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Abstract

There is a well-known mode of rainfall variability associating opposite hydrological conditions over the Sahel region and
the Gulf of Guinea, forming a dipole pattern. Previous meteorological observations show that the dipole pattern varies at
interannual timescales. Using an EC-Earth climate model simulation for last millennium (850-1850 CE), we investigate the
rainfall variability in West Africa over longer timescales. The 1000-year-long simulation data show that this rainfall dipole
presents at decadal to multidecadal and centennial variability and long-term trend. Using the singular value decomposition
(SVD) analysis, we identified that the rainfall dipole present in the first SVD mode with 60% explained variance and asso-
ciated with the variabilities in tropical Atlantic sea surface temperature (SST). The second SVD mode shows a monopole
rainfall variability pattern centred over the Sahel, associated with the extra-tropical Atlantic SST variability. We conclude
that the rainfall dipole-like pattern is a natural variability mode originated from the local ocean—atmosphere-land coupling
in the tropical Atlantic basin. The warm SST anomalies in the equatorial Atlantic Ocean favour an anomalous low pressure
at the tropics. This low pressure weakens the meridional pressure gradient between the Saharan Heat Low and the tropical
Atlantic. It leads to anomalous northeasterly, reduces the southwesterly moisture flux into the Sahel and confines the Gulf of
Guinea’s moisture convergence. The influence from extra-tropical climate variability, such as Atlantic multidecadal oscilla-
tion, tends to modify the rainfall dipole pattern to a monopole pattern from the Gulf of Guinea to Sahara through influencing
the Sahara heat low. External forcing—such as orbital forcing, solar radiation, volcanic and land-use—can amplify/dampen
the dipole mode through thermal forcing and atmosphere dynamical feedback.

Keywords West Africa rainfall dipole - Decadal to multidecadal variability - EC-Earth - Last millennium - Tropical
Atlantic variability - Atlantic multidecadal oscillation

1 Introduction

West African rainfall is driven mainly by the West Afri-
can monsoon (WAM) (Losada et al. 2010; Nicholson 2013;
Sultan and Janicot 2003). Rainfall variability across vari-
ous timescales is of great importance to ecosystems and
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human life in West Africa. Most of the region’s population
is largely dependent on rain-fed agriculture and pastures for
livestock, making them highly vulnerable to rainfall fluctua-
tions. Instrumental observation data over the past~ 100 years
indicate that western Africa rainfall shows significant vari-
ability on interannual, decadal, and multidecadal timescales
(Mohino et al. 2011). For example, the semi-arid Sahel
region experienced an intense and persistent drought dur-
ing the 1970s and 1980s, which is one of the main recent
climate variability signals (Caminade and Terray 2010; Dai
et al. 2004; Folland et al. 1986; Giannini et al. 2003; Mohino
et al. 2011; Rodriguez-Fonseca et al. 2011). The persistent
Sahelian drought is widely covered worldwide by media for
its dramatic socio-economic consequences, particularly food
security (Kandji et al. 2006).

The interannual variability of the WAM is believed to
be strongly related to nearby sea surface temperature (SST)
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anomalies, i.e. the SST anomalies over tropical and north
Atlantic (Caminade and Terray 2010; Folland et al. 1986;
Losada et al. 2010; Palmer 1986; Rodriguez-Fonseca et al.
2015; Zhang and Delworth 2006) or South Atlantic Ocean
(Nnamchi and Li 2011). Observational data show that the
SST anomalies in the tropical Atlantic are associated with a
dipole rainfall patterns centred over the Sahel and the Gulf
of Guinea (Janicot et al. 1998; Losada et al. 2010, 2012;
Rodwell and Hoskins 1996; Ward 1998) before the 1970s.
The dipole rainfall pattern disappeared after the 1970s, and
change to a monopole rainfall pattern north of the Gulf of
Guinea coast until 2000s (Janicot and Sultan 2001; Joly
and Voldoire 2010). Losada et al. (2012) demonstrate with
atmospheric modelling that the SST anomalies in tropical
Atlantic alone can produce a rainfall dipole in West Africa.
When the SST anomalies in the Atlantic appear accompa-
nied by anomalies in the Indo-Pacific, the dipole pattern is
drastically weakened. Studies have also shown a connec-
tion between Sahel rainfall and SST over the tropical Indian
and Pacific Oceans (Palmer 1986; Xue et al. 2016). It is
found that the Atlantic and Pacific SST have a comparable
effect in reducing rainfall in the western Sahel. In contrast,
the Indian Ocean SST reduces the rainfall in eastern Sahel
(Palmer 1986). The impact from Pacific SST might be an
indirect effect of the remote forcing on tropical Atlantic SST
to influence the western African rainfall (Liu et al. 2004).
Previous studies have shown that multidecadal drought in
West Africa during the instrumental period (past 100 years
for Africa) is primarily driven by changing Atlantic SST
patterns (Hoerling et al. 2006; Knight et al. 2006; Martin
et al. 2014; Mohino et al. 2011; Ting et al. 2011a; Zhang and
Delworth 2006). It suggests that these patterns may reflect a
natural low-frequency mode from ~ 65 to~ 80 years of SST
variability: the Atlantic multidecadal oscillation (AMO)
(Folland et al. 1986). Several studies also propose the pos-
sible impact of the Pacific decadal oscillation (PDO) on
Western Africa rainfall (Mohino et al. 2011; Villamayor and
Mohino 2015). However, climate models cannot skillfully
capture the observed decadal to multidecadal WAM rainfall
variability (Berntell et al. 2018; Martin et al. 2014; Masih
et al. 2014; Mohino et al. 2011; Nouaceur and Murarescu
2016). Most global climate models underestimate the mag-
nitude of decadal variability in the twentieth-century simu-
lations (Biasutti 2013; Roehrig et al. 2013). The underes-
timation of hydroclimate variability at decadal and longer
timescales is not a feature unique to the WAM but is com-
mon in other parts of the world (Ljungqvist et al. 2019a, b).
This weak model-simulated decadal rainfall variability is
not well understood but has so far received comparatively
little attention. One reason for the models’ shortcomings in
simulating decadal-scale rainfall variability is likely related
to coupled climate models’ inability to realistically simu-
late the internally decadal SST variability—a key driver to
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rainfall variability (Martin et al. 2014). The decadal climate
variability in WAM has so far been tested in atmosphere-
only models, with prescribed SST, and the problem remains
unsolved (Berntell et al. 2018), pointing to unrealistically
weak coupling between SST change and western African
rainfall in model simulations.

The climate prediction and projection on decadal or
longer timescales of western Africa rainfall are of central
importance for the management of climate risk and vul-
nerability (Otero et al. 2016), therefore it is crucial that
global climate models are capable of representing local as
well as remote drivers of rainfall variability and the inter-
action between the two. This study has performed a ‘last
millennium’ experiment from 850 to 1850 CE with an
ocean—atmosphere coupled high-resolution global climate
model EC-Earth (further details in Sect. 3.1 below). The
results from 1001 years model output, from different diag-
nostic aspects such as the long-term trend, the centennial-
scale climate change between Medieval Common Anomaly
(MCA) and Little Ice Age (LIA), and rainfall variability
at decadal to multidecadal timescales, all exhibit a dipole
variability mode between the Sahel region and the Gulf
of Guinea. We have investigated the possible drivers and
dynamical processes in the coupled climate model sys-
tem and found that this rainfall dipole pattern results from
tropical-extratropical interaction in the north Atlantic basin.
The external forcing can further amplify/dampen the dipole
mode.

2 Dry and wet episodes from paleoclimate
proxy data during the last millennium

The evaluation of the climate models’ ability to capture the
long-term climate variability largely depends on the study
area’s observational data. However, there are no continu-
ous instrumental observation datasets available beyond the
last~ 100 years in West Africa. Moreover, relatively little
paleoclimate proxy data is available for West Africa, and
most have comparably low temporal resolution and relatively
poor dating control (Nash et al. 2016). The region is located
in the tropical to subtropical climate zones, with no gla-
ciers to provide ice-core records. No long tree-ring records
have successfully been produced, both due to the logistic
challenges and because tropical trees do not grow reliable
annual growth rings. Records from lake sediments are scarce
because the shallow ponds and marshes dotting the region
have dried during recent and past drought episodes (Nash
et al. 2016). The most crucial proxy records come from Lake
Chad in the Sahel region (Maley 1993) and Lake Bosumtwi
at the Coast of Guinea (Shanahan et al. 2009; Talbot and
Delibrias 1977) (highlighted in Fig. 1b). Sediments and
pollen data from Lake Chad indicate comparatively wet
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Fig.1 Annual mean terrestrial rainfall (unit: mm/month) averaged
from a CRU monthly data from 1901 to 2015, and b EC-Earth “last
millennium” simulation from 850 to 1850. The red rectangle in a is
the West Africa domain (5°-20° N, 20° W-30° E) defined in this
study, the two sub-domains Sahel (10°-18° N, 20° W-30° E) and
Coast of Guinea (5°-10° N, 20° W-30° E) are indicated with black

conditions prevailing ~ 1100-1400 CE and during the sev-
enteenth century, whereas drier conditions prevailed during
the fifteenth and sixteenth centuries (Maley 1993). Slightly
wetter conditions in northeastern Nigeria during 1000-1200
CE are also apparent in sediment data from the dry lake
floor of the Kajemarum Oasis (Street-Perrott et al. 2000),
which is located about 400 km northwest of Lake Chad
(see Fig. 1b). In the West African tropical region, the Lake
Bosumtwi record shows drier conditions from 900 to 1150
CE (Shanahan et al. 2009), corresponding to more dust emis-
sions recorded in marine sediment from offshore Senegal
(Mulitza et al. 2010). After this dry episode, overlapping
with the peak of the MCA globally, the region returned to
wetter conditions until the early fifteenth century. These wet-
ter conditions were followed by a persistent 300-year dry
period from ~ 1450 to~ 1750 CE, roughly overlapping with
the significant portion of the LIA.

In Table 1, we summarised these wet-dry episodes dur-
ing 850-1850 CE millennium. The changes in lake level
recorded in Lake Bosumtwi indicated that West Africa
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rectangles. The rainfall indices for these three regions are averaged
respectively within the defined domain. The Gulf of Guinea, includ-
ing the coastal area along the Gulf, is indicated with a dashed rec-
tangle (5° S—10° N, 20° W-15° E). Three lakes in West Africa that
provide the hydrological information during the last millennium are
noted in b

was even drier during the eighteenth century than during
the twentieth century, implying the drought prevailing in
the Sahel since the end of the 1960s is not exceptionally
anomalous in the context of the past millennium (Shana-
han et al. 2009).

These few available proxy records provide valuable
information about the regional rainfall variability over
longer timescales. The evidence from Lake Chad, Kaje-
marum Oasis and Lake Bosumtwi suggest that the out of
phase hydrological conditions between subtropical and
tropical West Africa occurs both during the MCA and the
LIA. Although in phase hydrological conditions are also
present, this indicates that the dipole variability observed
in present-day rainfall even existed during 850-1850
CE and varies at centennial timescales (Table 1). These
changes at centennial timescales are assumed to be asso-
ciated with large-scale phenomena such as SST changes
in the global oceans. How do these drivers modulate the
rainfall variability over the region can be better-understood
with ocean—atmosphere coupled climate model simulation.

Table 1 Dry (brown) and wet (green) episodes shown in sediments from the Lake Chad (Maley 1993), the Kajemarum Oasis (Street-Perrott
et al. 2000), and the Lake Bosumtwi (Shanahan et al. 2009) during the last millennium
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3 Climate model simulation and analysis
methods

The period 850-1850 CE provides a comparatively well-
documented history of multidecadal to multi-centennial
climate changes, dominated by the MCA and LIA (Stocker
et al. 2013). Thus ‘last millennium’ simulations are con-
sidered one of the key experiments in the Paleoclimate
Modelling Intercomparison Project (PMIP) (Kageyama
et al. 2018). We have run this simulation following the
PMIP3 protocol. Several conventional statistical methods
are applied to analyse the monthly mean model output.
The statistically significant features from the analyses are
presented and discussed.

3.1 The EC-Earth model and the experiment setup

We use the ocean—atmosphere coupled climate model EC-
Earth (version 3.1) to perform the “last millennium” simula-
tion. The EC-Earth model results from a consortium devel-
opment effort from a group of different European research
institutions (Hazeleger et al. 2012). EC-Earth’s atmospheric
component is revised from the Integrated Forecasting Sys-
tem (IFS), which is developed at the European Centre for
Medium-Range Weather Forecasts (ECMWF), coupled
with a land model H-TESSEL. The IFS and H-TESSEL
components are used to produce several ECMWF reanal-
yses widely used in climate research, e.g., ERA40, ERA-
Interim, ERA20C and the latest ERAS. The ocean compo-
nent is based on Nucleus for European Modelling of the
Ocean (NEMO) (Madec 2008) including a sea-ice model
LIM3 (Bouillon et al. 2009). The EC-Earth model has a rela-
tively high resolution comparing the other climate models in
PMIP3. The atmosphere’s horizontal resolution is 125 km,
and 62 vertical layers; the ocean model NEMO has a hori-
zontal resolution of 110 km with 40 vertical layers.

The climate forcing for the ‘last millennium’ experiment
follows the PMIP3 protocol (Schmidt et al. 2011, 2012),
with the orbital forcing calculated internally in the model
following Berger (1978). Variations in total solar irradi-
ance is based on the reconstruction provided by Vieira and
Solanki (2010) for 850-1609 CE, and from 1610 CE on the
reconstruction from Wang et al. (2005), and the volcanic
aerosol forcing is from Crowley and Unterman (2013).
Changes in greenhouse gas forcing are derived from Hansen
and Sato (2004) and Macfarling Meure et al. (2006). Land-
use changes are taken from Pongratz et al. (2008). All these
imposed forcings vary from 850 to 1850 CE, and therefore
this ‘last millennium’ simulation provides a 1001-year cli-
mate transient, containing both internal and externally forced
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variability. The initial condition starts from an equilibrium
state at 850 CE after a 300-year spin-up.

Our EC-Earth “last millennium” simulation has been
completed after PMIP3; hence the model data are not
presented in most of the PMIP3 “last millennium” model
studies. We have included this dataset in a recent simula-
tion-reconstruction comparison study evaluating the centen-
nial-scale temperature changes together with other PMIP3
simulations (Ljungqvist et al. 2019b). The results of that
study show that the EC-Earth is among the models that agree
well with continental-scale temperature reconstructions for
MCA and LIA changes. The EC-Earth “last millennium”
simulation has also been used to estimate the maximum
annual number of Atlantic tropical cyclones. The simula-
tion has proved useful to statistically assess extreme climate
events (Lavender et al. 2018).

Besides the ‘last millennium’ simulation, we performed
a short ‘historical’ simulation from 1979 to 2009 using the
CMIPS historical forcing (Taylor et al. 2012). This ‘histori-
cal’ simulation is used to evaluate WAM rainfall’s climatol-
ogy by comparing it to present-day instrumental observation
data.

We use monthly mean rainfall, SST, sea level pressure,
specific humidity, and horizontal wind at 850 hPa from the
model output in the analysis. The simulated total rainfall is
the sum of large-scale rainfall and convective rainfall. The
moisture flux is calculated by humidity and horizontal wind
field.

3.2 Instrumental observation data

Observational monthly mean rainfall and surface air tem-
perature data derived from CRU TS 3.24.01 from Climate
Research (Harris et al. 2014) are used to evaluate the model
performance. The CRU dataset used land-based in-situ
observations from meteorological stations across the globe
and interpolated into a grid with 0.5° latitude by longitude
resolution. The data length is 115 years covering 1901-2015.
The availability of meteorological stations over Africa varies
with time, i.e., 60-80% of the grid cells in Africa have sta-
tion data for most of the twentieth century, with lower num-
bers at the beginning of the century and at the end. Grid cells
lacking data are supplied with values equal to the 1961-1990
climatological mean.

The climatological annual mean rainfall shows an appar-
ent difference from the northern arid Sahara to Guinea’s
tropical coast, ranging from approximately 10 mm/month to
100 mm/month. We define our study region of West Africa as
the domain 5°-20° N, 20° W-30° E. In regular model grids,
it includes part of the adjacent Atlantic Ocean. The rainfall
over the land area of this domain is averaged as a West Africa
rainfall index. During the boreal summer months, the onset of
the WAM shifts the monsoon rainfall northward. It leads to
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more rainfall in the Sahel region, while the coastal area to the
south, which we refer to as the Coast of Guinea, experiences a
slightly decreased rainfall. Previous observation from station
data shows that the year-to-year variability exhibits a strong
contrast between the Sahel region and the Coast of Guinea
(Janicot 1992; Janowiak 1988; Nicholson 1980; Nicholson
and Palao 1993). The sign change in rainfall anomaly occurs
approximately at 10° N (Janicot 1992). We further define two
sub-region domain Sahel (10°-18° N, 20° W-30° E) and Coast
of Guinea (5°-10° N, 20° W-30° E) to investigate the land
area-averaged rainfall variability. In this study, the Gulf of
Guinea refers to the equatorial Atlantic area at 5° S—5° N, 20°
W-15°E, including a small part of the land area.

3.3 Statistical analysis method

To investigate the variability at different frequencies besides
the long-term trend, we applied linear detrending using a least-
square fit and filtering using a Butterworth filter (Emery and
Thomson 2001). Two climate regimes, the MCA (900-1200
CE) and LIA (1550-1850 CE) are selected to address the cen-
tennial-scale climate change. The significance of the climate
change between these two climate periods is examined using
the two-sample t-test (Wilks 2011).

The relationship between the SST and West African rain-
fall is analysed using the singular value decomposition (SVD)
analysis of the SST-rainfall cross-covariance matrix (Brether-
ton et al. 1992). The SVD analysis generalises empirical
orthogonal function (EOF) analysis applied to two data fields
(SST and rainfall in this case) together to identify modes that
explain the largest covariance between the two fields. The
expansion coefficients are time-series, one for each field,
describing how the modes of variability oscillate in time. We
calculate the homogeneous correlation between the expansion
coefficients and their respective original field to visualise the
covariance. To understand the mechanisms behind the covari-
ance between SST and rainfall, regression maps are produced
for sea level pressure (SLP), wind, humidity and moisture flux
at 850 hPa against the two leading SVD expansion coefficients.

Power spectrum analysis is applied to calculate the periods
on which the covariance varies. Here we use the multi-taper
method (MTM) (Mann and Lees 1996), performed with the
program k-spectra and parameters p =3, K=5. The peak peri-
ods’ significance is calculated with the null-hypothesis that the
peaks in the power spectrum are significantly larger than the
red-noise spectrum at that frequency (Wilks 2011).

4 Results

4.1 Model evaluation with instrumental
observations

West Africa lies just south of the Sahara Desert (Fig. 1) and
receives 768 mm annual mean rainfall (Fig. 1), decreas-
ing from the south to north. There are two regional rainfall
maxima in the West Africa domain. One is centred on the
west coast around 5°-11° N, near the Cameroon highlands
in eastern Coast of Guinea. There is a weaker rainfall maxi-
mum in the east part of the continent, over the Ethiopian
highlands. The climatology from the EC-Earth last millen-
nium simulation shows a very similar pattern.

The CRU rainfall data from 1970 to 1997 show that~60%
of its annual rainfall (710 mm) fall in the JAS season
(414 mm) (Fig. 2a) when the monsoon rainfall is at its most
northerly location. EC-Earth simulated rainfall shows a simi-
lar seasonal cycle (Fig. 2b) but has a dry bias of 47% over
the Sahel and dry bias of 22% over the Coast of Guinea
during the NH summer. This dry bias in EC-Earth appears
to result from both of the WAM being weaker and not reach-
ing as far north as in observations for the same period. For
example, the CRU shows a WAM with a wet centre located
over 8°-12° N, while the model simulation has a weaker
maximum over around 7°-11° N. This dry bias in western
Africa remains in the new model version EC-Earth3.3 with
even higher resolution (Haarsma et al. 2020). The physi-
cal causes of this dry bias can be due to a wide range of
deficiencies in the model parameterisations of land surface
and cloud physics, which needs to be investigated in further
detail.

The seasonal cycle structure in rainfall remains similar in
1901-2015 mean for CRU data (Fig. 2c) and the 850-1850
mean for EC-Earth ‘last millennium’ simulation (Fig. 2d).
We notice that the WAM was stronger, and extended fur-
ther northward, in the long-term mean in both data sources
comparing their 1970-1997 mean. The weaker WAM in
1970-1997 mean both in observation and simulation reflects
the well-known persistent drought period in West Africa
from the early 1970s to the 1990s. The mean monsoon
rainfall of the last millennium from EC-Earth simulation
shows a more vigorous intensity in the JAS season than the
1901-2015 mean rainfall from CRU data. This is consistent
with the results from previous studies, suggesting that West
Africa and the Sahel region were wetter in several episodes
during the 850-1850 period than during the twentieth cen-
tury (Shanahan et al. 2009). In the following analysis, we
focus on July—September (JAS) when West Africa receives
most of its rainfall.
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Fig.2 Latitudinal-time distribu-
tion of terrestrial rainfall (unit:
mm/month) over West Africa
(5°-20° N, 20° W=-30°E). a
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4.2 Long-term trend in rainfall

The multidecadal variability is apparent in the 850-1850
rainfall variation, with a significant decreasing trend in
summer rainfall occurring over the West Africa domain
(Fig. 3). The decreasing trend is associated to the decline
of insolation in the Northern Hemisphere at the top of the
atmosphere. The insolation at the top of the atmosphere is

Precipitation (mm/month)

determined by the solar irradiance (emitted energy from
the Sun) and the Earth’s orbit (the latitudinal distribution
of the short-wave solar energy). The trend in insolation is
mostly due to changes in orbital forcing (Schmidt et al.
2011). During the last millennium, the slight changes in
eccentricity and obliquity, and a 20-day shift in perihelion
(from 15 December to 4 January), together with give a
7.8 W/m? decrease in insolation in August at 15°N. During

Fig.3 The variation of summer 240 T T T T T T T T T
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the 1001-year simulated period from 850 to 1850 CE,
WAM rainfall decreased by 7.5%. For the West African
continent as a whole, the long-term linear trends com-
prise a wet period in the beginning and a dry period in the
later part, mostly consistent with paleoclimate proxy data
derived from lake sediments (Maley 1993; Shanahan et al.
2009; Street-Perrott et al. 2000). The variation of West
African rainfall mainly reflects the rainfall variability in
the Sahel. An apparent trend is seen in the rainfall in the
Sahel region, which has decreased by about 12% during
the last millennium. There is no noticeable trend over the
Coast of Guinea. A slightly increasing rainfall trend over
the Gulf of Guinea. A visible wet—dry multidecadal oscil-
lation is apparent in all of the time series.

A spatial trend analysis of the total JAS rainfall over
North Africa also reveals a drying trend over the 850-1850
period, centred over 10°-18° N, extending from east to
west over the entire continent (Fig. 4a). The rainfall centre
falls right into the Sahel domain as defined in Fig. 1a. Its
southern neighbour Coast of Guinea exhibits both weak
negative and positive rainfall trends, which explains the
previous results in Fig. 3 where no trend is observed in
its rainfall index time series. The positive rainfall trend
is instead centred over the Gulf of Guinea and equatorial
Atlantic. The rainfall trend pattern exhibits a latitudinal
dipole, which is also seen in more recent observations (e.g.
trend in 1998-2013) (Odoulami and Akinsanola 2018).
This dipole pattern is typically established through a
change of the surface temperature gradient that modulates
the monsoon flow and the African Easterly Jet (Janicot
et al. 1998; Losada et al. 2010). The spatial trend in sur-
face air temperature shows a contrast pattern with cool-
ing in Sahara, decreasing southward but covering most
of northern Africa, and warming in the north part of the
Sahel. During the 850-1850 CE period, the large-area
cooling trend is consistent with the declining insolation
in Northern Hemisphere summer due to changes in the

ion: trend 850-1850 CE

Earth’s orbit. This cooling trend, which weakens the lati-
tudinal temperature gradient, results in a weakening of the
WAM and leads to drier conditions in the Sahel region as
seen in Fig. 4a. The dry conditions at the surface reduce
the evaporative cooling in the monsoon season and lead
to anomalous warming effect, as shown from the surface
latent heat flux (Fig. 4c). This warming effect prevails
over the surface cooling, caused by insolation change, and
eventually results in warming over 15-20°N.

4.3 Rainfall change between medieval climate
anomaly and little ice age

In the EC-Earth “last millennium” simulation, as in other
climate model simulations, the timing of the MCA and LIA
slightly differs to those suggested by proxy-based recon-
structions. The climate models are not expected to reproduce
the exact climate evolution as the real world. It depends on
the complexity of the physical processes built in the model
system and the uncertainties in the climate forcing that is
reconstructed from proxy data (Ljungqvist et al. 2019b). The
WAM is driven and modulated by the thermal conditions
over the African continent and adjacent ocean, therefore in
the model system, the rainfall variability would be dynami-
cally consistent with the temperature variability. According
to the evolution of global mean temperature in EC-Earth
simulation (Ljungqvist et al. 2019b), here we define the rela-
tively warm period around 900-1200 CE as MCA and the
cold period at the later part from 1550 to 1850 CE as LIA
in the EC-Earth “last millennium” simulation. We show a
climate change pattern between the two periods in Fig. 5. A
similar latitudinal dipole pattern in the long-term trend in
Fig. 4a is observed, with wet conditions in Sahel/Sahara and
dry conditions over the Gulf of Guinea (including part of the
coastline, as defined in Sect. 2). Ljungqvist et al. (2016) also
identified dry conditions along the Coast of Guinea in their
anomaly maps of the 11th to thirteenth centuries.

b_Temperature (2 m): trend 850-1850 CE

© Surface Latent Heat Flux: trend 850-1850 CE
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Fig.4 The linear trend over the northern Africa region, a for JAS
mean rainfall (unit: mm/month per 100 years); b for JAS mean 2-m
air temperature (unit: °C per 100 years); ¢ for JAS mean surface latent
heat flux (unit: W/m? per 100 years, vertical flux defined as positive

0.05 o1 0.15 02 2 15 1 05 0 05 1 1

Temperature (°C per 100a) Surface latent hy

downward). The trend is calculated for each model grid for the period
850-1850. Stippling indicates the trends that are significant at the
95% confidence level
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Composite difference: MCA - LIA

45N ¢

Precipitation (mm/month)

Fig.5 The change in JAS rainfall (unit: mm/month) between medie-
val climate anomaly (MCA, averaged for 900-1200 CE) and little ice
age (LIA, averaged for 1550-1850 CE). Stippling indicates the differ-
ences that are significant at the 95% confidence level

An overall wetter MCA and a drier LIA over the Sahel
reflect the WAM’s response to the long-term trend of orbital
forcing and solar forcing. However, the internal impacts of
the ocean—atmosphere system also play a role. For instance,
previous work showed that the wetter conditions during
the MCA are related to the dominant positive phase of the
AMO (Kuhnert and Mulitza 2011; Mann et al. 2009; Wang
et al. 2017). The connection is associated with a northward
shift of the Atlantic ITCZ (Ting et al. 2011b) and typically
increases moisture flux into the western Sahel from Atlantic
sources in the south and west (Delworth et al. 2007; Martin
et al. 2014; Zhang and Delworth 2006). Below we further
examine the effect of ocean—atmosphere coupling on West
African rainfall variability.

4.4 West African rainfall variability pattern and its
relation to SST

Studies using observational data and atmospheric model-
ling have confirmed that SST anomalies over the equatorial
Atlantic are responsible for the summer rainfall dipole pat-
tern over West Africa at interannual timescales (Rodwell and
Hoskins 1996; Rowell et al. 1995). However, the anticor-
relation is non-stationary (Losada et al. 2012; Mohino et al.
2011). For low-frequency variability, observation data shows
that the inter-hemispheric SST pattern is strongly related
to the multidecadal variability in 100 years of instrumental
data (1901-2002), in this coupling mode the rainfall exhibits
same-signed anomalies over West Africa (Joly et al. 2007).
Most ocean—atmosphere coupled climate models failed to
capture the low-frequency SST-rainfall coupling evident in
the observations (Joly et al. 2007; Martin et al. 2014). For
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multidecadal climate variability, an only 100-year long data-
set can hardly yield statistically significant results. Here we
use the 1001-year model output to revisit the co-variability
question between the SST and the West African rainfall.
The SVD analysis is performed on JAS mean precipitation
and SST, and all the data is detrended, and further filtered
by removing high-frequency fluctuations less than 10 years.

As shown in Figs. 6 and 8, the first two leading SVD
modes account for~90% of the total square covariance.
The first mode accounts for~60% (Fig. 6) and the second
accounts for~30% (Fig. 8). The patterns represent robust
modes of variability and are consistent with the results of a
rotated EOF performed on JAS rainfall over West Africa (not
shown). SVD mode 1 indicates an Atlantic Nifio type SST
variability pattern, with a strong warm SST centre over the
equatorial Atlantic Ocean (Fig. 6a), which affects the Gulf
of Guinea’s rainfall variability and its surrounding coast
(Fig. 6b). The Atlantic Nifio is a zonal mode of tropical
Atlantic variability (Zebiak 1993). It represents changes in
the cold tongue at the eastern part of the basin, just south of
the Equator. The Atlantic Nifio is known to affect interan-
nual climate variability over adjacent and remote regions.
A warming SST could lead to increases of rainfall over the
Gulf of Guinea coast (Losada et al. 2010; Mohino et al.
2011), and this covariant feature has been shown in SVD1
patterns. During 850-1850, the statistically significant
period of variability appears at decadal and multidecadal
timescales, i.e., 10-14 years and 20—40 years, in both SST
and rainfall field (Fig. 6c, d). A 60-80 years co-variability
also shows up but only statistically significant in SST field.
The regression maps in Fig. 7 demonstrate the physical pro-
cesses of how the SST anomalies over equatorial Atlantic
affect the rainfall over the Gulf of Guinea. The warming
SSTs (Fig. 6a) over the eastern tropical Atlantic increases the
amount of moisture in the atmosphere (Fig. 7a) and forms
an anomalous low pressure over this area (Fig. 7b). The low
pressure weakens the meridional pressure gradient between
the Saharan Heat Low and the equatorial Atlantic and leads
to anomalous northeasterly (Fig. 7c). This decreases the
southwesterly moisture flux into the Sahel and confines the
moisture flux convergence at the equatorial region (Fig. 7d),
resulting in reduced rainfall over the Sahel and increased
rainfall in Gulf of Guinea and its surrounding coastal area.
Meanwhile, there is an increased zonal pressure gradient
(Fig. 7b), which enhances the westerlies (Fig. 7c) and brings
more moisture to the Coast of Guinea (Fig. 7d).

The homogeneous correlation maps of the second SVD
mode depict a monopole rainfall variability pattern extend-
ing from the Coast of Guinea to the Sahara region (Fig. 8b),
connected to an AMO-like pattern of SST anomalies located
in the North Atlantic and the Mediterranean (Fig. 8a) and
consistent with findings based on shorter data for the past
few decades (Park et al. 2016; Sheen et al. 2017). They also
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Fig.6 The first leading SVD mode (explained 60.1% of variance)
presented as homogeneous correlation maps for a SST mode 1 and b
rainfall mode 1. Stippling indicates correlations that are significant at
the 95% confidence level, and the maps boundaries indicate the areas

co-vary at decadal to multi-decadal timescale, i.e. a~10-14
and ~20-30 years oscillation period (Fig. 8c, d). The maxi-
mum variability in the SST field is centred at the latitudes
of maximum Atlantic meridional overturning circulation
(AMOC) around 40°-50° N. This SST pattern affects the
rainfall variability over a large area of North Africa includ-
ing Sahara, with the maximum variability occurring over
the Sahel, expanding to its far eastern part. The rainfall vari-
ability is centred at 15° N, poleward of the mean JAS rainfall
maximum (10°-12° N) (Fig. 2d), and maximum humidity
anomalies are located in the north-eastern part of Sahel and
Sahara (Fig. 9a). The warm SSTs in the North Atlantic and
the Mediterranean corresponds to a deepening of the ther-
mally induced low-pressure area across the Sahara (Saha-
ran Heat Low) (Fig. 9b), leading to a stronger meridional
pressure gradient and strengthened cyclonic circulation
(Fig. 9¢). More moisture is transported into the Sahel from
the Atlantic by enhanced west/southwesterly, leading to a
moisture flux convergence over the region and a northward
shift of the rainfall. There is also a slight increase of mois-
ture being transported from the Mediterranean by enhanced

b Precipitation JAS: SVD 1 (Var=60.1%)

-1 -08 -06 -04 -02 0 02 04 06 08 1
Correlation

d Power Spectrum (pre1)

Power

99%
95%

104 n n n n
0 0.02 0.04 0.06 0.08 0.1
Frequency (1/yr)

used when performing the SVD. The power spectrum for the expan-
sion coefficients of ¢ SST mode 1 and d rainfall mode 1, the numbers
labelled are timescales of variability in years

northerlies (Fig. 9d), leading to increased rainfall across
northern Africa.

5 Discussion and conclusion

The ‘last millennium’ EC-Earth climate model simulation
has shown a latitudinal rainfall dipole over West African
rainfall at decadal to multidecadal timescales. The North
Atlantic SST variability modulates the rainfall dipole. The
rainfall dipole also appears in the long-term trend, and
centennial variability between the MCA and LIA, indicat-
ing that the external forcing can amplify the dipole pattern
through thermal forcing and feedback.

From the SVD analysis, we notice that the dipole-like
rainfall pattern appears in SVDI1 but not in SVD2. We
conclude that the tropical SST anomalies are the primary
driver for the dipole-like pattern, predominantly on decadal
to multidecadal timescales (~ 10-30 years). The second
SVD presents a monopole rainfall pattern extending from
the Coast of Guinea to the Sahara, centred on the Sahel
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Fig.7 Regression maps against the SVD1 SST expansion coefficient
for a specific humidity at 850 hPa, b sea level pressure, ¢ horizontal
wind (vector) and wind speed (shading) at 850 hPa, and d moisture
flux (vector) and its convergence (shading) at 850 hPa, expressed in

region. This monopole rainfall pattern in West Africa varies
at~10-30 years’ timescale, modulated by the North Atlan-
tic and Mediterranean SST anomalies. It confirmed the pre-
vious study showing that AMO plays a significant role in
forcing the 20th-century multidecadal variations in Sahel
summer rainfall (Zhang and Delworth 2006). In their model
simulation, the positive AMO phase leads to a northward
shift of the ITCZ. It is associated with anomalous south-
westerly surface winds over the Sahel, leading to a surface
moisture convergence and enhancing the Sahel’s rainfall.
We confirm that this process is statistically robust in our
“last millennium” model simulation data. It also supports
the theory that the negative AMO phase from the 1970s to
1990s largely contributed to the persistent droughts in the
Sahel during this period. A proper simulation of the remote
SST influences on the west African rainfall appears to be
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Stippling indicates regressions that are significant at the 95% confi-
dence level

a key for predictive skill at multidecadal timescales (Mar-
tin et al. 2014). The predict skill in west African rainfall
is likely associated with significant AMO prediction skill
(Garcia-Serrano et al. 2015; Guemas et al. 2015; Mohino
et al. 2016). Notably, changes in the Sahelian rainfall are
not significant in some PMIP3 last millennium simulations
(Stevenson et al. 2018). The reason might depend on how
well the internal variability is represented in different “last
millennium” simulations.

The contribution of Mediterranean SST forcing on Sahel
rainfall shown in the second SVD is similar to those identi-
fied by Park et al. (2016) with respect to SST forcing from
different ocean basins. While the increased specific humidity
across the Sahel mainly reflects increased moisture flux from
the Atlantic, the warm SSTs in the North Atlantic and the
Mediterranean drive the deepening of the thermally induced
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a SSTJAS: SVD 2 (Var=29.5%)

. 4 A Y o

60" W 30°W 0o 30°E

-1 -08 -06 -04 02 0 02 04 06 08 1
Correlation

¢ Power Spectrum (sst2)

99%
95%

0 0.02 0.04 0.06 0.08 0.1
Frequency (1/yr)

Fig.8 The second leading SVD mode (explained 29.5% of variance)
presented as homogeneous correlation maps for a SST mode 2 and b
rainfall mode 2. The power spectrum for the expansion coefficients of

low-pressure area across Sahara. Moisture transported into
Sahara with the anomalous northeasterly winds can also
have helped strengthen the low-pressure area by enhancing
the convective cells by releasing latent heat. In our fully
coupled “last millennium” simulation, the SST forcing in
North Atlantic and the Mediterranean and accompanied low-
pressure system dominates the Sahel’s rainfall.

Several modelling studies have suggested that the
anthropogenic aerosol forcing and GHG forcing are the
most critical drivers for the drying trend in the Sahel
in late twentieth century (Biasutti and Giannini 2006;
Booth et al. 2012; Chang et al. 2011; Dong and Sutton
2015; Held et al. 2005; Hwang et al. 2013; Rotstayn and
Lohmann 2002). The impacts of land cover changes to
Sahel drought have been demonstrated by regional cli-
mate modelling (Boone et al. 2016; Wang et al. 2016).
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¢ SST mode 2 and d rainfall mode 2, the numbers labelled are time-
scales of variability in years. Stippling in a and b indicates correla-
tions that are significant at the 95% confidence level

The climate forcing for the last millennium include orbital
forcing and solar irradiance, GHG, volcanic, and land-use
changes (Schmidt et al. 2011, 2012). The GHG forcing
and land-use changes are very small and do not yet reflect
the anthropogenic forcing we have experienced during the
twentieth century. The volcanic eruption is suggested to
have initiated the LIA (Miller et al. 2012) and might have
contributed to the centennial variability rainfall pattern
between the MCA and LIA. Based on our model experi-
ments, we find it plausible that the linear drying trend
during the last millennium is the direct response to the
orbital forcing, driven by the cooling trend in surface air
temperature over the Sahara region. Both solar forcing,
GHG forcing, and volcanic forcing and other minor forc-
ing, can also affect the surface energy balance and amplify
the rainfall response through atmospheric feedback (Row-
ell 2003) and land surface feedback (Nicholson 2013).
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Fig.9 Regressions against the SVD2 SST expansion coefficient for a
specific humidity at 850 hPa, b sea level pressure, ¢ horizontal wind
(vector) and wind speed (shading) at 850 hPa, and d moisture flux
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