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ABSTRACT

Using model results from the first phase of the Pliocene ModelIntercomparison Project (PlioMIP) and four experiments
with CAM4, the intensified African summer monsoon (ASM) in the mid-Piacenzian and corresponding mechanisms are
analyzed. The results from PlioMIP show that the ASM intensified and summer precipitation increased in North Africa
during the mid-Piacenzian, which can be explained by the increased net energy in the atmospheric column above North
Africa. Further experiments with CAM4 indicated that the combined changes in the mid-Piacenzian of atmospheric CO2
concentration and SST, as well as the vegetation change, could have substantially increased the net energy in the atmospheric
column over North Africa and further intensified the ASM. Theexperiments also demonstrated that topography change had a
weak effect. Overall, the combined changes of atmospheric CO2 concentration and SST were the most important factor that
brought about the intensified ASM in the mid-Piacenzian.
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1. Introduction

The mid-Piacenzian (3.264–3.025 Ma) was the last geo-
logical period in Earth’s history when the global average tem-
perature was 1.84◦C–3.60◦C warmer than the pre-industrial
period (Haywood et al., 2013). Also, the atmospheric CO2

concentration and paleogeography were comparable to those
of today (Dowsett et al., 2010). To a certain extent, the cli-
mate of the mid-Piacenzian is reflective of the warmer cli-
mate predicted for Earth’s near future (Sun et al., 2013). In
this regard, the mid-Piacenzian has long been a focus for cli-
mate modelling studies (e.g., Chandler et al., 1994; Sloan et
al., 1996; Haywood and Valdes, 2004; Jiang et al., 2005).
In particular, following the initiation of phase one of the
Pliocene Model Intercomparison Project (PlioMIP), involv-
ing standardized designs for its simulations (Haywood et al.,
2010, 2011), an increasing number of new findings have been
achieved from model–model and model–data comparisons
(Haywood et al., 2013; Zhang et al., 2013a; Hill et al., 2014;
Li et al., 2015).

To date, studies based on PlioMIP have focused on the
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large-scale climate and/or the climate in the northern high
latitudes. For example, Haywood et al. (2013) revealed the
large-scale features of the simulated mid-Piacenzian climate
and reported that models potentially underestimate the tem-
perature at high latitudes. Dowsett et al. (2013) presenteda
systematic comparison of simulated SST with the PRISM3
(Pliocene Research, Interpretation and Synoptic Mapping)
data, and found that the model results were in good agree-
ment with estimates of mid-Piacenzian SST in most regions,
although the PlioMIP models generally underestimated the
warming in the North Atlantic. The remarkable warming
in the North Atlantic in the mid-Piacenzian was once ex-
plained by a stronger Atlantic Meridional Overturning Circu-
lation (AMOC) and Atlantic enhanced northward heat trans-
port (e.g., Dowsett et al., 2009). However, the models of
PlioMIP do not produce a stronger AMOC; plus, they sim-
ulate similar Atlantic northward heat transport to the pre-
industrial level (Zhang et al., 2013b). Hill et al. (2014) eval-
uated the causes of the Pliocene atmospheric warming using
energy balance calculations, and found that the specified ice
sheet, high-latitude vegetation boundary conditions and sea
ice/snow albedo feedbacks played very important roles in the
warming at high latitudes.
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In addition to the global or high-latitude climate, the trop-
ical climate has also been investigated in the PlioMIP mod-
els. Brierley (2015) recently found that the PlioMIP ensem-
ble shows unexpected agreement in reducing variability and
shifting to lower frequencies of ENSO. Besides, the simu-
lated mid-Piacenzian Walker circulation generally slows and
the Hadley cell widens poleward (Kamae et al., 2011; Sun et
al., 2013).

Despite being an important sub-system of the tropical cli-
mate, the (West) Africa monsoon, which influences the lives
of the human population in climate-sensitive North Africa,
has not yet been investigated in PlioMIP. Today, most of
North Africa is occupied by the largest non-polar desert, the
Sahara (∼9 400 000 km2), which started to form around 7–11
Ma (Zhang et al., 2014) and has expanded greatly during the
last 2 or 3 Ma (Kroepelin et al., 2006). In the mid-Piacenzian,
compared to present, the Sahara shrank due to the expan-
sion of tropical savanna and woodland in North Africa, likely
indicative of an intensified Africa summer monsoon (ASM)
(Kutzbach and Liu, 1997; Zhang et al., 2014).

In this study, we analyze PlioMIP simulation results
to examine the characteristics of the ASM in the mid-
Piacenzian. Furthermore, using CAM4, we highlight the im-
portance of different boundary conditions to the ASM inten-
sity.

The remainder of the paper is organized as follows: In
section 2, we briefly describe the PlioMIP models used and
the experimental design of the CAM4 experiments. In sec-
tion 3, we present the model results, including the PlioMIP-
simulated ASM and the contributions to the ASM changes
based on the CAM4 simulations. Section 4 presents the dis-
cussion, and section 5 summarizes the study’s key findings.

2. Models and experimental design

This study begins by analyzing atmosphere-only simula-
tions from seven AGCMs, and coupled simulations from nine

PlioMIP AOGCMs (Table 1). Each model carried out one
pre-industrial control experiment and one mid-Piacenzianex-
periment. In the mid-Piacenzian experiment, PRISM3 data
were used as the boundary conditions, including the modi-
fication of orography, land cover, and the increase in atmo-
spheric CO2 concentration (from 280 ppm to 405 ppm) in
the AOGCMs, as well as the SST and sea ice in the AGCMs,
compared with the pre-industrial experiment (Haywood et al.,
2010, 2011). Considering the models use different resolu-
tions, we re-gridded all the model results to the same resolu-
tion of 2.5◦×2.5◦ to carry out the multi-model analysis.

In addition, four experiments were carried out with
CAM4 to investigate the climate sensitivity to boundary con-
ditions (Table 2). The horizontal resolution of F09 [roughly
0.9◦ (lat)×1.25◦ (lon)] was adopted, and there were 26 layers
in the vertical direction (Neale et al., 2013). This high reso-
lution of CAM4 is able to simulate the large-scale pattern of
the modern ASM reasonably well (Cook et al., 2012; Neale
et al., 2013), and shows improvements in simulated precipi-
tation, compared with the low resolution version, because of
better resolved topography (Shields et al., 2012). Version4 of
the Community Land Model (CLM4) was also included in the
simulations (Lawrence et al., 2011). More information about
CAM4 and CLM4 can be found in model validation studies
in the literature (Shields et al., 2012; Neale et al., 2013).

We ran the experiments from the pre-industrial period
(PI) and step-by-step replaced the topography, vegetation
and the combined changes of atmospheric CO2 concen-
tration and SST with mid-Piacenzian boundary conditions
using PRISM3 data (Haywood et al., 2010), in order to ad-
dress how these boundary conditions affected the climate
in North Africa (Fig. 1). Aside from the PI control experi-
ment, topography was changed in experiment PIt, vegetation
was changed in experiment PItv, and finally the atmospheric
CO2 concentration and SST were further changed in the
mid-Piacenzian experiment (MP). All experiments were in-
tegrated for 30 years, and all reached a quasi-equilibrium

Table 1. Basic information regarding the PlioMIP simulations used in this study.

Model name Model type Boundary condition
Atmospheric resolution

(lat×lon)
Analysed
period (yr) Reference

CAM3.1 AGCM alternate 2.8◦ ×2.8◦, L26 30 Yan et al. (2012)
HadAM3 AGCM preferred 2.5◦ ×3.75◦, L19 30 Bragg et al. (2012)
LMDZ5A AGCM alternate 1.9◦ ×3.75◦, L39 30 Contoux et al. (2012)
MIROC4m-AGCM AGCM preferred 2.8◦ ×2.8◦, L20 30 Chan et al. (2011)
MRI-CGCM2.3-AGCM AGCM alternate 2.8◦ ×2.8◦, L30 50 Kamae and Ueda (2012)
CAM4 AGCM alternate 3.75◦ ×3.75◦, L26 20 Zhang and Yan (2012)
ECHAM5 AGCM preferred 3.75◦ ×3.75◦, L19 30 Stepanek and Lohmann (2012)
ModelE2-R AOGCM preferred 2◦ ×2.5◦, L40 30 Chandler et al. (2013)
CCSM4 AOGCM alternate 0.9◦ ×1.25◦, L26 30 Rosenbloom et al. (2013)
HadCM3 AOGCM alternate 2.5◦ ×3.75◦, L19 50 Bragg et al. (2012)
IPSLCM5A AOGCM alternate 1.9◦ ×3.75◦, L39 30 Contoux et al. (2012)
MIROC4m AOGCM preferred 2.8◦ ×2.8◦, L20 30 Chan et al. (2011)
MRI-CGCM2.3 AOGCM alternate 2.8◦ ×2.8◦, L30 50 Kamae and Ueda (2012)
NorESM-L AOGCM alternate 3.75◦ ×3.75◦, L26 100 Zhang et al. (2012)
COSMOS AOGCM preferred 3.75◦ ×3.75◦, L19 30 Stepanek and Lohmann (2012)
FGOALS-g2 AOGCM alternate 2.8◦ ×2.8◦, L26 100 Zheng et al. (2013)
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Table 2. Experimental design using CAM4. “Plio” stands for mid-
Piacenzian conditions, and “Mod” stands for pre-industrial or mod-
ern conditions.

Experiment Topography∗
Vegetation∗ and

land ice∗∗
CO2 and

SST
Orbital

conditions

PI Mod Mod Mod Mod
MP Plio Plio Plio Mod
PIt Plio Mod Mod Mod
PItv Plio Plio Mod Mod

∗Except Greenland and Antarctica
∗∗Only Greenland and Antarctica

state within the first 10 years. The climatological means from
the last 20 years in each experiment are analyzed here, with a
focus on the model results in boreal summer (June, July and
August).

3. Results

3.1. PlioMIP-simulated ASM

In the PlioMIP simulations, the ASM became stronger
and brought more precipitation to North Africa during the
mid-Piacenzian. The multi-model ensemble mean (MMM)

of all the models, with the same weight among models,
showed that the summer westerly wind in North Africa be-
came stronger during the mid-Piacenzian relative to the pre-
industrial (Fig. 2a). Summer precipitation increased by more
than 1 mm d−1 in North Africa, particularly between∼10◦

and∼20◦N (Fig. 2a). Generally, precipitation change in North
Africa comes from two major moisture sources—moisture
advection and local recycling (Bosmans et al., 2012), which
is measured by the ratio of the difference between the precipi-
tation and evaporation anomaly to the precipitation anomaly:
(∆P− ∆E)/∆P, P and E denote precipitation and evapora-
tion. In the region (10◦–20◦N, 10◦W–40◦E), approximately
55% of the regional averaged precipitation increase between
the mid-Piacenzian and the pre-industrial was due to mois-
ture advection from the tropical Atlantic, and the remaining
part was caused by local recycling. Since the moisture advec-
tion in this region derived mainly from the intensified ASM,
the increased summer precipitation in North Africa likely de-
rived more from the intensified ASM. Along with the intensi-
fied ASM and increased precipitation, both the North African
monsoon domain (Wang et al., 2012) and the ITCZ (Bracon-
not et al., 2007) shifted northward during the mid-Piacenzian
(Figs. 2a and 3a).

The intensified ASM was caused by increased net energy
in the atmospheric column above North Africa. The MMM

Fig. 1. The difference in (a) topography (units: m), (b) summer surface albedo, (c) summer SST (units:◦C), and (d)
winter SST (units:◦C) between the experiment MP and PI using CAM4. The region indicated by the red box in (a) was
selected for the diagnosis in Table 3.
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Fig. 2. Difference in the MMM for summer 850-hPa wind (vec-
tors; units: m s−1) and precipitation (shaded; units: mm d−1) be-
tween the mid-Piacenzian and pre-industrial experiments from
PlioMIP simulations: (a) is the MMM for all the models;
(b) is the MMM for the AGCMs; and (c) is the MMM for
the AOGCMs. Regions with an elevation above 1500 m for
winds are left blank. The red (mid-Piacenzian) and blue (pre-
industrial) dots show the positions of the climatological mean
ITCZ, as defined by Braconnot et al. (2007).

indicated that the net energy above North Africa increased
significantly (Fig. 4a) because of the marked increase in net
heat flux at the model top. This increase in net energy pro-
moted anomalous low-level atmospheric convergence (Fig.
2a) over North Africa (Chou and Neelin, 2003; Zhang et al.,
2014). As a result, moist air flow from the ocean penetrated

Fig. 3. Monsoon domain (shaded) for the pre-industrial and
mid-Piacenzian experiments from PlioMIP simulations: (a)is
the MMM for all the models; (b) is the MMM for the AGCMs;
and (c) is the MMM for AOGCMs. The light blue areas in-
dicate the regions identified in both experiments, and the dark
blue (orange) areas indicate the regions of expansion (retreat)
in the mid-Piacenzian compared to the pre-industrial period.
Monsoon domains were calculated according to the definition
in Wang et al. (2012), with the summer-minus-winter precipita-
tion exceeding 2.0 mm d−1 and the local summer precipitation
exceeding 55% of the annual total precipitation. The summer
(winter) here is from May to September (November to March).

farther inland, which strengthened the ASM and promoted
the summer precipitation increase in North Africa (Fig. 2a).

Owing to increased net energy in the atmospheric column
above North Africa (Figs. 4b vs. 4c), the AGCMs predicted
a much stronger ASM than the AOGCMs (Figs. 2b vs. 2c),
with a more northward positioning of the North African mon-
soon domain and the ITCZ than in the AOGCMs (Figs. 2
and 3). The AGCMs use PRISM3 reconstructions, while the
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Fig. 4. Difference in the MMM for summer net energy [defi-
nition in Chou and Neelin (2003)] in the atmospheric column
(units: W m−2) between the mid-Piacenzian and pre-industrial
experiments from PlioMIP simulations: (a) is the MMM for all
the models; (b) is the MMM for the AGCMs; and (c) is the
MMM for the AOGCMs.

AOGCMs include atmosphere–ocean feedback. Thus, the
discrepancy in the model results between the AGCMs and
AOGCMs was mainly caused by the difference in the SST.
Even so, geological evidence indicates that the climate in
mid-Piacenzian was up to 5◦C cooler than the Late Quater-
nary in Hadar, Ethiopia (Bonnefille et al., 2004). This ev-
idence, and other temperature estimates available from the
tropics, possibly suggest a large overestimation of the SST
and surface air temperature (SAT) in the low latitudes by
1◦C–6◦C in the AOGCMs (Dowsett et al., 2013; Salzmann
et al., 2013). If so, this overestimated SST and SAT in the
tropics possibly led to the underestimation of the intensified
ASM in the AOGCMs.

3.2. Contributions to the intensified ASM in the CAM4
simulations

In order to isolate the roles of mid-Piacenzian boundary
conditions in the intensified ASM, high-resolution CAM4 ex-
periments were also used to simulate the climate during the
mid-Piacenzian (Table 2). In general, CAM4 simulated the
intensified ASM and increased precipitation in North Africa
well during the mid-Piacenzian, relative to the pre-industrial,
agreeing well with the MMM of the PlioMIP models (Figs. 2
and 5a).

The CAM4 sensitivity experiments showed that the com-
bined changes of atmospheric CO2 concentration and SST
were the most important factor to the intensified ASM
during the mid-Piacenzian. These combined changes were
largely responsible for promoting the warming in North
Africa, which changed the temperature gradient (Fig. 6b) and
strengthened the thermal low anomalies in North Africa (not
shown). These combined changes further enhanced the on-
shore flow from the ocean. After the change in atmospheric
CO2 concentration and SST in experiment MP compared
to experiment PItv, the summer westerly wind strengthened
markedly by 1.57 m s−1, averaged within North Africa (5◦–
30◦N, 10◦W–40◦E), moisture advection intensified (Table 3),
and ultimately, the summer precipitation increased signifi-
cantly by 1.01 mm d−1, with the ITCZ and the northern limit
of the North African monsoon domain also shifting north-
ward in North Africa (Fig. 5b).

Vegetation change was the second most important fac-
tor for the increase in intensity of the simulated ASM. Ow-
ing to the improved vegetation in experiment PItv, the sum-
mer westerly wind strengthened by 0.62 m s−1 and the sum-
mer precipitation increased by 0.74 mm d−1, averaged within
North Africa (5◦–30◦N, 10◦W–40◦E) (Fig. 5c), when com-
pared to experiment PIt. These increases were considerably
larger than the changes caused by topography (PIt minus PI)
(Fig. 5d). Moreover, the vegetation change also shifted the
ITCZ and the northern limit of the North African monsoon
domain northward, while the change caused by topography
was weak (Figs. 5c and d). Although the vegetation change
decreased the surface albedo (Fig. 1b), due to an increase in
cloud cover (Table 3), vegetation change finally caused the
SAT in North Africa to decrease (Fig. 6c). By comparison,
due to the effects of the temperature lapse rate, increased to-
pography caused the SAT to decrease, and vice versa (Fig.
6d).

The increased intensity of the ASM caused by the
changed boundary conditions can also be explained by the
increased net energy in the atmospheric column above North
Africa (Fig. 7, Table 3). Such increased net energy promoted
ascending motion (Fig. 8) and low-level atmospheric con-
vergence (Fig. 5). The combined changes of atmospheric
CO2 concentration and SST increased the net heat flux at
the model top considerably (Table 3), which resulted from
decreased top upwelling longwave flux due to the increased
cloud fraction (Table 3). This increased net top heat flux fur-
ther increased the net energy over most of North Africa (Fig.
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Fig. 5. The simulated summer 850-hPa wind (vectors; units: m s−1) and precipitation (shaded; units: mm d−1) changes
between experiments using CAM4. Only changes for precipitation and 850-hPa wind (either zonal or meridional wind)
that are significant at the 95% confidence level (Student’st-test) are shown. Monsoon domains (contours) and the posi-
tions of the climatological mean ITCZ (dots) are also shown.Red contours and dots are shown for experiment (a) MP,
(b) MP, (c) PItv and (d) PIt. Blue contours and dots are shown for experiment (a) PI, (b) PItv, (c) PIt and (d) PI.

Table 3. Regionally averaged summer precipitation (P, units: mm d−1), evaporation (E, units: mm d−1), cloud fraction, zonal 850-hPa
wind (units: m s−1), and energy balance (units: W m−2) changes within region (5◦–30◦N, 10◦W–40◦E) between experiments using CAM4.
Only changes that were statistically significant at the 95% confidence level (Student’st-test) were considered. Positive values indicate more
heat into the atmosphere for net energy, net top heat and net top solar, less heat into the atmosphere for top upwelling longwave, and more
heat from the atmosphere to the surface for net surface heat.

Experiments P E Zonal wind Total cloud Net energy
Net top

heat
Net top
solar

Top upwelling
longwave

Net surface
heat

MP–PI 1.25 0.30 1.63 0.09 11.18 11.61 −8.68 −17.14 0.41
MP–PItv 1.01 0.14 1.57 0.07 5.13 8.16 −8.36 −13.58 2.99
PItv–PIt 0.74 0.41 0.62 0.04 9.28 8.24 0.79 −6.63 −1.86
PIt–PI −0.20 −0.04 −0.44 −0.01 −0.29 −2.08 −1.08 0.64 −2.91

7b). The nature of the Pliocene vegetation, with less desert
cover and reduced surface albedo, also increased the net heat
flux at the model top (Table 3) and further enhanced the net
energy over North Africa, in particular between∼15◦N and
∼25◦N (Fig. 7c). By comparison, the changed topography
generally had a weak effect on the increased net energy over
North Africa (Fig. 7d, Table 3).

4. Discussion

Geological evidence indicates the existence of a wetter
environment in North Africa in the mid-Piacenzian. For ex-
ample, palynological data demonstrate that the desert zone

was smaller than today during the mid-Piacenzian (Salzmann
et al., 2008), with a much larger tree cover density in both
West and East Africa compared to the Late Quaternary (Bon-
nefille, 2010). Moreover, highδ18O values in soil carbon-
ate and paleoprecipitation estimates also indicate East Africa
likely received more rainfall in the mid-Piacenzian (Levin
et al., 2004, 2011; Wynn, 2004). Under these wetter con-
ditions, low dust fluxes were present in the Atlantic (e.g.,
ODP site 664), Arabian Sea (e.g., ODP site 721) and Mediter-
ranean (e.g., ODP site 967) in the mid-Piacenzian (DeMeno-
cal, 1995, 2004; Larrasoaña et al., 2003), and the northern
Chad Basin in North Africa features lacustrine sediment oc-
curring from 7 to 3 Ma (Schuster et al., 2009; Lebatard et al.,
2010).
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Fig. 6. The simulated summer changes of SAT (units:◦C) between experiments using CAM4. Only changes that are
significant at the 95% confidence level (Student’st-test) are shown.

Fig. 7. The simulated summer changes of net energy in the atmospheric column (units: W m−2) between experiments
using CAM4. Only changes that are significant at the 95% confidence level (Student’st-test) are shown.

The simulated wetter climate in the mid-Piacenzian qual-
itatively agrees with the geological evidence mentioned
above. As shown in the simulation results, the combined

changes of atmospheric CO2 concentration and SST, as well
as the vegetation change, both contributed more to the in-
creased precipitation, compared with the topography change.
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Fig. 8. The simulated summer changes of vertical velocity at 500 hPa(units: 100−1 Pa s−1) between experiments using
CAM4. Upward motion is negative and downward motion is positive. Only changes that are significant at the 95%
confidence level (Student’st-test) are shown.

Therein, the combined changes of atmospheric CO2 concen-
tration and SST were able to markedly intensify the moisture
advection, while the vegetation change intensified more the
local recycling in North Africa (Table 3). Since the combined
changes of atmospheric CO2 concentration and SST were
so important for the increased precipitation during the mid-
Piacenzian (Table 3), the moisture advection, mainly from
the intensified ASM contributed more, compared with the lo-
cal recycling, to the increased precipitation in North Africa
in the mid-Piacenzian.

The changes in boundary conditions determine the cor-
responding climate effects, and the potential uncertainty in
boundary conditions may influence the simulated ASM. For
example, geological evidence indicates major uplift activity
existed in African mountains during the mid to late Pliocene
(Sepulchre et al., 2006; Zhang and Liu, 2010). If so, the
changed topography perhaps had different climate effects.
Moreover, there were also discrepancies in the simulated
ASM between the AOGCMs and AGCMs, due to the dif-
ferent SST used. Thus, more studies are needed to reduce
the uncertainty in boundary conditions and further check the
potential climate effects.

In addition, more research effort is needed to help un-
derstand the orbital-forced changes in precipitation in North
Africa within the mid-Piacenzian. The present study focused
on the mean climate in the mid-Piacenzian. Orbital-forced
climate changes, including precipitation in North Africa,dur-
ing interglacial events within the mid-Piacenzian, could have

been substantial (Prescott et al., 2014). The second phase of
PlioMIP will focus on the identification of a “time slice”
(MIS KM5c; 3.205 Ma) that has similar orbital forcing to
today (Haywood et al., 2016). Even so, studies on orbital-
forced changes of precipitation in North Africa during inter-
glacial events are still needed, to better understand the ASM
within the mid-Piacenzian, as well as the model–data discord.

5. Summary

In the MMM result of all models from PlioMIP, the
ASM strengthened and the precipitation increased over North
Africa in the mid-Piacenzian, compared to the pre-industrial.
The strengthened monsoon activity was caused by the in-
creased net energy in the atmospheric column over North
Africa. Furthermore, CAM4 simulations indicated that the
combined changes of atmospheric CO2 concentration and
SST, as well as the vegetation change, were able to increase
the net energy in the atmospheric column over North Africa,
which promoted the strengthened ASM and increased the
precipitation in the region.
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