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The outputs of last millennium (A.D. 850-1850) experiments from seven climate models of the Paleoclimate
Modeling Intercomparison Project 3, have been used to analyze decadal to centennial climatic variations over
Asia, including the Indian monsoon, the East Asian monsoon and the westerly jet. In particular, the differences
between the Medieval Warm Period (MWP, A.D. 901-1200) and the Little Ice Age (LIA, A.D. 1551-1850) are fo-
cused on. Statistically, significant temperature contrasts between the MWP and LIA are simulated by all of the
models, and larger temperature deviations occur during colder periods. Although discrepancies exist, stronger
Indian and East Asian summer monsoon circulations, as well as a stronger Asian westerly jet stream in winter,
are found during the MWP compared to the LIA, in most of the models. These changes primarily originate
from different atmospheric thermal structures over the two periods, which occur in response to the external ra-
diative forcings. However, the monsoon-associated precipitation is quite complicated, with distinctly different
patterns simulated among the models. There are phase differences in the multi-decadal variability of precipita-
tion among the models, which consistently fail to detect a weakening in the precipitation at the minima of the
radiative forcings. Only limited models are able to simulate the quasi-100-year solar cycles in the changes of pre-
cipitation over India and East Asia. Thus, although the climate system is certainly affected by external radiative
forcings, our results imply that the natural forcings may not exert such a substantial influence on the Asian
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monsoon rainfall, or the models may underestimate the response.
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1. Introduction

The Asian climate is characterized by a prominent coastal monsoon
and inner aridity, and is an important component in the global climate
system. The Asian monsoon, which includes the Indian and East Asian
monsoons, provides fundamental water resources for the economic and
social lives of a large proportion of the world's population. Over inland re-
gions where the Asian monsoon hardly penetrates into, the precipitation
is quite scarce and the westerly winds dominate nearly all year round.

The variation and evolution of the Asian monsoon and the westerly
winds have basically controlled the patterns of climate change over Asia
in modern- and paleo-times, and thus have attracted intensive studies
(Gadgil, 2003; Ding and Chan, 2005; Wang, 2006; Zhang et al., 2006;
Zhou et al., 2009; Lu et al,, 2011; An et al., 2012, 2015; Shi et al.,
2014). Among modern climate studies, the main focus has been on
the variability of the Asian climate at relatively short timescales, from
interseasonal to interdecadal, and their associated mechanisms, due to
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the limited time coverage of observational data. Further, in most cases,
researches based on modern observations have only analyzed the inter-
nal oscillations of the climate system (e.g., Kumar et al. (1999); Chang
et al. (2001); Goswami and Xavier (2005); Goswami et al. (2006); Sun
et al. (2008); Wang et al. (2008); Ummenhofer et al. (2011);
Rajagopalan and Molnar (2012) and Xu et al. (2015)) and has failed to
consider the various changes in external forcings.

The external forcing that has been considered the most till now is the
variation of greenhouse gases (GHG); GHG forcing has been proven to
exert a significant role on the Asian climate change. Not only does the
GHG forcing directly affect the interdecadal variations of the Asian mon-
soon (Ueda et al., 2006; Li et al., 2010; Sooraj et al., 2014), but it might
also be responsible for changes in the internal monsoon dynamics
(Krishnamurti and Goswami, 2000; Wu and Wang, 2002; Wang et al.,
2008). Other external forcings, for example, solar irradiation and volca-
nic activities, may also have significant impacts. However, our knowl-
edge on the decadal to centennial variations of the Asian climate and
mechanisms associated with them are still limited. How the external
forcings, especially natural ones, affect the climate and internal dynam-
ics over Asia remain largely unclear.
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The last millennium is a good period to explore the decadal to cen-
tennial variations in the Asian climate. For this period, the climate vari-
ability over Asia has basically been reconstructed from various
geological proxies, including tree rings, stalagmites, corals and lake de-
posits. Remarkable fluctuations have been shown in the proxy data, for
both the Indian and East Asian monsoon regions, on the decadal to cen-
tennial time scales (e.g., Qian et al. (2003); Zheng et al. (2006); Zhang
et al. (2008); Cook et al. (2010); Berkelhammer et al. (2010) and
Sinha et al. (2011), 2015). In particular, severe droughts occurred in
India and eastern China during solar minima, which indicates that the
monsoons were simultaneously weakened during these periods
(Agnihotri et al., 2002). However, reconstruction data from eastern
Africa has shown the opposite behavior in that region (Verschuren
et al., 2000). Nevertheless, from these data reconstructions, it is clear
that some changes in the monsoons can be explained by manifestations
of solar variability.

Two typical periods of the last millennium, the Medieval Warm
Period (MWP) and the Little Ice Age (LIA), are documented within the
climate proxies over Asia; in most proxies, distinct differences can be
seen between the two periods. In large parts of northern China, warmer
and wetter MWP climate anomalies can be seen in the proxies (Zhang
et al., 2008). In southern China, these differences are not as distinct
(Wang et al., 2005) and in certain areas, it appears that more precipita-
tion occurred during the LIA (Zheng et al., 2006). Some proxies from
India (von Rad et al., 1999; Sinha et al., 2007) indicate that the MWP
was relatively wetter, while the driest period in the last millennium oc-
curred during the transition into the early stages of the LIA. In addition,
an apparently stronger upwelling occurred during the MWP in the
Arabian Sea (Anderson et al., 2002), which might support an intensified
Indian monsoon. In contrast, precipitation during the MWP decreased
across the arid regions, from coastal Arabia to inland central Asia
(Chen et al., 2008, 2010).

Although there have been intensive researches, through reconstruc-
tions, into Asian climate change over the past millennium, the proxy re-
cords used originated from specific sites, and so are unable to provide
detailed climatological fields; thus, in this context, numerical experi-
ments that cover the period provide a good supplementary tool, to ex-
plore the mechanisms of climate change. Using reconstructions of the
boundary conditions, lots of climate models have been forced to
simulate climate change over the past millennium, however, most of
the studies have focused on global or hemispheric temperatures
(e.g., Brovkin et al. (1999); Bertrand et al. (2002); Zorita et al. (2004);
Goosse et al. (2005); Ammann et al. (2007) and Shi et al. (2007)). In
terms of the Asian climate, most researches have concentrated on the
long-term variability of the Asian monsoon, and in particular, precipita-
tion over East Asia (Shen et al., 2008; Liu et al.,, 2011; Man et al.,, 2012).

Through analysis of the millennium model simulations, a significant
centennial oscillation has been detected in the summer precipitation
over eastern China, which is essentially a forced response, linked to
the fluctuations of insolation and volcanic aerosols (Chen et al., 2008;
Liuetal.,, 2011; Man et al.,, 2012). The response of the East Asian summer
monsoon to external forcings, measured by the differences between the
MWP and LIA, is also remarkable (Liu et al., 2011; Man et al., 2012). In
addition, the spatial patterns observed are different from the interannu-
al variability (Liu et al., 2011). Further, it has been found that the
strength of the response may be latitude-dependent and precipitation
over different latitudinal belts is sensitive to different forcings (Liu
et al.,, 2011). Internally, ocean feedback also plays a role, and changes
in the sea surface temperatures over the Pacific are of importance, in
explaining the long-term variation of the Asian monsoon (Fan et al.,
2009; Graham et al., 2011).

All the previous modeling studies have indicated that Asian climate
change during the past millennium is a forced response, and that the
response is significant; however, it is unknown whether the results of
these studies are model-dependent. Thus, a multi-model analysis is con-
ducted here, to examine the sensitivity of different models to the

Table 1

List of models used for the last millennium experiments in this study.
Model Atmospheric resolution Ensemble
CCSM4 288 x 192 x L26 rlilp1
HadCM3 96 x 73 x L19 rlilpl
BCC-CSM1-1 128 x 64 x 126 r1ilp1
CSIRO-MK3L-1-2 64 x 56 x L18 rlilpl
MPI-ESM-P 196 x 98 x L47 r1lilp1
GISS-E2-R 144 x 90 x L40 rlilp124
IPSL-CM5A-LR 96 x 95 x L39 r1ilp1

external forcings, during the last millennium. The main aims of this
study are to identify: (1) how the Asian climate responds to external ra-
diative forcings on the decadal to centennial timescale; (2) whether the
remarkable temperature difference between the MWP and LIA could in-
duce any differences in the Asian climate; (3) what the consistencies are
among the modeling results and what the differences are. To answer
these questions, the multi-decadal to centennial variability of Asian cli-
mate and its relation with the radiative forcing, as well as the differences
between the MWP and LIA, are calculated and analyzed for all seven
models. A short description of the last millennium experiments is pre-
sented in Section 2. The results are analyzed and discussed in Sections
3 and 4, respectively, and Section 5 provides a summary of this study.

2. Last millennium experiments

The modeling data used in this study are from the last millennium
(LM) and the preindustrial control experiments, produced by seven dif-
ferent climate models. The data are available from the Paleoclimate
Modeling Intercomparison Project 3 (PMIP3) and can be downloaded
at the Earth System Grid Federation. All the models are coupled
ocean-atmosphere models performed at various resolutions (Table 1).
These models are integrated across the period A.D. 850-1850; so the
models allow us to test the sensitivity of climate systems during the
pre-industrial era. The simulations are performed with similar external
forcings (Fig. 1), including solar irradiation, volcanic aerosols, land cover
changes and greenhouse gases. The forcings used are discussed in detail
by Schmidt et al. (2012), who demonstrate that, in general, there is sim-
ilar variation in the forcings among the simulations. We note that all the
experiments have used SBF and VSK reconstructions for solar changes
(Steinhilber et al., 2009; Vieira et al., 2011); these data indicate that
the solar irradiation varied by a range of 0.3 W/m? during the past mil-
lennium, which is a much smaller range than indicated by the SEA data
(Shapiro et al,, 2011). In addition, the radiative forcing of volcanic aero-
sols is larger, by about 9 and 7 W/m? for the 1250s and 1450s eruptions,
respectively, in Indonesia and Vanuatu, in GRA data, than in CEA data
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Fig. 1. Radiative forcings (W/m?) used for the seven last millennium experiments. The
curves are 31 year smoothed.
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(Crowley et al., 2008; Gao et al., 2008); the larger GRA forcing is used in
the BCC-CSM1-1, IPSL-CM5A-LR and CCSM4 experiments. Detailed de-
scriptions on the models and the experimental design can be found on
the PMIP3 websites.

The model performances of the Asian climate have been validated by
comparing the surface temperature and precipitation data (Fig. 2). Al-
though the spatial resolution varies among the models, the basic pat-
terns of the simulated temperatures and precipitation rates are in
good agreement with observations (Fig. 2). The surface temperatures
generally decrease from the tropics to the high-latitudes, with the ex-
ception of the Tibetan Plateau, where the high-altitude cooling
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simulated by the models is stronger than that observed in the Climate
Research Unit (CRU) data set. The pattern correlation coefficients be-
tween the CRU temperature and the different models vary from 0.99-
0.98. In terms of precipitation, heavy rainfall occurs over the tropical
oceans and Asian monsoon regions, and light rainfall occurs over inland
Asia. The rain belts across the southern slopes of the Himalayas are sim-
ulated in CCSM4 and MPI-ESM-P, due to the high resolutions; this pat-
tern is not seen in the observational data. The simulated precipitation
in [PSL-CM5A-LR is partly underestimated over the monsoon areas.
The pattern correlation coefficients of the precipitation data vary from
0.88-0.68, with the lowest (0.68) between the observational data and
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Fig. 2. Comparisons of the climatological annual mean surface temperatures ( °C, contour) and precipitation rates (mm/d, shaded) over Asia. (a) Observed temperatures and precipitation
rates from the CRU and GPCP data sets, respectively; (b-h) Results simulated by the seven models in the pre-industrial experiments. The spatial correlations between the observations and
simulations of the temperatures and precipitation rates are shown in the brackets.
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Fig. 3. Simulated 31-year averaged northern hemisphere surface temperature anomalies ( °C, left panel) and their periods (year, right panel) during the past millennium. The anomalies are
calculated based on the mean values of the whole period. Pink shading indicates the periods of minimal radiative forcings and the 88 year solar cycles in the left and right panels,
respectively. T-test curves used for the 95% and 99% confidence levels are also shown for reference.

the CSIRO-Mk3L-1-2 simulation. In summary, although small biases
exist, the spatial distributions of Asian surface temperatures and precip-
itation rates are simulated well by all of the models. This provides con-
fidence, for the further analysis of variations in the climate over last
millennium, using the model simulation outputs.

3. Results
3.1. Surface temperature

In general, all of the models have simulated remarkable multi-
decadal to centennial responses in the northern hemisphere (NH) sur-
face temperatures (Fig. 3). The two typical periods, the MWP and LIA,
are also detected in the simulations, around the years A.D. 901-1200
and 1551-1850, respectively. Significant differences between the
MWP and LIA are found in all of the models, with annual mean values
ranging from 0.08 °C-0.30 °C (Table 2); these changes are primarily ex-
plained by the different levels of radiative forcing during the two pe-
riods (0.21-0.24 W/m?). Seasonally, the responses of temperature in

summer are weaker (0.05 °C-0.25 °C) than in winter (0.12 °C-0.36 °C).

The multi-decadal variations in the NH temperatures follow changes
in the radiative forcing well, with correlation coefficients of 0.55-0.90
(Table 3), which indicates that the radiative forcing is the dominated
forcing for the NH temperatures. The NH consistently becomes cooler

Table 2

Differences in the northern hemisphere surface temperatures ( °C) between the Medieval
Warm Period and Little Ice Age. ** indicates that the differences are statistically significant
at the 99% level.

CCSM HadCM BCC CSIRO MPI GISS IPSL
Annual 0.30** 0.20** 0.08** 0.18** 0.18** 0.26** 0.11**
JIA 0.25 0.15* 0.06™* 0.14* 0.13** 0.21* 0.05**
DJF 0.36** 0.23** 0.12** 0.21** 0.22** 0.30** 0.14**

in the simulations during radiation minima, under the impact of both
solar and volcanic activities; however, the amplitudes of change differ
among the models, due to the different forcings and model sensitivities.
Among the seven models, the CCSM4 simulated response is the most
significant.

Power spectrum analysis of the temperature data shows strong
quasi-100-year cycles in temperatures for the IPSL-CM5A-LR, MPI-
ESM-P, CSIRO-Mk3L-1-2, BCC-CSM1-1 and CCSM4 simulations, in
good agreement with the 88 year solar cycle (Gleissberg cycle). This
highlights the influence of solar cycle in modulating the temperatures
at this timescale (Fig. 4). In addition, there are significant changes in
temperatures over shorter periods, of 40-60 yr, in the models; these
might be associated with the internal dynamics in the climate system,
especially with the changes in sea surface temperatures in the Pacific
and Atlantic (e.g., Atlantic Multi-decadal Oscillation and Pacific Decadal
Oscillation). In HadCM3 and GISS-E2-R, no clear solar cycles are detect-
ed in the NH temperature although their long-term temperature trends
share significant correlations with the radiative forcing (Table 3). The
maxima in the standard deviations usually occur during the coldest pe-
riods simulated by the models (Fig. 4), indicating that the interannual
fluctuations of the NH temperatures are intensified at the radiation

Table 3

Correlation coefficients between the northern hemisphere temperature and Asian precip-
itation, with radiative forcing. **/* indicates statistically significant at 99%/95% levels,
respectively.

CCSM  HadCM  BCC CSIRO MPI GISS  IPSL
NH SAT 0.77** 0.74** 0.55™* 0.81** 0.90** 0.66** 0.71**
South Asian  0.62** —0.07 —0.05 047 043" 036" —0.21**
Pr
East Asian Pr  0.38** 0.41* 0.17 0.12 —0.14 0.28* 0.24**
Central Asian 0.38"* 0.16™* 029 —0.14 0.02 048" 0.48**

Pr
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Fig. 4. Changes in the standard deviation of the northern hemisphere surface
temperatures, calculated using a 31 year window.

minima. The only exception is in the CCSM4 simulation in which the
standard deviation is quite large around A.D. 900, even though the
simulated cooling is not that remarkable (Fig. 4).

Spatially, the larger radiative forcing during the MWP warms the NH
continents and oceans more in summer over Asia, compared to that
during the LIA (Fig. 5). In five of the seven models, the JJA temperature
differences between the MWP and LIA are statistically significant, over
the broad areas across Asia and the adjacent oceans; in contrast howev-
er, the changes simulated in the BCC-CSM1-1 and IPSL-CM5A-LR exper-
iments are quite limited or insignificant. The simulated temperature
changes are about 0.2 °C, or more, over continental Asia, in CCSM4
and GISS-E2-R experiments; this warming of the land is largest over
the arid areas. Due to different thermal inertia, the surface temperature
changes over the ocean are usually smaller than those over the land.
This pattern of warmer lands and less warm oceans allows a strength-
ened ocean-land thermal contrast. Negative anomalies between the
MWP and LIA are found over certain regions of the Indian subcontinent
and Indian Ocean in most model simulations, although they are not
remarkable.

In December-January-February (DJF), the MWP surface tempera-
tures are higher than those in the LIA, however, the locations of the
anomalies differ (Fig. 6). The simulated temperature differences are
usually statistically significant over the oceans, but not over large conti-
nental areas. A consistent warming center occurs over the Sea of
Okhotsk in all of the model simulations, by 0.4 °C or more, except in
the MPI-ESM-P and IPSL-CM5A-LR ones. Another center detected by
the HadCM3, BCC-CSM1-1 and MPI-ESM-P models is located in the
mid-latitude, inland regions, where the MWP warming is also obvious
in JJA; this indicates that the arid/semi-arid areas might be sensitive to
radiative forcing.

3.2. Circulation

Response of the low-level Asian summer and winter monsoon and
high-level westerly circulations is analyzed here. The differences in
the JJA 850 hPa wind vectors, between the MWP and LIA, in the seven
models are shown in Fig. 7. In CCSM4, obvious and statistically signifi-
cant westerly wind anomalies are simulated over southern and south-
eastern Asia in summer (Fig. 7a). This indicates that the Indian
monsoon is stronger during the MWP compared to the LIA. Over East
Asia, the intensified southerly winds in the northern region enhance
the movement of water vapor from the ocean to the continent. Similar
with CCSM4, the simulated Indian and East Asian monsoons, by the
HadCM3, CSIRO-MKk3L-1-2, MPI-ESM-P and GISS-E2-R experiments,
are also intensified during the MWP, characterized by anomalous west-
erly and southerly winds, respectively (Fig. 7b, d-f). The responses of

the Asian monsoon circulation are closely associated with the strength-
ened ocean-land thermal contrasts (Fig. 5). Over the 200 hPa isobaric
surface, the Bonin high simulated in most models is significantly
intensified during the MWP (Fig. 8), which contributes to the clockwise
circulation anomalies over northern East Asia (Fig. 7a, d-f). In addition,
the simulated Tibetan high is also strengthened, although this is not as
evident as the Bonin high.

In contrast to the summer monsoon, the differences in East Asian
winter monsoon, between the MWP and LIA simulated by the models
are quite inconsistent (Fig. 9). Statistically significant southerly wind
anomalies over the East Asian regions are detected by three of the
models (CCSM4, HadCM3 and GISS-E2-R), indicating that the East
Asian winter monsoon is weaker during the MWP. In contrast, anoma-
lous northerly winds are simulated by the other four models, which
does not support the traditional viewpoint that the winter monsoon is
usually stronger during colder periods. Although the changes in winter
precipitation are not very remarkable, we can still see that weaker win-
ter monsoon winds are accompanied by wetter conditions over most
parts of East Asia during the MWP, but stronger winter monsoon
winds can induce drier conditions (Fig. 9). In south Asia, the winter
monsoon circulations are intensified during the MWP according to the
CSIRO-MK3L-1-2, MPI-ESM-P, GISS-E2-R and IPSL-CM5A-LR models
(Fig. 9d-g), and no model simulates a weaker Indian winter monsoon
during the MWP compared to the LIA.

In the upper atmosphere, the westerly winds dominate at the mid-
latitudes (about 40°N) and a maximum center of the westerly jet stream
emerges across central Asia to Japan. The differences in the mid-latitude
westerly winds over Asia in winter between the MWP and LIA, in the
seven models are mostly obvious (Fig. 10). In the zonal belt of 30-
50°N, the westerly wind velocities during the MWP are significantly
larger than during the LIA in five of the model simulations (HadCM3,
CSIRO-MK3L-1-2, MPI-ESM-P, GISS-E2-R and IPSL-CM5A-LR). The
increases during the MWP are different in their magnitude, with the
largest being produced by the MPI-ESM-P simulation, consisting of a
maximum center of approximately 1.6 m/s over northern China. Over
the westerly jet region, the simulated wind speeds are consistently
higher during the MWP, which indicates that the Asian jet tends to be
strengthened during warm periods. However, the changes in the west-
erly winds are not remarkable in either of the CCSM4 and BCC-CSM1-1
simulations and the differences between the MWP and LIA are rarely
statistically significant over the whole of Asia. The changes in the
thermal structure in the middle to high levels vary similarly among
the different models (Fig. 11). Over the extratropical regions, the atmo-
spheric warming during the MWP gradually decreases from the lower
to the higher latitudes and in some model simulations (MPI-ESM-P,
GISS-E2-R and IPSL-CM5A-LR) the positive temperature anomalies are
reversed, to be negative, over Japan and the Sea of Okhotsk. The uneven
temperature changes result in an intensified meridional thermal
gradient, which facilitates the intensification of the westerly jet over
Asia (Fig. 10).

3.3. Precipitation rate

The changes in precipitation over Asia at the multi-decadal to cen-
tennial timescale, simulated by the LM experiments, are examined in
three climate zones: the Indian monsoon region (70-100°E, 10-25°N),
the East Asian monsoon region (105-120°E, 25-45°N) and the inland
arid region (60-90°E, 40-50°N). The anomalies of the averaged June-
July-August (JJA) precipitation rates over the Indian monsoon region,
simulated by the seven models, and their periods are shown in Fig. 12.
All models have consistently simulated strong fluctuations on the
multi-decadal to centennial scales in the south Asian rainfall, although
the amplitudes vary. In the IPSL-CM5A-LR and MPI-ESM-P experiments,
the changes in precipitation are restricted to a range of approximately
0.4 mm/d during the last millennium but the range increases to
0.8 mm/d in the CCSM4 experiment. Among the models, it is difficult
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Fig. 5. Differences in the JJA surface temperatures over Asia between the MWP and the LIA. Shaded areas show the regions that are statistically significant at the 95% confidence level.

to detect similar changes in phase, to the contrary, the phase responses
in the different models differ distinctly, and are even opposite during
some time periods. The multi-decadal variability in precipitation is the
most intense, with the main periods being 40-60 years long for the
MPI-ESM-P and HadCM3 experiments, and 60-80 years for the GISS-
E2-R, IPSL-CM5A-LR and BCC-CSM1-1 experiments; both phases of
variation are seen in the CCSM4 simulation (Fig. 12). However, the
solar cycles are missed in all seven models, which implies that changes
in precipitation simulated by the models are not forced by the changes
in solar irradiation.

The correlation coefficients between the south Asian precipitation
rates and radiative forcing are much smaller than those for surface

temperature (Table 3); the best is found with the CCSM4 simulation
(0.62). In other models, although the correlation coefficients are even
less than 0.62, some of them are still statistically significant. In the
IPSL simulation, the correlation is negative (—0.21). Despite the tem-
perature differences between the MWP and LIA, the corresponding dif-
ferences in the south Asian precipitation are not very evident for most
models (Table 4), which indicates that the temperature differences do
not lead to remarkable changes in precipitation. Only two models
(CCSM4 and CSIRO-MKk3L-1-2) simulated significant positive anomalies,
that is, the JJA precipitation is larger during the warmer MWP. At the
four radiation minima, the precipitation simulated by CCSM4 is consis-
tently at its lowest levels; however, this agreement does not occur in the



Z. Shi et al. / Global and Planetary Change 139 (2016) 195-210

(a) CCSM4

60°N

201

. (b) HadCM3

50°N-

40°N-|

30°N

\

60°N

N
60°E 80°E 100°€ 120% 140°

() BCC-CSM1-1

160°E

EQ T T T f
40°E 60°E 80°E 100°E 120°E

(d) CSIRO-Mk3L-1-2

60°N

SO°NA—_  ——02

40°N-
30°N-
20°N-
.2/
10°N+ b
EQ T T y . EQ T T = f ;
40°E 0°E 80°E 100°E 120°E 140°€ 160°E  40°E 60°F 80°E 100°E 120°F 140°E 160°E
oo &) MPLESM-P s D GISS E2R

120°E
(g) IPSL-CM5A-LR

SN
100°E

)
T
100°E 120°E 140°E 160°E

60°N

50°N-
40"N*>
30°N

20°N

EQ T T
40°E 60°E 80°E

b
T
100°E

120°E 140°€ 160°F

Fig. 6. Differences in the DJF surface temperatures over Asia between the MWP and LIA. Shaded areas show the regions that are statistically significant at 95% confidence level.

other models. In particular, some of the radiation minima correspond to
peaks in precipitation levels in the BCC-ESM1-1 and HadCM3 experi-
ments (Fig. 12). This implies that cooler conditions do not always lead
to the suppression of rainfall. In summary, few models simulate a
sensitive response of the south Asian JJA precipitation to the variations
in radiative forcings during the last millennium.

In East Asia, multi-decadal variations in JJA precipitation rates are
also simulated by all of the models, with amplitudes of 0.4 mm/d
(Fig. 13). Some models (e.g., CCSM4 and CSIRO-Mk3L-1-2) simulate
changes in the East Asian precipitation that are smaller than those
simulated in the south Asian precipitation (Fig. 12). The phase
responses of precipitation are distinctly different among the models,

so that consistent results are hardly ever found in any two models. It
is also difficult to present an in-phase or out-of-phase relationship
between the variations in the East and south Asian precipitation rates.
This complexity of phase responses indicates that there are strong
model dependencies in the simulated Asian monsoon rainfall.

The periods of East Asian precipitation occur on 60-80 year cycles, at
a 99% confidence level, in most models (CCSM4, BCC-CSM1-1, IPSL-
CM5A-LR and GISS-E2-R). Notably, the primary cycle that occurs in
the HadCM3 simulation is ~87 years, in good agreement with the
Gleissberg solar cycle, supporting the potential role of solar irradiation
on the changes in precipitation. However, the correlations between
the East Asian precipitation rates and radiative forcing are either
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relatively weak or not significant at all (Table 3). The largest coefficients
are approximately 0.4, simulated by the CCSM4 and HadCM3
experiments. The differences in precipitation between the MWP and
LIA are statistically significant in four models, being about 0.1 mm/d
(Table 4). At the radiation minima, the precipitation levels simulated
in East Asia are not always at their lowest (Fig. 13), similar to that
found for the south Asia (Fig. 12).

Spatially, the differences in precipitation between the MWP and LIA
in CCSM4 are positive over most of the monsoon regions, including
India, the Bay of Bengal, southeastern China and northern China
(Fig. 7a). Three models (BCC-CSM1-1, CSIRO-MKk3L-1-2 and GISS-E2-

R) simulated an increase in precipitation over the Indian Peninsula
and a decrease in precipitation over southeastern Asia, but the
HadCM3 experiment modeled an increase in precipitation over south-
eastern Asia (Fig. 7b-d, f). Larger MWP precipitation levels occur over
most parts of East Asia, including eastern China and the adjacent seas
in HadCM3, CSIRO-MK3L-1-2, MPI-ESM-P, GISS-E2-R and IPSL-CM5A-
LR simulations. The exception is in the BCC-CSM1-1 simulation, which
shows a negative difference between the MWP and the LIA; however,
this difference is not significant. Japan is consistently found to be drier
during the MWP, by the CCSM4, CSIRO-Mk3L-1-2 and MPI-ESM-P
models, which is closely linked with the simulated anti-cyclone
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anomalies over this region (Fig. 7). In brief, the spatial pattern of the
precipitation response is quite complicated especially over low-
latitude regions, although most of the models have simulated stronger
Indian and East Asian monsoon circulations.

Changes in the annual precipitation rates over the arid region in cen-
tral Asia, simulated by the seven models, are small over the past millen-
nium (Fig. 14). In the CCSM4, BCC-CSM1-1 and CSIRO-MK3L-1-2
simulations, the precipitation levels are periodical, with peaks every
60-80 years, similar with those over East and south Asian areas; howev-
er, no significant cycles are simulated in the other four models at the
99% confidence level. The MWP-LIA simulated differences are quite

limited, and in most cases they are not statistically significant (Figs. 7,
9). The 99% confidence anomalies in the CSIRO-Mk3L-1-2 simulation
are negative, which indicates that the central Asian rainfall during the
MWP might be weaker than during the LIA.

In order to further examine the precipitation responses to radiative
forcing, the variations in precipitation in LM and preindustrial experi-
ments by CCSM4, one with external forcing and the other without, are
compared (Fig. 15). The NH temperatures are nearly unchanged over
time, in the simulation without the radiative forcing. No solar cycle is
detected and significant cyclical periods of about 60-70 years are actu-
ally associated with the internal oscillations of the climate system.
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Further, the responses of the NH temperatures to the internal oscilla-
tions are much smaller than those to the external radiative forcing
(Fig. 15). This remarkable effect of radiative forcing on temperature
is not seen in the precipitation rates over all three of the climatic
zones in Asia. The amplitudes of precipitation variation in the
experiment without radiative forcing are similar to those in the
forcing experiment with radiative forcing, and their periods are
also restricted to 40-80 years (Fig. 15); this supports the notion
that the variations in precipitation during the last millennium are
primarily controlled by internal dynamics, and the role of external
radiative forcing is limited.

4. Discussion
4.1. Model-data intercomparison

In order to compare the simulated and reconstructed climates over
Asia, we chose several proxy data, mainly derived from historical docu-
ments, tree rings, stalagmites and lake deposits, which reflects the
climatic variation during the last millennium. As the reconstructed
temperature data indicate, the MWP and LIA stages existed over East
Asian continent; they shared similar features with the whole of the
NH, in that the warmer period during medieval times ended during
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the 12th century and the colder period was present from the 15th to the
19th centuries (Yang et al., 2002; Wang et al., 2007). The temperatures
over the western tropical Pacific also present an obvious long-term
cooling trend from the MWP to the LIA (Newton et al., 2006). The
model simulations also show temperature differences between the
two periods and positive anomalies occur over nearly the whole of the
Asian region in both summer and winter, although in some simulations
the differences are not significant. Overall, both the models and recon-
structed data support the notion of temperature variation at the
centennial-scale over Asia, during the last millennium.

Due to the various responses of the multi-decadal fluctuations in
the Asian precipitation rates that occur in both the reconstructions

and simulations, it is difficult to check the model-data consistency
in this respect. Therefore, we focus here on the differences between
MWP and LIA. Among the seven models in the ensemble, two simu-
lated a significant increase in the south Asian precipitation during
the MWP, compared to the LIA, while the other models showed
quite a limited response. Although the differences are not spatially
homogeneous, most of simulations present greater levels of precipi-
tation over the Indian peninsula during the MWP. The remarkable
decreases from the MWP to the LIA are also observed in the retrieved
precipitation data from stalagmite records in central India (Sinha
et al.,, 2011). However, another rainfall record in northeastern India
(Sinha et al., 2011) shows the opposite trend between the MWP
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Fig. 11. Differences in the mean temperatures at 200-500 hPa level, between the MWP and

and LIA, highlighting that there were regional differences in the re-
sponse of the Indian monsoon.

Resulted from the intensification of the summer monsoon, the
simulated precipitation levels over East Asia are similar among
most of the models, in that larger precipitation rates occurred during
the MWP for the whole of eastern China. A synthesized precipitation
record, derived from the stalagmite data and historical documents
Tan et al. (2011), proposed a warm-humid/cool-dry pattern in
northern central China over the past 1800 years. The MWP was gen-
erally accompanied by more rainfall, whereas the LIA was character-
ized by droughts. Zhang et al. (2008) also suggested that the East

A
100°E 120°F 140°F 160°E

LIA. Shaded areas show the regions that are statistically significant at the 95% confidence level.

Asian monsoon was stronger, and so the precipitation was heavier,
over northern China during the MWP than that in the LIA. These
proxy data indicate a wetter climate during the MWP in northern
China, which is qualitatively consistent with the model-ensemble re-
sults. In contrast, another reconstructed record presents a different
rainfall pattern of variation over eastern China; in particular,
droughts dominated over the south of the Yangtze River during the
ninth to twelfth centuries and then from the middle of the thirteenth
century the region was subject to flooding (Zheng et al., 2006). In one
of our model simulations (CCSM4), which employs a relatively high
resolution, the larger precipitation levels during the MWP do not
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occur over eastern China and the change in summer rainfall reverses
in the Yangtze River valley, implying a drier MWP in this region.

In contrast to the monsoonal areas, precipitation in the arid central
Asia, follows the opposite pattern at the centennial-scale, possibly led
by changes in the westerly jet stream. A synthesized moisture curve
for central Asia, which covers the past millennium, indicates that a
relatively dry condition lasted in the MWP from the eleventh to the thir-
teenth centuries, and then the moisture increased to high precipitation
levels during the LIA (Chen et al., 2010). The models fail to simulate the
negative rainfall anomalies during the MWP, compared to the LIA,
despite the fact that in most of them the westerly jet in Asia is strength-
ened. Significant precipitation differences over central Asia as a whole
are only detected in two models; the MWP minus the LIA anomaly in
one model is negative but in the other it is positive. Thus, the model en-
semble does not support the distinct climatic patterns between central
Asia and the monsoonal areas in Asia.

4.2. Sensitivity to external forcings

In the multi-model analysis, the simulated NH temperatures are
consistently found to be sensitive to the external radiative forcings.
Significant annual temperature differences between the MWP and LIA
are found among the model simulations, although the sensitivity
coefficients are different (the smallest is 0.38 °C-m?/W, in BCC-CSM1-
1 and the largest is 1.40 °C-m?/W, in CCSM4). These externally-forced

Table 4

Differences in Asian precipitation rates (mm/d) between the Medieval Warm Period and
the Little Ice Age. **/* indicates statistically significant differences at 99%/95% levels,
respectively.

CCSM  HadCM  BCC CSIRO MPI GISS  IPSL
South AsianPr ~ 0.16* —0.06 0.05 0.21**  0.05 0.02 —0.06
East Asian Pr 0.04 0.11* —0.08 0.07 0.10* 0.12** 0.09%
Central Asian Pr  0.01 0.0 0.02* —0.02** 0.01 0.0 0.0

temperature variations during the last millennium are in agreement
with previous studies (Bertrand et al., 2002; Ammann et al., 2007).
The Asian monsoon and westerly winds, which are directly controlled
by the changes in temperature, respond to the differences in radiative
forcing. Most models capture a stronger summer monsoon wind and
westerly jet during the MWP, than the LIA, although the regions
where their differences are statistically significant are not the same;
this sensitivity of the circulations to changes in radiation have previous-
ly been simulated (Liu et al,, 2011; Man et al., 2012). It is also important
to consider the distinct responses between the Asian summer and win-
ter monsoon circulations in the model simulations. In contrast to the
simulated stronger summer monsoon during the MWP in most models,
the change in the winter monsoon is not consistent; this implies that the
warmer conditions prefer a stronger summer monsoon, but the colder
conditions do not prefer a stronger winter monsoon, at least in the
models.

The models do not capture a significant response of Asian monsoon
precipitation to radiative forcing. This simulated weak response of the
East Asian summer precipitation is distinctly different from other nu-
merical experiments, which have suggested that the solar and volcanic
activities are the dominated forcings for the East Asian monsoon
(Liu et al., 2011; Man et al., 2012). In these two studies, remarkable
differences were simulated between the MWP and the LIA, or obvious
decreases occurred during the minima of radiative forcing. This
disagreement, between previous studies and the present one, may be
a result of different forcings in the experiments or different definitions
of the MWP and LIA. In Liu et al. (2011), the solar irradiation chosen
to force their model was several times larger than that preferred by
the PMIP3 framework, and of the two, the latter are thought to be
more realistic. Thus, our results show that when the radiative forcing
is not as strong, it is unable to drive a significant response of Asian mon-
soon precipitation. The periods of the MWP and LIA in Liu et al. (2011)
and Man et al. (2012) only cover 100 years, which is much shorter
than this study; the shorter periods may overestimate the contributions
from external forcing, because the internal oscillations within the
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Fig. 13. Simulated 31 year averaged East Asian summer precipitation rates (mmy/d, left panel) and their periods (year, right panel) during the past millennium. Pink shading indicates the
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climate system (e.g., Atlantic Multi-decadal Oscillation) can also affect
the Asian monsoon on the multi-decadal to centennial timescales.

In addition to the amplitude, the forced mode of the East Asian sum-
mer precipitation is also different among the models. Five of the models
in our study simulate increases in the summer precipitation over

eastern China (Fig. 11), which is consistent with Liu et al. (2011). This
forced mode of the East Asian precipitation is distinct from the observed
multi-polar pattern on the interannual timescale and the so-called
“south-flood-north-drought” pattern that occurs on the decadal time-
scale. In contrast, a tripolar pattern of the summer precipitation is

Fig. 14. Simulated 31 year averaged Central Asian annual precipitation rates (mmy/d, left panel) and their periods (year, right panel) during the past millennium. Pink shading indicates the
periods of minimal radiative forcings and the 88 year solar cycles in the left and right panels, respectively. T-test curves for the 95% and 99% confidence levels are also shown for reference.
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simulated in CCSM4, which is characterized by a negative anomaly over
the Yangtze River valley and two positive anomalies over tropical and
northern China. This feature is consistent with the results of Man et al.
(2012), although the simulated responses of the circulation are not
the same. Thus, the variations in East Asian rainfall during the last mil-
lennium are highly model-dependent; the discrepancies among the
models might originate from the different spatial resolutions and the
model performances. Anyhow, our results indicate that the Asian mon-
soon rainfall is not substantially influenced by external forcings, which
is different from the findings of previous studies that have used both
modeling and proxy data (Agnihotri et al., 2002; Zhang et al., 2008;
Tan et al,, 2011; Liu et al,, 2011; Man et al., 2012).

5. Conclusions

Using the outputs from last millennium (A.D. 850-1850) experi-
ments by seven coupled ocean-atmosphere models, the variations of
Asian climate and the differences between the MWP and LIA have
been analyzed, in order to evaluate the effect of solar irradiation and
volcanic forcing. The surface temperatures over Asia, similar to the
temperature changes at the hemispheric-scale, undergo a remarkable
change from the MWP to the LIA, as a direct response to the weakening
of radiative forcing that occurs during this period. Following changes in
the thermal structure, the intensified ocean-land contrast in tempera-
tures during summer lead to stronger Asian summer monsoon winds
in the MWP, compared to the LIA. Significant anomalies also occur in
changes to the Asian westerly jet during winter. These consistent
features in the different models indicate that the variations of tempera-
ture and associated circulations during the last millennium, are forced
responses to the external radiative forcing.

During the modeling years, strong multi-decadal to centennial vari-
ations also occur in the Asian monsoon precipitation; however, these
variations are strongly model-dependent. Although some differences
between the MWP and LIA are captured in certain models, nearly all
of the models fail to simulate the weaker-radiation-less-rainfall rela-
tionship, for both the East and south Asia regions. Thus, it is concluded
that the monsoon-associated precipitation is not sensitive to the exter-
nal radiation changes and more likely a result of internal oscillations.
The question of whether, and how, the solar irradiation and volcanic
forcings affect the Asian climate needs further, extensive researches.

By gaining a comprehensive knowledge of the variability and mecha-
nisms behind the Asian climate during the last millennium, we would
be able to provide authentic constraints for future climate change.
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