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ABSTRACT

Early proxy-based studies suggested that there potentially occurred a “southern drought/northern flood” (SDNF) over
East China in the mid-Holocene (from roughly 7000 to 5000 years before present). In this study, we used both global
and regional atmospheric circulation models to demonstrate that the SDNF—namely, the precipitation increases over North
China and decreases over the the lower reaches of the Yangtze River Valley—could have taken place in the mid-Holocene.
We found that the SDNF in the mid-Holocene was likely caused by the lower SST in the Pacific. The lowered SST and the
higher air temperature over mainland China increased the land–sea thermal contrast and, as a result, strengthened the East
Asian summer monsoon and enhanced the precipitation over North China.
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1. Introduction

East China is a major agricultural region with a dense
population; its society and economy are quite vulnerable to
the large variability in summer rainfall, which is connected to
the East Asian summer monsoon (EASM) system. One of the
most important feature of summer rainfall over East China in
recent years is the so-called decadal change/shift of “south-
ern flood/northern drought” (Zhu et al., 2010); namely, the
precipitation increases over South China and decreases over
North China. This shift of precipitation pattern brings a new
drought/flood pattern and large economic and environmental
effects on East China, drawing much concern. The main fac-
tors influencing summer rainfall in East China, as identified
by previous studies, include the East Asia summer monsoon
(Wang, 2000a, 2001; Ding et al., 2008), the Tibetan Plateau
(Zhao et al., 2010, Zhang et al., 2012), the North Atlantic
Oscillation (Sun and Wang, 2012), the North Pacific Oscil-
lation (Zhou and Xia, 2012), SST (Fu et al., 2009), El Niño
Southern oscillation (ENSO) (Chang et al., 2000), and the
Pacific Decadal Oscillation (PDO) (Zhu et al., 2010). Recent
studies have found that the interannual variability of thermal
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contrasts between East Asia and the Pacific, well indicated
by the Asian–Pacific Oscillation (APO) index, exerts strong
influences on changes in atmospheric circulation and rainfall
over East Asia, and rainfall over East Asia often shows the
southern drought/northern flood pattern corresponding to a
strengthened thermal contrast (Zhao et al., 2007, 2011, 2012;
Zhou and Zhao, 2010; Liu et al., 2011; Zhou et al., 2011).

What the main spatial pattern of summer rainfall over
East China will be in the coming warmer world is another
important issue. Projected results from simulations by mod-
els involved in phase 5 of the Coupled Model Intercompar-
ison Project (CMIP5) indicate an overall wetter East China
in summer (Chen et al., 2012, Zhang and Sun, 2012), with
large uncertainties (Hawkins and Sutton, 2011; Knutti and
Sedlacek, 2012). Along with future projections, paleoclimate
studies provide another hint regarding precipitation change
against a warm background, as well as the potential mecha-
nism for understanding present and future climate change. By
examining the response of climate models to forcings that are
different from the present, paleoclimate simulations can also
provide insight into potential future climate changes, as the
main processes that shaped the climate in the past may also
be important in the future (Diffenbaugh and Sloan, 2004).

One typical warm period drawing much attention is the
mid-Holocene (from approximately 7000 to 5000 years be-

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2014



JULY 2014 YU ET AL. 963

fore present), in which time the incoming insolation altered
with latitude and season due to a change in the Earth’s orbital
parameters (Berger, 1978; Kutzbach and Liu, 1997). Many
numerical studies have been conducted to investigate if well-
developed models (mainly global climate models) can repro-
duce the main climate change features of this period, and
to explore the associated mechanism (Wang, 1999, 2000b,
2002; Otto-Bliesner et al., 2006; Braconnot et al., 2007;
Brown et al., 2008; Hargreaves and Annan, 2009; Wang et
al., 2010; Jiang et al., 2012; Wang and Wang, 2013). Proxy
evidence indicates that North China was wetter (Wang et al.,
2010), while the area that is now Shanghai (located in the
lower reaches of the Yangtze River valley) would have been
drier (Cai et al., 2001; Wang and Huang, 2006). This indi-
cates that the rainfall pattern in the mid-Holocene was one of
“southern drought/northern flood” (SDNF); namely, the pre-
cipitation increased over North China and decreased along
the lower reaches of the Yangtze River valley. However,
except for the study of Zhou and Xia (2012), which simu-
lated well the southern drought/northern flood pattern in the
mid-Holocene using CCSM3 (Community Climate System
Model, version 3), most global climate models show an over-
all wetter condition over East China in the mid-Holocene
(Wang, 2002; Wang et al., 2010), thus failing to reproduce
the SDNF summer rainfall pattern. The reason for this model
failure is still unclear.

It is well known that both large-scale and regional-scale
climate processes shape climate at the regional scale. Previ-
ous studies have revealed that, for East China, where com-
plex topography and the unique East Asian monsoon system
are present (Wang, 2002; Chen et al., 2012), regional climate
models (RCMs) can show improved performance over global
climate models (Gao et al., 2006, 2011; Yu et al., 2010; Yu,
2013). Therefore, it is necessary to conduct regional-scale
climate sensitivity studies to see whether high-resolution
state-of-the-art RCMs can reproduce the SDNF summer rain-
fall pattern in East China against a warm background. In
this study, we chose a newly-developed RCM, the Weather
Research and Forecasting (WRF) model (Skamarock et al.,
2008) with the Advanced Research WRF (ARW) core. In
terms of the GCM for providing the initial and boundary
conditions, we used a well-developed global climate model;
namely, IAP (Institute of Atmospheric Physics)-AGCM (At-
mospheric Global Climate Models), version 4 (IAP4) (Sun et
al., 2012).

The remainder of the paper is structured as follows. Sec-
tion 2 describes the models and datasets used, as well as re-
sults from verifying model performance. Section 3 presents

the main results of the model simulation and analyzes the un-
derlying physical mechanisms. A discussion of the robust-
ness and level of uncertainty in the simulation, as well as a
summary of the key findings is presented in section 4.

2. Models and data

2.1. RCM and GCM models

The WRF model is a mesoscale numerical model, and is a
popular atmospheric RCM under collaborative development
by many organizations. The ARW consists of a model solver
of fully compressible, Eulerian and nonhydrostatic equations
with a run-time hydrostatic option. The model uses terrain-
following, hydrostatic-pressure vertical coordinates, with the
top of the model being a constant pressure surface. The hor-
izontal grid is the Arakawa-C grid and the time integra-
tion scheme in the model uses the third-order Runge–Kutta
scheme (Wicker and Skamarock, 2002). This model has been
widely used in regional climate studies in East Asia (Yu et al.,
2012; Ge et al., 2013; Yu, 2013), and the simulations indicate
that the model has the ability to reproduce the main features
of climate in this region.

IAP4 is a global atmospheric general circulation model,
which has been developed from IAP9L–AGCM (Liang,
1996; Zeng and Mu, 2002; Zuo et al., 2004) at the Institute of
Atmospheric Physics, Chinese Academy of Sciences. This
model has been widely used to investigate present-day cli-
mate and paleoclimate (e.g., the mid-Holocene and the Last
Glacial Maximum; Wang, 2002; Jiang et al., 2003; Jin et al.,
2006; Ju et al., 2007; Zhang et al., 2007). Prior studies have
reported that it shows good model performance, especially in
the East Asia region (Lang et al., 2004; Ju and Lang, 2011).
The new version (IAP4) has a horizontal grid resolution of
1.4◦ × 1.4◦ with 26 vertical levels ranging from the surface
to 10 hPa. Its higher resolution will be helpful to improve
performances in simulating the large-scale summer climate
in East Asia (Wang and Wang, 2013).

2.2. Experiment design

In an attempt to investigate the spatial pattern of sum-
mer rainfall in this RCM, a suite of simulations was carried
out following the Paleoclimate Modelling Intercomparison
Project (PMIP; http://pmip.lsce.ipsl.fr/) experiments using
IAP4 and WRF. The details of the model settings are listed
in Table 1. There were two groups of parallel simulations:
present-day simulations (hereafter referred to as “0K”), and
mid-Holocene simulations (hereafter referred to as “6K”).

Table 1. Boundary conditions and model settings for the simulation.

Case name Model name Eccentricity Obliquity (◦)
Angular CO2 CH4 NO2 Boundary Simulation

precession (◦) (ppm) (ppb) (ppb) conditions period (yr)

G0K IAP4 0.016724 23.446 102.04 280 760 270 — 28
G6K IAP4 0.018682 24.105 0.87 280 650 270 — 28
R0K WRF 0.016724 23.446 102.04 280 760 270 G0K 13
R6K WRF 0.018682 24.105 0.87 280 650 270 G6K 13
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The differences between these two simulation groups in-
cluded the orbital parameters (eccentricity, obliquity and an-
gular precession) and greenhouse gas concentrations. The
vegetation distribution was the same as that of the present
day, and the SST dataset used was the prescribed climato-
logical data (Otto-Bliesner et al., 2006); the SST in the mid-
Holocene was cooler than that at present over the East China
Sea. The IAP4 simulations for the present day (GCM-0K,
G0K for short) and mid-Holocene (GCM-6K, G6k for short)
provided the initial and boundary conditions for the corre-
sponding WRF simulations [RCM-0K (R0k) and RCM-6K
(R6K for short)].

The domain for the regional climate simulation covered
mainland China and nearby regions, consisting of 164 longi-
tude grids and 128 latitude grids, at a resolution of 50 km.
The reason for such a large area was that WRF can achieve
more freedom to develop its own mesoscale circulations (Ge
et al., 2013; Yu, 2013). The model physics included the Lin
et al. microphysics scheme (Lin et al., 1983), the Rapid Ra-
diative Transfer Model (RRTM) longwave radiation scheme
(Mlawer et al., 1997), the Dudhia shortwave radiation scheme
(Dudhia, 1989), and the Noah land surface model (Chen and
Dudhia, 2001).

In both the G0K and G6K simulations, IAP4 was run for
28 model years, with the last 13 model-year results driving
the WRF simulations. All the model results presented in
the following sections are averages from the last 12 years of
present and mid-Holocene simulations. The performances of
the model simulations were evaluated by spatial correlation
coefficient (SCC), root-mean-square differences (RMSDs)
and statistical significance calculated according to the Stu-
dent’s t-test at the 95% confidence level.

2.3. Model validation
Firstly, the performance of the present-day regional cli-

mate simulation was validated against observed temperature
and precipitation for the period 1983–2002. The observa-
tions, including the gridded daily temperature (CN05, details

can be found in Xu et al., 2009) and precipitation (XIE, de-
tails can be found in Xie et al., 2007) data at 0.5◦ ×0.5◦ res-
olution, provide a high-quality estimation of temperature and
precipitation distribution over China up to the present day.
Strictly speaking, the present-day simulations were actually
the pre-industrial control simulations according to the bound-
ary conditions and model settings following the PMIP exper-
iments listed in Table 1, and the results should have been val-
idated against the corresponding pre-industrial observations.
However, considering the availability of observational data,
we chose CN05 and XIE data to conduct the model valida-
tion.

Figure 1 shows the annual mean temperature and precip-
itation from observations, as well as the simulations from
IAP4 and WRF. Regarding surface air temperature (Figs. 1a–
c), we can see obvious latitudinal distribution characteris-
tics from the observations; that is, the temperature is high in
South China and low in North China. The Tibetan Plateau is
an exception; this area contains the world’s highest moun-
tains and stores more snow and ice than anywhere in the
world outside the polar regions, and the temperature is much
lower than surrounding areas. Another distinct area is the
Tarim Basin; this area contains the largest desert of China and
the temperature is high. Compared to the observation, IAP4
can reasonably reproduce the main features of temperature;
the temperature is higher in the south and lower in the north,
and the simulation over the Tibetan Plateau and Tarim Basin
also compares well with the observation. The SCC of simula-
tion against observation was calculated to be as high as 0.92.
Further, the WRF simulation shows significant improvement
in terms of the geographical distribution; it captures many lo-
cal characteristics due to topographical effects, such as the
warmer center located in the Sichan Basin and the cold cen-
ters along the Tianshan Mountains. The SCC was calculated
to be 0.97, which is much higher than for the IAP simulation.
Compared to the WRF simulation, the simulation by IAP4 is
much smoother, and thus shows little ability in capturing the
topography-induced variation and local small-scale details.

(a) (b) (c)

(d) (e) (f)

Fig. 1. Present-day annual mean temperature (upper panel; units: ◦C) and precipitation (bottom panel; units: mm) from obser-
vations (a, d), IAP4 simulation (b, e), and WRF simulation (c, f).
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Precipitation according to observations and the model
simulation is present in Figs. 1d–f. The main characteristics
of observed precipitation is the longitudinal heterogeneity;
that is, China receives more precipitation over its southeast
coastal regions but little precipitation over its northwest arid
areas. The annual mean precipitation is more than 1500 mm
in Southeast China, but less than 25 mm in the desert regions
of Northwest China. IAP4 can reproduce the major rainfall
patterns quite reasonably; the simulated precipitation amount
is higher over East China and lower over Northeast China,
and the SCC was calculated to be as high as 0.7. Compared
to the IAP4 simulation, the WRF model obviously shows bet-
ter performance. From Fig. 1f, we can see that WRF is able
to reproduce the rainfall distribution more reasonably, espe-
cially for the wet center over Southeast China and the dry
center over Northwest China. In addition, WRF can repro-
duce many of the orographic precipitation features due its
high resolution. The SCC of the WRF simulation against the
observation was calculated to be 0.78. The greatest improve-
ment occurred in Southeast China. In the IAP4 simulation,
the wet center locates over the lower reaches of the Yangtze
River, which is in disagreement with the observation; this
disagreement is quite common among GCMs. In the WRF
simulation, the location is reasonable compared to the obser-
vation, and the simulated amount of precipitation also com-
pares to the observation very well. Based on these compari-
son results, we can conclude that the precipitation simulated
by WRF is more reliable, especially over Southeast China.

Figure 2 shows the Taylor diagram of temperature and
precipitation. Taylor diagrams (Taylor, 2001) provide a way

Fig. 2. Taylor diagram of temperature (◦C) and precipitation
(mm d−1) between the present-day simulation and observa-
tions over mainland China. The observational climatology
was derived from the CN05 (Xu et al., 2009) and XIE (Xie
et al., 2007) datasets for the period 1982–2002. T, tem-
perature; P, precipitation; MAM, March–April–May; JJA,
June–July–August; SON, September–October–November; DJF,
December–January–February.

of graphically summarizing how closely a pattern matches
observations. From the figure, we can see that the spatial cor-
relation of the WRF simulation against observation is higher
than that of IAP4 for both temperature and precipitation, and
the centered RMSD (distance to the point on the x-axis iden-
tified as “REF”) is lower in the WRF simulation in most of
the cases.

Taken together, compared to IAP4, WRF shows bet-
ter performance over China in terms of present-day climate
simulation, including summer temperature and precipitation.
The most obvious improvement is that WRF represents the
local-scale dynamic processes better and more realistically,
thus producing “added value” (Luca et al., 2013) over the
lower resolution IAP4 simulation. The summer precipitation
simulation from WRF is more reliable over eastern China,
and thus it can be expected that WRF is also able to provide
“added value” for precipitation change simulation over these
regions.

3. Results

3.1. Changes in surface temperature
Proxy indicators from pollen, ice cores, lake cores and so

on reveal that the climate was generally warmer in East Asia
in the mid-Holocene (Wang et al., 2010, Fig. 5a; Jiang et al.,
2012, Fig. 3d). Most of the records indicate prevailing warm
conditions, with the annual mean temperature increasing by
about 1 K in South China, by about 2 K in the Yangtze River
valley region, by 3 K in most parts of northern China, and
by 4–5 K on the Qinghai–Tibetan Plateau (Yao et al., 1991;
Shi et al., 1993; Jiang et al., 2012). As for the summer/winter
mean temperature change, there are still too few proxy data
to form a spatial dataset to compare with the model result.

Figure 3 presents the differences in the simulated annual
and seasonal mean surface temperature (6K minus 0K). Both
IAP4 and WRF show lower annual air temperature in North,
South and parts of West China during the mid-Holocene, and
the lower annual air temperature is mainly caused by the
lower winter air temperature since the summer air temper-
ature is higher (warm summer and cold winter). The WRF-
simulated annual temperature shows larger magnitude than
that of IAP4 in North and West China. The average annual
temperature change in mainland China is −0.42 (−0.41) K
for IAP4 (WRF).

As for summer, the June–July–August (JJA) mean tem-
perature increases almost all over China, with larger magni-
tude in the high-latitude regions and the Tibetan Plateau. In
the margin regions of South China, the temperature change
is not obvious. The average temperature change in mainland
China is 1.29(1.43) K for IAP4 (WRF). As for winter, the
December–January–February (DJF) mean temperature de-
creases over most areas of China, which follows closely the
solar radiation decline in the Northern Hemisphere (Jiang et
al., 2012). The two model simulations, and a previous sim-
ulation using CCSM3 (Zhou and Zhao, 2009a) show strong
agreement in terms of seasonal temperature change. How-
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ever, it should be noted that considerable mismatch can be
seen with respect to annual mean temperature between model
simulations (both IAP4 and WRF) and proxies (Jiang et al.,
2012, Fig. 3d). This mismatch, which is similar with results
from most climate models participating in the current stage
of PMIP, was carefully addressed in the study by Jiang et al.
(2012). The model–data mismatch in annual mean tempera-
ture over China is an important issue in paleoclimate studies,
and whether the inconsistency arises from the models, from
the proxy data, or from both sides, is still unclear (Jiang et
al., 2012).

3.2. Changes in precipitation
As mentioned above, proxy data from lake cores, ice

cores and so on indicate the annual mean precipitation in-

creased over North China and decreased over the lower
reaches of the Yangtze River valley in the mid-Holocene.
Figure 4 shows the annual and seasonal mean precipitation
change according to IAP4 and WRF. From Fig. 4a, we can
see that, just as most GCMs did in the PMIP project, IAP4
shows an overall wetter condition over mainland China, es-
pecially in North China. In the regions of the lower reaches
of the Yangtze River valley and Southeast China, the precip-
itation change is not obvious. On the contrary, the results of
WRF agree much more closely with the proxy data. The mag-
nitude of precipitation change in the WRF simulation is much
larger; in the regions of the lower reaches of the Yangtze
River valley, the precipitation decreases by about 20% in the
WRF simulation. The improvement from WRF over this re-
gion is mainly due to summer precipitation change, as the

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. (a, b) Annual mean, (c, d) JJA, and (e, f) DJF air temperature change (6K minus 0K; shading; units: ◦C) for
IAP4 (upper panels) and WRF (lower panels). Areas with confidence levels greater than 95% are dotted.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. (a, b) Annual mean, (c, d) JJA, and (e, f) DJF precipitation change (6K minus 0K; shading; units: %) for IAP4
(upper panels) and WRF (lower panels). Areas with confidence level greater than 95% are dotted.
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difference of winter precipitation change between IAP4 and
WRF is not obvious.

Figures 4c and d show the summer precipitation change
from IAP4 and WRF. In the IAP4 simulation, the precipita-
tion increases in North China, part of the Tibetan Plateau, and
Southwest China; the strongest precipitation increase occurs
in North China and mid-southern Tibet. The areas with less
rainfall are located in Northwest China, covering the Tarim
Basin and western Tibet. However, in the WRF simulation,
the magnitude of precipitation is much larger, and the spa-
tial pattern of precipitation change over the eastern part of
China is different from the IAP4 simulation. The precipita-
tion increases over Northeast China, Inner Mongolia, North
China, Central China, Southwest China, and most parts of the
Tibetan Plateau in the WRF simulation, but decreases over
the lower reaches of the Yangtze River valley. This rainfall
change pattern agrees better with the proxy data, and if tak-
ing the better performances of the WRF model in simulating
the present-day climate in these areas into consideration, we
can conclude with confidence that RCMs show better perfor-
mances in terms of precipitation simulation.

For winter precipitation change, we can see that the pre-
cipitation decreases over northern parts of China but in-
creases over southern parts. The main pattern of precipitation
change from the WRF simulation is similar to that of IAP4,
but with larger magnitude.

It should be mentioned that there also exists a mismatch
between the model simulations and proxies. For example,
proxy data indicate wetter conditions over the eastern Tibetan
Plateau, while according to the models, the precipitation de-
creases over this region. This mismatch in precipitation also
needs further investigation.

3.3. Changes in summer SST and monsoon circulation
As mentioned above, the better performance of the WRF

model in simulating the annual mean precipitation change
in the mid-Holocene is due to the improvement of summer
rainfall simulation. In order to investigate the mechanism
for summer rainfall change, we analyze the corresponding
changes in surface wind, pressure, and SST, which is shown
in Fig. 5. As the SST change is the same in IAP4 and WRF,
we only show the SST data from IAP4, but for monsoon cir-
culation analysis, we use both IAP4 and WRF results.

From Fig. 5a, we can see an apparent cool summer SST
over the nearby oceans in the mid-Holocene; the SST de-
creases by 0.2 K–0.8 K, with large magnitude in the high
latitudes. This cool summer SST is favorable for the enhance-
ment of land–sea thermal contrast (He, 2013), thus enhancing
the EASM, which can be found in Figs. 5c and d. From these
two figures, we can see a negative (positive) anomaly in sur-
face pressure in North China (East China Sea), and a strong
southerly wind anomaly over East China in both the IAP4 and
WRF simulation. This circulation anomaly can also be found
in simulations by CCSM3 (Zhou and Zhao, 2009b), and is
favorable for the enhancement of summer rainfall over North
China (Fig. 4d). It has been revealed very well in monsoon
studies using observation data that the enhanced EASM is

(a)

(b)

(c)

Fig. 5. (a) The SST (shading; units: K) change (6K minus 0K)
in IAP4 shared with WRF and the JJA surface wind (streams;
units: m s−1) and surface pressure (shading; units: Pa) change
(6k minus 0k) from IAP4 (b) and WRF (c).

related to the northward shift of the west Pacific subtropical
high (Zhang et al., 2003; Zhu et al., 2010). This shift can cor-
respondingly cause the summer rainfall to decrease over the
lower reaches of the Yangtze River Basin (Zhang et al., 2003;
Wang and Huang, 2006). From the above analysis, we can
see that the summer SST and monsoon changes all indicate
an SDNF rainfall pattern; this also explains the dynamical
mechanism for the summer rainfall change.

Both large-scale and regional-scale forces shape regional
climate change, so the reason why WRF can reproduce the
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SDNF rainfall pattern may relate to small-scale precipitation
change. More specifically, the precipitation decrease over
the lower reaches of the Yangtze River valley may relate to
small-scale precipitation change. In Fig. 6, the precipitation
is divided into two parts based on the WRF model results:
cumulus precipitation and small-scale precipitation, and the
precipitation changes are the combination of these two parts.
From the figure, we can see that, besides the cumulus pre-
cipitation change, the small-scale precipitation change is also
quite important; the magnitude of precipitation change from
these two parts is comparable. Although the cumulus precip-
itation change is also decreasing over the lower reaches of
Yangtze River valley, the results presented in this figure cer-
tainly indicate that small-scale precipitation change is vital to
regional precipitation change, and this small-scale precipita-
tion change can be better represented in RCM simulations.

From previous studies we know that cold summer SSTs,
enhanced summer EASM, and the summer SDNF pattern
are dynamically related. Furthermore, besides the proxy
data in Shanghai mentioned previously, other evidence based
on SST and EASM proxy reconstructions also support the
SDNF summer rainfall pattern (Marzin and Braconnot, 2009;
Yokoyama et al., 2011; Jiang et al., 2013). The studies re-
veal that the northern South China Sea was cooler and the
EASM was stronger than present during summer in the mid-
Holocene. In other words, the proxy evidence for the mid-
Holocene indicates the SDNF rainfall change pattern, which
can be reproduced by the WRF simulation.

4. Summary and discussion

In this study, we investigated the main rainfall pattern ac-
cording to state-of-the-art GCM and RCM simulations, and
the results showed that, compared to IAP4, WRF shows bet-
ter performance over China in terms of present-day surface
air temperature and precipitation due to the improvements in
the representation of local-scale dynamic processes. Summer
rainfall simulation from WRF is more reliable over eastern
China, and WRF can produce “added value” for precipitation
change simulation over these regions.

The simulated annual mean temperature decrease in the

mid-Holocene and the “warm summer/cold winter” feature
summarize the main characteristics of the simulated seasonal
temperature change. The well-known model–data mismatch
in annual temperature over China also exists in this simu-
lation, but whether or not the inconsistency arises from the
models, from the proxy data, or from both sides, is still un-
clear.

We have shown that the WRF reproduces the SDNF rain-
fall pattern in the mid-Holocene, while IAP4 fails to do so.
The main reason for this is the improvement in summer cli-
mate simulation. Furthermore, the corresponding change of
SST and EASM was analyzed to illustrate the reliability, and
proxy evidence based on SST and the EASM also support
the reliability of the WRF simulation. Besides, many recent
studies have emphasized the importance of the thermal con-
trasts themselves (including the APO) and their influences on
Asian monsoon and rainfall (Zhao et al., 2007, 2011, 2012;
Sun et al., 2010; Chen et al., 2013), and thus further in-depth
investigations regarding the mechanism of the rainfall change
are required.

From the results of this study, we can see that there are
also some mismatches between the simulations and proxy
data, and thus the possible sources of the uncertainty should
be addressed. Wang (1999) emphasized the important effects
of vegetation and soil in 6k simulations, and his research in-
dicated that considering the changes of vegetation and soil
in simulations could further modulate monsoon precipita-
tion. Moreover, atmosphere–ocean–land feedback mecha-
nisms also play important roles in regulating mid-Holocene
climate (Wang, 2002; Harrison et al., 2003; Tian and Jiang,
2013). Studies have revealed that ocean feedback mecha-
nisms and the change of ENSO might also have affected cli-
mate (Liu et al., 2000, 2004). These kinds of feedback mech-
anisms may also affect RCM processes, and further simula-
tion of climate change during the mid-Holocene should con-
sider the effects of vegetation, soil and ocean feedback.

Model deficiencies can also explain model–proxy mis-
matches, not only in terms of RCMs, but GCMs as well.
This is because the boundary conditions used for RCMs come
from GCMs in the first place. Although RCMs can improve
the ability of GCMs, the overall pattern is generally the same

(a) (b)

Fig. 6. The (a) cumulus precipitation change and (b) small-scale precipitation change in the WRF simula-
tion. Units: mm d−1.
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as the GCM. Thus, GCM bias could help explain the model–
proxy mismatches uncovered in the present study.

However, further research using atmosphere–ocean gen-
eral circulation models (AOGCMs) is still needed. Since the
fully coupled version of IAP4 (CAS ESM) is currently being
developed, it is expected that this will be the main tool for
future work of this kind. Another important component that
should be taken into consideration is land surface change. Re-
cent studies have revealed that land cover change in East Asia
not only modifies the local climate, but also changes the cli-
mate in North Africa and the Middle East via teleconnections
(Dallmeyer and Claussen, 2011). More experiments, includ-
ing vegetation and soil dynamics, should be carried out to
better understand mid-Holocene climate change over China.
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