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ABSTRACT

The midlatitude westerlies are one of the major components of the global atmospheric circulation. They play an important
role in midlatitude weather and climate, and are particularly significant in interpreting aeolian sediments. In this study, we
analyzed the behavior and the possible mechanism involved in the change of the westerlies, mainly in terms of the jet
stream position, in the mid-Pliocene warm period (3.3 to 3.0million years ago) using simulations of 15 climate models from
the Pliocene Model Intercomparison Project (PlioMIP). Compared to the reference period, the mid-Pliocene midlatitude
westerlies generally shifted poleward (approximately 3.6◦ of latitude in the Northern Hemisphere and 1.9◦ of latitude in the
Southern Hemisphere at 850 hPa level) with a dipole pattern.The dipole pattern of the tropospheric zonal wind anomalieswas
closely related to the change of the tropospheric meridional temperature gradient as a result of thermal structure adjustment.
The poleward shift of the midlatitude westerly jet corresponded to the poleward shift of the mean meridional circulation.
The sea surface temperatures and sea ice may have affected the simulated temperature structure and zonal winds, causingthe
spread of the westerly anomalies in the mid-Pliocene between the atmosphere-only and coupled atmosphere–ocean general
circulation model simulations.
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1. Introduction

The prevailing westerly winds in the midlatitudes are one
of the prominent features of the global atmospheric circu-
lation. They are associated with the vast transport and ex-
change of heat, moisture and momentum between high and
lower latitudes. They play an important role in the weather
and climate in the midlatitudes, where the activity of storms
along the jet stream influences the variation of heavy precip-
itation and severe weather (Chang et al., 2002; Yin, 2005;
Bengtsson et al., 2006; Rojas, 2013). The movement of jet
streams and storm tracks in the westerlies modulates the pre-
cipitation patterns in the midlatitudes and, accordingly,the
conditions of natural ecosystems, agriculture, and water re-
sources (Seidel et al., 2008). As a fundamental component of
the global climate system, the westerlies have an important
effect on ocean circulation and the global carbon cycle (Togg-
weiler et al., 2006; Kuhlbrodt et al., 2007; Toggweiler, 2009).
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In addition, the position and intensity of westerly winds has
been directly related to the aeolian sediments on the Chi-
nese Loess Plateau and in the Pacific Ocean (e.g., Duce et
al., 1980; Rea and Leinen, 1988; Rea, 1994; An et al., 2001;
Sun, 2004; Sun et al., 2008; Maher, 2011).

Given their critical importance, the westerlies have been
a major research focus for decades. The shift of the Southern
Hemisphere (SH) westerlies toward the pole, seen in many
model simulations, is a response to global warming due to the
increasing concentration of atmospheric greenhouse gases
(Kushner et al., 2001; Yin, 2005; Ihara and Kushnir, 2009;
Wilcox et al., 2012; Chavaillaz et al., 2013; Rojas, 2013). A
similar poleward shift of the SH and Northern Hemisphere
(NH) westerlies has also been confirmed in recent decades
with increasing anthropogenic CO2 emissions into the atmo-
sphere (Archer and Caldeira, 2008; Pena-Ortiz et al., 2013).
This has occurred in tandem with a widening of the tropical
belt and an expansion of the Hadley cell (Hu and Fu, 2007; Lu
et al., 2007; Seidel et al., 2008; Johanson and Fu, 2009). The
opposite effect might be expected in simulations of the last
glacial maximum, approximately 21 000 years ago. Specifi-
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cally, as compared with the pre-industrial reference state, we
should perhaps see westerlies shifting equatorward in a cool-
ing climate with a reduction of greenhouse gases. However,
while some simulations have shown an equatorward shift,
others have shown a poleward shift, or no significant shift
at all (Rojas et al., 2009; Chavaillaz et al., 2013; Sime et al.,
2013). Thus, there remains an obvious gap in our knowledge
with respect to the nature of the midlatitude westerlies. Such
limitation casts a shadow over predictions and projectionsof
the westerlies. Examining the characteristics of the westerlies
during past warm climate periods, such as the mid-Pliocene,
provides us with a potential guide to understanding the be-
havior of, and mechanisms involved in, the westerlies in a
changing climate.

The mid-Pliocene warm period, which occurred approx-
imately 3.3 to 3.0 million years ago, was an interval of rela-
tively warm and stable climate in the Earth’s history (Dowsett
et al., 2010; Haywood et al., 2010). During this period, the
global mean temperature is estimated to have increased by
1.86◦C–3.60◦C compared with pre-industrial values (Hay-
wood et al., 2013), similar to the climate conditions predicted
for the end of the 21st century (Dowsett et al., 2010; Hay-
wood et al., 2010, 2013). Comprehensive and internally con-
sistent paleoenvironmental conditions of the mid-Pliocene
have been reconstructed using multiple proxies (e.g., Thomp-
son and Fleming, 1996; Salzmann et al., 2008; Dowsett et
al., 2010). Earlier studies of the mid-Pliocene NH wester-
lies were based only on geological evidence, and the recon-
structed climate records of some sediment profiles were used
to interpret as the variation of the westerlies. Specifically,
the grain size of fine aeolian dust in sediments on the Chi-
nese Loess Plateau and in the North Pacific Ocean was taken
as an indicator of the transport power of the westerly winds
(e.g., Rea, 1994; Sun et al., 2008). Some proxies of chemi-
cal weathering intensity, such as the Rb/Sr ratio (concentra-
tion ratio of element Rubidium to Strontium) of lacustrine

deposits in the Tarim Basin, have been used to characterize
the evolution of westerly winds, in which it was assumed that
the Rb/Sr ratio is controlled by precipitation determined by
westerly winds (Chang et al., 2013). However, the spatial
distribution of proxy data is rather sparse, and is thus likely
to record regional signals. Caution should be applied when
interpreting regional westerly variation as a continentalor
global phenomenon. On the other hand, the inherent unre-
liability and multi-interpretation of proxy data dampen their
effectiveness in westerlies-related research. For example, the
Rb/Sr ratio is a combination of chemical weathering inten-
sity in the source region and depositional area. The proxy of
chemical weather intensity is more closely related to precipi-
tation and temperature, rather than westerly winds.

Numerical experiments have emerged as an efficient way
to understand past climates on regional and global scales, and
much attention has been given to the mid-Pliocene warm pe-
riod (e.g., Chandler et al., 1994; Sloan et al., 1996; Jiang
et al., 2005; Lunt et al., 2010; Yan et al., 2011; Jiang,
2013; Zhang and Jiang, 2014). With the boundary conditions
and reconstructions provided by the U. S. Geological Sur-
vey’s Pliocene Research Interpretation and Synoptic Map-
ping (PRISM) project (e.g., Salzmann et al., 2008; Dowsett et
al., 2009, 2010), two types of experiments (Table 1), includ-
ing experiment 1 using atmospheric general circulation mod-
els (AGCMs) and experiment 2 using coupled atmosphere–
ocean general circulation models (AOGCMs), have recently
been designed to simulate the mid-Pliocene climate under the
framework of the Pliocene Model Intercomparison Project
(PlioMIP) (Haywood et al., 2010, 2011; and references listed
in Table 1). Based on those experiments, the large-scale fea-
tures of the global climate, regional East Asian monsoon, and
the dominant components of the mid-Pliocene warming have
been analyzed (Haywood et al., 2013; Zhang et al., 2013; Hill
et al., 2014). However, the characteristics of the mid-Pliocene
westerlies have yet to be studied. Accordingly, this paper

Table 1. Basic information about the models used in this study.

Model ID Type
Boundary

Atmospheric resolution
Years used

Reference
conditions for analysis

CAM3.1 AGCM Alternate T42, L26 30 Yan et al. (2012)
CAM4 AGCM Alternate T31, L26 20 Zhang and Yan (2012)
ECHAM5 AGCM Preferred T31, L19 30 Stepanek and Lohmann (2012)
HadAM3 AGCM Preferred 2.5◦×3.75◦ (lon×lat), L19 30 Bragg et al. (2012)
LMDZ5A AGCM Alternate ∼ 1.9◦×3.75◦(lon×lat), L39 30 Contoux et al. (2012)
MIROC4m-AGCM AGCM Preferred T42, L20 30 Chan et al. (2011)
MRI-CGCM2.3-AGCM AGCM Alternate T42, L30 50 Kamae and Ueda (2012)
CCSM4 AOGCM Alternate ∼ 0.9◦×1.25◦(lon×lat), L26 30 Rosenbloom et al. (2013)
COSMOS AOGCM Preferred T31, L19 30 Stepanek and Lohmann (2012)
GISS-E2-R AOGCM Preferred 2◦×2.5◦(lon×lat), L40 30 Chandler et al. (2013)
HadCM3 AOGCM Alternate 2.5◦×3.75◦(lon×lat), L19 50 Bragg et al. (2012)
IPSLCM5A AOGCM Alternate ∼ 1.9◦×3.75◦(lon×lat), L39 30 Contoux et al. (2012)
MIROC4m AOGCM Preferred T42, L20 30 Chan et al. (2011)
MRI-CGCM2.3 AOGCM Alternate T42, L30 50 Kamae and Ueda (2012)
NorESM-L AOGCM Alternate T31, L26 200 Zhang et al. (2012)
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presents an analysis of the mid-Pliocene westerlies, mainly
through the jet position, from the perspective of multiple cli-
mate models, and with an emphasis on the possible dynamic
mechanisms involved in the most common changes.

2. Models and methods

2.1. Boundary conditions and experimental design

The experiments of 15 models archived in PlioMIP were
analyzed, with seven AGCM simulations performed for ex-
periment 1 and eight AOGCMs performed for experiment 2.
Each model was used to conduct both a pre-industrial and a
mid-Pliocene simulation. The main modification of the mid-
Pliocene boundary conditions included changes of the land–
sea mask, topography, ice sheet, vegetation, and an increased
concentration of atmospheric CO2 to 405 ppm for both exper-
iments 1 and 2, as well as specified sea surface temperatures
(SSTs) and sea ice extent for experiment 1 (Haywood et al.,
2010, 2011). The PlioMIP provided a preferred boundary
condition data package for all the models able to change the
land–sea mask, and also an alternated one to help guide the
implementation of the mid-Pliocene topography and vegeta-
tion for models with difficulty in land–sea mask modification,
to maximize the potential participating groups in PlioMIP

(Haywood et al., 2010, 2011). Further details of the model
description, boundary condition implementation, experimen-
tal design, and the basic climatology of each model simula-
tion can be found in the references listed in Table 1.

2.2. Model evaluation

To assess the simulation ability of each model, we eval-
uated the surface air temperature and zonal and meridional
winds on the global scale using the pre-industrial experi-
ments of individual models, in comparison to NCEP–DOE
(National Centers for Environmental Prediction–Department
of Energy) monthly reanalysis wind data (Kanamitsu et al.,
2002) and ERA-Interim monthly reanalysis temperature data
(Dee et al., 2011) during 1979–2008. To detect the charac-
teristics of the westerlies and their changes at fine resolution,
all model and reanalysis data were aggregated to a horizontal
resolution of 0.5◦ latitude by 0.5◦ longitude using bilinear in-
terpolation. The model evaluation results are presented using
a Taylor diagram (Taylor, 2001), including the spatial corre-
lation coefficient (SCC) and centered root-mean-square error
(RMSE) between each pre-industrial simulation and obser-
vation (Fig. 1). All 15 models generally performed well in
simulating the geographical distribution of climatic elements.
Comparatively, the models showed the best skill in simulat-
ing temperature, with the values of SCCs larger than 0.99 and

Fig. 1. Taylor diagram (Taylor, 2001) for displaying normalized pattern statistics for
zonal and meridional winds at 850 hPa and annual temperatureon the global scale be-
tween each pre-industrial experiment of the 15 climate models and observation. Each
number represents a Model ID: red denotes annual mean temperature; purple and red-
dish brown denote the annual mean zonal and meridional winds, respectively; and
dark and light blue represent the winter and summer meridional winds, respectively.
The observation is considered as the reference (REF). Both the root-mean-square error
(RMSE) and standard deviation are normalized by the observed standard deviation. The
normalized standard deviation of a model is represented by the radial distance from the
origin; the spatial correlation coefficient between a modeland the reference is shown by
the azimuthal position of the model; and the normalized RMSEbetween a model and
the reference is represented by their distance apart.
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RMSEs ranging from 0.91 (CAM3.1) to 1.04 (HadCM3). All
models reliably reproduced the geographical distributionof
zonal and meridional winds at 850 hPa with a certain de-
gree of skill, and the SCCs were larger than 0.70. As a
whole, the ensemble means with equal weights of the seven
AGCMs, eight AOGCMs, and all 15 models (hereafter re-
ferred to as AGCM-MME, AOGCM-MME and MME results
respectively) outperformed most of the individual models.

2.3. Characteristics of the westerlies

To characterize the variation of the westerlies, we focus
on the tropospheric zonal winds at the 850 hPa, 500 hPa, and
200 hPa levels. The zonal winds at upper levels characterize
the westerly jet well, and the surface westerly winds inter-
act closely with the ocean and are significant in exploring
the atmosphere–ocean momentum, heat, and CO2 exchanges
(Toggweiler et al., 2006; Toggweiler, 2009). Whereas, the
tropospheric jet shows upward meridional equatorward tilt
and the position of the upper-level westerly jet is not consis-
tent with that of the surface westerly winds; a strong upper-
level subtropical jet can hide the changes in near-surface
winds. The 850 hPa zonal winds can also characterize the
jet and its fluctuations (Chavaillaz et al., 2013; Rojas, 2013;
Sime et al., 2013), and wind changes at this level are similar
to those at the near surface.

To characterize the shift in position of the westerly jet, the
latitudes of both the maximum wind and three specific wind
values towards the equator were calculated. A quadratic in-
terpolation around the grid point with maximum mean zonal
wind was used to generate the exact maximum wind latitude,
as in Chavaillaz et al. (2013). Furthermore, a cubic interpola-
tion around the four grid points with wind speeds close to the
specific values was conducted to produce the latitudes of the
specific winds. The shift of the westerlies is represented by
the latitudinal change of the jet positions between the mid-
Pliocene and pre-industrial results.

3. Results

3.1. Changes of mean zonal winds

Figure 2 shows the mean zonal winds at 850 hPa from
the individual models and their ensemble means. Compared
to the reanalysis data, the position of the SH westerly jets
simulated by most models (except CCSM4 and HadCM3)
tended to migrate far towards the equator, similar to the pre-
industrial simulations of the SH westerlies in the work of Ro-
jas (2013).

The features of the westerlies could be extracted from the
structures of the mean zonal winds (Fig. 2) and the shift of
the westerlies (Fig. 3). In general, the shift directions ofthe
westerlies were consistent between calculations based on the
maximum wind and certain specific wind values, and were
also similar between calculations in the three levels. How-
ever, the results showed that the shift magnitudes calculated
by the latitudes of maximum wind were sometimes larger
than when calculated by the latitudes of certain wind val-

ues, especially at 200 hPa. This result was partly due to the
fact that we calculated the latitude of the maximum wind in
the whole SH or NH, revealing that the latitude of maximum
wind was grid-dependent to some degree.

Relative to the pre-industrial period, all seven sets of
AGCM simulations showed a poleward shift of the SH and
NH westerlies in the mid-Pliocene. Among the eight sets of
AOGCM simulations, COSMOS and HadCM3 simulated a
slightly equatorward shift in the position of the SH wester-
lies, while the other models generally displayed no obvious
shift. Almost all AOGCMs reproduced a poleward shift of
the NH westerlies, though COSMOS showed an equatorward
shift based on latitude changes of some specific wind values.

The multi-model ensemble means all indicated a pole-
ward shift of the NH westerlies, with a magnitude of ap-
proximately 3.2◦ latitude by AGCM-MME, 1.4◦ latitude by
AOGCM-MME, and 3.6◦ latitude by MME based on the lat-
itudes of the maximum wind at 850 hPa. The AGCM-MME
and MME showed a poleward shift of the SH westerlies by
2.6◦ and 1.9◦ of latitude based on the latitudes of the max-
imum wind at 850 hPa, respectively, while the AOGCM-
MME showed almost no detectable shift except a slight equa-
torward shift at 200 hPa. Although the westerly shift in the
mid-Pliocene showed a certain inter-model scatter, the pole-
ward shift of the SH/NH westerlies was consistently accom-
panied by a meridional dipole pattern of the westerly wind
change; that is, stronger winds on the poleward flank of the
westerly jet and weaker ones on the equatorward flank.

3.2. Spatial change of the westerlies

Figure 4 depicts the spatial distribution and change of
the mid-Pliocene westerlies compared to the pre-industrial
period at 850 hPa. Due to the influence of tall terrain and
non-uniform underlying topography, the position of the west-
erly jet maximum at 850 hPa in the NH continents was scat-
tered greatly along the meridional direction and are hence not
shown.

The climatologies of the westerlies at 850 hPa in the pre-
industrial and mid-Pliocene simulations (Figs. 4a and 4b)
show that strong westerly winds generally distributed with
zonal symmetry over the southern oceans, North Pacific, and
North Atlantic. The position of the westerly jet stream max-
imum covered the regions of 45◦–50◦S over the Southern
Ocean and 40◦–50◦N over the North Pacific and North At-
lantic. The position of the mid-Pliocene westerly jet stream
maximum tended to shift poleward, with weakening winds
along the equatorward flank of the pre-industrial westerly
jet, and strengthening ones along the poleward flank (Fig.
4c). The AGCM-MME and AOGCM-MME showed a simi-
lar poleward shift of the North Pacific and North Atlantic jets
in the mid-Pliocene (Figs. 4d and 4e), although there was an
inter-model scatter in the Southern Ocean jet changes. That
is, the former showed a clear poleward shift with a dipole
structure, and the latter an equatorward shift over the western
Southern Pacific but nearly no discernible shift over the other
parts of the Southern Ocean. Hence, the spatial distribution
of the mid-Pliocene westerly wind anomalies also displayed
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Fig. 2. Climatology of zonal-mean zonal winds (m s−1) for NCEP–DOE reanalysis data (black) and pre-industrial
(blue) and mid-Pliocene (red) experiments of the AGCMs and AOGCMs at 850 hPa, 500 hPa, and 200 hPa (the top,
middle, and bottom lines in each plot). The AGCM-MME, AOGCM-MME and MME denote the ensemble means of
seven AGCMs, eight AOGCMs, and all 15 models, respectively.

a dipole structure, consistent with the features of mean zonal
winds (Fig. 2).

Figure 5 shows the difference in zonal winds at 500 hPa
and 200 hPa between the mid-Pliocene and pre-industrial pe-
riod. Five of the six sets of simulations indicated a poleward
shift of the position of the mid-Pliocene westerly jet stream
maximum, with a dipole pattern on the global scale, similar
to that at 850 hPa (Fig. 4). The exception was the AOGCM-
MME for the SH westerlies, in which upper-tropospheric
westerlies intensified in most areas (Fig. 5f). Inter-model
disagreement in the Southern Ocean jet changes between
AGCM-MME and AOGCM-MME also existed, with the for-
mer indicating a clear poleward shift with a dipole structure
that was not apparent in the latter. Meanwhile, westerly jets
demonstrated regional characteristics in the vertical direction

(Figs. 4 and 5). The dipole pattern of the North Pacific west-
erly jet was significant and consistent among simulations. As
for the Atlantic westerly jet, a dipole pattern occurred mostly
in the lower levels (Fig. 4), and it nearly disappeared in
the mid and upper levels in the AGCM-MME and AOGCM-
MME (Fig. 5). Overall, the changes of the westerlies in the
mid and upper levels were comparable to those at lower lev-
els.

4. Discussion

Based on the above analysis, the following two questions
need to be answered. What is the possible mechanism under-
pinning the change of the mid-Pliocene westerly jet, and what
gives rise to the dipole structure of the mid-Pliocene anoma-
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Fig. 3. The poleward shift (units:◦ of latitude) of the NH (in gray) and SH (in black) westerly jetin the
mid-Pliocene compared to the pre-industrial period. Positive (negative) values mean poleward (equa-
torward) shift. The three columns in each model are results at 850 hPa, 500 hPa, and 200 hPa. The shift
magnitudes are calculated by the latitude changes of the maximum wind (crosses) and of three specific
wind values towards the equator (squares, triangles, and circles). The specific wind values (squares,
triangles, and circles) are 0, 2, and 4 m s−1 at 850 hPa; 4, 8, and 12 m s−1 at 500 hPa; and 12, 18, and
24 m s−1 at 200 hPa.

lies? In addition, it is equally important to elucidate why the
models behave differently.

4.1. Meridional temperature gradient and westerly winds

Previous studies have suggested that there is a close rela-
tionship between the anomalies of the meridional temperature
gradient (MTG) and westerly winds (Lorenz and DeWeaver,
2007; Ihara and Kushnir, 2009; Rojas et al., 2009; Wilcox
et al., 2012). From the 15 model simulations, we chose three
sets of model results (CAM3.1, CAM4, and NorESM-L) with
vertical layer temperature field data available to examine the
relationship between the MTG and westerly wind changes.

Figure 6 shows the latitude versus height annual mean
temperature, MTG and zonal mean wind differences between
the mid-Pliocene and pre-industrial simulations of the afore-
mentioned three models. Compared with the pre-industrial
simulation, CAM3.1 and CAM4 generally showed an in-
creasing magnitude of warming from the equator to the
pole, and consequently reduced lower- to upper-tropospheric
MTGs with reduced zonal winds in the 10◦ to 40◦ lati-
tude belt in both hemispheres in the mid-Pliocene. Dif-
ferent conditions occurred in the SH of NorESM-L, which
showed increased MTGs and zonal winds in the upper tropo-
sphere and the lower stratosphere, although these decreased
slightly in the lower troposphere. As for the higher latitudes,
both CAM3.1 and CAM4 simulated increased mid- to upper-
tropospheric MTGs with strengthening zonal winds between
45◦S and 60◦S, and both CAM4 and NorESM-L displayed in-
creased tropospheric MTGs and zonal winds between 40◦N
and 55◦N.

According to the thermal wind balance, there is a close

relationship between the shear of geostrophic winds and the
horizontal temperature gradient. In other words, an increase
(a reduction) in MTG would be in accordance with an in-
crease (a decrease) in wind velocity with height. As it
is, a meridional dipole pattern of zonal wind change, i.e.
positive (negative) wind anomalies in the troposphere cen-
tered slightly poleward (equatorward) of the climatological
jet (Figs. 6g–i), was generally accompanied by positive (neg-
ative) gradient anomalies on the poleward (equatorward) side
of the jet (Figs. 6d–f).

The relationship between the zonal winds and MTG
changes was significant in the upper troposphere, but not
in the lower troposphere (such as the MTG and zonal wind
changes between the surface and 850 hPa in the SH in
CAM3.1 and CAM4, in Figs. 6d, e, g, and h). This was partly
due to the direction of the upper-tropospheric winds, which
were more consistent with the thermal winds. Such varia-
tion followed increased MTG along the upper troposphere in
the midlatitudes. The lower-tropospheric zonal wind anoma-
lies were roughly in-phase with those in the mid-levels, when
the meridional dipole patterns of tropospheric zonal wind and
MTG anomalies were significant. Thus, in the mid-Pliocene
compared with the pre-industrial period, from the perspective
of the thermal wind equation, both the lower- and upper-level
zonal wind anomalies were related overall to the mid- and
upper-level MTG anomalies as a result of atmospheric ther-
mal structure adjustment.

4.2. Mean meridional circulation and westerly winds

The mean meridional circulation (MMC) was closely re-
lated to the poleward shift of the westerly jet in the mid-
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Fig. 4. Climatology of annual mean zonal winds at 850 hPa for the MME:(a) pre-industrial, (b) mid-Pliocene,
(c) anomalies (mid-Pliocene minus pre-industrial), and for the anomalies in (d) AGCM-MME and (e) AOGCM-
MME. The colored bars represent the wind speed (m s−1). The white contours (c, d and e) represent the zonal
wind speed (solid, westerly winds; dashed, easterly winds;scaled by 4 m s−1) in the pre-industrial period.
The black and magenta lines represent the position of the pre-industrial and mid-Pliocene jet stream maximum,
represented by latitudes of meridional maximum zonal windsof each hemisphere in the pre-industrial and mid-
Pliocene periods. The areas with confidence levels larger than 90% are dotted. The markers in (c–e) represent
the positions of Deep Sea Drilling Project sites 305 (circle), 310 (cross), and GPC3 (plus sign), as well as the
Ocean Deep-Sea Project site 885/886 (asterisk), which provide the paleoenvironment evidence discussed in
section 4.4.

Pliocene. In this study, the zonal mean MMC was calcu-
lated by a meridional mass stream function, as illustrated in
Figs. 6j–l. All models simulated a less intense and poleward-
extended Hadley cell, except in the SH in NorESM-L, and a
poleward shift of the Ferrel cell, except in the NH in CAM3.1
and the SH in NorESM-L. In the SH, CAM3.1 and CAM4
simulated a poleward shift of the MMC (weakened south-
ern Hadley cell and strengthened poleward flank of the Fer-
rel cell), coherent with a poleward shift of the mid-latitude
jet, while NorESM-L simulated a slightly equatorward shift
of the MMC (strengthened equatorward flank and weakened
poleward flank of the southern Hadley cell, and a slightly

contracted Ferrel cell), accompanied by no significant shift
of the midlatitude jet. In addition, in the NH, CAM4 and
NorESM-L simulated a poleward shift of the MMC (weak-
ened northern Hadley cell, and a poleward-shifted Ferrel
cell), accompanied by a poleward shift of the midlatitude jet.
Thus, the shift of the midlatitude jet should correspond to the
change of the MMC.

The Hadley cell has also been found to generally weaken
in other mid-Pliocene model simulations (Jiang et al., 2005;
Kamae et al., 2011; Sun et al., 2013). In the mid-Pliocene
period, the ascending Hadley cell weakened and expanded
poleward in MRI-CGCM2.3 AGCM simulations (Kamae et
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Fig. 5. The same as in Figs. 4c–e, but for (a, c, e) 500 hPa and (b, d, f) 200 hPa.

al., 2011); And in IPSLCM5A, the Hadley cell expanded
poleward, with a decreased northern tropical Hadley cell in-
tensity and an intensified subtropical Hadley cell (Sun et al.,
2013). Compared to the IPSLCM5A simulations, the present
NorESM-L results also showed a weakened and poleward-
expanded northern Hadley cell and strengthened southern
Hadley cell. By contrast, the IPSLCM5A results indicated
a slight poleward shift of the southern Hadley cell, while the
NorESM-L results displayed nearly no shift.

Furthermore, the poleward shift of the Ferrel cell was al-
ways accompanied by a poleward shift of the midlatitude jet
(Figs. 6g–i and 6d–f). Thus, it seems that the change of the
polar boundary of the Ferrel cell was more closely associated
with the shift of the midlatitude jet. Perhaps the poleward
shifting of the Ferrel cell corresponded to the eddy activity
that extended poleward, as implied by the increasing MTGs
in the polar flank of the Ferrel cell (Figs. 6d–f).

4.3. Inter-model comparison

Based on the availability of wind data in the vertical lay-
ers, we chose 11 (five AGCMs and six AOGCMs) out of
15 sets of simulations to explore the possible reasons for

the inter-model scatter of the midlatitude westerly jet change
(Fig. 7). Generally, the AGCMs showed good agreement in
terms of the mid-Pliocene poleward shift of the SH westerly
jets, although the magnitude of the wind velocity anomalies
had a certain degree of inter-model spread. For the AOGCMs,
the poleward shift with a dipole pattern was significant in the
NH westerly jet in all simulations, and in the SH westerly jet
in CCSM4 only. The upward expansion of the SH westerly
jet with strengthened winds in the upper troposphere, and the
slightly decreased or little changed winds in the lower tro-
posphere, were simulated by the remaining five AOGCMs.
There was no discernible meridional shift of the SH west-
erly jets. Taking all models into account (Fig. 7), the pole-
ward shift of the westerly jet with the dipole pattern was pre-
sented in the AGCM-MME and MME, while AOGCM-MME
showed no discernible meridional shift of the SH westerly jet.
In other words, the poleward shift of the SH (NH) westerly
jet with the dipole pattern was more significant in the AGCMs
(AOGCMs) (Fig. 7).

The mid-Pliocene zonal wind changes should correspond
to the MTG anomalies through atmospheric thermal struc-
ture adjustment. The difference of the mid-Pliocene wester-
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CAM3.1 (AGCM) CAM4 (AGCM) NorESM-L (AOGCM)

S W W W W S W W W W W WS W WS

Fig. 6. Anomalies (mid-Pliocene minus pre-industrial) of zonal mean temperature (a–c,◦C), meridional temperature
gradient (MTG, d–f, K deg−1), zonal winds (g–i, m s−1), and mass stream function (MSF, j–l,×109 kg s−1) from
CAM3.1 (left), CAM4 (central), and NorESM-L (right), respectively. Black (magenta) contours (a–f) denote the pre-
industrial (mid-Pliocene) temperature (scaled by 10◦C), and black (magenta) contours (g–i) denote the pre-industrial
(mid-Pliocene) zonal mean winds (scaled by 10 m s−1). In plots of MSF (j–l), black contours indicate the pre-industrial
MSF (×109 kg s−1), magenta contours denote the zero contour of the mid-Pliocene MSF (×109 kg s−1), positive (neg-
ative) contours indicate clockwise (counterclockwise) circulation, W and S mean weakened and strengthened MSF, and
the shading denotes anomalies. The meridional temperaturegradient is defined as the difference per latitude between
the temperatures of two grids (the northern one minus the nearby southern one). Note that for easier interpretation,
absolute values of temperature gradients were calculated in each hemisphere, as in Rojas (2013).
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Fig. 7. Anomalies (mid-Pliocene minus pre-industrial) of mean zonal winds in AGCMs and AOGCMs. The black and
magenta contours are pre-industrial and mid-Pliocene meanzonal winds (scaled by 10 m s−1), respectively. Shaded
areas show the anomalies (m s−1).

lies between the AGCMs and AOGCMs (Fig. 7) means that
the thermal structure adjustment behaves differently. Dueto
the more prominent dipole pattern and intensified NH pole-
ward flank westerly winds in the AOGCMs, larger MTGs in
the northern midlatitudes in the AOGCMs were expected,
as shown by NorESM-L based on the thermal wind bal-
ance (Fig. 6c). Such an expectation seems correct, because
the AOGCM-MME simulated warmer tropical and weaker
northern high latitude temperature anomalies relative to the
AGCM-MME (Haywood et al., 2013). This contributed to

steeper MTGs in the northern midlatitudes in the AOGCM-
MME, and hence more remarkably strengthened zonal winds
at the polar flank of the NH westerly jet (Fig. 7).

The variation of SST and sea ice extent were the main
factors determining the mid-Pliocene climate, if not consid-
ering the variation of greenhouse gas concentrations (Jiang
et al., 2005), and were among the first order controls on the
mid-Pliocene climate change relative to the pre-industrial pe-
riod (Haywood et al., 2013). Previous research has indicated
that the warmer early-Pliocene SST influenced the global air
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Fig. 8. The mid-Pliocene minus pre-industrial differences in SSTs(left, ◦C) and
their zonal means (right,◦C) as dervied from the simulation of AOGCM-MME
(top) and the reconstruction used to drive AGCMs (middle). The bottom panel
denotes AOGCM-MME minus reconstruction.

temperature by affecting radiation through the impact of in-
creasing water vapor and cloud cover and the consequen-
tial reduction of outgoing longwave radiation at the top of
the atmosphere (Brierley et al., 2009; Brierley and Fedorov,
2010). In addition, Hill et al. (2014) indicated that, in mid-
Pliocene simulations by AOGCMs, sea ice was one of the
important components in the energy balance in high latitudes,
mainly through its influence on clear-sky albedo. Also, cli-
mate sensitivity experiments have demonstrated that the mid-
Pliocene Arctic terrestrial surface air temperatures wereex-
tremely sensitive to the spatial and seasonal extent of sea ice
(Ballantyne et al., 2013).

However, the treatment of SSTs and sea ice differed be-
tween the AGCMs and AOGCMs: the SSTs and sea ice were
fixed in the former but calculated in the latter. Compared
with the specified SSTs from reconstructions established by
the PRISM project in the AGCM experiments, the SSTs in
the AOGCMs were generally underestimated in the north-

ern mid- and high-latitudes, relative to the reconstructions
(Dowsett et al., 2012, 2013; Haywood et al., 2013). As shown
in Figure 8, in the AOGCM-MME (AGCM) result, the SST
anomaly consisted of moderate (nearly unchanged) warming
in the tropics and higher warming in the high-latitudes, and
was generally in accordance with the scenario of the surface
air temperature anomaly (Figs. 2 and 3 in Haywood et al.,
2013). Therefore, the equator-to-pole temperature gradient
reduced, and the Hadley Cell weakened. Furthermore, the
Hadley cell in the AGCMs weakened to a greater extent, cor-
responding to the more severely reduced equator-to-pole tem-
perature gradient as a result of less tropical warming in the
mid-Pliocene, and in turn the greater decreased tropospheric
zonal westerly winds in the low-latitudes (Figs. 6g and 6h).
Additionally, compared to the reconstructed sea ice extent,
PlioMIP simulations showed that the simulated mid-Pliocene
sea ice amount varied from model to model (Fig. 7c in Hill et
al., 2014). Due to the different treatments of sea ice, the sea
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ice extent and consequently the clear-sky albedo and energy
balance in the high-latitudes, would be different between the
AGCMs and AOGCMs.

Previous studies have revealed that both radiation-
induced effects of atmospheric CO2 and rising SSTs are im-
portant for the poleward shift of the westerlies (and changes
in the zonal-mean MMC) (Kodama et al., 2007; Kawatani
et al., 2012; Grise and Polvani, 2014). Furthermore, sen-
sitivity experiments on a future warming climate have in-
dicated that the tropospheric warming derives mainly from
the SST change, and the stratosphere cooling is due mainly
to the increased CO2 (Kawatani et al., 2012). Considering
the CO2 concentration was the same between the AGCMs
and AOGCMs, the fact that the SST patterns between the
AOGCMs and AGCMs were different and the tropospheric
warmth over the tropics was larger in the former (Fig. 6c)
than that in the latter (Figs. 6a–b), testified the importantrole
of the SST in the atmospheric thermal adjustment and corre-
sponding circulation change.

As such, we speculate that the SST and sea ice may have
impacted greatly on the simulated temperature structure and
zonal winds, resulting in the spread of the westerly anomalies
between the AOGCM and AGCM experiments.

4.4. Model–data comparison

Reconstructing the history of the westerlies based on lim-
ited paleoenvironmental data with uncertainties and/or inter-
pretation ambiguity is complicated. The limited number of
convincing paleoclimatic evidence for the NH westerlies in
the mid-Pliocene derives mainly from the aeolian sediments
on the Chinese Loess Plateau (e.g., Sun, 2004; Sun et al.,
2008) and from certain North Pacific deep-sea sites (e.g., Rea
and Leinen, 1988; Rea, 1994). However, Qiang et al. (2010)
concluded that caution should be exercised when using the
fine dust records on the Chinese Loess Plateau as an indica-
tor of the characteristics of the westerlies. It is more robust to
use the North Pacific deep-sea aeolian sediments to retrieve
the westerly intensity.

The grain size of the pelagic aeolian dust in the North
Pacific deep-sea is a function of wind intensity, allowing the
estimation of the intensity of the transporting wind (Janecek
and Rea, 1985; Rea, 1994; Rea et al., 1998). Far from the
source area of inland Asia, the aeolian grain size in the deep-
sea has been found to be in equilibrium with the transport-
ing winds, and therefore used as an indicator of their en-
ergy (Janecek and Rea, 1985). Larger grains correspond to
stronger winds. Figure 9 shows the median aeolian grain size
records since the mid-Pliocene from three Deep Sea Drilling
Project sites (305, 310 and GPC3) and one Ocean Deep-Sea
Project site 885/886. Although the temporal resolution for
these four records was relatively large, they showed smaller
grain size during the mid-Pliocene than the late Quaternary,
indicating that mid-Pliocene westerly winds were relatively
weaker.

The smaller aeolian grain size, serving as evidence of
weaker westerly winds in the mid-Pliocene, was overall con-
sistent with the weakened mid-Pliocene zonal winds on the

Coarser Finer

Fig. 9. Median grain size (Φ50) of aeolian dust at deep-sea sites
beneath the prevailing westerlies. Phi (Φ) units are a logarith-
mic size scale, andΦ equals the negative log to the base 2 of
the grain diameter in millimeters. The value ofΦ gets larger as
the grain size gets finer, and a median grain size of 8Φ corre-
sponds to 4µm diameter grains. The asterisks, crosses, circles
with dots, and plus sign markers represent the grain sizes at
sites 885/886, 310, 305, and GPC3, respectively. The data were
obtained from Rea and Janecek (1982) and Rea et al. (1998).

equatorward flank of the westerly jet in the simulations (Figs.
4c, 5a, and 5b). Also noted was model–data discrepancy.
The weakened westerly winds, suggested by the smaller mid-
Pliocene median aeolian grain size from site 885/886 com-
pared to its recent geological epoch, was contrary to the
strengthened mid-Pliocene westerly winds in the MME (Figs.
4c, 5a and 5b) and AOGCM-MME (Figs. 4e, 5e and 5f),
although it agreed with the weakened mid-Pliocene west-
erly winds in the AGCM-MME (Figs. 4d, 5c and 5d). Such
model–data discrepancy is likely related to the uncertainty
in paleoenvironmental data, the deficiencies of climate mod-
els, and the uncertainty in reconstructed boundary conditions.
Specifically, the mid-Pliocene boundary conditions impacted
the simulated atmospheric thermal structure adjustment, and
in turn the westerly winds. Previous simulations have re-
vealed that the increased greenhouse gases had a dominant
role in tropical warming, and the prescribed ice sheet and
vegetation and simulated sea ice and snow albedo feedbacks
are of significance in the high-latitudes (Hill et al., 2014).
In some regions, such as Greenland, where the elevation
decreased by about 1800 m, the mid-Pliocene warmth was
mainly due to the topographic effect (Stepanek and Lohmann,
2012). In addition, the specified SSTs and sea ice used to
drive the AGCMs impacted greatly on the simulated temper-
ature structure and zonal winds in the troposphere. Therefore,
more accurately reconstructed boundary conditions would
contribute to a more realistic simulation of the mid-Pliocene
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westerlies.

5. Summary

In this study, we analyzed the change and the possible
underlying mechanism of the mid-Pliocene westerlies using
the experiments of seven AGCMs and eight AOGCMs in
PlioMIP. In general, all models reliably reproduced the cli-
matic elements of concern, and the multi-model mean outper-
formed most of the individual models. Although there was an
inter-model scatter on the mid-Pliocene change in the west-
erlies, the poleward shift of the westerlies in the SH (approx-
imately 1.9◦ of latitude at 850 hPa level) and NH (approx-
imately 3.6◦ of latitude at 850 hPa level) was characteristic
and was accompanied by a meridional dipole pattern of the
westerly wind change, namely stronger winds on the pole-
ward flank of the midlatitude westerly jet and weaker winds
on the equatorward flank.

Due to the atmospheric thermal structure adjustment, the
upper-tropospheric MTGs altered accordingly in the midlati-
tudes, and played an important role in the roughly in-phase
variation of the zonal wind anomalies in the troposphere
through thermal wind balance, especially when the merid-
ional dipole patterns of tropospheric zonal wind and MTG
anomalies were significant. On the other hand, the mid-
Pliocene westerly jet’s poleward shift with a dipole pattern
corresponded to the poleward shift of the mean meridional
circulation (both the Hadley and Ferrel cells). The differ-
ent treatments of SSTs and sea ice between AGCMs and
AOGCMs were speculated to impact greatly on the simulated
temperature structure and zonal winds, and in turn result in
the difference of the westerly anomalies between the experi-
ments of the AOGCMs and AGCMs.

Limited number of convincing geological evidence from
North Pacific deep-sea sites supports the major features of
the simulated North Pacific westerlies, and confirms the sim-
ulated weakening of mid-Pliocene zonal winds on the equa-
torward flank of the westerly jet, although there was a de-
gree of model–data discrepancy. More reconstruction work
using multiple proxies and methods is required to provide
convincing paleoenvironmental evidence and narrow the un-
certainty of the mid-Pliocene boundary conditions, and more
simulations are needed to deepen our understanding of the
mid-Pliocene climate.
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Boer, R. M. Graham, and L. Bopp, 2013: Southern hemi-
sphere westerly wind changes during the last glacial maxi-
mum: Model-data comparison.Quaternary Science Reviews,
64, 104–120.

Sloan, L. C., T. J. Crowley, and D. Pollard, 1996: Modeling of
middle Pliocene climate with the NCAR GENESIS general
circulation model.Marine Micropaleontology, 27, 51–61.

Stepanek, C., and G. Lohmann, 2012: Modelling mid-Pliocene
climate with COSMOS.Geoscientific Model Development, 5,
1221–1243.

Sun, D. H., 2004: Monsoon and westerly circulation changes
recorded in the late Cenozoic aeolian sequences of Northern
China.Global and Planetary Change, 41, 63–80.

Sun, D. H., R. X. Su, J. Bloemendal, and H. Y. Lu, 2008: Grain-
size and accumulation rate records from Late Cenozoic ae-
olian sequences in northern China: Implications for vari-
ations in the East Asian winter monsoon and westerly at-
mospheric circulation.Palaeogeography, Palaeoclimatology,
Palaeoecology, 264, 39–53.

Sun, Y., G. Ramstein, C. Contoux, and T. J. Zhou, 2013: A com-
parative study of large-scale atmospheric circulation in the
context of a future scenario (RCP4.5) and past warmth (mid-
Pliocene).Climate of the Past, 9, 1613–1627.

Taylor, K. E., 2001: Summarizing multiple aspects of model per-
formance in a single diagram.J. Geophys. Res., 106, 7183–
7192.

Thompson, R. S., and R. F. Fleming, 1996: Middle Pliocene vege-
tation: Reconstructions, paleoclimatic inferences, and bound-
ary conditions for climate modeling.Marine Micropaleontol-
ogy, 27, 27–49.

Toggweiler, J. R., 2009: Shifting westerlies.Science, 323, 1434–
1435.

Toggweiler, J. R., J. L. Russell, and S. R. Carson, 2006: Mid-
latitude westerlies, atmospheric CO2, and climate change
during the ice ages.Paleoceanography, 21, PA2005, doi:
10.1029/2005PA001154.

Wilcox, L. J., A. J. Charlton-Perez, and L. J. Gray, 2012:
Trends in Austral jet position in ensembles of high-and low-
top CMIP5 models.J. Geophys. Res., 117, D13115, doi:
10.1029/2012JD017597.

Yan, Q., Z. S. Zhang, H. J. Wang, D. B. Jiang, and W. P. Zheng,
2011: Simulation of sea surface temperature changes in the
middle Pliocene warm period and comparison with recon-
structions.Chinese Science Bulletin, 56, 890–899.

Yan, Q., Z. S. Zhang, H. J. Wang, Y. Q. Gao, and W. P. Zheng,
2012: Set-up and preliminary results of mid-Pliocene climate
simulations with CAM3.1.Geoscientific Model Development,
5, 289–297.

Yin, J. H., 2005: A consistent poleward shift of the storm tracks in
simulations of 21st century climate.Geophys. Res. Lett., 32,
L18701, doi: 10.1029/2005GL023684.

Zhang, R., and Coauthors, 2013: Mid-Pliocene East Asian mon-
soon climate simulated in the PlioMIP.Climate of the Past, 9,
2085–2099.

Zhang, R., and D. B. Jiang, 2014: Impact of vegetation feed-
back on the mid-Pliocene warm climate.Adv. Atmos. Sci., 31,
1407–1416, doi: 10.1007/s00376-014-4015-5.

Zhang, Z., and Q. Yan, 2012: Pre-industrial and mid-Pliocene sim-
ulations with NorESM-L: AGCM simulations.Geoscientific
Model Development, 5, 1033–1043.

Zhang, Z. S., and Coauthors, 2012: Pre-industrial and mid-
Pliocene simulations with NorESM-L.Geoscientific Model
Development, 5, 523–533.


