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ABSTRACT

Using model results from the first phase of the Pliocene Modelcomparison Project (PlioMIP) and four experiments
with CAM4, the intensified African summer monsoon (ASM) iretmid-Piacenzian and corresponding mechanisms are
analyzed. The results from PlioMIP show that the ASM intBediand summer precipitation increased in North Africa
during the mid-Piacenzian, which can be explained by thecased net energy in the atmospheric column above North
Africa. Further experiments with CAM4 indicated that themtmined changes in the mid-Piacenzian of atmospherig CO
concentration and SST, as well as the vegetation changkel lecave substantially increased the net energy in the atheokp
column over North Africa and further intensified the ASM. Teeriments also demonstrated that topography change had a
weak dfect. Overall, the combined changes of atmospherig €ghcentration and SST were the most important factor that
brought about the intensified ASM in the mid-Piacenzian.
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1. Introduction large-scale climate apar the climate in the northern high

The mid-Piacenzian (3.264-3.025 Ma) was the last gar <o or XAMPIe, Maywood & al. (2013) revealed the
. . N arge-scale features of the simulated mid-Piacenzianatém
logical period in Earth’s history when the global averaga-te

perature was 1.8€—3.60C warmer than the pre—industrialand reported that models potentially underestimate the tem

period (Haywood et al., 2013). Also, the atmospheric Cd)erature at high latitudes. Dowsett et al. (2013) preseated

: y ' ' 2~ systematic comparison of simulated SST with the PRISM3
concentration and paleogeography were comparable to th : ) )
of today (Dowsett et al., 2010). To a certain extent, the cly; locene Research, Interpretation and Synqptlc Mapping)
mate of the mid-Piacenzian is reflective of the warmer clﬁlj-ata’ and found that the model results were in good agree-

mate predicted for Earth's near future (Sun et al., 2013). ﬂ)lent with estimates of mid-Piacenzian SST in most regions,

) A ) [though the PlioMIP models generally underestimated the
this regard, the mid-Piacenzian has long been a focus for (\:/vlarming in the North Atlantic. The remarkable warming

mate modelling studies (e.g., Chandler et al., 1994; Slvan e the North Atlantic in the mid-Piacenzian was once ex-

al,, 1996; Haywood and Valdes, 2004; Jiang et al., 2Ooﬁained by a stronger Atlantic Meridional Overturning Circ

:::ig?;ﬁzull\% d];cilII?\?Q?(?Ort:ealr?sl,tcl)itlg?o'c()efctp(h;lIT:M(I)g;e i?\fvctxrl]v ation (AMOC) and Atlantic enhanced northward heat trans-
b ) ' ort (e.g., Dowsett et al., 2009). However, the models of

ing standardized designs for its simulations (Haywood .et lioMIP do not produce a stronger AMOC: plus, they sim-

2010, 2011), an increasing number of new findings have beu Ate similar Atlantic northward heat transport to the pre-

achieved from model-model and model-data comparisan : :
(Haywood et al., 2013; Zhang et al., 2013a: Hill et al., 201H]austr|al level (Zhang et al., 2013b). Hill et al. (2014pév

. uated the causes of the Pliocene atmospheric warming using
Lietal., 2015). . A
. . nergy balance calculations, and found that the specifeed ic
To date, studies based on PlioMIP have focused on the . : . o
sheet, high-latitude vegetation boundary conditions a& s
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 tropPlioMIP AOGCMs (Table 1). Each model carried out one
ical climate has also been investigated in the PlioMIP mogre-industrial control experiment and one mid-Piaceneian
els. Brierley (2015) recently found that the PlioMIP ensenperiment. In the mid-Piacenzian experiment, PRISM3 data
ble shows unexpected agreement in reducing variability amgre used as the boundary conditions, including the modi-
shifting to lower frequencies of ENSO. Besides, the simtication of orography, land cover, and the increase in atmo-
lated mid-Piacenzian Walker circulation generally slowd a spheric CQ concentration (from 280 ppm to 405 ppm) in
the Hadley cell widens poleward (Kamae et al., 2011; Suntee AOGCMSs, as well as the SST and sea ice in the AGCMs,
al., 2013). compared with the pre-industrial experiment (Haywood et al

Despite being an important sub-system of the tropical cR010, 2011). Considering the models usffedent resolu-
mate, the (West) Africa monsoon, which influences the livéions, we re-gridded all the model results to the same resolu
of the human population in climate-sensitive North Africajon of 2.5° x 2.5° to carry out the multi-model analysis.
has not yet been investigated in PlioMIP. Today, most of In addition, four experiments were carried out with
North Africa is occupied by the largest non-polar deser, ttCAMA4 to investigate the climate sensitivity to boundary-con
Sahara{9 400 000 kr), which started to form around 7—11ditions (Table 2). The horizontal resolution of FO9 [roughl
Ma (Zhang et al., 2014) and has expanded greatly during € (lat) x1.25° (lon)] was adopted, and there were 26 layers
last 2 or 3 Ma (Kroepelin et al., 2006). In the mid-Piacenziam the vertical direction (Neale et al., 2013). This highaes
compared to present, the Sahara shrank due to the expation of CAM4 is able to simulate the large-scale pattern of
sion of tropical savanna and woodland in North Africa, likelthe modern ASM reasonably well (Cook et al., 2012; Neale
indicative of an intensified Africa summer monsoon (ASMgt al., 2013), and shows improvements in simulated precipi-
(Kutzbach and Liu, 1997; Zhang et al., 2014). tation, compared with the low resolution version, becadse o

In this study, we analyze PlioMIP simulation resultbetter resolved topography (Shields et al., 2012). Veréioh
to examine the characteristics of the ASM in the midhe Community Land Model (CLM4) was also included inthe
Piacenzian. Furthermore, using CAM4, we highlight the insimulations (Lawrence et al., 2011). More information abou
portance of dierent boundary conditions to the ASM intenCAM4 and CLM4 can be found in model validation studies
sity. in the literature (Shields et al., 2012; Neale et al., 2013).

The remainder of the paper is organized as follows: In We ran the experiments from the pre-industrial period
section 2, we briefly describe the PlioMIP models used afl) and step-by-step replaced the topography, vegetation
the experimental design of the CAM4 experiments. In seand the combined changes of atmospheric, Gfoncen-
tion 3, we present the model results, including the PlioMIRration and SST with mid-Piacenzian boundary conditions
simulated ASM and the contributions to the ASM changesing PRISM3 data (Haywood et al., 2010), in order to ad-
based on the CAM4 simulations. Section 4 presents the disess how these boundary conditiorffeated the climate
cussion, and section 5 summarizes the study’s key findingé North Africa (Fig. 1). Aside from the PI control experi-

ment, topography was changed in experimegpt\igetation
. . was changed in experimentRland finally the atmospheric
2. Models and experimental design CO, concentration and SST were further changed in the

This study begins by analyzing atmosphere-only simulgpid-Piacenzian experiment (MP). All experiments were in-
tions from seven AGCMs, and coupled simulations from nirfegrated for 30 years, and all reached a quasi-equilibrium

Table 1. Basic information regarding the PlioMIP simulations usedthiis study.

Atmospheric resolution Analysed

Model name Model type Boundary condition (latxlon) period (yr) Reference
CAM3.1 AGCM alternate B°x2.8° L26 30 Yan et al. (2012)
HadAM3 AGCM preferred 5°x3.75°, L19 30 Bragg et al. (2012)
LMDZ5A AGCM alternate 19° x 3.75°, L39 30 Contoux et al. (2012)
MIROC4m-AGCM AGCM preferred B°x2.8° L20 30 Chan et al. (2011)
MRI-CGCM2.3-AGCM AGCM alternate B°x2.8° L30 50 Kamae and Ueda (2012)
CAM4 AGCM alternate F5° x3.75°, L26 20 Zhang and Yan (2012)
ECHAMS5 AGCM preferred F5° x3.75°, L19 30 Stepanek and Lohmann (2012)
ModelE2-R AOGCM preferred 2x2.5°,L40 30 Chandler et al. (2013)
CCSM4 AOGCM alternate 0°%x1.25,L26 30 Rosenbloom et al. (2013)
HadCM3 AOGCM alternate .B°%x3.75°, L19 50 Bragg et al. (2012)
IPSLCM5A AOGCM alternate $°%x3.75°, L39 30 Contoux et al. (2012)
MIROC4m AOGCM preferred B°x2.8° L20 30 Chan et al. (2011)
MRI-CGCM2.3 AOGCM alternate 8°x2.8° L30 50 Kamae and Ueda (2012)
NorESM-L AOGCM alternate J5°x3.75°, L26 100 Zhang et al. (2012)
COSMOS AOGCM preferred .85° x3.75°, L19 30 Stepanek and Lohmann (2012)

FGOALS-g2 AOGCM alternate & x2.8° L26 100 Zheng et al. (2013)
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Table 2. Experimental design using CAM4. “Plio” stands for mid-of all the models, with the same weight among models,

Piacenzian conditions, and “Mod” stands for pre-induktranod-

ern conditions.

Vegetatiori and CO, and  Orbital

Experiment Topograptiy land ice* SST conditions
PI Mod Mod Mod Mod
MP Plio Plio Plio Mod
Pl Plio Mod Mod Mod
Pliy Plio Plio Mod Mod

*Except Greenland and Antarctica
**Only Greenland and Antarctica

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 byeno
than 1 mm d? in North Africa, particularly betweer10°
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 thefiirence between the precipi-
tation and evaporation anomaly to the precipitation angmal
(AP - AE)/AP, P and E denote precipitation and evapora-
tion. In the region (18-20°N, 10°W-4C°E), approximately
55% of the regional averaged precipitation increase betwee

state within the first 10 years. The climatological meansifrothe mid-Piacenzian and the pre-industrial was due to mois-
the last 20 years in each experiment are analyzed here, with advection from the tropical Atlantic, and the remagnin
focus on the model results in boreal summer (June, July dit was caused by local recycling. Since the moisture advec

August).

3. Reaults

3.1. PlioMIP-simulated ASM

In the PlioMIP simulations, the ASM became stronggFigs. 2a and 3a).

and brought more precipitation to North Africa during the  The intensified ASM was caused by increased net energy
mid-Piacenzian. The multi-model ensemble mean (MMMp the atmospheric column above North Africa. The MMM

(a) Topography
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tion in this region derived mainly from the intensified ASM,
the increased summer precipitation in North Africa likegrd
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-Piacenzi

(b) Surface albedo
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Fig. 1. The diference in (a) topography (units: m), (b) summer surfacedalbé) summer SST (units:C), and (d)
winter SST (units®C) between the experiment MP and Pl using CAM4. The regioitatdd 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 1) and precipitation (shaded; units: mmi{ibe-
tween the mid-Piacenzian and pre-industrial experimeois f

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 climatologicaan
ITCZ, as defined by Braconnot et al. (2007).
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Fig. 3. Monsoon domain (shaded) for the pre-industrial and
mid-Piacenzian experiments from PlioMIP simulations: i)
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 thk da
blue (orange) areas indicate the regions of expansiore&®tr

in the mid-Piacenzian compared to the pre-industrial jgerio
Monsoon domains were calculated according to the definition
in Wang et al. (2012), with the summer-minus-winter preeipi
tion exceeding 2.0 mmd 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)

indicated that the net energy above North Africa increased Owing to increased net energy in the atmospheric column
significantly (Fig. 4a) because of the marked increase in rifove North Africa (Figs. 4b vs. 4c), the AGCMs predicted
heat flux at the model top. This increase in net energy pr@-much stronger ASM than the AOGCMs (Figs. 2b vs. 2c),
moted anomalous low-level atmospheric convergence (Figith a more northward positioning of the North African mon-
2a) over North Africa (Chou and Neelin, 2003; Zhang et akpon domain and the ITCZ than in the AOGCMs (Figs. 2
2014). As a result, moist air flow from the ocean penetrate@id 3). The AGCMs use PRISM3 reconstructions, while the
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aooN QL MMM JOA____ : 3.2. Contributions to the intensified ASM in the CAM4
i» = simulations
30°N ] In order to isolate the roles of mid-Piacenzian boundary
conditions in the intensified ASM, high-resolution CAM4 ex-
20°N 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-indast
2 agreeing well with the MMM of the PlioMIP models (Figs. 2
0 . . . . . . and 5a).
20°W  10°W 0 10°E 20°E  30°E  40°E  50°%E The CAM4 sensitivity experiments showed that the com-
(b) AGCMs—MMM JJA bined changes of atmospheric €@oncentration and SST
~ T s { 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. 6ld) an

strengthened the thermal low anomalies in North Africa (not
\°

10°N

40°N

30°N

i
20°N -
shown). These combined changes further enhanced the on-
shore flow from the ocean. After the change in atmospheric
10°N 7 CO, concentration and SST in experiment MP compared
/ to experiment R{, the summer westerly wind strengthened
I

0 T 1 T T T markedly by 1.57 m&, averaged within North Africa &

200w 10w 0 10°E 20°E 30°E 40°E S0°E 30°N, 10°W-4C0°E), moisture advection intensified (Table 3),
207N {C) AOGCMs —MMM_JJA and ultimately, the summer precipitation increased signifi
MRS Y q cantly by 1.01 mm d!, with the ITCZ and the northern limit

of the North African monsoon domain also shifting north-
4 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 experimenf,Pthe sum-
mer westerly wind strengthened by 0.62 n and the sum-
mer precipitation increased by 0.74 mm'daveraged within
North Africa (5-30°N, 10°W-4C°E) (Fig. 5¢), when com-

30°N

20°N

10°N

0 T 1 1 T T T pared to experiment Pl These increases were considerably
200w Aow O TO°F 20° SO0 42 50°% larger than the changes caused by topographynfifius PI)
-40-30-20-10 =5 5 10 20 30 40 (Fig. 5d). Moreover, the vegetation change also shifted the

Fig. 4. Difference in the MMM for summer net energy [defi- ITCZ and the northern limit of the North African monsoon

nition in Chou and Neelin (2003)] in the atmospheric column domain northward, while the change caused by topography

(units: W n2) between the mid-Piacenzian and pre-industrial Was weak (Figs. 5¢ and d). Although the vegetation change
experiments from PlioMIP simulations: (a) is the MMM for all decreased the surface albedo (Fig. 1b), due to an increase in

the models; (b) is the MMM for the AGCMs; and (c) is the cloud cover (Table 3), vegetation change finally caused the
MMM for the AOGCMs. SAT in North Africa to decrease (Fig. 6¢). By comparison,
due to the &ects of the temperature lapse rate, increased to-
AOGCMs include atmosphere—ocean feedback. Thus, thegraphy caused the SAT to decrease, and vice versa (Fig.
discrepancy in the model results between the AGCMs a8d).
AOGCMs was mainly caused by thefidirence in the SST.  The increased intensity of the ASM caused by the
Even so, geological evidence indicates that the climate éghanged boundary conditions can also be explained by the
mid-Piacenzian was up td6 cooler than the Late Quater-increased net energy in the atmospheric column above North
nary in Hadar, Ethiopia (Bonnefille et al., 2004). This evAfrica (Fig. 7, Table 3). Such increased net energy promoted
idence, and other temperature estimates available from #szending motion (Fig. 8) and low-level atmospheric con-
tropics, possibly suggest a large overestimation of the S8&rgence (Fig. 5). The combined changes of atmospheric
and surface air temperature (SAT) in the low latitudes ByO, concentration and SST increased the net heat flux at
1°C-6°C in the AOGCMs (Dowsett et al., 2013; Salzmanthe model top considerably (Table 3), which resulted from
et al., 2013). If so, this overestimated SST and SAT in thiecreased top upwelling longwave flux due to the increased
tropics possibly led to the underestimation of the inteedifi cloud fraction (Table 3). This increased net top heat flux fur
ASM in the AOGCMs. 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~H and precipitation (shaded; units: mm™i changes
between experiments using CAM4. Only changes for pretipitaand 850-hPa wind (either zonal or meridional wind)
that are significant at the 95% confidence level (Studétigst) are shown. Monsoon domains (contours) and the posi-
tions of the climatological mean ITCZ (dots) are also shoRead contours and dots are shown for experiment (a) MP,
(b) MP, (c) P}y and (d) P{. Blue contours and dots are shown for experiment (a) Pl, Igh) ©) Pk and (d) PI.

Table 3. Regionally averaged summer precipitatid® (inits: mm d?1), evaporation E, units: mm d1), cloud fraction, zonal 850-hPa
wind (units: m s1), and energy balance (units: W#) changes within region (530°N, 10°W—4(E) between experiments using CAM4.
Only changes that were statistically significant at the 98%fidence level (Studenttstest) were considered. Positive values indicate more
heat into the atmosphere for net energy, net top heat andmsbtar, less heat into the atmosphere for top upwellingu@ve, and more
heat from the atmosphere to the surface for net surface heat.

Nettop Nettop  Topupwelling  Net surface
Experiments P E Zonalwind  Total cloud Netenergy heat solar longwave heat
MP-PI 1.25 0.30 1.63 0.09 11.18 11.61 -8.68 -17.14 0.41
MP—Ply 1.01 0.14 1.57 0.07 5.13 8.16 -8.36 -1358 2.99
Ply—Pk 0.74 0.41 0.62 0.04 9.28 8.24 0.79 -6.63 -1.86
PL—PI -020 -0.04 -0.44 -0.01 -0.29 -2.08 -1.08 0.64 -291

7b). The nature of the Pliocene vegetation, with less desesrs smaller than today during the mid-Piacenzian (Salzmann
cover and reduced surface albedo, also increased the riet beal., 2008), with a much larger tree cover density in both
flux at the model top (Table 3) and further enhanced the n&tst and East Africa compared to the Late Quaternary (Bon-
energy over North Africa, in particular betweed5°N and nefille, 2010). Moreover, higli'®0O values in soil carbon-
~25°N (Fig. 7c). By comparison, the changed topographate and paleoprecipitation estimates also indicate EagtaAf
generally had a weakffiect on the increased net energy ovdikely received more rainfall in the mid-Piacenzian (Levin
North Africa (Fig. 7d, Table 3). 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; Larrasoafia et al., 2003), and the northern

Geological evidence indicates the existence of a weti&had Basin in North Africa features lacustrine sediment oc-
environment in North Africa in the mid-Piacenzian. For exeurring from 7 to 3 Ma (Schuster et al., 2009; Lebatard et al.,
ample, palynological data demonstrate that the desert z@®40).

4. Discussion
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Fig. 6. The simulated summer changes of SAT (unft€) between experiments using CAM4. Only changes that are
significant at the 95% confidence level (Studettsst) are shown.
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Fig. 7. The simulated summer changes of net energy in the atmospt@umn (units: W m?2) between experiments
using CAM4. Only changes that are significant at the 95% centfid level (Studentstest) are shown.

The simulated wetter climate in the mid-Piacenzian quathanges of atmospheric G@oncentration and SST, as well
itatively agrees with the geological evidence mentionexs the vegetation change, both contributed more to the in-
above. As shown in the simulation results, the combinetdeased precipitation, compared with the topography olhang
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Fig. 8. The simulated summer changes of vertical velocity at 500(bRigs: 1001 Pa s1) between experiments using
CAMA4. Upward motion is negative and downward motion is pesit Only changes that are significant at the 95%
confidence level (Studenttstest) are shown.

Therein, the combined changes of atmospherig €@hcen- been substantial (Prescott et al., 2014). The second pliase o
tration and SST were able to markedly intensify the moistuRlioMIP will focus on the identification of a “time slice”
advection, while the vegetation change intensified more tfMdIS KM5c; 3.205 Ma) that has similar orbital forcing to
local recycling in North Africa (Table 3). Since the comhinetoday (Haywood et al., 2016). Even so, studies on orbital-
changes of atmospheric G@oncentration and SST wereforced changes of precipitation in North Africa during inte
so important for the increased precipitation during the-miglacial events are still needed, to better understand thd AS
Piacenzian (Table 3), the moisture advection, mainly fromithin the mid-Piacenzian, as well as the model-data discor
the intensified ASM contributed more, compared with the lo-
cal recycling, to the increased precipitation in North i
in the mid-Piacenzian. 5. Summary

The changes in boundary conditions determine the cor- |n the MMM result of all models from PlioMIP, the

responding climatefeects, and the potential uncertainty ilASM strengthened and the precipitation increased overNort
boundary conditions may influence the simulated ASM. Fefrica in the mid-Piacenzian, compared to the pre-indaktri
example, geological evidence indicates major uplift astiv The strengthened monsoon activity was caused by the in-
existed in African mountains during the mid to late Pliocengreased net energy in the atmospheric column over North
(Sepulchre et al., 2006; Zhang and Liu, 2010). If so, th&frica. Furthermore, CAM4 simulations indicated that the
changed topography perhaps hadfetent climate ffects. combined changes of atmospheric £€bncentration and
Moreover, there were also discrepancies in the simulatg@T, as well as the vegetation change, were able to increase
ASM between the AOGCMs and AGCMs, due to the difthe net energy in the atmospheric column over North Africa,
ferent SST used. Thus, more studies are needed to redwdgch promoted the strengthened ASM and increased the
the uncertainty in boundary conditions and further cheek thyrecipitation in the region.

potential climate ffects.
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