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Abstract

We use proxy data and modeled data from 1000 yr model simulations with a variety of
climate forcings to examine the occurrence of severe events of persistent drought over
eastern China during the last millennium and to diagnose the mechanisms. Results
show that the model was able to simulate many aspects of the low-frequency (periods
greater than 10yr) variations of precipitation over eastern China during the last mil-
lennium, including most of the severe persistent droughts such as those in the 1130s,
1200s, 1350s, 1430s, 1480s, and the late 1630s—mid-1640s. These six droughts are
identified both in the proxy data and in the modeled data and are consistent with each
other in terms of drought intensity, duration, and spatial coverage.

Our analyses suggest that monsoon circulation can lock into a drought-prone mode
that may last for years to decades and supports the suggestion that generally reduced
monsoon in eastern Asia were associated with the land—sea thermal contrast. Study on
the wavelet transform and spectral analysis reveals six well-captured events occurred
all at the drought stages of statistically significant 15-35yr timescale. A modeled data
intercomparison suggests that solar activity is the primary driver in the occurrence of
the 1130s, 1350s, 1480s, and late 1630s—mid-1640s droughts. Although the EIl-Nifio—
Southern Oscillation (ENSO) plays an important role in monsoon variability, a tempo-
rally consistent relationship between the droughts and SST pattern in the Pacific Ocean
could not be found in the model. Our analyses also indicate that large volcanic erup-
tions play a role as an amplifier in the drought of 1635—-1645 and caused the model to
overestimate the decreasing trends in summer precipitation over eastern China during
the mid-1830s and the mid-1960s.
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1 Introduction

Drought is a great recurring extreme climate event that strikes eastern China. Due
to the significant impacts of climate extremes on economy, society, and environment
(Easterling et al., 2000; Changnon et al., 2001; IPCC, 2002), droughts have been re-
ceived increasing attention in recent years. In particular, severe multiyear droughts, be-
cause of their long durations and wide area coverage, can have devastating effects. For
example, the most recent drought of this type, which occurred during the 1960s, is the
most severe multiyear drought of the late 20th century over eastern China and caused
more than 1 million deaths (http://www.intute.ac.uk/hazards/Droughts-timeline.html;
Shen et al., 2007).

Based on the instrumental and historical data in China, considerable effort has been
made to reveal the occurrence of drought events on temporal scales that range from
seasons to years. Work to reconstruct drought status from historical record analysis
over eastern China revealed that severe large-scale droughts have occurred many
times during the last millennium, with the most severe droughts in the 12—-13th and
15—17th centuries and fewer such ones since the middle of the 17th century (Zheng
et al., 2006). These efforts have primarily focused on characteristics of droughts — such
as their genesis and development, severity, and resulting damages and losses — and
elucidating the relationship between drought and temperature (e.g., Wang and Zhao,
1979; Zhang, 1988; Zhang and Crowley, 1989; Yan et al., 1992; Qian et al., 2003, 2012;
Shen et al., 2007).

It is also important to understand the causes, and thereby improve predictions, of
droughts. The precipitation change over eastern China is mainly driven by the Asian
summer monsoon (ASM), which is divided into two strongly nonlinear interacting sub-
systems: the east Asian summer monsoon (EASM) and the Indian summer monsoon
(ISM) (Wang et al., 2001). Wang et al. (2000b) used observational data of years 1951—
1996 to study possible causes for drought in northern China, and found that the western
Pacific subtropical high and meridional monsoon circulation in the middle latitudes over
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eastern Asia are responsible for the occurrence of summer rainfall in northern China.
On the basis of reconstructions of precipitation variability over large-scale monsoon
Asia, together with reconstructions of monsoon variability, it appears that four out of
five episodes of “monsoon megadroughts” during the Little Ice Age (LIA) occurred over
monsoon Asia within a period of generally reduced monsoon strength in Asia between
AD 1300 and 1700 (Sinha et al., 2011b). Several candidate forcing factors that are
important and potentially independent mechanisms for monsoon failures have been
linked to the occurrence of droughts over eastern China, including solar activity (Liu,
2009; Zhang et al., 2010; Sun, 2012), volcanic eruptions (Xu, 1986; Shen et al., 2007;
Peng et al., 2009b; Zhang et al., 2010, 2012), anomalous sea surface temperature such
as the El Nino—Southern Oscillation (ENSO; e.g., Huang and Wu, 1989; Liu and Ding,
1992; Zhang and Xue 1994; Lau and Weng, 2000; Li et al., 2005, 2010; Shen et al.,
2007) and Pacific Decadal Oscillation (PDO; e.g., Zhu and Yang, 2003; Shen et al.,
2006), and anomalous sea level pressure such as North Atlantic Oscillation (NAO;
e.g., Sung et al., 2006; Yang et al., 2012; Barriopedro et al., 2012).

The modeling approach, as a powerful tool, allows us to study the characteristics
of severe persistent drought during the last millennium and provides important insights
into the mechanisms that cause these climate variations. Most general circulation mod-
els (GCMs) have often been used to simulate precipitation changes for the region as
well as more frequent and extreme departures from mean conditions, including se-
vere droughts, and the related large-scale atmospheric circulation (Seager et al., 2005;
Meehl and Hu, 2006; Yu et al., 2013). Based on a 1360 yr control run from a global cou-
pled climate model, Meehl and Hu (2006) linked the megadroughts in the southwest-
ern United States and the Indian monsoon regions, which represent extreme events
of naturally occurring multidecadal precipitation variations, to the dominant pattern of
multidecadal SST variability in the Indian and Pacific oceans. Another modeling study
suggested that variations in solar insolation are the main drivers for the SST anomalies
in the Indian Ocean (Polanski et al., 2013). Analysis of the simulations produced by
Earth system models indicates that the long-term changes of the east Asia summer
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monsoon are dominated by the land—sea thermal contrast change (Man et al., 2012),
which may be associated with the variations in external radiative forcing (insolation,
volcanic aerosol, and greenhouse gases) coupled with the remote impact of the inter-
nal dynamics of climate modes in the oceans, such as ENSO and PDO, suggested
by other model studies (Liu et al., 2011). However, few works have focused on un-
derstanding the occurrence of the severe decadal droughts in China, although studies
to date have revealed some extreme persistent drought events over the last thousand
years (e.g., Zhang et al., 2005; Zheng et al., 2006; Shen et al., 2007; Qian et al., 2012).

In this study, we will examine the occurrence of severe events of persistent drought
over eastern China (east of 105° E, 25—40° N) during the last millennium by combining
proxy and modeled data and will explore possible causes for severe persistent drought
events using the simulated data.

2 Data and model

The data used in this study include proxy and modeled data of summer precipitation
(May—September) over eastern China. The former is a data set of the dryness—wetness
index (DWI1), a proxy data set of summer rainfall over eastern China from 1470 to 2000
derived from Chinese historical documents and instrumental measurements (CNMA,
1981; Zhang et al., 2003). This index uses five grades (1 — very wet, 2 — wet, 3 — nor-
mal, 4 — dry, 5 — very dry) to describe climate conditions. The relative frequencies of
five grades —i.e., 10, 25, 30, 25, and 10 % — are defined by observed summer rainfall
anomalies (Zhang, 1988; Wang et al., 2000b). Additionally, 1000 yr time series of re-
gional DWI over eastern China (east of approximately 105° E, 25-40° N) reconstructed
by Zheng et al. (2006) are also analyzed. This data set with 10 yr time resolution is also
derived from Chinese historical documents.

Modeled data are four 1000 yr simulations of CCSM2.0 developed by the National
Center for Atmospheric Research (NCAR; Kiehl and Gent, 2004). The model com-
prises four components of the climate system: the atmosphere, ocean, land surface,
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and sea ice. These components are linked via a flux coupler without flux corrections.
The atmospheric component is a primitive equation model with T31 in horizontal reso-
lution (~ 3.75° in latitude and longitude) and 26 hybrid-coordinate levels in the vertical.
The land component has the same horizontal grid as the atmosphere and includes 5
different surface types (glacier, lake, wetland, urban, and vegetated) with 4 to 16 differ-
ent vegetation types. The ocean component is the NCAR implementation of the POP
(Parallel Ocean Program; Smith and Gent, 2002) and has a longitudinal resolution of
~ 3.6° and variable latitudinal resolutions of ~ 1.8° and up to ~ 0.9° in the tropics. The
sea-ice component is a dynamic—thermodynamic model with the same horizontal grid
as the ocean component. Four simulations including a control run, a run with orbital
and solar forcing, a run with orbital and volcanic forcing, and another run with full forc-
ing are conducted (Peng et al., 2009a). Forcing time series used in runs include the
global and seasonal change of the orbital insolation (Berger, 1978), solar variation and
volcanic eruption (Crowley et al., 2003), and greenhouse gases (Ammann et al., 2007).

3 Defining an index of the eastern Asian land-sea heat source difference

The occurrence of the EASM variability is a consequence of the atmospheric response
to the diabatic heating between the ocean and the land (Li and Yanai, 1996). Sun
et al. (2002) found the EASM region to be not only under the effect of zonal but also
meridional land—sea thermal difference. Sun et al. (2000) defined an index of land—sea
thermal difference (ILSTD) that includes zonal and meridional land—sea thermal differ-
ence. Zonal thermal difference is defined as surface temperature difference between
eastern China (the land at 27-35° N and east of 105° E) and the northwestern Pacific
(15-30° N, 120-150° E). Meridional thermal difference is defined as surface tempera-
ture difference between southern China (the land south of 27° N and east of 105° E) and
the South China Sea (5-18° N, 105—-120° E). The zonal thermal difference accounts for
80 % of the land—sea thermal difference, and the meridional thermal difference ac-
counts for 20 %.
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4 Results

Figure 1 shows the precipitation variation in proxy data and full-forcing modeled data
over eastern China during the last 1000 yr. Two DWI series and the modeled data have
all been subjected to a 10 yr running mean to remove the effects of interannual variabil-
ity and to retain variability on timescales of just under a decade and longer. The general
impression from the figure is that the simulation produces a time temporal variability
similar to that observed in proxy data except during the periods of 1360-1420, the 16th
century, and after 1820. We note the long poor matches between model and proxy
data occur in the last century. One possible reason is that our model overestimates
the response to increasing greenhouse gas forcing. The greenhouse-gas-induced in-
creasing of summer precipitation over eastern China (Peng et al., 2009a) is largely
overwhelming the other forcings. An alternative is that a number of potentially impor-
tant forcings are not considered in the simulations studied here, such as the climate ef-
fects of black carbon aerosols (Xu, 2001; Menon et al., 2002) and human-induced land
cover changes (Fu, 2002, 2003). Both the model and proxy data show that the variabil-
ity of summer precipitation over eastern China exhibits fluctuations on the decadal and
centennial timescales. On the centennial timescales, both the simulation and recon-
struction show that the 12th, 15th, 16th, 17th, and 19th centuries encountered more
occurrences of drought conditions than 11th, 13th, 14th, and 18th centuries, while the
model underestimates the frequency of droughts in the 20th century due to the reasons
mentioned above.

Here, we focus on the decadal timescale droughts. Severe decadal droughts in the
model are defined as periods with a precipitation anomaly of at least widespread (over
eastern China, east of 105° E, 25-40° N), persistent (more than 5yr), and great pre-
cipitation anomaly (severe drought). To identify these events, we used -0.43 as the
threshold to classify the severity of severe, based on the normalized time series of
10yr running mean of precipitation for eastern China, meaning that the probability of
drought occurrence is 10 % (Solomon et al., 2007a). This approach of defining drought
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years was also employed by Yu et al. (2013). The same approach is also applied to
identify the severe decadal drought in the proxy data. We selected the periods of at
least five consecutive years with a precipitation anomaly of at least 1.28 times the
standard deviation lower than the mean value based on the 1000 yr DWI series, mean-
ing that the probability of drought is 10 %. In this classification, the proxy data show
that 10 severe decadal droughts have occurred during the last millennium, and most of
them are produced by the model, i.e., the droughts of the 1130s, 1200s, 1350s, 1430s,
1480s, and the late 1630s—mid-1640s (Table 1). However, the model underestimates
the severity and length of the 1070s and 1170s droughts and misses two droughts in
the 16th century detected in the proxy data. Figure 1 and Table 1 also reveal some
rather peculiar model behavior during the early 1000s, mid-1410s, mid-1830s, and
mid-1960s. Compared to the proxy data, it is obvious that the model overestimates the
drought conditions during the period from 1000 to 1004, which could be attributed to
the initial starting condition. Although the proxy data show a very wet period occur-
ring from 1416 to 1422 over eastern China, severe drought conditions are found using
other proxy data in other regions over monsoon Asia, such as in India (Sinha et al.,
2007), central China (Zhang et al., 2008), and southern Vietnam (Buckley et al., 2010).
This spatiotemporal pattern during the 1410s revealed by the proxy data over monsoon
Asia is associated with the warmer tropical Indian and western Pacific oceans as well
as the cooler tropical eastern Pacific Ocean (Graham et al., 2010), which the model
cannot produce (not shown). Although significant decreases in summer precipitation
over eastern China during the 1830s and 1960s are observed in the proxy data, the
climate in these two periods was still considered to be at wet or normal conditions.
Thus it seems the model overestimates the decreasing trends in summer precipitation
in the periods of the 1830s and 1960s. Next, these six well-captured droughts that we
have mentioned above will be focused on.

Figure 2 shows maps of the model summer precipitation anomalies for six well-
captured droughts. For six droughts, dry conditions are all widespread across the en-
tire regions of eastern China, but with different drought centers. In the proxy data, the
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great drought during the period of 1482—-1489 stretched over most regions over east-
ern China (Fig. 2g), with the most severe conditions located in northern China (Sun
et al., 2012). The model produces this major drought, with the locations of maximum
drought in the middle—lower Yangtze River valley (Fig. 2e). In the proxy reconstructions
(Shen et al., 2007; Cook et al., 2010), between 1638 and 1641 the entire eastern China
experienced drought, with the driest conditions centred in the north of China (Fig. 2h).
The model produces this widespread drought, as well as the increased severity in the
north of China (Fig. 2f). Thus, in terms of drought intensity, duration, and spatial cov-
erage, these six droughts over eastern China revealed by our model are consistent
with the results of proxy data. Among the six well-captured droughts, the first three
appeared in the warm period of Medieval Climate Anomaly (MCA), whereas the other
three occurred in the cold period of LIA. The question here is, since they happened
in different climatic background, which natural forcing causes these severe persistent
drought events with long periods of time, great intensity, and extensive coverage.
Anomalies of summer 850hPa winds during the six well-captured droughts are
shown in Fig. 3. They are characterized by the weakening of the 850 hPa southwest-
erly winds over eastern China, indicating a generally weaker EASM in these droughts.
This result is consistent with the previous proxy study from reconstructions of precipi-
tations and monsoon variability in monsoon Asia, which indicates a weak ASM during
the four megadroughts that occurred in the LIA (Sinha et al., 2011b). The model re-
sponse is also consistent with the modeling study, which shows that a weak EASM
often assumes an in-phase rainfall decrease of extratropical and subtropical precipita-
tion over eastern China (Liu et al., 2011). For changes of land—sea thermal contrast
that lead to the EASM monsoon changes suggested by Man et al. (2012), we used an
index of land—sea thermal difference (ILSTD) that describes its zonal and meridional
strength responsible for EASM circulation (Sun et al., 2000) in order to study its rela-
tion to the east Asian monsoon circulation and the summer rainfall over China during
these droughts (Fig. 4). Results show that the land—sea thermal difference is generally
strong during the MCA, weak during the LIA, and strong again after 1700. The results
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are consistent with the reconstructions of monsoon variability from the speleothem oxy-
gen isotope records in Wanxiang Cave (Zhang et al., 2008) and Dongge Cave (Wang
et al., 2005) in China, showing that the long-term changes of EASM are dominated
by the land—sea thermal contrast change. We observed six droughts that occurred in
the periods following remarkably weak index corresponding to the weak EASM, sug-
gesting that the weak summer monsoon during these droughts may be driven by the
changes of land—sea thermal contrast. The internal dynamics of climate modes in the
oceans, such as ENSO and PDO, and the external forcing of effective solar radiation
would contribute to the thermal changes that correspond to the weak EASM and hence
cause these severe decadal droughts.

To examine possible causes of these monsoon failures (droughts), first of all, wavelet
analysis is used to investigate how the dominant timescales of drought variability
change with time. Study on the wavelet transform in the 10 yr running average precip-
itation series has detected the cycle periods. Figure 5 shows the wavelet coefficients
for the timescales 8-128 yr over the period during the last thousand years. Bidecadal
variability (15—35yr) exists throughout the last millennium, and it is clear that for all
six well-captured droughts and the elevated aridity in the mean, bidecadal variability
is evident, with some statistically significant strength also in the multidecadal bands
(50-70yr). The presence of a bidecadal rhythm in eastern China precipitation variabil-
ity has been noted in the past from observations, proxy records, and other simulation
data over eastern China (Jiang et al., 1997; Zhu et al., 2001; Qi et al., 2001; Qian
et al., 2001, 2003, 2012; Liu, 2011; Shen et al., 2009). To examine possible attributions
of the 15-35 yr oscillation, we also conduct spectral analysis on the modeled summer
precipitation from the control run and solar run. As shown by Fig. 6d—f, the bidecadal
peaks in the 15-35yr variability revealed in the control run match those in the solar
forcing run, which is consistent with the length of cycles in oceanic records such as
the PDO, with fluctuations at periodicities of 15yr and 20-30yr, and with NAO fluctu-
ations at periodicities of 20 yr, and similar to solar radiation cycles of 22 yr in the Hale
solar magnetic cycle, suggesting that they could be associated with solar activity and
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internal variability of the climate system. Thus, it strengthens the argument we men-
tioned above that solar activity and the internal variability of the climate system may be
the drivers of these severe persistent drought occurrences.

As shown by Fig. 7, a temporally consistent relationship between the droughts and
SST pattern in the Pacific Ocean could not be found in the model. There is an El
Nifo-like SST pattern occurring during the droughts of 1133-1140 and 1482-1489;
a La Nina-like SST pattern occurring during the droughts of 1356—1360, 1439-1444,
and 1635-1645; and a neutral pattern occurring during the droughts of 1204—1210. By
comparing a series of proxy records that reflect changes in El Nifio frequency or the
mean state of ENSO in the tropical Pacific, Sinha et al. (2010) also found that there is
no conclusive evidence to suggest that the megadroughts in monsoon Asia were asso-
ciated with anomalous sea surface temperature anomalies that were solely the result of
ENSO-like variability in the tropical Pacific. As it is limited by the ability of simulating the
internal modes of variability, the model does not simulate a persistent negative PDO
at the episode of the first two droughts during MCA, as suggested by a 1000 yr tree-
ring-based reconstruction of the PDO (MacDonald and Case, 2005; Fig. 4). Figure 6b
shows the precipitation time series over eastern China during the last millennium in the
solar forcing run and the severe persistent drought events that were identified in the
same way in the full forcing run. Over the last thousand years, the effective solar radia-
tion forcing has experienced six periods of significant minimum; these occurred during
the periods of 950-1150, 1250-1350, 1400-1550, 1645-1715, and 1790-1830, and
around 1900. It is of interest to observe that all the severe decadal droughts identified
in the solar forcing run occurred following the minimum effective solar radiation forc-
ing except that during the Dalton Minimum (1790-1830). The droughts of the 1130s,
1350s, 1480s, and the late 1630s—mid-1640s detected in the full forcing run are also
identified in the solar forcing run, albeit with frequent phase shifts of severe years or
so, indicating that solar activity plays a dominant role in these droughts. The drought
of the 1430s is not identified in the solar forcing run, whereas the most severe sus-
tained drought condition was observed in the period between the 1440s and 1450s in
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the control run (Fig. 6a). However, that the agreement in timing between droughts in
the full forcing run and control run matches up is simply a coincidence. The drought
of 1200s was not detected in both the control and solar forcing runs, which is not un-
expected since a grand episode of higher solar activity appeared during this time and
the SST pattern over the Pacific Ocean in the model during this drought interval was
generally neutral, suggesting that other factors caused the drought events during the
period from 1204 to 1210.

One other possible forcing responsible for drought events occurring over eastern
China is volcanic eruption. Shen et al. (2007) suggested that large volcanic eruptions
could trigger exceptional droughts over eastern China. In our previous work (Peng
et al., 2009b), an analysis of response of summer precipitation over eastern China to
large volcanic eruptions showed that summer precipitation over eastern China signif-
icantly decreases in the year with lowest reduction in solar irradiance and the year
after. As shown in Fig. 8, there is no volcanic activity during the drought of 1430s and
1200s and wet conditions were produced in the volcanic forcing run. Thus some other
important climate modes, which are often connected with extreme climate events, may
have caused the drought of the 1200s, and future research into this drought is clearly
warranted. We note that during the drought of 1635—1645 — which is the most severe
sustained drought for eastern China in proxy data and the longest drought in modeled
data (Table 1) — one large volcanic eruption occurred. The eruption of Mt. Parker in
the Philippines in 1641 caused the lowest reduction in solar irradiance of ~15.6Wm™
in the next year (Fig. 8a), indicating volcanic eruption may play a role as an ampli-
fier of this event. In addition, explosive volcanism may also play an important role in
causing the other two drought events of 1834—-1841 and 1964—1969 in the full forcing
run, which could not be identified in the solar forcing run. One or more colossal vol-
canic eruption occurred during these two events: for example, Cosiguina in Nicaragua
in 1835 caused the lowest reduction value of —10.4 Wm™2 in the volcanic eruption year,
and Mt. Agung in Indonesia in 1963 caused the lowest reduction value of ~6Wm™2in
the next year (Fig. 8a). The responses to these eruptions are evident events in the full
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forcing run that caused more than a 1-o decrease in precipitation in 1644, 1835, and
1964 and more than a 2-o decrease in 1643, which is large enough to explain the ob-
served droughts. Our previous study (Peng et al., 2009b) suggested that this reduction
of summer precipitation over eastern China could be attributed to a weakening of sum-
mer monsoon and a decrease of moisture vapor over tropical oceans caused by large
volcanic eruptions. As shown in Fig. 8b, the 1830s and 1960s droughts detected in
the full forcing run are captured well in the volcanic forcing run, which strengthens the
argument that these two overestimated events are forced by volcanic eruptions. Thus,
our model overestimates the influences of volcanic eruptions on summer precipitation
over eastern China during these two periods.

5 Discussion and conclusions

We have presented results from model simulations of the severe persistent droughts
over eastern China during the last millennium. The CCSM2.0 forced by a variety of
climate forcings during the last millennium simulates many aspects of the observed
precipitation variations with periods of 10 yr or longer over eastern China except during
the periods of 1360-1420, the 16th century, and after 1820. On the decadal timescales,
eastern China experienced 10 major multiyear droughts during the last thousand years.
Although 2 great droughts in the 16th century are missed by the model and the rea-
son why is still not clear, the model does an impressive job at capturing 6 of these
10 droughts, i.e., the droughts of the 1130s, 1200s, 1350s, 1430s, 1480s, and the
late 1630s—mid-1640s. In particular, in terms of spatial coverage, these six persistent
drought events in the model are consistent with the results of the proxy data.

Our analysis suggests that the case for repeated occurrences of severe persistent
droughts identified both in proxy and modeled data is sufficiently compelling to suggest
that monsoon circulation can lock into a drought-prone mode that may last for years
to decades, and supports the suggestion that reduced monsoon in eastern Asia was
generally associated with the land—sea thermal contrast. The wavelet analysis of the
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summer precipitation variability over eastern China reveals that bidecadal variability
(15-35yr) exists and was prominent throughout the last millennium. It dominates in
the arid period of six well-captured droughts. A model—data intercomparison suggests
that the bidecadal oscillation could be associated with internal variability of the climate
system and the solar activities. It indicates that variations in solar insolation coupled
with the remote impact of the internal dynamics of climate modes are some of the major
drivers leading to persistent server drought over eastern China.

While the climate dynamics associated with the ENSO and its low-frequency coun-
terpart PDO have been shown to exert considerable, albeit intermittent, influences on
monsoon rainfall over eastern China during the instrumental period, our analysis of
simulation does not reveal a clear role of the ENSO in causing these severe decadal
droughts. Nonetheless, it would be premature to discount the role of the tropical Pacific
until additional unambiguous high-resolution ENSO sensitive proxy records become
available, and more climate model experiments should be performed using the new ver-
sion of CCSM, which has largely eliminated these biases in the simulations of ENSO in
CCSM2.0. The solar activities are the ultimate driver of four severe persistent droughts
over eastern China, as evidenced by the ability of the model to reproduce these when
only the solar forcing is specified. However, the factor that caused the droughts of the
1200s and 1430s is still not clear. Volcanic eruptions play a role as an amplifier during
the periods of 1635-1645, 1834-1841, and 1964—1969.

Due to the uncertainties in the forcing reconstructions and the models of chaotic
components of internal variability, models could not reproduce the exact variability
registered in the proxy data. Furthermore, drought events that occurred over eastern
China may have resulted from a series of complex climatic processes that are much
more complicated than those we discussed here. Thus, the results presented here
only allow for a tentative conclusion. If the modeling results regarding the relationship
between solar radiation forcing and drought events hold up, then the precursor of the
future eruption of the Changbaishan Tianqi volcano in northeastern China and the fact
that the Sun might enter an extended period of low activity similar to the Maunder
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Minimum in the 17th century will lead to a greater prevalence of drought over eastern
China in the future.
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Table 1. Severe decadal droughts over eastern China during the last millennium are identified
in proxy and simulated data. Bold-faced years are the droughts captured by both the proxy and

simulated data.
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1000-1099

1100-1199

1200-1299
1300-1399
1400-1499

1500-1599

1600-1699
1700-1799
1800-1899
1900-1999

— (~0.41)
1069-1078 (~1.85)
1131-1146 (-1.89)
1175-1180 (-1.58)
1201-1217 (-1.55)
1354-1359 (~1.56)
~(2.0)

1433-1440 (-1.69)
1482-1490 (-1.7)
1524-1529 (-1.55)
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~(0.52)

-(0)

1000-1004 (-0.63)
— (-0.23)
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— (-0.086)
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1356-1360 (—0.53)
1416-1422 (-0.63)
1439-1444 (-0.56)
1482-1489 (-0.79)
- (0.32)

-(0)

1635-1645 (—0.58)
1834-1841 (-0.56)
1964-1969 (-0.52)
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Fig. 1. The summer precipitation anomaly (May—September) from the modeled data (black
bars) and DWI from the proxy data (blue curve) of Zheng et al. (2006) over eastern China it DlEg il
during the last 1000yr (a, b).(c) Same as (b) but from the proxy data of Zhang et al. (2003)
during the last 530 yr. All data are 10 yr running averages.
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Fig. 2. Modeled precipitation anomalies of the six well-captured droughts (a-f) and the last two
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Fig. 6. The 10 yr running mean time series of standardized anomaly variations of summer pre-
cipitation rate derived from the control run (a) and solar forcing run (b), and the corresponding
spectra in the control run (¢) and solar forcing run (d). The statistical significance of the spec-
tral peaks was tested against the red noise spectrum at the 95 % (red dashed line), 90 % (blue
dashed line), and 50 % (green dashed line) confidence levels. The severe droughts in the solar
forcing run are shown with shaded bars, and those that are also observed in the full forcing run
are shown with red bars.
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Fig. 7. Same as Fig. 2 but for the global sea surface temperature pattern of the six well-captured Interactive Discussion

droughts.
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Fig. 8. Volcanic forcing series used by the model shown in Wm™2 (a). Time series of standard-
ized anomaly variations of summer precipitation rate derived from the volcanic forcing run (b).
Black curve represents 10 yr smoothed response. Red curve represents the 10 yr running mean
time series of standardized anomaly variations of summer precipitation rate derived from the
full forcing run.
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