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ABSTRACT
Simulations of past warm climate provide an opportunity to better understand how the climate system may
respond to increased greenhouse gas emissions. Using the ;25-km-resolution Community Atmosphere Model,
version 4 (CAM4), we examine climate change over China in the Late Pliocene warm period (3.264–3.025 Ma) and
further explore the influences of different sea surface temperature (SST) forcings and model horizontal
resolutions. Initial evaluation shows that the high-resolution CAM4 performs well in capturing the climatological distribution of present-day temperature, precipitation, and low-level monsoon circulations over
China. Based on the standard Pliocene Research, Interpretation and Synoptic Mapping (version 4; PRISM4)
boundary conditions, CAM4 predicts an increase of annual mean temperature by ;0.58C over China in the
Late Pliocene relative to the preindustrial era, with the greatest warming in northwest China but cooling in
southwest China. Enhanced annual mean precipitation is observed in the Late Pliocene over most of China
except for northwest China where precipitation is decreased. The East Asian summer (winter) monsoon is
intensified (weakened) in the Late Pliocene as suggested by geological evidence, which is attributed to the
enhanced (reduced) land–sea thermal contrast. The East Asian monsoon domain exhibits a northwestward
expansion in the Late Pliocene, especially over the Tibetan Plateau. Additionally, our results indicate that the
modeled climate change is sensitive to the Late Pliocene SST forcings and model resolution. Particularly,
different SST forcings [PRISM4-based vs Pliocene Model Intercomparison Project (PlioMIP)-based SSTs]
affect the modeled phase change of summer monsoon and the associated precipitation change, while model
resolution (;25 vs 400 km) mainly impacts precipitation change.

1. Introduction
Climate change plays an important role in the socioeconomic development of China given its large population,
limited agriculture land, and vulnerability of water resources. Thus, questions on how climate over China
may respond to increased greenhouse gas concentrations
Supplemental information related to this paper is available
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have been extensively investigated (Christensen et al.
2013). Although the mean temperature over China is
projected to be higher in the twenty-first century, climate
models vary considerably in predicting precipitation and
precipitation-related extreme events, especially over
subregions of China (e.g., Chen and Sun 2013; Chen
et al. 2014; Zhou et al. 2014; Tian et al. 2015). Additionally, the East Asian summer monsoon will get either
stronger or weaker in response to future warming
according to the IPCC AR5 report (Christensen et al.
2013). These uncertainties hamper climate change hazard
mitigation and adaptation policies. Hence there is growing interest in examining climate change back in time to
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better understand how the climate system may vary in a
warmer-than-present world (e.g., Haywood et al. 2016a,
Nie et al. 2017, 2018).
The Late Pliocene warm period [3.264–3.025 million
years ago (Ma); also termed the mid-Piacenzian) attracts great interest from both numerical modeling and
data synthesis given many shared similarities with projected warmer climate (Dowsett et al. 1992, 2012, 2013;
Haywood et al. 2000, 2013; Salzmann et al. 2008, 2013;
Naish et al. 2009; Lunt et al. 2010; Dolan et al. 2015; Hill
et al. 2014; Yan et al. 2016a; Ji et al. 2017). It is characterized by elevated CO2 concentration, retreated polar
ice sheets, and northward expansion of boreal forests
(Haywood et al. 2016a, and references therein), which
may be expected in a warmer future (Christensen et al.
2013). Global annual mean temperature in the Late
Pliocene is estimated to be ;1.88–3.68C higher than the
preindustrial level (Haywood et al. 2013), which is similar to the warming magnitude projected at the end of
the twenty-first century, although the external forcings
and time scale considered are different. Therefore, investigation of Late Pliocene climate is potentially helpful to improve our understanding of future climatic
change, especially in an equilibrium state.
Numerical modeling studies have been performed to
examine climate change over East Asia and specifically
China since the release of the Pliocene Research, Interpretation and Synoptic Mapping (PRISM) dataset
(Dowsett et al. 1994, 1999, 2010). Using the PRISM2
boundary conditions, Jiang et al. (2005) showed that
mean climate over East Asia was broadly warmer and
drier in the Late Pliocene, with weakened boreal summer and winter monsoon. A recent study based on the
PRISM3 dataset indicated that East Asian summer
monsoon was significantly strengthened in the Late
Pliocene (Yan et al. 2012a), which is confirmed by the
results from the Pliocene Model Intercomparison Project (PlioMIP) (Zhang et al. 2013). Based on the IPSLCM5A model results, Sun et al. (2016) suggested that
enhanced mean precipitation over East Asia is largely
attributed to the thermodynamic effect of warming in
the Late Pliocene.
Notably, China is characterized by highly diverse topography, with the Tibetan Plateau and various mountain chains in the west and north and lower lands in the
east. Previous studies have shown that the modeled
temperature and precipitation over China are more realistic with finer horizontal resolution (Yu et al. 2010,
2015; Gao et al. 2008, 2011; Li et al. 2015), and model
resolution of 60 km or higher is needed to accurately
reproduce precipitation distribution over China (Gao
et al. 2006). However, existing Late Pliocene simulations
are based on climate models with relatively coarse
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horizontal resolution (;100–400 km), which may reduce
the reliability of modeled regional climate change over
China. Therefore, it is meaningful to reexamine climate
change over China in the Late Pliocene using a highresolution climate model.
Additionally, several factors deserve further investigation to advance our knowledge of Late Pliocene
climate over China. The aforementioned modeling studies
have examined several aspects of climate change over
China in the Late Pliocene, but little attention is paid to
the migration of the East Asian monsoon boundary, which
has a profound effect on regional water resources. Next,
there is an obvious discrepancy in Late Pliocene sea surface temperatures (SSTs) between reconstructions and
simulations (Dowsett et al. 2013; Haywood et al. 2013).
The PRISM4 reconstruction suggests an El Niño–like SST
anomaly over the equatorial Pacific, whereas the PlioMIP
models produce an uniform warming pattern; the meridional warming contrast is more obvious in the PRISM4
reconstruction than the PlioMIP models (Fig. 1). Given
uncertainties surrounding the interpretation of proxy data
(e.g., O’Brien et al. 2014; Zhang et al. 2014), it is interesting
to study the influence of different SST distributions on climate change over China. Last, the high-resolution model
generally performs well in capturing modern climate
over China, but the extent to which model horizontal
resolution may affect the modeled Late Pliocene climate remains unknown.
In this study, we reexamine the Late Pliocene climate
over China using a high-resolution (;25 km) atmospheric
general circulation model based on the latest standard
version of PRISM4 boundary conditions that use the
modern continental configurations (Dowsett et al. 2016),
and further explore the influences of SST forcings and
model horizontal resolution. We attempt to provide a
possible scenario on climate change over China with a
horizontal resolution of ;25 km during the Late Pliocene
warm period. The remainder of the paper is organized as
follows. The model and experimental design are described
in section 2. In section 3, we evaluate the performance of
the high-resolution model in simulating mean climate over
China. Results on climate change in the Late Pliocene are
documented in section 4. Sensitivity of climate change to
the Late Pliocene SST forcings and model resolution is
examined in section 5. Model–data comparisons and potential implications of our results are discussed in section 6.
We conclude this study in section 7.

2. Model and experimental design
We use the Community Atmosphere Model, version 4
(CAM4), to investigate climate change over China in
the Late Pliocene. CAM4 is developed at the National
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FIG. 1. (a) Late Pliocene SSTs (8C) based on the PRISM4 dataset and (b) SST anomaly (8C) relative to the
preindustrial era. (c) Late Pliocene SSTs (8C) based on the ensemble mean of the PlioMIP models and (d) SST
anomaly (8C) relative to the preindustrial era. (e) The Late Pliocene topography (m) based on the PRISM4 dataset
and (f) elevation anomaly (m) relative to the preindustrial era.

Center for Atmospheric Research, and is coupled with
the Community Land Model, version 4 (CLM4), with
prescribed SSTs (Neale et al. 2010). In this study, CAM4
uses a finite-volume dynamical core and has a horizontal

resolution of 0.238 latitude 3 0.318 longitude (;25 km at
the equator) with 26 vertical levels. Note that the values
of parameters and parameterizations are set to the default values at the standard resolution (i.e., 0.98 3 1.258)

TABLE 1. Summary of the experimental design. PlioMIP2 suggests a CO2 concentration of 400 ppmv, but a difference of 5 ppmv may have
limited effect on the modeled climate change. PRISM4 SSTs are identical to the PRISM3 SSTs.
CCAM4 (3.758 3 3.758)

CO2
SSTs
Topography
Land cover
Lakes and soils
Land–sea mask

HCAM4 (0.238 3 0.318)

Preindustrial

Late Pliocene

Preindustrial

Late Pliocene (PRISM)

Late Pliocene (PlioMIP)

280 ppmv
Modern
Modern
Modern
Modern
Modern

405 ppmv
PRISM3
PRISM3
PRISM3
Modern
Modern

280 ppmv
Modern
Modern
Modern
Modern
Modern

405 ppmv
PRISM4
PRISM4
PRISM3
PRISM4
Modern

405 ppmv
PlioMIP
PRISM4
PRISM3
PRISM4
Modern
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without additional tuning to facilitate the comparisons
with low-resolution model results.
According to the PlioMIP guidelines (Haywood
et al. 2010, 2011, 2016b), we first carry out a preindustrial
experiment and a Late Pliocene experiment using the
high-resolution CAM4 (referred to as HCAM4). In the
preindustrial experiment, we set CO2 concentration to
280 ppmv and use the default high-resolution boundary
conditions in CESM. In brief, the modern topography is
constructed by converting the Global 30-Arc-Second
Elevation dataset to the resolution of 0.238 3 0.318, and
the SST fields are derived from the monthly mean
Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST) version 1 and from version 2 of the
National Oceanic and Atmospheric Administration
dataset (Hurrell et al. 2008) via bilinear interpolation.
The land cover datasets are remapped from a set of
‘‘raw’’ data files (e.g., modern vegetation types and leaf/
stem areas), most of which are at 0.58 resolution. In the
Late Pliocene experiment, CO2 concentration increases
to 405 ppmv, with monthly mean SSTs, topography, and
land cover changed to the conditions of the Late Pliocene based on the PRISM4 dataset (Table 1 and Fig. 1).
In the Late Pliocene, extensive oceanic warming is observed at high latitudes in the North Atlantic, whereas
low-latitude SSTs, except for upwelling regions, are
similar to modern conditions (Fig. 1b; Dowsett et al.
2009). Moreover, North Pacific and South Ocean experience an increase of temperature by ;18–48C in the
Late Pliocene. The topographies of Greenland, West
Antarctica, and parts of East Antarctica are .1000 m
lower in the Late Pliocene relative to those of the
present day owing to the decrease in the size of the polar
ice sheets (Fig. 1f). Lower topographies are also found
over the Rocky Mountains and Andes Plateau. However, topographies of the other regions are generally
higher in the Late Pliocene relative to the present. Regarding to the spatial distribution of vegetation, boreal
forests extend northward at the northern high latitudes
in the Late Pliocene and desert areas are reduced
(Salzmann et al. 2008); tundra appears in Greenland
and Antarctica because of the reduced size of the ice
sheets. Additionally, we perform a sensitivity experiment to investigate the influence of SST forcings, in
which Late Pliocene SST anomalies are derived from
ensemble mean of the PlioMIP models (Haywood
et al. 2013).
Specifically, we create the Late Pliocene SST and
topography fields using the ‘‘anomaly’’ method as suggested by the PlioMIP (Haywood et al. 2010). We first
interpolate the SST and topography anomalies derived
from the PRISM4 dataset (28 3 28) to the CAM4 model
resolution (0.238 3 0.318) using bilinear interpolation,
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FIG. 2. Topography anomaly (m) between the Late Pliocene and
present based on (a) the PRISM4 dataset used in the HCAM4 and
(b) the PRISM3 dataset used in the CCAM4. (c) Differences in
topography (m) between (a) and (b).

and then add these anomalies to the climatology used in
the preindustrial experiment. For the land cover, the
reconstructed Late Pliocene land cover is first converted
to Land Surface Model land cover types and then to the
plant functional types used in CLM. The created land
cover datasets (28 3 28) are then converted to the high
resolution of CAM4 using the tools in CESM/CLM4
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FIG. 3. Spatial distribution of (a)–(c) present-day temperature (8C) and (d)–(f) precipitation (mm day 21 ) over China from
(a),(d) observations, (b),(e) HCAM4, and (c),(f) CCAM4.

(e.g., mksurfdata_map). Note that the potential role of
Pliocene tropical seaway closure in East Asian climate is
ignored here (Cane and Molnar 2001; Nie et al. 2014;
Zhang et al. 2016; Karas et al. 2017). Detailed methods
for constructing boundary conditions used in the CAM
model can be found in Yan et al. (2012b).

Because atmospheric models generally adjust to
initial perturbation within several months (Simmonds
1985) and high-resolution climate simulation requires
huge computational resources, we run the preindustrial
experiment for 7 years and the two Late Pliocene experiments for 10 years to let the surface climate reach

FIG. 4. Spatial distribution of present-day wind fields at 850 hPa (m s21) in (a)–(c) summer and (d)–(f) winter over East Asia from
(a),(d) ERA-Interim, (b),(e) HCAM4, and (c),(f) CCAM4.
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quasi-equilibrium (Yan et al. 2016b). The last 5 years
of results are analyzed here. However, we acknowledge
that the relatively short length of the model run may
introduce uncertainty into the quantitative results
reported here.
To explore climatic effect of model horizontal resolution, we perform the preindustrial and Late Pliocene
experiments using a coarse-resolution CAM4 (referred
to as CCAM4) but based on the PRISM3 dataset. The
resolution of the CCAM4 is approximately 3.758 in the
horizontal and 26 levels in the vertical. For the CCAM4,
the two experiments are integrated for 50 years, and the
last 20 years of data are used. More information concerning the CCAM4 simulations is given in Zhang and
Yan (2012).
We emphasize at the outset that the differences
between the HCAM4 and the CCAM4 experiments
are attributed to different horizontal resolutions
and boundary conditions. The largest differences in
boundary conditions between HCAM4 and CCAM4
Late Pliocene experiments are the topographies used
(Table 1). With respect to China, the topographies are
broadly higher over the Tibetan Plateau and various
mountain chains in the PRISM4 reconstruction relative to the PRISM3, whereas they are lower over the
Tarim basin and north China plains (Fig. 2). Although
it is not a perfect comparison, this investigation
may shed some light on the possible role of model
resolution.

3. Performance of the HCAM4 over China
The HCAM4 can reasonably reproduce the observed spatial pattern of modern temperature and
precipitation over China. Compared with the observations (Wu and Gao 2013), the HCAM4 successfully
predicts relatively higher temperature in southern
China and lower temperature in northeast China and
the Tibetan Plateau (Figs. 3a,b). The local features
of temperature distribution, especially in the Tibetan
Plateau and southern China, are well captured in the
HCAM4 owing to its finer resolution. The spatial
correlation coefficient of temperature between the
HCAM4 and observations is approximately 0.98,
with a root-mean-square error of ;1.88C. For the
annual mean precipitation, the HCAM4 captures the
gradually decreased precipitation from southeast to
northwest China shown in observations (Figs. 3d,e).
Particularly, the HCAM4 improves the simulated
precipitation in the midwestern part of China (e.g.,
the Sichuan basin), where a large virtual precipitation
center appears in the majority of climate models with
coarse horizontal resolution (e.g., Fig. 3f). Meanwhile,

FIG. 5. Differences in (a) annual mean surface air temperature
(8C), (b) surface albedo, and (c) total cloud amount (%) between
the Late Pliocene and preindustrial. Areas that pass the 95%-levelof-significance test are dotted.

the HCAM4 broadly reproduces the local precipitation characteristics in southern China, although the
magnitude is underestimated. The centered spatial
correlation coefficient and root-mean-square error
are ;0.77 and 1.1 mm day21, respectively, between the
HCAM4 and observations. However, the spatial correlations (root-mean-square error) for temperature
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FIG. 6. Differences in (a),(d),(g) total precipitation, (b),(e),(h) convective precipitation, and (c),(f),(i) large-scale precipitation (all in
mm day21) between the Late Pliocene and preindustrial for (a)–(c) the annual mean, (d)–(f) summer, and (g)–(i) winter. Areas that pass
the 90%-level-of-significance test are dotted.

and precipitation in the CCAM4 are 0.85 (4.18C)
and 0.56 (1.7 mm day21), respectively. Therefore, the
HCAM4 performs much better in simulating presentday temperature and precipitation over China, which
is largely attributed to the resolved details of topography that enable more explicitly resolved physical
and dynamical processes in HCAM4 than in CCAM4
(e.g., Li et al. 2015).
The large-scale characteristics of low-level wind fields
(at 850 hPa) are also well captured in the HCAM4. The
HCAM4 reproduces the southwesterly over southern
China in summer and the northwesterly over northern
China in winter as revealed by the reanalysis data (Dee
et al. 2011) (Fig. 4). The HCAM4 provides more information on local features of low-level wind fields (e.g.,
over the Hexi Corridor) that cannot be resolved in a
coarse-resolution model (Figs. 4c,f). It is noted that
spatial pattern of summer and winter winds over
eastern China is broadly similar between the HCAM4
and CCAM4 (Fig. 4). Overall, the HCAM4 exhibits
high skill in depicting modern climate over China,
which potentially improves our confidence in using it
to explore past climate change.

4. Climate change in the Late Pliocene
a. Temperature and precipitation
The HCAM4 broadly predicts a warmer climate with
higher precipitation over China in the Late Pliocene
relative to the preindustrial. The regionally averaged
annual mean temperature increases by ;0.58C over
China in the Late Pliocene, which is smaller than the
warming magnitude averaged across the globe (;1.98C).
For the spatial pattern, higher temperature is observed
over the majority of China in the Late Pliocene, especially over northwest China (Fig. 5a). Decreased temperature (0.58–28C) is mainly located over southwest
China. The cooling may result from increased total
cloud amount in the Late Pliocene that is associated with
enhanced convection activity there (Figs. 5b,c), with
positive contributions from higher topography (;0.338–
0.658C using a lapse rate of 6.58C km21).
Annual mean precipitation increases by ;0.4 mm day21
over China in the Late Pliocene, with an increase of precipitation by ;0.1 and 0.3 mm day21 in summer and winter, respectively. Enhanced annual mean precipitation
mainly appears in the Tibetan Plateau and southwest
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FIG. 7. Modeled (a),(b) temperature (8C) and (c),(d) precipitation seasonality in (a),(c) the preindustrial and (b),
(d) its change in the Late Pliocene (Late Pliocene minus preindustrial). Areas that pass the 90%-level-of-significance test are dotted.

China, which is largely attributed to the increase in
large-scale precipitation (Figs. 6a–c). Significantly decreased precipitation is found over northwest China in
the Late Pliocene. The spatial pattern of precipitation
anomalies varies for different seasons. In summer,
precipitation decreases in the southern portion of the
Yangtze River and in the middle reaches of the Yellow
River valley, while it shows an increase between them
(Fig. 6d). Increased precipitation is also seen in the
Tibetan Plateau and parts of northeast China. These
precipitation anomalies mainly result from changes in
large-scale precipitation, but convective precipitation
plays a certain role over the southeast and midwestern
parts of China (Figs. 6e,f). Regarding winter precipitation, the most intense changes occur in southern
China where precipitation increases significantly by
;0.522.0 mm day21 in the Late Pliocene (Fig. 6g). The
enhanced precipitation is dominated by the increase in
large-scale precipitation (Figs. 6h,i).
Moreover, we examine seasonality changes in precipitation and temperature in the Late Pliocene (Fig. 7),
which may shed light on the interpretation of paleoclimate proxies. Temperature seasonality, defined as the
difference between the annual maximum and minimum
temperatures, is broadly decreased over the majority of

China in the Late Pliocene relative to the preindustrial
era (Fig. 7b). This results from larger warming in winter
than in summer. For the precipitation
seasonality,

12
it is defined as SI 5 ån51 jXn 2 R/12j /R, where R is the
annual total precipitation and Xn is the monthly precipitation for month n (Walsh and Lawler 1981). It is
shown in Fig. 7d that precipitation seasonality is significantly reduced over southwestern and central China in
the Late Pliocene, partly arising from greatly increased
precipitation in winter (Fig. 6g), whereas reduced precipitation seasonality over the Yellow River basin (i.e.,
the Loess Plateau) and parts of southern China results
from decreased precipitation in summer (Fig. 6d). In
contrast, precipitation seasonality becomes more profound over northwestern and far northeastern China
in the Late Pliocene, which is mainly attributed to
decreased winter precipitation.

b. Monsoonal circulations
There is an obvious southwesterly anomaly at 850 hPa
over southern China in summer in the Late Pliocene
(Fig. 8a), indicating an enhanced East Asian summer
monsoon as suggested by multiproxies (e.g., Nie et al.
2007, 2014). At the middle level of the troposphere
(500 hPa), geopotential height is higher over the western
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FIG. 8. Differences in 850-hPa wind fields (m s21) in (a) summer
and (b) winter between the Late Pliocene and preindustrial. Areas
where meridional wind passes the 95%-level-of-significance test
are dotted.

North Pacific in the Late Pliocene and geopotential
isolines migrate westward compared with the presentday position (Fig. 9a). This result suggests a westward
shift of the western North Pacific subtropical high
(WNPSH) in the Late Pliocene, which may be partially
attributed to the El Niño–like SST pattern in the Late
Pliocene that leads to weaker atmospheric convection
over the warm pool (e.g., Lu and Dong 2001). The
westward shift of the WNPSH leads to an anticyclone
anomaly over southern China (i.e., high pressure anomaly;
Fig. 8a), resulting in deficient precipitation over that region. At the upper level (200 hPa), the East Asian westerly
jet (EAWJ), which is centered along ;408N and is closely
related to summer precipitation over China (Ding and
Chan 2005), roughly exhibits a meridional dipole pattern in
summer in the Late Pliocene relative to the preindustrial

(Fig. 9c). The zonal wind is decreased to the south
of ;458N and is enhanced to the north. This result indicates
a poleward migration of the EAWJ, which generally corresponds to a northward shift of the monsoon rain belt and
less precipitation over southern China (Zhou and Yu
2005). Meantime, the intensity of the EAWJ is weakened
because of the reduced meridional temperature gradient in
the Late Pliocene (Fig. 9e), which is unfavorable for precipitation over the middle reaches of the Yellow River by
preventing water vapor transport from upstream regions.
During the winter season, a southeasterly anomaly is
observed over northern China in the Late Pliocene relative to the preindustrial (Fig. 8b), suggesting a weakened East Asian winter monsoon in the Late Pliocene
supported by the reconstructions (e.g., Nie et al. 2014).
The geopotential height at 500 hPa is increased over the
mid- to high latitudes of East Asia (Fig. 9b). This result indicates a weakened East Asian trough in the
Late Pliocene, which is generally associated with a southeasterly anomaly over northern China (He and Wang
2012). Zonal wind at 200 hPa is enhanced at low latitudes of East Asia and is decreased at mid- to high latitudes in the Late Pliocene (Fig. 9d). This result suggests
a weaker and southward shift of the EAWJ, which
contributes positively to the enhanced precipitation over
southern China (Yang et al. 2002).
The spatial structure of East Asian monsoon variation
can be deciphered in terms of the effects of land–sea
thermal contrast (Wang 2006). Here we use the tropospheric mean temperature (200–500 hPa) to measure the
thermal condition according to previous studies (e.g.,
Zhou and Zou 2010; Man et al. 2012). In summer warm
temperature anomalies dominate over East Asia in the
Late Pliocene, whereas cool anomalies are observed in
the tropical western Pacific (Fig. 9e). As the climatological mean tropospheric temperature is characterized
by a ‘‘warm land–cold ocean’’ condition in summer, this
result suggests an enhanced land–sea thermal contrast
and hence increased sea level pressure gradient, which
favors a stronger summer monsoon circulation. Tropospheric mean temperature anomalies exhibit a similar
pattern in winter, with increased temperature over East
Asia and slight cooling in the tropical western Pacific
(Fig. 9f). Wintertime tropospheric mean temperature
generally shows a ‘‘cold land–warm ocean’’ condition,
so the land–sea thermal contrast and sea level pressure
gradient is reduced in the Late Pliocene, indicating a
weaker winter monsoon circulation.

c. East Asian monsoon domain
The East Asian monsoon domain is defined as the
region in which the local summer minus winter precipitation (i.e., the annual range) exceeds 2 mm day21
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FIG. 9. (top) Differences in 500-hPa geopotential height (gpm) in (a) summer and (b) winter between the Late
Pliocene and preindustrial. The explicit geopotential isolines in the preindustrial and Late Pliocene are shown by
solid blue and green lines, respectively. (middle) Differences in 200-hPa zonal wind (m s21) in (c) summer and
(d) winter between the Late Pliocene and preindustrial. The 200-hPa zonal wind in the preindustrial experiment
is shown by contours. (bottom) Differences in mean upper-tropospheric (500–200 hPa) temperature (8C) in
(e) summer and (f) winter between the Late Pliocene and preindustrial. Areas that pass the 95%-level-of-significance test are dotted.

and the local summer precipitation exceeds 55% of annual total precipitation (Wang and Ding 2006; Wang
et al. 2012). Although this metric is initially proposed
to depict global monsoon domain, it has been proven to
be skillful in measuring East Asian monsoon domain
and has been widely used in both past and future climates (e.g., Wang et al. 2014; Tian and Jiang 2015).
Because of the improvement in the simulated

precipitation, the HCAM4 overcomes the bias found in
coarse resolution of the state-of-the-art climate models
such that parts of eastern China (e.g., the lower reaches of
the Yangtze River valley) do not belong to East Asian
monsoon domain in the present (e.g., Lee and Wang
2014) (Fig. 10a). It is shown that the East Asian monsoon
domain generally expends northwestward in the Late
Pliocene, especially in the Tibetan Plateau (Fig. 10b),

Unauthenticated | Downloaded 01/09/23 07:17 AM UTC

1 FEBRUARY 2019

907

YAN ET AL.

FIG. 10. The simulated East Asian monsoon domain in (a) the preindustrial and (b) its change in the Late
Pliocene (Late Pliocene minus preindustrial), and differences in the domain (c) with annual precipitation range
.2 mm and (d) with ratio of summer to annual precipitation $55% between the Late Pliocene and preindustrial.

which is caused by the increased summer precipitation
and hence larger annual range (Fig. 10c). This phenomenon is similar to the conditions from the Last Glacial
Maximum to the mid-Holocene (Yang et al. 2015) and
in the twenty-first century (Lee and Wang 2014). In
contrast, the monsoon domain retreats over the middle reaches of the Yellow River and southern China
in our simulations, resulting from decreased summer
precipitation and reduced precipitation seasonality
(Figs. 10c,d), respectively.

5. Sensitivity to Late Pliocene SST forcing and
model horizontal resolution
a. Late Pliocene SST forcing
To investigate the role of different SST forcings in
climate change over China, we carry out a sensitivity
Late Pliocene experiment in which SST anomalies are
derived from the ensemble mean of the PlioMIP models.
Driven by the PlioMIP model-based SSTs, the HCAM4
shows an increase of annual mean temperature by
;0.78C over China compared to the preindustrial.
Higher temperatures are found almost over all of China
except for the northeast (Fig. 11a). Anomalies in summer precipitation exhibit a tripole pattern over east
China in the Late Pliocene, with enhanced precipitation
over the Yangtze River and reduced precipitation along
its two sides. Increased precipitation is also observed

over central China and the Tibetan Plateau (Fig. 11c).
During the winter season, precipitation is increased
south of 358N in the Late Pliocene, whereas it is broadly
decreased to the north (Fig. 11e). Additionally, the East
Asian monsoon domain shows a northwestward migration in the Late Pliocene, whereas it retreats over parts
of southeast China (Fig. 11g). For the monsoonal circulations, both the East Asian summer monsoon and
winter monsoon are weakened in the Late Pliocene due
to reduced land–sea thermal contrast (Figs. 12a,d).
We find that the two Late Pliocene simulations give
similar results in terms of the warming magnitude over
China as well as variations of East Asian monsoon
domain. The largest discrepancy appears to be changes
in monsoonal circulation and associated precipitation
variations. Forced by the PRISM4-based SSTs, the
HCAM4 predicts a stronger East Asian summer monsoon (Fig. 8a), whereas the summer monsoon is weakened in response to the PlioMIP model-based SSTs
(Fig. 12a). This discrepancy is largely attributed to the
temperature difference over the tropical Pacific warm
pool between the two SST fields: SSTs are 18–28C higher
in the PlioMIP simulations relative to the preindustrial,
whereas they exhibit a slighter change or even cooling in
the PRISM4 reconstructions (Fig. 1). This SST difference leads to a relatively ‘‘warmer ocean–colder land’’
pattern in terms of upper-tropospheric temperature and
hence reduced land–sea thermal contrast in the Late
Pliocene experiment with the PlioMIP SSTs relative to
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FIG. 11. Differences in (a),(b) annual mean surface air temperature (8C), (c),(d) summer precipitation
(mm day21), and (e),(f) winter precipitation (mm day21) between (a),(c),(e) the Late Pliocene experiment forced
by the PlioMIP-based SSTs and preindustrial run and (b),(d),(f) the Late Pliocene experiment with the PRISM4based SSTs. Areas that pass 95%-level-of-significance test are dotted. (g) Differences in East Asian monsoon
domain between the Late Pliocene with the PlioMIP-based SSTs and preindustrial.
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FIG. 12. Differences in (a),(b) summer winds at 850 hPa (m s21) and (d),(e) winter winds at 850 hPa (m s21) between (left) the Late
Pliocene experiment forced by the PlioMIP-based SSTs and the preindustrial run, and (middle) the Late Pliocene experiment with the
PRISM4-based SSTs. Shading shows the anomalies of mean upper-tropospheric (500–200 hPa) temperature (8C). Areas where meridional
wind passes 95%-level of-significance test are dotted. (right) Differences between the PlioMIP model-based and PRISM4-based SSTs (8C)
in (c) summer and (f) winter.

the one with the PRISM4 SSTs, which in turn results
in a northerly anomaly (Figs. 12a–c). The anomalous
northerly is unfavorable for water vapor transport from
the tropical ocean to the midlatitudes, leading to less
(more) precipitation over northern (southern) China in
response to the PlioMIP SSTs than to the PRISM4 SSTs
(Fig. 11d). Moreover, temperature over southwest China
is higher in the experiment with the PlioMIP SSTs than
with the PRISM4 SSTs (Fig. 11b), which may be partly
attributed to the reduced precipitation over there and the
associated change in total cloud amount. The decrease in
precipitation is closely tied to the anomalous northerly
over that region.
The East Asian winter monsoon is weakened in the
Late Pliocene in response to either the PlioMIP model
or PRISM4-based SSTs, but it gets much weaker when
forced by the PlioMIP SSTs (Figs. 12d,e). Compared
with the experiment forced by the PRISM4 SSTs, there
is a southeasterly anomaly over northern China in winter in the experiment with the PlioMIP SSTs (Fig. 12e).
This wind anomaly is associated with the anomalous
anticyclonic over northeast China, which may be partly
attributed to the warmer temperature over the Sea of
Japan in the PlioMIP-based forcing (Fig. 12f). Moreover, the anomalous southeasterly leads to enhanced
precipitation over Yangtze River via transporting more
water vapor from western North Pacific to that region

(Fig. 11f). The aforementioned results indicate a dominant role of SSTs in regulating the variation of East
Asian monsoon in the Late Pliocene, which is supported
by previous studies (Yan et al. 2012a; Zhang et al. 2015)
and could be further validated using the CCAM4 forced
by the PlioMIP-based SSTs in the future.

b. Model horizontal resolution
The qualitative comparisons show that both the
HCAM4 and CCAM4 predict a warmer condition with
higher precipitation over China in the Late Pliocene, but
the difference in spatial distribution remains considerable (Figs. 6a, 13b). A notable difference in precipitation change is found over the midwestern part
of China, with enhanced precipitation in the HCAM4
(Fig. 6a) but decreased precipitation in the CCAM4
(Fig. 13b). Note that the CCAM4 predicts a virtual
precipitation center over that region due to the coarse
horizontal resolution (Fig. 3f). This bias may contribute to the aforementioned discrepancy between the
HCAM4 and CCAM4. Differences are also observed over
northwest China where the HCAM4 predicts less precipitation whereas the CCAM4 gives more precipitation.
This discrepancy may be partially attributed to the difference in depicting the circulation systems along the eastern
and western boundary of the Tibetan Plateau between the
two models (Fig. 4).
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FIG. 13. Differences in (a) annual mean surface air temperature (8C), (b) annual mean precipitation (mm day21),
(c) summer winds at 850 hPa (m s21), and (d) winter winds at 850 hPa (m s21) between the Late Pliocene experiment forced by the PRISM3-based SSTs and the preindustrial run with the CCAM4. Areas that pass 95%-level-ofsignificance test are dotted. Also shown are (e) the simulated East Asian monsoon domain in the preindustrial and
(f) its change in the Late Pliocene with the CCAM4.

The largest discrepancy in temperature change is
found over southwest China, with cooling in the HCAM4
(Fig. 5a) but warming in the CCAM4 (Fig. 13a). This
discrepancy is also seen in the other PlioMIP models
(Zhang et al. 2013) and may result from the differences
in 1) the aforementioned precipitation change (i.e., local
total cloud amount) and 2) the boundary conditions. The
PRISM4 and PRISM3 boundary conditions are employed in the HCAM4 and CCAM4, respectively. The
topographies are ;600–1000 m higher over southwest
China in the PRISM4 reconstruction relative to the
PRISM3 (Fig. 2c), hence contributing to lower temperature in the HCAM4 due to the lapse-rate effect.
For the monsoonal circulations, both the HCAM4
and CCAM4 indicate an enhanced East Asian summer
monsoon and a weakened winter monsoon in the Late

Pliocene (Figs. 8, 13). Although the CCAM4 shows
a northwestward shift of East Asian monsoon boundary
in the Late Pliocene (Fig. 13f), the monsoon domain
is greatly retreated over east China due to reduced
precipitation, which may be overestimated given
the poor performance of the CCAM4 in simulating
precipitation over China (Fig. 3) and the present-day
monsoon domain (Fig. 13e).

6. Discussion
a. Data–model comparisons
Figure 14 shows a preliminary synthesis of the reconstructed climate change over China in the Late Pliocene.
The Late Pliocene warming suggested by multiproxies is
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FIG. 14. Preliminary compilation of the reconstructed temperature and precipitation change
over China in the Late Pliocene (Table 2).

generally captured in both the HCAM4 and CCAM4 experiments. Although temperature proxies are scarce over
southeast China, the simulated cooling in the HCAM4
simulation (forced by the PRISM4-based SSTs) is partially
supported by the record at Yuanmou (;25.78N, 101.98E)
(Table 2). For the Late Pliocene precipitation, the reconstructed increase in precipitation over the lower reaches
of Yellow River is only observed in the simulations with the
PRISM4-based SSTs. However, only the CCAM4 captures
the increased precipitation over northwest China (e.g.,
Qiadam basin). In addition, all the simulations produce
enhanced precipitation over southwest China as suggested
by pollen and fossil records (e.g., Su et al. 2013). It should be
noted that pollen-based reconstructions may be biased to
seasonal temperature instead of annual mean in some cases,
and higher precipitation does not necessarily indicate wetter climate owing to the effect of evaporation (e.g., Ji
et al. 2017). These limitations may introduce additional
uncertainty in detailed model–data comparisons.
Geological evidence indicates a stronger (weaker)
summer (winter) monsoon in the Late Pliocene (e.g.,
Zheng et al. 2004; Nie et al. 2007, 2014), which is only
observed in the simulations driven by the PRISM4based SSTs. This result indicates that the PRISM4based SSTs may be, to some extent, more reliable than
the PlioMIP-based SSTs. This inference is supported
by the evaluation of the modeled changes in the midlatitude westerly and Indian summer monsoon. Proxies
indicate that the midlatitude westerly became weaker
in the Late Pliocene (Rea et al. 1998) and the Indian
summer monsoon was intensified (Singh et al. 2012).
These features are well captured by the HCAM4 with
the PRISM4-based SSTs, but not with the PlioMIP modelbased SSTs (see Fig. S1 in the online supplemental

material). However, we acknowledge that the model–
data mismatch with the PlioMIP SSTs may result from
missing external forcings and/or physics in the model.
Given the complexity of the climate system and different model sensitivities, a comprehensive assignment
should be carried out in the future to obtain a more
robust conclusion as to the relative accuracy of different
Pliocene SST distributions.

b. Implications
Geological evidence and model results from HCAM4
and PlioMIP consistently show a stronger (weaker) summer (winter) monsoon circulation, so we hypothesize that
the East Asian monsoon circulation in future may tend
to develop toward the state in the Late Pliocene warm
period. This is confirmed by the projected East Asian
monsoon changes in the twenty-first century based on
the multimodel ensemble mean (e.g., Jiang and Tian
2013). In addition, all the model results here imply that
China may be warmer and experience more precipitation
in the Late Pliocene (albeit with regional differences),
which is in close agreement with future projections
(Christensen et al. 2013).
However, there are obvious differences between the
Late Pliocene and the twenty-first-century warming
world in terms of external forcings and time scale we
considered. The Late Pliocene climate change is attributed to changes in atmospheric CO2 concentration, ice
sheets, vegetation, and topography, whereas the main
forcing in future projections is the increased greenhouse
gases. On the other hand, we focus on the equilibrium
climate response in the Late Pliocene, whereas transient
response is investigated in future projections. It should
be noted that polar ice sheets may be largely melted
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TABLE 2. Reconstructed temperature and precipitation change in the Late Pliocene. MAT: mean annual temperature; MWMT: mean
warmest monthly temperature; MCMT: mean coldest monthly temperature; MAP: mean annual precipitation; and GSP: growing season
precipitation.

Location

Lat
(8N)

Lon
(8E)

Proxies

Temperature

Chaona
Jiaxian
Qaidam basin
Qaidam basin
Yushe
Taigu and
Yushe
Shijiawan
Xifeng
Lingtai
Yuanmou

35.117
38.3
38.367
37.8
37
37.5

107.2
110.1
91.733
94.8
113
114

Pollen
Heavy mineral
Pollen
Pollen
Fruits, seeds
Pollen

Warmer
Warmer
Warmer
Colder (TMAT: 228 to 68C)

34.4
35.883
35.067
25.7

109.7
107.967
107.717
101.9

Pollen
Molluscan
Pollen
Fossil wood

Warmer
Colder
Warmer
Colder (TMAT: 24.58 to 5.88C)

Zhanqiu
LopNur

36.717 117.45 Pollen
39.783 88.383 Pollen

Eastern China

32

Tuantian

24.683

98.617 Fossil leaves

Lower (PMAP: –209 mm)

Eronen et al.
(2010)
Xie et al. (2012)

Tengchong
Eryuan
Yangyi
Longling
Longmen

24.7
26
24.95
24.683
25.52

98.4
99.817
99.25
98.833
99.52

Lower (PMAP: –67 mm)
Higher (PMAP: 15 mm)
Higher (PMAP: 160 mm)
Lower (PMAP: 21087 mm)
Higher (PGSP: 1749 mm)

Sun et al. (2011)
Sun et al. (2011)
Sun et al. (2011)
Kou et al. (2006)
Su et al. (2013)

Jiuxi basin
Gaolanshan
Weixian

39.783 97.533
36.017 103.833
39.85 114.55

Lower
Lower
Higher

Ma et al. (2005)
Zhang et al. (2010)
Pang et al. (2015)

Qianan
Qujing

44.783 123.733
25.52 103.88

Higher
Higher

Jia et al. (1989)
Wang and Shu
(2004)

Fossil mammals

Warmer
—

Warmer
Warmer (TMAT: 11.98C;
TMWMT: 17.08C;
TMCMT: 15.98C)
—

Warmer (TMAT: 12.38C;
TMWMT: 14.18C;
TMCMT: 20.78C)
Fossil plants
Warmer (TMAT: 13.58C)
Pollen
Warmer (TMAT: 11.88C)
Pollen
Warmer (TMAT: 11.68C)
Pollen
Warmer (TMAT: 15.58C)
Pollen
Warmer (TMAT: 11.58C;
TMWMT: 14.48C;
TMCMT: 10.78C)
Pollen
—
Aeolian sediment
Colder
Micropaleontological Warmer
fossil
Pollen
—
Pollen and spores
—

in the future in response to elevated levels of CO2
concentration in an equilibrium state (Huybrechts et al.
2011; Yan et al. 2014), with a northward shift of vegetation zones (e.g., Hickler et al. 2012). This result indicates that the reconstructed changes in ice sheets and
vegetation in the Late Pliocene may also occur in future on a longer time scale (i.e., millennia). Thus, the
Late Pliocene may be more appropriate to serve as a
potential analog for future warming world in terms of
equilibrium climate response.

7. Conclusions
In this study, we investigate climate change over
China during the Late Pliocene warm period using a

Higher

Reference

36.267 105.983 Pollen

105

—

Precipitation

Sikouzi

Higher
Higher
Higher
Higher
Higher
Higher
Lower
Lower
Higher
Higher (PMAP:
1878–1020 mm)
Higher
Higher (PMAP: 1973 mm)

Lower

Jiang and Ding
(2008)
Wu et al. (2007)
Peng et al. (2018)
Cai et al. (2012)
Wu et al. (2011)
Liu et al. (2002)
Li et al. (2004)
Han et al. (1997)
Wu et al. (2006)
Wu (2001)
Yao et al. (2012)
Wang et al. (2002)
Hao et al. (2012)

25-km resolution CAM4, and explore the sensitivity
of climate change to the Late Pliocene SST forcings
and model horizontal resolution. This investigation is
helpful to improve our understanding on Late Pliocene
climate over China. The main results are summarized as
follows:
1) The HCAM4 performs well in reproducing observed
spatial patterns of the present-day temperature, precipitation, and low-level wind fields over China. It
obviously reduces the biases seen in a coarse-resolution
model and provides more local information.
2) The HCAM4 simulations indicate a warmer climate
with increased precipitation over China in the Late
Pliocene relative to the preindustrial. The annual
mean temperature and precipitation are increased
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by ;0.58C and 0.4 mm day21, respectively, in the
Late Pliocene. For the spatial pattern, the majority
of China experiences significant warming in the
Late Pliocene with the exception of southwest China
where the temperature is decreased. Annual mean
precipitation is enhanced mainly over the Tibetan
Plateau, south and central China, and parts of northeast China, but the spatial pattern of precipitation
anomaly varies by season.
3) The East Asian summer monsoon is intensified in the
Late Pliocene, with a westward (northward) shift of
the WNPSH (EAWJ). The East Asian winter monsoon is weakened, with a weaker East Asian trough
and a southward shift of the EAWJ. Changes in
monsoon circulations are essentially attributed to the
enhanced (reduced) land–sea thermal contrast in summer (winter). Additionally, the East Asian monsoon
domain exhibits a northwestward expansion in the Late
Pliocene, especially over the Tibetan Plateau.
4) The simulated climate change is sensitive to the Late
Pliocene SST forcings and model horizontal resolution.
Different SST forcings (i.e., from PRISM4 and PlioMIP)
largely affect the simulated summer and winter monsoon circulations and the associated precipitation
changes, particularly the summer monsoon in terms of
phase change. Model horizontal resolution mainly has
impact on the simulated precipitation change but shows
little influence on monsoonal circulations.
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