occurs
following resumption of the Atlantic meridional overturning circulation. They ﬁnd that the wetter conditions in their model in
northern and southern Africa were responses to increases in GHGs,
which in the northern hemisphere was ampliﬁed by coincident
orbital conﬁguration changes that also would produce wetter
conditions.
4.3. Mechanisms of variation in East African rainfall
The development of dDwax as a terrestrial proxy for past rainfall
in the tropics and the subsequent emergence of new long dDwax
datasets has greatly contributed to the generation of hypotheses on
the mechanisms of hydroclimate variability. The challenge of
apportioning changes in dDwax observed in large lake basins and
ocean cores to either rainfall amount or moisture source region and
transport history (Konecky et al., 2011; Costa et al., 2014) is now
widely acknowledged and indeed is partially responsible for the
recognition that changes in past rainfall go beyond simple models
of increased/decreased mean annual precipitation and must also
consider changing synoptic circulation patterns, complex interaction of different moisture sources, and the role of seasonality (e.g.
Konecky et al., 2011; Verschuren et al., 2009; Costa et al., 2014).
Variations in East African hydroclimate have recently been attributed to zonal circulation changes rather than direct meridional
movement of the ITCZ (Tierney et al., 2011a; Costa et al., 2014). It
has been proposed that changes in either the East-West position of
the CAB (see Fig. 1) or in the intensity of convergence at the CAB are
a primary factor inﬂuencing not only the magnitude of rainfall but
also the proportion of moisture sourced from the Atlantic vs. Indian
Oceans (Tierney et al., 2011a/b). The spatial pattern of hydroclimate
variability on multi-millennial timescales indicates that the East
African Rift System (EARS) topography also plays an important role
in the East-West dipole pattern seen in palaeolake records of the
region at various time periods by isolating the most easterly lakes
from Atlantic moisture sources.
HadCM3 generally displays zonally divergent patterns within
East Africa(Fig. 10). This is supported most clearly in the palaeodata
at 21 ka where we broadly observe a pattern of wetter conditions to
the east of the EARS and drier conditions prevailing to the west
(Fig. 11c). Indeed HadCM3 displays much higher skill than other
models in this regard (Fig. S8; see also DiNezio and Tierney, 2013).
Palaeodata from lakes Nakuru and Challa are indicated as dry at
21 ka in contrast to the model output, though both basins exhibit a
deﬁnitively wetter early LGM (25e22 ka) with a drying trend from
22 ka (Street-Perrot et al., 1989; Verschuren et al., 2009) and dDwax
records from the same basin suggest that for the majority of the
LGM easternmost Africa was characterised by wetter conditions
(Tierney et al.,. 2011). The location of the wet-dry divide in the
model is further west than the palaeodata suggest, which is most
likely due to relatively low spatial resolution of EARS topography in

the model. The increase in rainfall over the easternmost sector
originates in the Indian Ocean where there is an increase in
convective activity. This is a result of exposure of the Sunda Shelf
(due to lower sea level) in the Indo-Paciﬁc (DiNezio and Tierney,
2013), which sets up a pattern of higher pressure in the Walker
circulation over that region with associated uplift (see vertical velocity ﬁeld, Fig. 11a) and increased precipitation over the western
Indian Ocean (Fig. 11c). Further sensitivity experiments demonstrate that this response has primarily to do with sea level change
but also to a smaller extent the direct climatological inﬂuence of
ice-sheets (Roberts and Valdes pers. comm.). Changes in sea level
throughout the glacial (~80 kyre~12 kyr BP) contribute signiﬁcantly to the variation in precipitation, resulting in a lower level of
precessional variance compared to other tropical African regions
during the glacial, although 23 kyr cyclicity is still evident (Fig. not
shown). The generally wetter conditions towards coastal East Africa
over this time frame are potentially reﬂected in several palaeolake
records (Scholz et al., 2007; Moernaut et al., 2010). However, during
MIS5 (120kyre~80 kyr BP) and the Holocene precessional-related
insolation changes are the main driver of E African hydroclimate
variation in HadCM3.
The tropical zonal Walker Circulation anomalies govern East
African precipitation variation through boreal autumn and winter
seasons (see 21 kyr vs. PI seasonal precipitation in Fig. S5).
Increased precipitation to the east of the EARS at the LGM (Fig. 11c)
is the result of increased moisture advection from the Indian Ocean.
However, there is a decrease in convergence over the CAB region
(Fig. 11b) and westerly (i.e. directed offshore) 10 m wind anomalies
(Fig. 11c). In other words, the winds transporting moisture from the
Indian Ocean onto the continent are reduced but more highly
moisture-laden because of increased convection occurring over the
ocean.
More depleted dDwax signals relative to the late Holocene (blue
squares in Fig. 10) have also been attributed to a difference in
moisture source as well as increased in rainfall amount. The degree
to which either factor affects the dDwax signal is highly site speciﬁc.
In particular, it has been argued (based on multiple proxies) that
the dDwax signal from Lake Malawi is dominated by moisture source
and transport history (Konecky et al., 2011) so that, for example,
despite depleted dDwax during the LGM, other palaeorecords suggest Lake Malawi was in fact moderately drier (Castaneda et al.,
2007; Barker et al., 2007). In terms of response to insolation seasonality, when boreal summer insolation is higher, changes to
water hydrogen isotope ratios (more strongly depleted in deuterium) have been tentatively linked to eastward movement of the
CAB and increasing moisture derived from the Congo and other
western sources, occurring in conjunction with northward movement of the ITCZ (Costa et al., 2014). In the early-to mid-Holocene
the HadCM3 simulations produce generally wetter conditions over
the EARS region and northern Africa in general (Fig. 10b and c) and
drier conditions at the southern end of the EARS. This pattern
approximately matches the palaeohydrological data (Figs. 4 and
10b).
The seasonality of East African precipitation in the model
changes signiﬁcantly with insolation. During the early and midHolocene simulated SON precipitation increases (potentially reﬂected in some palaeorecords [e.g. Barker et al., 2011]), and is the
largest contributor to the annual mean while the contribution from
DJF decreases (Fig. S7b and c), and around 12 kyr BP the highest
rainfall occurs in MAM (see Fig. S7b and c). The SON increase in
modelled precipitation in the early and mid-Holocene is due to
eastward movement of the convergence zone (at the CAB; Fig. S2)
in conjunction with northward movement in convergence at the
ITCZ (Fig. S2), as speculated in previous studies (Costa et al., 2014).
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Fig. 10. HadCM3 mean annual precipitation anomalies (ﬁlled contours) from the ALL experiment for (a) 21 kyr BP, (b) 9 kyr BP, and (c) 4 kyr BP. Superimposed on the contours are
palaeo-hydroclimate proxy data. Palaeo-records are displayed on the map as circles (palaeohydrological proxies) or squares (DdDwax anomalies, which in some basins can also be
strongly inﬂuenced by rainfall source). The colour for each record is categorical and is indicative of conditions that are drier (orange), wetter (blue) or have no change (white) from
the late Holocene mean (0e2 ka) (see Table S1 for details of the palaeorecords used to construct these time slice plots). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

It is a seasonal speciﬁc response in the model, which is manifest in
the annual rainfall anomalies (Fig. 10b).
While the East African lakes region extends further south than
the equator, there is a clear coherence in timing of wet-dry periods
with the northern hemisphere (e.g. Fig. 4 for data, and Fig. 10 and
Fig. S7 for the model). In light of this, a dominant inﬂuence of
northern extratropical forcing on Indian Ocean temperatures rather
than local insolation forcing of the rainbelt has been hypothesized
as a key control (e.g. Tierney et al., 2008). It is certainly the case that
remote forcing, related to northern high latitude changes (as discussed above), are important. However, in the model, the phase of

Fig. 11. East Africa LGM minus PI annual mean anomalies from the HadCM3 ‘ALL’
experiment for (a) vertical component of velocity in the p-coordinate at 500 hPa,
where negative values equate to rising air mass anomalies, (b) divergence at 850 hPa,
and (c) rainfall.

the ~23-kyr cyclic variation in each month shows an important
direct response to local insolation forcing. The east-west dipole in
early Holocene response (Fig. 10b) is due to advection of drier
equatorial air from the Atlantic as its rainbelt expands latitudinally
at that time, producing a drier rainbelt core (as discussed in section
4.2). The easternmost part of the region is relatively isolated from
this by the EARS, and as a consequence the western and eastern
parts of East Africa are roughly in anti-phase in the model when
precessional-insolation forcing is dominant. A similar contrasting
pattern of rainfall in western and eastern parts of East Africa also
occurs in the model at the LGM due to glacial sea level/ice-sheet
changes, as described earlier in this section.
Another result of the change in seasonality in East African
hydroclimate is an asymmetric timing of peaks and troughs in
rainfall throughout the glacial cycle. Additionally, a change in seasonality may alter the contribution from Atlantic and Indian Ocean
moisture sources to local annual total rainfall, which would inﬂuence isotopic hydroclimate-proxies. The model results also imply
that the idea of a ‘hinge zone’ (see section 2.1), separating locations
with a northern mode of response from those with a southern
mode, should be treated with caution as the location and nature of
such a zone would most likely vary with time depending on the
dominant forcing. For example, the HadCM3 MH anomalies in
annual mean precipitation (Fig. S7) suggest a north-south divide
occurring over the Lake Malawi region and previous model simulations of Heinrich events suggest a similar hinge zone for
millennial-scale northern high latitude forcing (Thomas et al.,
2009). However, the model LGM anomalies show all eastern lakes
responding in concert (Fig. 10a), suggesting a hinge zone further
towards the northern lakes (near Lake Turkana). This is also another
region where the PMIP3 models display large inter-model variation
in the location/existence of a hinge zone (Fig. 8 and Fig. S6). Previously, palaeodata records suggested Lake Malawi lake levels were
high during the LGM (Johnson, 1996; Finney et al., 1996) but more
recent data strongly suggests a moderate dry period (Gasse et al.,
2002; Johnson et al., 2002; Castanada et al., 2007). Close by, independent palaeodata from Lake Masoko have also provided
opposing interpretations for both a drier (Barker et al., 2003) and
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wetter (Garcin et al., 2006) LGM (Fig. 10b, Table S1). The proximity
of the ‘hinge zone’ to these basins and its movement over time may
go some way to explaining the disparity in these palaeodata.
4.4. Correlations between sea surface temperature and
precipitation
Lastly, we use the model simulations to examine the idea that
for some regions sea surface temperatures (SSTs) primarily drove
hydroclimate and vegetation changes, evidenced by positive correlations between regional SST proxies and terrestrial reconstructions of vegetation (Dupont et al., 2011) or rainfall (Truc
et al., 2013). HadCM3 results demonstrate correlations that are
regionally and temporally variable as the dominance of driving
factors changes through the glacial cycle. As an illustration, East
African annual mean precipitation is positively correlated with SSTs
when forced with orbital insolation changes only (Fig. 12, ORBONLY), whereas when forced with all relevant boundary conditions the correlation is still positive during the interglacial phases
but negative in the glacial (Fig. 12, ALL). This change in correlation is
due to the fact that SSTs decline into the glacial as a response to
lower CO2/ice-sheets but precipitation increases because of largescale atmospheric circulation changes resulting from exposure of
continental shelves in the Indo-Paciﬁc (see section 4.3).
Over southern Africa, through the glacial cycle as a whole, there
are generally negative correlations between SSTs and annual mean
precipitation in the model, as the tropical rainbelt moves south as a
global response to inter-hemispheric temperature gradients.
Conversely, a positive correlation is found in response to Heinrich
event simulations (induced by freshwater hosing the North
Atlantic), as southern hemisphere SSTs warm and the rainbelt
coincidently moves south, again in response to inter-hemispheric
temperature gradients (Singarayer and Valdes, in review). In
other words, a positive correlation results when southern SST
changes echo changes in the overall temperature gradient.
Several of the relevant palaeorecords from SE Africa indicating
positive correlations between SSTs and precipitation rely on pollenbased reconstructions (Truc et al., 2013; Dupont et al., 2011) and
may approximate wet/growing season conditions rather than the
annual mean (Truc et al., 2013). In HadCM3, LGM forcing results in
southern hemisphere summer drying in this local area (Fig. S5), in

Fig. 12. Land-only mean annual precipitation vs. sea surface temperatures in the East
African region (30e60oE, 10oSe0oS average) from the ORB-ONLY (green), ORB-GHG
(orange), and ALL (blue) experiments in HadCM3. The circled blue points correspond
to glacial time slices between 100 and 12 kyr BP for the ALL experiment where there
are signiﬁcant reductions in global sea level due to continental ice-sheet expansion.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

contrast to the annual mean southern African response as a whole.
The SSTs off the SW coast also cool producing a positive correlation
between SSTs and austral summer precipitation. Here, this is the
result of the ITCZ moving south and modifying the southern
hemisphere Hadley circulation in austral summer to produce
increased subsidence in the southern hemisphere subtropical high
region, giving drier conditions off the coast of SE Africa speciﬁcally.
These examples illustrate that the correlations between SSTs
and rainfall are temporally and spatially variable, depending on the
primary driver of change and the interaction between different
drivers. There is not always a causal relationship producing the
correlations in the model. Consequently, it is not necessarily
appropriate to extrapolate correlations seen in one region or over a
particular time period to make more general hemispheric wide
estimates of rainfall variation based on palaeo-SST records.
5. Discussion
There is generally reasonable agreement between the collated
palaeo-hydroclimate data and the HadCM3 suite of simulations
covering the last glacial cycle. The model experiments suggest that
the prevailing hypotheses (outlined in Section 2) for the modes of
variation in wet-dry phases, which have at times been viewed in
opposition, are not mutually exclusive. Different regions have
differing sensitivities to driving mechanisms and, furthermore, the
same mechanisms can inﬂuence equatorial regions differently than
tropical regions to the north and south. For example, we ﬁnd that
HadCM3 (as well as most other PMIP3 models) undergoes a latitudinal shift north in the seasonal range of the rainbelt in the midHolocene, as found by calculating the change in the seasonal north/
south latitudinal limits (section 4.1; Fig. 3b). However, apparent
latitudinally symmetric wet-dry phases around West African
equatorial regions are also a consequence of rainbelt variations
(advected from the Atlantic) in HadCM3 (section 4.2).
In addition the primary mechanisms forcing changes in rainfall
vary temporally as well as spatially. For example, in HadCM3 the
equatorial east coast of Africa has a rainfall signature driven to a
large extent by remote sea level changes in the Indo-Paciﬁc during
glacial periods (DiNezio and Tierney, 2013), but when ice volume is
low (and sea level changes from PI are small) the contribution from
local insolation changes in seasonality to rainfall variability are
strong. These complications result in variability in the spatial patterns as well as temporal correlations. It is also the case that the
amplitude of insolation forcing at the precessional time-scale has
been relatively small over the last 50 kyr as we approach a 400-kyr
minimum in eccentricity (Fig. S1). This may lead to increased
prominence of other forcings (e.g. millennial-scale events) over this
time period (Kuechler et al., 2013; Tjallingii et al., 2008). In
HadCM3, during the latter half of the glacial cycle there is also a
greater level of rainfall variability than during the ﬁrst, due to internal coupled dynamics; this is particularly evident over southern
Africa. Similar changes to wet-dry regimes have been observed in
palaeorecords (e.g. Kuechler et al., 2013), but the paucity of long
terrestrial palaeorainfall data means it is still difﬁcult to robustly
test the model outputs against the palaeo-record. Likewise, there
are missing forcings and feedbacks (e.g. Dansgaard-Oschger events)
in the model framework that currently inhibit progress.
In modern-day simulations, the African tropical rainbelt has
smaller inter-model differences than other regions (Suzuki et al.,
2011), leading to the suggestion that the seasonal march of the
African rainbelt is relatively robust against differences in model
physics and resolution. Indeed there are also regions where the
mid-Holocene and LGM anomalies in tropical rainbelt precipitation
are for the most part consistent between models. Northern Africa
and the rainbelt north/south seasonal limits are regions where
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there is the greatest agreement between models, e.g. northward
expansion of the rainbelt into the Sahara during the mid-Holocene,
which all models replicate (section 4.1), although they still generally underestimate the magnitude of the increase in rainfall
rez-Sanz et al., 2014). The modelling
(Braconnot et al., 2012; Pe
community has focussed signiﬁcant effort into simulating and
understanding past West African monsoon and northern African
ITCZ changes (e.g. Marzin and Braconnot et al., 2007; Claussen and
Gayler, 1997; Patricola and Cook, 2007). Much less attention has
been paid to equatorial and southern hemisphere regions, partly
because the signals from the palaeodata are not as clear as for
northern Africa. In these regions the inter-model differences in
hydroclimate changes during the mid-Holocene and LGM are signiﬁcant, even though there is relative consistency in simulations of
the present day. For example, models do not agree on the sign of
MH-PI precipitation anomalies over equatorial West Africa (see
section 4.2). Long terrestrial palaeodata records also become
sparser towards the southern hemisphere, but if well synthesised,
could provide valuable key targets for evaluation of future Earth
system models.
Previous research by the authors and others has demonstrated
the importance and complexity of the climate system response to
the varying size of African surface waters (e.g. (Burrough et al.,
2009b; Coe and Bonan, 1997; Contoux et al., 2013; Lauwaet
et al., 2012) and changing vegetation assemblages (Brostrom
et al., 1998; Claussen, 2009). Greatly expanded lake systems such
as Mega-Lake Chad (MLC), which may have covered a surface area
of up to 350,000 km2 in the mid-Holocene (Leblanc et al., 2006;
Schuster et al., 2005), have been found to have had a signiﬁcant
impact on modelled North African hydroclimate. The presence of
MLC has feedbacks on rainfall that are negative at the local scale
and positive at a larger scale. The lake inhibits deep convection
processes due to its cold surface water (Krinner et al., 2012;
Sepulchre et al., 2009) but doubles simulated precipitation rates
in the central and western Sahara (Krinner et al., 2012), altering
simulated climate variables at a comparable scale to changes due
to orbital forcing alone (Coe and Bonan, 1997). Similarly in
southern Africa, HadCM3 simulations run in conjunction with
terrestrial biosphere models have demonstrated that the presence
of large lake systems in the Late Quaternary such as mega-lake
Makgadikgadi may not only have signiﬁcantly ampliﬁed the seasonal distribution of rainfall in central southern Africa but
potentially impacted both the composition and productivity of
regional vegetation by up to 50% (Burrough et al., 2009). The
impact of these large lake systems complicate predicted patterns
of terrestrial hydroclimate response to orbital forcing alone, not
only because they induce indirect feedback effects on climate and
vegetation, but because variability in the lake surface area may be
driven by precipitation changes in distant catchments. Lake
response therefore, may not reﬂect localised precipitation changes
(Burrough and Thomas, 2013; Burrough et al., 2009b). The inclusion of both lake/wetland and vegetation feedbacks in future
model runs may help to better resolve and understand both the
magnitude and spatial heterogeneity of hydroclimate change in
Africa.
Palaeoproxy data provides a critical test of the model simulations discussed here, and our only window on to past climate
change. The lens with which we can ‘see’ these changes however, is
rarely free from distortion. The accuracy and resolution of chronological models that underpin the palaeoproxy time series are
variable and will inevitably add an unknown and temporally
varying degree of offset between records. The sensors that provide
the proxy data also hold bias in the mechanisms through which
they record changing rainfall. For example, hydrogen isotopes from
the leaf waxes of past vegetation have been used extensively (both
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in this study and more widely) to make inferences about past
rainfall amount/intensity but are also affected by 2nd order controls including relative humidity, the type of vegetation from which
the leaf waxes are derived (Sachse et al., 2012), the seasonal timing
of leaf-wax formation (Collins et al., 2014; Tipple et al., 2013), and
the relative contribution of different rainfall source regions to the
moisture that the plant incorporates into its molecular structure.
All of these factors can change over time and may introduce systematic biases into the proxy records of past rainfall that make it
challenging to unpick the precise nature of hydroclimate change
and to differentiate changes in seasonality or circulation systems
from total rainfall amount. In addition, the way in which these
climate sensors become part of a palaeoclimate archive may also
change over time with altering landscapes and depositional pathways so that for any one lake basin or ocean core, the size, shape
and nature of the proxy source region may change over time. These
issues of bias and distortion are not unique to dD and extend more
generically to all proxy records discussed in this paper and may
account for some degree of disagreement between different
palaeo-rainfall records and between proxy data and model outputs.
In future experiments, climate models that can simulate not only
rainfall response but the predicted impact of these changes on the
proxy record (e.g. the isotope-enabled models such as used by the
NASA Goddard Institute for Space Studies (GISS) Model E-R (e.g.
Tierney et al., 2011a) may facilitate much more robust model-data
comparisons.
Additionally, palaeo-reconstructions of hydroclimate based on
vegetation composition (derived from pollen records or d13C of
vegetation) are likely to be inﬂuenced not just by changes in rainfall
but also temperature and CO2 (Harrison and Prentice, 2003). The
effect of glacial CO2 declines on plant competition in parallel with
temperature and precipitation variations is extremely difﬁcult to
ascertain. Correction for the impact of CO2 on palaeovegetation
data is problematic without some method of process-based
modelling (Khon et al., 2014). Ofﬂine simulations with the
Biome4 model (Kaplan et al., 2003) driven with the HadCM3 glacial
cycle simulations and different levels of CO2 illustrate the potential
for a large impact of CO2 over the continent in the distribution of
biomes (Fig. S8). Not being able to quantitatively correct for this in
palaeovegetation-data-inferred rainfall changes may lead to overestimation of the magnitude of rainfall variability, produce patterns
of temporal variability in inferred rainfall overly resembling CO2
glacial-interglacial patterns (rather than precessional-scale variability), and/or produce artefacts in the inferred latitudinal patterns
of change (Fig. S8c and d). In this study, we aimed to minimise this
complicating factor by collating hydroclimate proxies that are not
based on vegetation composition.
6. Conclusions
1. Many of the palaeo-data-driven hypotheses examined in this
study through climate-model simulations were found to be at
least partially valid, but the model outputs highlighted the
sometimes neglected reality that at any one site, changes in
rainfall could be associated with multiple forcing mechanisms
and that the dominance of these forcing factors changed over
time (also recently discussed by Otto-Bliesner et al., 2014, for the
deglaciation). We ﬁnd that palaeo-data driven hypotheses (e.g.
meridonal vs zonal, interhemispheric asymmetry vs symmetrical changes to the rainbelt) are not mutually exclusive. This
ﬁnding allows the community to move towards a more nuanced
discussion of the driving mechanisms of tropical rainfall
variation.
2. The relative lack of homogeneity in regional patterns of hydroclimate change in southern Africa when compared to northern

64

J.S. Singarayer, S.L. Burrough / Quaternary Science Reviews 124 (2015) 48e67

Africa is veriﬁed in both HadCM3 model experiments and in
multi-model ensemble simulations for speciﬁc time periods
including the mid-Holocene. The observed spatial heterogeneity
is due to a more complex climate system than northern Africa,
driven by the lower level of continentality and the greater role of
oceanic inﬂuence on the tropical rainbelt.
3. The model experiments suggest that asymmetric movement in
the tropical rainbelt occurs over Africa as a consequence of
variations in insolation seasonality and continental-scale icesheet expansion/contraction. This asymmetry is of the latitudinal range of seasonal movement rather than reﬂecting
movement in any particular season/month. As such, records
towards the northern and southern seasonal limits are likely to
demonstrate this asymmetry most readily. Records closer to the
equator display more complex seasonality in rainfall (e.g. double
rainfall peaks in the annual cycle). The response to local orbital
insolation changes result in peak rainfall at times other than
when the rainbelt is at its extreme north/south limits. In addition, other complicating factors play an important role in
determining continental rainfall patterns (e.g. the inﬂuence of
remote sea level changes on atmospheric circulation over East
Africa).
4. There is a strong need for long terrestrial palaeorainfall records, particularly in Southern Africa where, as found in this
study, the spatial heterogeneity of past rainfall changes is
likely to be greater than in the Northern Hemisphere. Ocean
cores, whilst providing valuable long, continuous records,
integrate sediments derived from a broad area of the continental landmass, the boundaries of which remain fuzzy or
unclear. Testing the mechanisms of hydroclimate change
across the continent often remains limited to the Holocene by
the number, short length and/or resolution of palaeorecords.
There has been great progress made over the last two decades
in increasing the number of long continental records
(Brigham-Grette and Haug, 2007), particularly over East Africa.
Ideally, a greater number of long terrestrial records are
required, that capture periods of both high and low amplitude
orbital precession and cover broader longitudinal and latitudinal transects across the continent, where possible, to
more fully examine the behaviour of the tropical rainbelt and
its relationship to orbital forcing.
5. The PMIP3 models demonstrate high levels of agreement over
northern Africa, and lowest agreement towards coastal and
equatorial regions. The markedly different responses in these
regions primarily result from differing atmospheric physics
parameterizations (e.g. convection) and differing landatmosphere and/or ocean-atmosphere coupling strengths. As
the modelling community potentially moves towards incorporating palaeoclimate within model development and tuning
frameworks, spatially-resolved palaeodata syntheses of rainfallrelated proxies from these terrestrial regions (see point 4) in
particular would provide valuable targets for differentiating
between model versions, and for improving process-based understanding of tropical hydroclimate variations.
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Fig.	
  S1:	
  Summer	
  insolation	
  variations	
  at	
  30°N	
  (blue)	
  and	
  30°S	
  (red)	
  over	
  the	
  last	
  million	
  years.	
  
Demonstrating	
  the	
  eccentricity	
  modulation	
  of	
  precession	
  at	
  100-‐kyr	
  and	
  400-‐kyr	
  
periodicities.	
  Data	
  from	
  Berger	
  and	
  Loutre	
  (1991).	
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Fig.	
  S2:	
  Seasonal	
  monthly	
  mean	
  precipitation	
  and	
  10m	
  winds	
  for	
  the	
  HadCM3	
  pre-‐industrial	
  
simulation.	
  
	
  

	
  

Ref$vector$length=6$m/s$

DJF
MAM
JJA
SON

-14 -10 -6 -2 -1 1 2 6 10 14
Divergence at 925hPa
(106 ms-1)

-2 -0.5 -0.1 0.1 0.5 2
Divergence anom. 9kyr-PI
(106 ms-1)

Fig.	
  S3:	
  (left)	
  Seasonal	
  mean	
  divergence	
  at	
  925hPa	
  from	
  the	
  Pre-‐industrial	
  (PI)	
  HadCM3	
  
simulation	
  for	
  DJF,	
  MAM,	
  JJA,	
  and	
  SON	
  seasons	
  from	
  top	
  to	
  bottom;	
  (right)	
  9kyr-‐PI	
  
convergence	
  anomalies	
  at	
  925hPa.	
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Fig.	
  S4:	
  Seasonality	
  of	
  West	
  Africa	
  precipitation	
  from	
  the	
  ALL	
  experiment.	
  (Middle)	
  Seasonal	
  
cycle	
  of	
  precipitation	
  for	
  15-‐5°S	
  0-‐15°E,	
  over	
  land	
  only,	
  showing	
  a	
  double	
  peak	
  pattern.	
  (Top)	
  
Precipitation	
  from	
  the	
  same	
  region	
  for	
  December	
  through	
  the	
  last	
  120	
  kyr	
  (solid	
  line)	
  is	
  out	
  of	
  
phase	
  with	
  local	
  insolation	
  for	
  the	
  same	
  month	
  (dotted	
  line).	
  (Bottom)	
  Conversely,	
  April	
  
precipitation	
  (solid	
  line)	
  is	
  in	
  phase	
  with	
  local	
  insolation	
  for	
  that	
  month	
  (dotted	
  line).	
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Fig.	
  S5:	
  Seasonal	
  mean	
  precipitation	
  and	
  10m	
  wind	
  anomalies	
  for	
  21kyr-‐PI	
  in	
  the	
  HadCM3	
  
simulations	
  represented	
  by	
  January,	
  April,	
  July,	
  and	
  October	
  means	
  (anticlockwise	
  from	
  top	
  
left).	
  Fig.	
  S8	
  shows	
  the	
  HadCM3	
  PI	
  precipitation	
  and	
  winds	
  for	
  comparison.	
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Fig.	
  S6:	
  Mean	
  Annual	
  Precipitation	
  anomalies	
  for	
  LGM-‐PI	
  in	
  mm/day	
  for	
  available	
  
PMIP3/CMIP5	
  models	
  and	
  HadCM3	
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Fig.	
  S7:	
  (a)	
  annual	
  mean	
  precipitation	
  and	
  10m	
  wind	
  anomalies	
  for	
  MH-‐PI;	
  (b,c,d,e)	
  seasonal	
  
cycle	
  of	
  precipitation	
  over	
  eastern	
  and	
  central	
  African	
  locations	
  given	
  in	
  each	
  sub-‐figure	
  for	
  
PI	
  (black),	
  MH	
  (6kyr,	
  green),	
  12kyr	
  BP	
  (blue),	
  and	
  LGM	
  (21kyr,	
  red).	
  Locations	
  of	
  area	
  
averaging	
  are	
  given	
  in	
  the	
  sub-‐figures.	
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Fig.	
  S8:	
  (a)	
  biomes	
  simulated	
  with	
  the	
  Biome4	
  model	
  (Kaplan	
  et	
  al.,	
  2003)	
  driven	
  by	
  climate	
  
LGM	
  HadCM3	
  climate	
  and	
  LGM	
  atmospheric	
  CO2	
  of	
  180ppm;	
  (b)	
  biomes	
  simulated	
  with	
  
Biome4	
  for	
  the	
  LGM	
  driven	
  by	
  LGM	
  HadCM3	
  climate	
  and	
  modern	
  atmospheric	
  CO2	
  of	
  
340ppm;	
  (c)	
  HadCM3	
  annual	
  mean	
  precipitation	
  over	
  land	
  for	
  latitudes	
  between	
  20°S	
  and	
  
20°N	
  averaged	
  between	
  15°W	
  and	
  20°E	
  for	
  PI	
  (black),	
  early	
  Holocene	
  (9kyr	
  BP,	
  green),	
  and	
  
LGM	
  (21kyr	
  BP,	
  red);	
  (d)	
  inferred	
  precipitation	
  for	
  the	
  same	
  time	
  slices	
  and	
  regions	
  as	
  (c)	
  but	
  
using	
  modern	
  correlation	
  between	
  C3/C4	
  plant	
  functional	
  type	
  net	
  primary	
  productivity	
  
(NPP)	
  ratios	
  and	
  annual	
  mean	
  precipitation,	
  and	
  then	
  using	
  this	
  correlation	
  to	
  infer	
  
precipitation	
  at	
  palaeo	
  time	
  slices	
  from	
  the	
  Biome4	
  modelled	
  C3/C4	
  NPP	
  ratios.	
  Plot	
  (d)	
  
recreates	
  the	
  method	
  for	
  reconstructing	
  rainfall	
  used	
  by	
  Collins	
  et	
  al.,	
  2011.	
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Table	
  S1:	
  Site	
  data	
  used	
  in	
  figure	
  10.	
  	
  Categories	
  represent	
  1	
  (drier),	
  0	
  (no	
  change)	
  or	
  -‐1	
  
(drier)	
  in	
  relation	
  to	
  a	
  late	
  Holocene	
  (0-‐2ka)	
  mean	
  for	
  the	
  timeslices	
  21	
  ka,	
  9	
  ka	
  and	
  4	
  ka.	
  	
  
Where	
  the	
  raw	
  data	
  timeseries	
  was	
  unavailable	
  we	
  used	
  the	
  interpretation	
  in	
  the	
  text	
  of	
  the	
  
original	
  publication.	
  ‘na’	
  indicates	
  the	
  data	
  were	
  not	
  available	
  or	
  do	
  not	
  extend	
  to	
  cover	
  the	
  
timeslice	
  of	
  interest.	
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