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a b s t r a c t

In this paper we compare a compilation of multiproxy records spanning the eastern African margin with
general circulation model simulations of seasonal precipitation fields for the mid-Holocene and the Last
Glacial Maximum (LGM) carried out as part of the third phase of the Paleoclimate Modelling Inter-
comparison Project (PMIP3). Results show good agreement during the mid-Holocene (the ‘6K experi-
ment’), with palaeodata and model outputs correlating well and indicating that changes in insolation
drove a stronger northern African monsoon (north of ~0e5�S) during the terminal “African Humid
Period” and a weaker southeast African monsoon. For the LGM (the ‘21K experiment’), however, sig-
nificant discrepancies exist both between model simulations, and between existing palaeodata and
simulated conditions, both in terms of direction and amplitude of change. None of the PMIP3 simulations
reflect the pattern inferred from the palaeodata. Two major discrepancies have been identified to explain
this: 1) the limited sensitivity of the southern monsoon domain to the colder temperatures of the Indian
Ocean (�2 �C), and 2) the absence of changes in the dynamic of the Indian Ocean Walker circulation over
the entire basin, despite the exposure of the Sahul and Sunda shelves that weakened convection over the
Indo-Pacific Warm Pool during the LGM. These results indicate that some major features of the atmo-
spheric and oceanic teleconnections between the different monsoon regions require further consider-
ation as models evolve.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Combined under the concept of the ‘Global Monsoon’, the
Earth's tropical monsoon domains form a network of rainfall sys-
tems with similar sensitivities to external and internal climate
forcing (Wang and Ding, 2008; Wang et al., 2014; Yim et al., 2014).
Guo et al. (2012) argued that at orbital time-scales the Global
Monsoon has two pacing components, one being related to the
low-latitude summer insolation changes (anti-phase between the
Northern and Southern hemispheres), and the other being modu-
lated by glacial-interglacial cycles (synchronous changes in
Northern and Southern hemispheres). The mid-Holocene (6000 cal
BP, ‘6k’) and Last Glacial Maximum (LGM, 21,000 cal BP, ‘21k’)
(M. Chevalier).
experiments proposed by the Paleoclimate Modelling Intercom-
parison Project group (PMIP, Braconnot et al., 2004; Joussaume and
Taylor, 1995) represent two end-member simulations to specifically
assess how general circulation models (GCMs) deal with these two
pacing components: the 6k experiment to assess the impact of
insolation forcing, and the 21k experiment for global thermal
forcings associated with changes in atmospheric greenhouse gases
concentration, lower sea-level and the presence of large polar ice-
sheets.

Extending from 35�S to 37�N, Africa encompasses both tropics,
and hosts a northern and a southern monsoon domain. This makes
it an ideal case study to test the performance of PMIP3/CMIP5
models (Braconnot et al., 2012; Harrison et al., 2015; Taylor et al.,
2012) to simulate interhemispheric atmospheric and oceanic tele-
connections that exist or have existed between: 1) northern and
southern monsoon domains, and 2) tropical and mid- to high lat-
itudes circulation systems. The hydroclimate of both monsoon
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domains is characterized by a strong seasonality driven by the
seasonal north-south migration of the tropical rainbelt (sometimes
conflated with the Intertropical Convergence Zone (ITCZ)) that
roughly tracks the zone of maximum insolation (Donohoe et al.,
2013; McGee et al., 2014; Schneider et al., 2014). Its annual dou-
ble passage over equatorial Africa during the boreal spring and
autumn seasons results in a bimodal rainfall seasonality between
5�S and 5�N with two rainfall peaks and the quasi-absence of rain-
free months (Fig. 1C; Hastenrath, 2001).

Variability in African monsoon strength has long been a subject
of considerable research interest (e.g. Harrison et al., 1998;
Kutzbach, 1981; Prell and Kutzbach, 1987), with particular atten-
tion being given to the most recent period of maximum extension
and intensity of the northern monsoon domain, the so-called Af-
rican Humid Period (AHP), which took place between 14.8 and 5.5
ka sensu deMenocal et al. (2000) and caused a ‘greening’ of the
Sahara (Claussen and Gayler, 1997). The AHP has been the focus of
attention for a large part of the community studying its occurrence,
spatial extent and timing (e.g. Braconnot et al., 2007b, 2000;
Claussen et al., 2013, 2003; Coe and Harrison, 2002; Joussaume
et al., 1999; Kutzbach and Street-Perrott, 1985; Kutzbach, 1981;
Peyron et al., 2006). However, only a limited number of modelling
and data-model comparison studies have dedicated consideration
to the southern domain (e.g. Barker and Gasse, 2003; Otto-Bliesner
et al., 2014; Pinot et al., 1999; Singarayer and Burrough, 2015). This
asymmetry can be partly explained by the poor data coverage in
Africa south of the Equator (Anderson et al., 1988; Bartlein et al.,
2011) and the sometimes ambiguous climatic significance of
some of the records available (see the regional syntheses of
Burrough and Thomas (2013), Chase and Meadows (2007), Gasse
et al. (2008) and Scott et al. (2012) and the references therein).
However, recent work has presented many continuous and well-
dated records from both East Africa (e.g. Bouimetarhan et al.,
Fig. 1. A) Map of the topography of Africa (ETOPO1, Amante and Eakins, 2009). Red squar
coordinates, original reference and proxy used are summarized in Table 1. Green shading in
Precipitation (MAP, Worldclim database, Hijmans et al., 2005) is represented in blue and au
the major oceanic currents while the small black arrows represent mean January wind
(northeastern, eastern equatorial and southeastern Africa) are used to compute regional ave
longitudes between 18�E and 58�E. Levels of grey represent different isohyets from low (wh
The five consecutive wettest months are shaded in blue. (For interpretation of the references
2015; Casta~neda et al., 2007; Garcin et al., 2012, 2009, 2006;
Loomis et al., 2012; Sinninghe Damst�e et al., 2011; Tierney and
DeMenocal, 2013; Tierney et al., 2011a,b, 2008; Verschuren et al.,
2009) and southern Africa (e.g. Baker et al., 2014; Chase et al.,
2015a, 2015b, 2013, 2010, 2009, Chevalier and Chase, 2016, 2015;
Lim et al., 2016; Neumann et al., 2010, 2008, 2014; Norstr€om
et al., 2014; Quick et al., 2015a, 2015b; Schefub et al., 2011; Truc
et al., 2013; Wang et al., 2013). These new records now provide
the spatial data coverage required for robust data-model
comparisons.

In this study, we will focus on comparing PMIP3 GCM rainfall
simulations with a compilation of African palaeorecords (from 30�S
to 15�N and east of 25�E, Fig. 1A, Table 1) that can be most reliably
interpreted as proxies of palaeo-precipitation (as distinct from
aridity (precipitationminus potential evapotranspiration, Chevalier
and Chase, 2016)). From North to South, the study area encom-
passes the Horn of Africa, the African Rift, the lower Zambezi basin
and the eastern part of southern Africa. Comparing GCM simula-
tions of precipitation variability during the mid-Holocene and the
LGM allows for an assessment of the models' ability to simulate
past conditions and dynamics in tropical Africa and identify the
relative influence of the Global Monsoon drivers on the northern
and southern African monsoon domains during each period.
2. Material & methods

2.1. PMIP3/CMIP5 models

Palaeoclimate simulations provide a unique opportunity to test
GCMs outside their calibration range and to evaluate their predic-
tive power against non-analog boundary conditions (Braconnot
et al., 2004; Harrison et al., 2015; McCarroll, 2015; Schmidt et al.,
2014a). In PMIP experiments, models are run for hundreds of
es and triangles position the sites used in the comparison with model outputs. Exact
dicates the attraction basin of the associated records (3, 12, 15 and 16). B) Mean Annual
stral summer SSTs (Reynolds et al., 2002) in red to green. Large black arrows represent
field (NCEP/NCAR 40-years reanalysis project; Kalnay et al., 1996). The three boxes
rages. C) Mean monthly rainfall (mm) at different latitudes averaged for the continental
ite means less than 20 mm) to high (black means more than 240 mm) rainfall amount.
to colour in this figure legend, the reader is referred to the web version of this article.)



Table 1
List of the different sites (sorted from north to south) used to test the model. The last three columns indicate the average value with its standard deviation of the period
considered (the last millennium, between 5.5 and 6.5 ka, and between 20 and 22 ka for the pre-Industrial period, the mid-Holocene and the LGM, respectively). Significativity
of the 6k and 21k anomalies was tested with a Student t-test and the pvalues are provided between parentheses.

# Site Name Lon.
(�E)

Lat.
(�N)

Reference Proxy Original
Interpretation

PI 6K 21K

1 Qunf Cave 53.3 17.17 Fleitmann
et al. (2003)

Speleothem
d18OSpeleothem
d18O

Rainfall amount �6.76 ± 0.28 �1.67 ± 0.33
(p < 10�9)

2 Lake Tana 37.25 12 Marshall et al.
(2011)

Ti XRF counts Aridity 7.60 ± 0.38 9.11 ± 0.33
(p < 10�14)

3 Gulf of Aden (marine core P178-
15P)

44.3 11.955 Tierney and
DeMenocal
(2013)

dD Rainfall amount/
monsoon
intensity

�132.8 ± 2.6 �143.7 ± 2.2
(p < 10�16)

�116.9 ± 1.4
(p < 10�19)

4 Lake Chew Bahir 36.78 4.84 Foerster et al.
(2012)

K XRF counts Aridity 4.11 ± 0.16 � 103 2.52 ± 0.52 � 103

(p < 10�8)
5.02 ± 0.34 � 103

(p < 10�4)
5 Lake Turkana 35.5 2.6 Garcin et al.

(2012)
Palaeoshorelines Lake levels

(Aridity)
374 ± 4 453 ± 5 (p < 10�37)

6 Lake Suguta 36.5 2 Garcin et al.
(2009)

Palaeoshorelines Lake levels
(Aridity)

0 201 ± 56
(p < 10�12)

7 Mount Kenya 37.35 �0.15 Barker et al.
(2001)

d18O Aridity 25.7 ± 1.9 21.1 ± 4.9
(p < 10�3)

8 Lake Challa 37.7 �3.32 Tierney et al.
(2011a,b)

dD Rainfall amount �104.3 ± 2.9 �113.7 ± 4.3
(p < 10�9)

�111.1 ± 3.8
(p < 10�10)

9 Burundi Highlands 29.67 �3.5 Bonnefille and
Chali�e (2000)

Pollen-based
reconstructions

Rainfall amount 24 ± 160 14 ± 38 (p ¼ 0.79) �459 ± 188
(p < 10�13)

10 Lake Masoko 33.76 �9.33 Garcin et al.
(2006)

Magnetic
Susceptibility

Lake levels
(Aridity)

7.99 ± 1.07 � 10�6 8.41 ± 1.48 � 10�6

(p ¼ 0.30)
3.28 ± 1.02 � 10�6

(p < 10�18)
11 Lake Malawi 34.11 �10.01 Konecky et al.

(2011)
dD Rainfall amount �105.0 ± 2.1 �97.5 ± 2.6

(p < 10�2)
�111.9 ± 1.7
(p < 10�3)

12 Zambezi River mouth (marine
cores GIK16160-3 and
GeoB9307-3)

37.87 �18.24 Wang et al.
(2013)

dD Rainfall amount �154.3 ± 0.6 �152.1 ± 0.11
(p < 10�11)

�163.1 ± 1.8
(p < 10�33)

37.38 �18.57 Schefuss et al.
(2011)

�154.5 ± 2.3 �149.2 ± 2.3
(p < 10�6)

13 Lake Tritrivakely 46.92 �19.78 Gasse and van
Campo (2001)

Pollen-based
correspondence
analysis (CA)

Rainfall amount 60.8 ± 16.0 45.0 ± 1.5
(p < 10�2)

53 ± 0.9 (p < 10�8)

14 Cold Air Cave 29.18 �24.02 Holmgren
et al. (2003)

Speleothem d18O Rainfall amount �4.47 ± 0.72 �4.07 ± 0.42
(p ¼ 0.04)

�3.16 ± 0.3
(p < 10�7)

15 South Africa northern
precipitation stack

32 �24.3 Chevalier and
Chase (2015)

Pollen-based
reconstructions

Rainfall amount 23.4 ± 10.1 17.5 ± 4.8
(p ¼ 0.014)

�117.7 ± 14.2
(p < 10�43)

16 South Africa southern
precipitation stack

28 �29.2 Chevalier and
Chase (2015)

Pollen-based
reconstructions

Rainfall amount �16.5 ± 13.8 16.8 ± 3.4
(p < 10�9)

�102.2 ± 12.5
(p < 10�23)
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years with pre-defined stable boundary conditions. The last de-
cades of simulation are saved and taken to represent the equilib-
rium climate state of the period being considered.We only used the
latest generation of PMIP experiments (PMIP3; Braconnot et al.,
2012; Harrison et al., 2015), which are now part of the Coupled
Model Intercomparison Project phase 5 (CMIP5, Taylor et al., 2012).
PMIP3 differs from PMIP2 (Braconnot et al., 2007a, 2007b) with
slightly tuned boundary conditions and improved spatial resolution
of the different models (Braconnot et al., 2012). The PMIP3/CMIP5
protocol imposes the mid-Holocene and LGM boundary conditions
to promote: 1) the direct comparison of model outputs, and 2) the
derivation of ensemble models, which have the strong advantage of
averaging out discrepancies found in individual simulations that
result from different model parameterizations (Annan and
Hargreaves, 2011, 2010; Hargreaves et al., 2013; IPCC, 2010;
Knutti et al., 2010).
Table 2
Summary of the major parameters selected for each PMIP3/CMIP5 experimental design. M
wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:index.

Simulation Orbital parameters T

Eccentricity Obliquity Perihelion-180� C

PI 0.016724 23.446� 102.04� 2
6k 0.018682 24.105� 0.87� 2
21k 0.018994 22.949� 114.42� 1
Mid-Holocene conditions differ from pre-industrial (PI) period
conditions primarily through their orbital configuration and a
reduced concentration of atmospheric methane (Table 2). This
orbital configuration modifies the seasonal distribution of heat
between the Northern and Southern hemispheres with an increase
(reduction) of thermal seasonality in the Northern (Southern)
Hemisphere. During the LGM, changes in boundaries conditions
pertain mainly to reduced concentrations of greenhouse gases
(Table 2), lower sea level and the presence of large continental ice-
sheets, while the orbital configuration was similar to the pre-
industrial period. Presented differently, the mid-Holocene set of
simulations is useful to quantify the response of GCMs to changes in
the orbital configuration while the LGM boundary conditions
reflect the impact of a strong reduction in the atmospheric con-
centration in greenhouse gases, the presence of large continental
ice sheets and lower sea level.
ore details can be found in (Braconnot et al., 2012; Taylor et al., 2012) and at https://

race gases

O2 CH4 N20 CFC O3

80 ppm 760 ppb 270 ppb 0 Modern-10 DU
80 ppm 650 ppb 270 ppb 0 Same as PI
85 ppm 350 ppb 200 ppb 0 Same as PI

https://wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:index
https://wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:index


Table 3
PMIP3/CMIP5 models used in this study. The last two columns indicate the name of the run when the model was used to simulate the mid-Holocene and/or the LGM. AO:
coupled Atmosphere-Ocean GCMs (vegetation is prescribed to the model), AOV: coupled Atmosphere-Ocean-Vegetation GCMs (vegetation is computed by the model). In
PMIP3, all the models are based on 365-days year with the vernal equinox fixed on the 21st of March at noon (Berger, 1978; Joussaume and Braconnot, 1997).

Model name Modelling center Type Grid Reference(s) 6k 21k

BCC-CSM1-1 Beijing Climate Center, China Meteorological Administration (BCC e

CMA)
AOV Atm: 128 � 64 �

L26
Xin et al. (2013) r1i1p1

Ocean: 360 � 232

� L40

CCSM4 National Center for Atmospheric Research (NCAR), USA AO Atm: 288 � 192 �
L26

Gent et al. (2011) r1i1p1
r2i1p1

r1i1p1
r2i1p1

Ocean:
320 � 384 � L60

CNRM-CM5 Centre National de la Recherche M�et�eorologique (CNRM) & Centre
Europ�een de Recherche et de Formation Avanc�ees en Calcul
Scientifiqque (CERFACS), France

AO Atm: 256 � 128 �
L31

Voldoire et al. (2012) r1i1p1 r1i1p1

Ocean: 362 � 292

� L42

COSMOS-ASO Alfred Wegener Institute, Helmholtz Centre for Polar and Marine
Research

AOV Atm: 96 � 48 �
L19 Ocean:
120 � 101 � L40

Jungclaus et al. (2006),
Raddatz et al. (2007) and
Roeckner et al. (2003)

r1i1p1

CSIRO-MK3-6-0 Queensland Climate Change Centre of Excellence (QCCCE), Australia AO Atm: 92 � 96 �
L18

Jeffrey et al. (2013) Rotstayn
et al. (2012)

r1i1p1

Ocean: 192 � 192

� L31

CSIRO-MK3L-1-2 University of New South Wales, Australia AO Atm: 64 � 56 �
L18

Phipps et al. (2011, 2012) r1i1p1

Ocean: 128 � 112

� L21

FGOALS-G2 Institute of Atmospheric Physics, Chinese Academy of Sciences (LASG-
IAP)

AOV Atm: 128 � 60 �
L26

Li et al. (2013) r1i1p1 r1i1p1

Ocean: 360 � 180

� L30

FGOALS-S2 Institute of Atmospheric Physics, Chinese Academy of Sciences (LASG-
IAP)

AOV Atm: 128 � 60 �
L26

Bao et al. (2013) r1i1p1

Ocean: 360 � 180

� L30

GISS-E2-R Goddard Institute for Space Studies (GISS), USA AO Atm: 144 � 90 �
L40

Schmidt et al. (2014a,b) r1i1p1 r1i1p150
r1i1p151

Ocean: 288 � 180

� L32

IPSL-CM5A-LR Institut Pierre Simon Laplace (IPSL), France AOV Atm: 96 � 96 �
L39

Dufresne et al. (2013) r1i1p1 r1i1p1

Ocean: 182 � 149

� L31

MIROC-ESM Japan Agency forMarine-Earth Science and Technology, Atmosphere and
Ocean Research Institute (The University of Tokyo), and National
Institute for Environmental Studies

AOV Atm: 128 � 64 �
L80

Sueyoshi et al. (2013)
Watanabe et al. (2011)

r1i1p1 r1i1p1

Ocean: 256 � 192

� L44

MPI-ESM-P Max Planck Institute für Meteorologie (MPI), Germany AO Atm: 196 � 98 �
L47

Giorgetta et al. (2013) r1i1p1
r1i1p2

r1i1p1
r1i1p2

Ocean: 256 � 220

� L40

MRI-CGCM3 Meteorological Research Institute (MRI), Japan AO Atm: 20 � 160 �
L48

Yukimoto et al. (2012) r1i1p1 r1i1p1

Ocean: 364 � 368

� L51
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Data from 13 different models (15 different runs, Table 3) were
obtained from the PMIP3/CMIP5 database in March 2015 (http://
esgf-node.ipsl.fr/esgf-web-fe, Taylor et al., 2012). When two
different runs were available for one model (CCSM4 for the mid-
Holocene; CCSM4 and GISS-E2-R for the LGM), data were aver-
aged to produce one output per model to avoid overweighting any
single model (Hargreaves et al., 2013). For the purpose of this study,
ensemble models were calculated after interpolating each model
on a 1� � 1� grid with the software CDO (CLimate Data Operators,
Schulzweida et al., 2014).

2.2. Palaeorecords selection

We have compiled a subset of records that are generally
considered to reflect changes in local/regional rainfall amount and/
or intensity (Table 1, Fig. 1A). This strict criterion restricts the depth
of our dataset selection, as the majority of records fromAfrica are in
fact proxies of aridity, i.e. they measure the past environmental

http://esgf-node.ipsl.fr/esgf-web-fe
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water-balance (precipitation minus evapotranspiration (P-PET)).
Aridity is a composite variable that integrates different aspects of
climate such as rainfall and temperature, as well as their season-
ality. Aridity records cannot be interpreted directly in terms of
rainfall without being at least corrected for the negative and non-
linear effect of temperature (Chevalier and Chase, 2016). To in-
crease the statistical power of our analysis, we nonetheless selected
some aridity records (lake-levels, XRF counts and surface runoff
proxies; Table 1), but only when they were indicating, at least
broadly, increased/decreased rainfall signals that contrasted with
predicted signals if PET was a dominant control (cf. the lake level
records of our compilation, Table 1). When the interpretation was
unclear, the record was excluded to reduce potential sources of
error.

We used two types of rainfall proxies amount/intensity proxies:
1) isotopic proxies such as d18O, measured from speleothems
(McDermott, 2004; Partin et al., 2008; Shakun et al., 2007; Wang
et al., 2001), or dD, measured on long-chain monocarboxylic fatty
acids in lacustrine or marine sediments (Feakins and Sessions,
2010; Hou et al., 2008; Schefub et al., 2005; Tierney et al., 2011b)
and 2) quantified pollen-based reconstructions using the CREST
climate reconstruction method (Chevalier et al., 2014). It is worth
mentioning that regional dD records are usually interpreted as
reflecting changes in rainfall amount and/or intensity. However, it
has been recently pointed out that other factors, such as changes in
the moisture source, could significantly impact the nature of the
signal (Konecky et al., 2011; Tierney et al., 2011a). Considering the
context, nature and resolution of this study, these additional factors
are unlikely to significantly impact the results. Finally, since the two
dD records from of the Zambezi River mouth are derived from two
nearby (<65 km) marines cores (Schefub et al., 2011; Wang et al.,
2013), and share very similar trends for their overlapping section
(0e17 ka), we only used one of them for each experiment to exclude
any form of redundancy: the higher-resolution record of Schefub
et al. (2011) for the mid-Holocene experiment and the longer re-
cord of Wang et al. (2013) for the LGM experiment.

Following standard protocol (e.g. Bartlein et al., 2011), we chose
the periods 5.5e6.5 cal kBP and 20e22 cal kBP to represent the
mid-Holocene and the LGM respectively. Anomalies were calcu-
lated by subtracting the average of the last millennium. The latter
criterion excludes some of the longest and best-dated sequences
from which the last millennium is missing such as the dD records
from lakes Victoria (Berke et al., 2012), Tanganyika (Tierney et al.,
2008) and Tana (Costa et al., 2014). For the latter, however, strong
similarities are observedwith a Ti XRF counts record from the same
lake between 1.5 and 15 cal kBP (Marshall et al., 2011). Hence, even
if that proxy generally reflects aridity, we assume here that it can be
interpreted as a proxy for rainfall amount/intensity in this situation.
Our dataset is finally composed of 16 and 11 data points for the
mid-Holocene and the LGM, respectively. Some studies have used
longer time windows to include more records (e.g. Di Nezio and
Tierney, 2013), but our approach prevents including additional
sources of climate variability that are not incorporated in PMIP3
simulations.

In conclusion, limitations of this data compilation are: 1) the
number of records, especially for the LGM, 2) the heterogeneous
nature of those records and 3) the qualitative nature of the majority
of them. Hence, statistically significant maps cannot be derived,
limiting our study to an analysis of the broadest climate trends
simulated by the models supported by point-based comparisons.

2.3. Model's evaluation

To measure the agreement between models and palaeorecords,
qualitative comparisons (i.e. comparisons of the sign of the
anomalies) were performed between the proxy value and the
simulated rainfall. For the marine records (records 3 and 12) and
the twomulti-sites stacks from southern Africa (records 15 and 16),
we averaged all the values within their attraction basin (repre-
sented in green on Fig. 1A). For the other records, we performed
point-based comparisons. We used the kappa statistic (k) to mea-
sure the global agreement between the simulations and the palaeo-
data. This statistic is based on the comparison of the categorical
classification performed by two independent ‘raters’ (namely here,
the models and the data) (Cohen, 1960). It varies between �1
(models and data are never showing the same anomaly) and 1
(perfect agreement, i.e. models and data always predict the same
anomaly sign). The kappa statistics also integrates the notion of
random agreement (false positive, k¼0). We defined three cate-
gorical levels for our rainfall anomalies: wetter, drier and no
change. Palaeo-data were sorted in the ‘no change’ category when
the average of the 6k/21k time window was not statistically
different at 95% (Student t-test) from the average of the last mil-
lennium (Table 1). To define the ‘no change’ category formodels, we
kept some flexibility and rather used a moving threshold from 0 to
0.5mm/day that wemovedwith a 0.01mm/day step.We refer to Di
Nezio and Tierney (2013) for further details about the application of
this index.

3. Results

3.1. Definition of the rainy season

Simulations of the PI rainfall in southeastern and northeastern
Africa (as defined with the boxes on Fig. 1B) are consistent, both in
terms of amplitude and seasonality (Fig. 2 Top), with the modern
climatology of Worldclim (Hijmans et al., 2005). However, we do
observe an inversion of the two rainfall peaks in eastern-equatorial
Africa with the first maximum occurring in November instead of
April, and the second peak in May instead of November. Interest-
ingly, and despite that inversion, cumulated rainfall amounts for
the overall rainy season remains fairly consistent between models
and modern climatology. To define our rainfall season, we thus had
to select a period that is long enough to include these two peaks,
but also short enough to exclude the influence of temperate sys-
tems during the winter months in southeastern Africa (Fig. 1C). In
addition, as our study area covers a large latitudinal extent (20�N e

30�S), we had to consider that the rainfall maximum occurs at
different times of the year (Fig. 1C). To represent the regionally
specific period of maximum rainfall, we derived a variable that
represents the five consecutive months with the highest cumula-
tive rainfall amounts (PWet5M, Fig. 1C). This choice of five months
reflects a trade-off between the different constraints
aforementioned.

3.2. Mid-Holocene

In the ensemble simulation, an axis parallel to the Equator at
~3e5�S divides our study area in two, with higher PWet5M values
being simulated to the north (from Lake Victoria and northward)
and lower to the south (Lakes Tanganyika andMalawi, southeastern
Africa andMadagascar, Fig. 3). Inter-model agreement is high north
of the Equator and south of 10�S (red dots and crosses on Fig. 3), but
differences are notable in the transition area that encompasses the
latitudes of Lakes Victoria and Tanganyika (0e10�S). This north/
south rainfall dipole is consistent among model simulations with
most of the variability being explained by 1) latitudinal shifts of
that transition zone and 2) the amplitude of the anomaly simulated
over the Ethiopian highlands and the northwestern Indian Ocean
(Fig. 3).



Fig. 2. Mid-Holocene and LGM rainfall annual cycle (mm.d�1) for northeastern, eastern-equatorial and southeastern Africa (as defined by the boxes on Fig. 1). Red thick lines
represent the ensemble models. Modern values, extracted fromWorlclim 1.4 database (Hijmans et al., 2005), are indicated in black with black open circles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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The distribution of anomalies from the palaeodata follows a
similar spatial pattern (Fig. 3). Interestingly, it is also in this
transition region (0e10�S) that two palaeo-datasets exhibited non-
significant rainfall anomalies (Table 1; Bonnefille and Chali�e, 2000;



Fig. 3. Mid-Holocene PWet5M anomaly maps as simulated by PMIP3 models. Green/White/Orange dots (squared for marine cores and rounded for terrestrial records) indicate
positive/not significant/negative rainfall anomalies as inferred from the palaeodata. The brown to green rainfall colour scale represents the simulated rainfall anomalies. Note that
the colour scale is not linear. Inter-model agreement on the sign of the anomalies at ~75/90%, which correspond to an agreement of 9 and 11 out of the 12 models, is indicated by red
dots/crosses, respectively. The top right grey map represents the inter-model variability, calculated as the standard deviation of the model values, for PWet5M during the mid-
Holocene. The darker the grid cell is, the more divergent the models are. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



Fig. 4. Kappa statistics calculated for each model and each period. The x-axis repre-
sents the varying threshold used to define the “no change” rainfall anomalies (from
0 to 0.5 mm/day). The highest kappa found for each model is indicated between pa-
rentheses. The darker the blue/red shading is, the better/worse the data-model
agreement is. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Garcin et al., 2006), indicating similar mid-Holocene and last mil-
lennium conditions. Based on the kappa statistics, models that
perform best are the ensemble (k¼0.69, Fig. 4), BCC-CSM1-1 (0.67),
CCSM4 (0.67), CNRM-CM5 (0.68) and FGOALS-s2 (0.80). With their
small kappa statistics, MPI-ESM-P (k¼0.21) and FGOALS-G2 (0.27)
have a very low predictive capacity. FGOALS-G2 simulates a north-
south rainfall dipole, but the transition zone is located too far north,
explaining its low kappa. On the contrary, MPI-ESM-P simulates
increased rainfall across almost all of the study area with the
exception of spatially restricted patches of negative anomalies.

In northeastern and eastern-equatorial Africa, the annual
amount of rainfall increases significantly (þ0.5 to þ1 mm.d�1,
Fig. 2) during the wettest period, i.e. from May to October for the
former and from July to November for the latter. Seasonal cycles
remain unchanged as these changes already correspond to themost
important peak of rainfall. In eastern-equatorial Africa, a small
decrease is observed at the time of the second peak (�0.2 mm.d�1).
In southeastern Africa, the pattern of rainfall anomalies is similar in
that rainfall monthly means increase slightly from October to
November (þ0.2 mm.d�1) and decrease from December to April
(less summer rain�0.7 mm.d�1), but the gain does not compensate
for the loss, resulting in an overall loss of precipitation.
3.3. Last Glacial Maximum

Compared to the 6k experiment, an inverse north-south nega-
tive/positive rainfall anomaly dipole is visible in the ensemble
model of the 21k experiment, with a limit situated at ~15�S, along
the modern southernmost position of the ITCZ (Fig. 5). However,
this averaged representation masks strong inter-model variability,
both in terms of spatial distribution and amplitude of change.
While broadly similar spatial patterns are visible in many simula-
tions, such as the aridification of northeastern Africa and parts of
eastern-equatorial Africa, or the humidification of the lower Zam-
bezi basin (cf. the red dots and crosses on the ensemble model,
Fig. 5), strong divergence occurs in coastal and high altitude re-
gions. Looking more specifically, we can distinguish that each
model is, in fact, simulating a unique synoptic pattern of rainfall
anomalies, none of which reflecting the pattern suggested by the
palaeo-data. Models identified in the previous section with a good
predictive capacity (CCSM4 and CNRM-5) are not distinguished
here, and their agreement with the spatial distribution of palaeo-
data is indistinguishable from random agreement (k ~ 0, Fig. 4).

Despite being spatially divergent, trends in seasonal changes
observed in the ensemble model are fairly homogeneous when
averaged by region. Northeastern Africa experiences reduced
rainfall intensity from July to December (�0.7 mm.d�1 during the
peak month). A wetter, symmetrical climate evolution is observed
during the same period in southeastern Africa. Eastern equatorial
Africa experiences drier months year-round, with the largest
decrease being observed at the time of the dominant rainfall peak
(�0.8 mm.d�1 in November and December). Those changes result
in a shorter/longer rainy season in northeastern and southeastern
Africa, respectively, while the difference between the two rainfall
maxima characteristic of eastern equatorial African climate during
the pre-industrial and mid-Holocene periods is less marked.

4. Discussion

4.1. Mid-Holocene

All mid-Holocene model outputs analysed are in good agree-
ment with mid-Holocene palaeodata, indicating negative rainfall
anomalies south of 3e5�S and positive anomalies northward
(Figs. 3 and 4). The two non-significant rainfall anomalies inferred
from the palaeo-data (Table 1) are consistent with the small
anomalies simulated in the transitional band defined by the
southernmost and northernmost latitudes of lakes Tanganyika and
Victoria, respectively. This continental-scale pattern of rainfall
anomalies suggests an intensified northern monsoon from May to
November, and a weaker southern monsoon from December to
April (Fig. 5B), a dynamic that can be directly linked to variations in
the amount of heat received by the tropics (Fig. 7 Top). The orbital
configuration at 6 ka promotes an increased/reduced seasonal
heating in the Northern/Southern Hemisphere, so that summer is
warmer in the Northern Hemisphere and colder in the Southern
Hemisphere, and vice-versa in winter. This configuration allows the
northern monsoon to intensify and expand (Fig. 6B) as stronger
seasonal thermal amplitude results in stronger thermal land-sea
contrasts, deeper low-pressure cells over land, and therefore
enhanced advection of moist air from the Indian and Atlantic
oceans. An inverse dynamic occurred in southeastern Africa, where
the strength of the southern monsoonal systems weakened. How-
ever, simulations suggest that the strongest reduction of summer
rainfall occurs mainly on the margins of the southern monsoon
core, located over Zambia (Fig. 6B).

This north/south opposition is consistent with the rainfall dipole
of the AHP, which has often been explained by a migration of the
ITCZ further north during the boreal summer in response to the
warming of the Northern Hemisphere (Braconnot et al., 2007b,
2000; Coe and Harrison, 2002; deMenocal et al., 2000; Kutzbach,
1981; Prell and Kutzbach, 1987). PMIP3 models rather suggest
that the positive rainfall anomalies are caused by an overall
intensification of the monsoon domain north- and southward that
eventually brings more rainfall across northern, and part of tropical
Africa. The opposite is simulated during the austral summer with a



Fig. 5. LGM PWet5M anomaly maps as simulated by PMIP3 models. Green/White/Orange dots (squared for marine cores and rounded for terrestrial records) indicate positive/not
significant/negative rainfall anomalies as inferred by the palaeodata. The brown to green rainfall colour scale represents the simulated rainfall anomalies. Note that the colour scale
is not linear. Inter-model agreement on the sign of the anomalies at ~75/90%, which correspond to an agreement of seven and eight out of the nine models, is indicated by red dots/
crosses, respectively. The top right grey map represents the inter-model variability, calculated as the standard deviation of the model values, for PWet5M during the LGM. The
darker the grid cell is, the more divergent the models are. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (A) Representation of the simulated rainfall patterns for MJJAS (boreal summer, top) and NDJFM (austral summer, bottom) during the pre-Industrial period. The black shading
with an orange contour on the left side of each map represents the longitudinal average of rainfall distribution of rainfall during the pre-Industrial period. For panes B (mid-
Holocene) and C (LGM), longitudinal averages are recalculated and compared to the PI values (orange contour). When the amount of rainfall is higher/lower than the PI value, the
shading is represented in blue/yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reduced intensity of the core and a contraction of the rainbelt in the
equatorial region (Fig. 6B). Those observations are consistent with
the results of Jiang et al. (2015a), who showed similar behaviour for
all northern (expansion and intensification) and southern
(contraction and weakening) monsoon domains, and linked those
changes to variations of the equator-to-pole and land-sea thermal
gradients driven by orbital precession.

Many studies conducted in northern Africa have shown that
models underestimate the apparent amplitude of change during
the AHP (Braconnot et al., 2012; Harrison et al., 2015; Perez-Sanz
et al., 2014). Whether similar quantitative conclusions can be
applied to our study area is still beyond the capacity imposed by the
number and quality of the palaeorecords available. Records from
southeastern Africa suggest the opposite, with an overestimation of
the arid anomalies (Chevalier and Chase, 2015; Holmgren et al.,
2003; Schefub et al., 2011), particularly over the lower Zambezi
basin (�0.5 mm/day, Fig. 3). If the sign of the rainfall anomaly is
correct, the dD records from marine cores GeoB9307-3 (Schefub
et al., 2011) and GIK 16160-3 (Wang et al., 2013) indicate little
difference between mid-Holocene and pre-industrial conditions,
suggesting that some models may in fact overestimate the dry
anomalies. Noteworthy is the decrease of those anomalies from
PMIP1 to PMIP2 and from PMIP2 to PMIP3 (Jiang et al., 2015a),
indicating that models are probably making significant progress in
that region for the mid-Holocene period.
4.2. Last Glacial Maximum

With low, and even negative, kappa statistics (Fig. 4), the
different simulations, and the ensemble model, suggest conditions
significantly different from the pattern inferred from the palaeo-
data (Fig. 5). Tierney et al. (2008) and Chevalier and Chase (2015)
have proposed that the reduction of precipitation over most of
the study area was a response to the colder atmospheric and
oceanic conditions that reduced air moisture content during the
LGM, with the notable exception of a restricted coastal region be-
tween the Equator and ~20�S (Di Nezio et al., 2016; Di Nezio and
Tierney, 2013). While the limited number of continuous and well-
dated terrestrial precipitation proxy records from the region pre-
cludes the identification of the exact extent of this wetter conti-
nental area, the eastern margin of the African Rift seems to be
playing an important role in separating these positive and negative
rainfall anomalies. The ensemble model e i.e. the model that rep-
resents the large-scale trends shared by all the models e does not
capture this continental-scale pattern, indicating rather a north/
south dipole with reduced/increased precipitation, respectively.
This simulated dipole is the consequence of a contraction of the
northern monsoon domain during the boreal summer, and of a



Fig. 7. Monthly rainfall anomalies from the ensemble models (blue) vs. changes in insolation (orange) for the mid-Holocene (A) and the LGM (B). Insolation and rainfall values
correspond to the average plus or minus one standard deviation of all the grid cells part of the regional boxes defined on Fig. 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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2e3� southward migration of the southern domain as a whole,
without any significant change in its absolute latitudinal range or
intensity (Fig. 6C). However, this dynamic is not a significant syn-
optic response as each model simulates a unique pattern for the
anomaly (Fig. 5). This inter-model heterogeneity suggests rather
that some fundamental mechanisms or important feedbacks un-
derlying the LGM mean climate state and sensitivities are not
captured, misattributed or not given enough importance in the
models.

Two major discrepancies between the palaeo-data and the
PMIP3 LGM ensemble rainfall simulations have been identified. The
first one concerns the wetter conditions across southeastern Africa.
The orbital configuration of the LGM being very similar to the pre-
industrial period (Table 2), the small variations of insolation cannot
explain these conditions (Fig. 7). The annual distribution of rainfall
anomalies and changes in the seasonal cycles (Figs. 2 and 7) rather
suggests that the rainbelt had a longer residence time in the
Southern Hemisphere during the LGM, which is a consistent
response to the cooling of the Northern Hemisphere coupled to the
development of large continental ice-sheets (Arbuszewski et al.,
2013; Broecker and Putnam, 2013; Clark et al., 2009). However,
this change does not explain the simulated north/south rainfall
dipole as monsoon intensity should be reduced by the colder
continental and sea surface temperatures (Chevalier and Chase,
2015). The simulated SST reduction (1 �C in the northwestern and
2e2.5 �C in the southwestern sectors of the Indian Ocean), an
amplitude of change consistent with the data (Bard et al., 1997;
Dahl and Oppo, 2006; Sonzogni et al., 1998), should significantly
reduce moisture content of the tropical easterlies and ultimately
reduce the latitudinal range of the southern monsoon domain
relative to PI (Chevalier and Chase, 2015; Jiang et al., 2015a, 2015b).
The second feature not captured by models is the apparently
wetter coastal band between the Equator and 20�S. This patch of
positive rainfall anomalies has been linked to changes in the
strength of the zonal atmospheric circulation over the Indian Ocean
basin as a response to the LGM lower sea-level (Di Nezio et al.,
2016; Di Nezio and Tierney, 2013). The exposure of the Sunda and
Sahul shelves in the middle of the Indo-Pacific Warm Pool
(90e150�E, 20�S-20�N) increased the regional albedo, which initi-
ated a reduction in convection that eventually resulted, via a pos-
itive feedback of the Indian Ocean circulation, in an augmentation
of the East-West SST gradient and a weakening of the entire Indian
OceanWalker Cell (Di Nezio et al., 2016). Reduced subsidence in the
western/descending branch of the cell resulted in a positive rainfall
anomaly over the western Indian Ocean basin and easternmost
Equatorial Africa (Hastenrath, 2001, 2000; Nicholson, 2015). Di
Nezio and Tierney (2013) have already showed from a subset of
PMIP2 and PMIP3 models that this large-scale mechanism of the
LGM was absent in the simulations, and this study extends their
results and conclusions to all the PMIP3 model simulations for this
region.
5. Conclusion

The publication of new palaeodata from a large region covering
the Horn of Africa to southeastern Africa has significantly improved
the potential for large-scale data/model comparison in that region.
In this study, the mid-Holocene and Last Glacial Maximum pre-
cipitation simulations were investigated using the results of PMIP3/
CMIP5 experiments. For the mid-Holocene, the response is
reasonably robust and homogenous among all model tested.
Models are sensitive to changes in the distribution of heat between
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the Northern and Southern hemispheres and reproduce the more
humid/arid north/south dipole that is characteristic of the end of
the African Humid Period. Simulations of the LGM are far less
consistent and inter-model variability is high. Each model simu-
lates a unique pattern of precipitation anomalies, none of which
being able to capture the signal evident in the palaeo-data. Two
major discrepancies have been identified in the LGM simulations:

1. In contrast with the palaeo-data, models simulate more pre-
cipitation across southeastern Africa as a response to a longer
residence time of the tropical rainbelt in the Southern Hemi-
sphere, and more critically to a limited sensitivity of the
southern African monsoon to the 2e2.5 �C colder SSTs of the
southwestern Indian Ocean.

2. Models fail to capture the variability of the Indian OceanWalker
Cell, whose intensity decreased during the LGM because of the
exposure of the Sahul and Sunda shelves. Reduction of this zonal
circulation ultimately led to increase precipitation over the
western sector of the Indian Ocean and easternmost equatorial
Africa.

This study highlights that the parameterization of tropical
climate in GCMs is still incomplete. To improve model simulations,
a major focus should be held on integrating these atmospheric and
oceanic teleconnections that exist between the different inter-
connected monsoon domains of the Global Monsoon. The dynamic
of the Indian Ocean Walker circulation that links the African and
Southeast Asian monsoon domains is not captured in any PMIP3
models, which could explain the lack of consistency between the
simulations.
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