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a b s t r a c t

There is a strong chance that 20th century warming will cause differences in precipitation distribution,
hydrological cycle and effective moisture changes over the globe. Arid central Asia (ACA), a unique dry-
land area whose atmospheric circulation is dominated today by the westerlies, is one of the specific
regions that are likely to be strongly impacted by global warming. An understanding of past variations in
effective moisture in such regions is an important prerequisite for the prediction of future hydrological
change. Here we evaluate spatial and temporal patterns of effective moisture variations documented by
different proxies from 17 records in ACA, and synthesize a decadal-resolution moisture curve for ACA
over the past millennium, using 5 of the 17 records selected on the basis of reliable chronologies and
robust proxies. The high- and low-resolution data all show that, over the past millennium, ACA has been
characterized by a relatively dry Medieval Warm Period (MWP; the period from w1000 to 1350 AD),
a wet Little Ice Age (LIA; from w1500 to 1850 AD) and increasing moisture during recent decades. As
a whole, the LIA in the ACA was not only relatively humid but also had high precipitation. Over the past
millennium, the multi-centennial moisture changes in ACA show a generally inverse relationship with
the temperature changes in the Northern Hemisphere, China, and western central Asia. The effective
moisture history in ACA also shows an out-of-phase relationship with that in monsoon Asia (especially
during the LIA). We propose that the humid LIA in ACA, possibly extending to Mediterranean Sea and
Western Europe, may have resulted from increased precipitation due to more frequent mid-latitude
cyclone activities as a result of the strengthening and equator-ward shift of the westerly jet stream, and
the predominantly negative North Atlantic Oscillation conditions, coupled with a decrease in evapo-
transpiration caused by the cooling at that time.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Studying climate variability of the recent past (e.g., last millen-
nium) can help us to establish how the climate system varied under
natural conditions and to improve projections of future climate.
Large-scale temperature reconstructions carried out since the late
1990s (Jones et al., 1998; Mann et al., 1999, 2008; Briffa, 2000;
Crowley and Lowery, 2000; Esper et al., 2002; Mann and Jones,
2003; Moberg et al., 2005; Oerlemans, 2005; D’Arrigo et al., 2006;
Hegerl et al., 2007) have indicated that, although substantial

differences exist in different regions during certain periods,
Northern Hemisphere climate evolution over the last millennium
could be roughly divided into three major episodes: ‘‘Medieval
Warm Period’’ (MWP), ‘‘Little Ice Age’’ (LIA), and post-industrial
warming. Unlike temperature, however, it has been more difficult
to reconstruct large-scale spatial trends in moisture or precipita-
tion, because of the heterogeneous nature of these hydroclimatic
variables, which show variability at distinctly local or regional
scales under different atmospheric circulation patterns. Given that
the changes in moisture or precipitation are equally, if not more,
important for human well-being and ecosystem dynamics as
changes in temperature, understanding regional hydrological
response to large-scale climatic change during the last millennium
should be a crucial aspect of research in palaeoclimatology.
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The mid-latitude Asian continent can be divided into two
distinct climatic regions (Dando, 2005): the humid eastern part of
Asia, which is mainly controlled by monsoon circulation, and arid
central Asia (ACA) in the western part, dominated by the mid-
latitude westerlies (Fig. 1). ACA, a region extending from the Cas-
pian Sea in the west to the modern Asian summer monsoon limit in
the east, encompassing the newly independent central Asian
countries, NW China, and southern Mongolian Plateau (Fig. 1), is
one of the largest arid (desert) areas in the world. Climatically, local
precipitation in ACA occurs when depressions, which develop over
the eastern Mediterranean, bring moist air to central Asia during
late spring and summer along a northeast trajectory through
westerly circulation (Lioubimtseva et al., 2005). Water vapor can
even be transported as far as the central and eastern Mongolian
Plateau (Sato et al., 2007). The strength and trajectory of westerly
circulation is therefore likely to be a major control on moisture
in ACA.

The aim of this paper is to reconstruct moisture variations in
ACA over the past millennium and to compare these with existing
reconstructions for the monsoon domain. We focus our recon-
struction only on the westerly dominated ACA, avoiding the tran-
sitional zone in the semi-arid and semi-humid region of central
China where the westerlies and the monsoon interact, although
several tree-ring based precipitation and soil moisture recon-
structions on the NE Tibetan Plateau have been developed in recent
years (e.g., Zhang et al., 2003; Sheppard et al., 2004; Shao et al.,
2005; Yin et al., 2008). The topography of ACA is characterized by
high (normally > 2500w3000 m a.s.l.), relatively humid mountain
ranges, which provide major water resources for this region,
alternating with the much lower (normally < 1000w1500 m a.s.l.)
and extremely arid desert/Gobi plains or basins. In ACA, the scarce
water resources, the fragile ecosystems and the strong human
impacts on the natural environment during its long history mean
that the region is highly sensitive to changes in the hydrological
cycle and characteristics of precipitation caused by temperature
anomalies such as global warming (Trenberth et al., 2003; Narisma
et al., 2007). Over the last 2000 years, a large number of lakes have
dried out or are in the final stages of desiccation (Nihoul et al.,
2004); oases have turned to deserts or are shrinking; kingdoms
disappeared at various times in this region (Litvinsky et al., 1996;
Soucek, 2000). During the last century, a marked decline in lake

levels has occurred and even resulted in desertification at several
large lakes such as the Aral Sea (Small et al., 2001) and Juyan Lake
(Jin et al., 2005); such changes have attracted considerable atten-
tion around the world because of concerns about the shortage of
water resources and related ecological problems (Qin and Yu, 1998;
Ferronskii et al., 2003; Micklin, 2004). However, the recent
expansion in volume for most lakes in arid NW China since the late
1980s suggests a climatic shift to wetter conditions possibly asso-
ciated with recent global warming (Shi et al., 2007). In a previous
study, we found that changes in effective moisture (ratio of
precipitation to evaporation, P/E) in ACA during the Holocene were
broadly out-of-phase with variations in the Asian summer
monsoon (Chen et al., 2008b). Moreover, moisture variations
reconstructed by tree-ring data over the past 100 years for the
central Tien Shan Mountains in arid NW China (Li et al., 2006) were
inconsistent with those from Helan Mountains along the present
monsoon margin (Li et al., 2007), suggesting that the moisture
histories of ACA and the monsoon domain have been out-of-phase
over the past century as well. Instrumental data indicate that arid
NW China has become more humid during the last decades (Jin
et al., 2004; Ma and Fu, 2006), resulting in increased river runoff
into the desert areas from the surrounding mountains and expan-
sion of the terminal lakes in this region (Shi et al., 2007), while the
Asian summer monsoon has generally weakened over the past half
century (Sontakke et al., 1993; Li and Zeng, 2002; Ding et al., 2008;
Zhang et al., 2008), implying that the asynchrony has persisted up
to present. For the LIA, evidence for increased effective precipita-
tion has previously been documented at Lake Bosten (Chen et al.,
2006b) in the western part of arid NW China and Lake Sugan (Chen
et al., 2009) in the eastern part as well as by various other proxy
records (Chen et al., 2008a). In contrast, rainfall in the middle and
lower reaches of the Yangtze catchment and in the South China,
suggests decreased precipitation during the LIA (Wang and Dong,
2002). However, the moisture variability in ACA on a regional scale
over the past millennium still remains poorly understood, despite
attempts towards developing an integrated understanding of the
late Holocene climatic changes for certain parts of this region (e.g.,
Boomer et al., 2009; Holmes et al., 2009; Yang et al., 2009). In the
last decade, several well-dated, high-resolution palaeo-moisture
records have been derived from widely-spaced sites across ACA
(Thompson et al., 1995; Yao et al., 1996; 2009; Chen et al., 2006b;

Fig. 1. Overview map showing the palaeoclimatic sites (dots marked with numbers for low-resolution records and stars for records used for synthesizing ACA moisture curve, same
as in Table 1) selected in this study from ACA and some comparison sites selected from monsoon Asia (square with lower case letters), and the dominant circulation systems (arrows
with upper case letters) of the westerlies (A), Indian monsoon (B) and East Asian monsoon (C). The modern Asian summer monsoon limit (thick dashed line D) is summarized from
Gao (1962), Wang et al. (2005b,c), Tang et al. (2006), Wang et al. (2006), and Hu and Qian (2007).
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Ma and Edmunds, 2006; Sorrel et al., 2006; Austin et al., 2007;
Gates et al., 2008b), providing the potential to investigate ACA-
wide moisture evolution over the past millennium, to develop
a synthesized moisture index curve, and to explore the relation-
ships between moisture variability, temperature change and the
history of the Asian monsoon.

2. Data sources and analytical methods

We set four criteria to select the proxy records to be included in
our study. Firstly, study sites should be located in the main part of
ACA, which is climatically controlled by westerly circulation.
Accordingly, those sites in regions strongly influenced by summer
monsoon circulation at the eastern margin of semi-arid China and
along the southern margin on the Tibetan Plateau were excluded.
Secondly, the proxy indicators should be indicative of changes in
effective moisture or precipitation without ambiguous meaning.
Furthermore, the moisture proxies should be able to reflect low-
frequency (centennial or longer) variations, allowing the regional
responses to MWP, LIA and post-industrial warming to be detected.
Whereas tree-ring data can preserve high frequency (annual to
decadal) information, the low-frequency signal is often lost as
a result of the so-called ‘‘segment length curse’’ problem (Cook
et al., 1995; Esper et al., 2002). Lacustrine sediments, in contrast,
often show evidence for general characteristics of effective mois-
ture, together with lake-level fluctuations and catchment vegeta-
tion history on the multi-centennial time scale by using different
proxies. Thirdly, the record should span at least the last 1000 years
without documented depositional hiatuses. Finally, the selected
records should have reliable chronologies with decadal resolution
or better. In certain cases, we have made corrections to published
chronologies, as discussed below. A ‘‘site composite record’’ was
generated for sites which have more than one proxy record, by
using those data deemed to be most reliable. In addition to the
high-resolution records, selected low-resolution data including
lake-level variations, discontinuous historical documents and
geomorphological evidence were used to provide complementary
evidence, especially for regions where high-resolution materials
are lacking. In total, 17 moisture proxy records (Table 1) are selected
from ACA, five of which fulfill the criteria for them to be used to
synthesize the ACA moisture curve.

Site composite records were generated for the Lake Bosten and
for the multiple groundwater profiles of the Badain Jaran Desert. In
each case, the selected proxy records were linearly interpolated to
a uniform 10-year interval, standardized to have zero mean and
unit standard deviation during the period from 1000 AD onwards,
and then arithmetically averaged. Records from the other high-
resolution sites (Aral Sea, Guliya ice core, and Lake Sugan) were
interpolated and standardized in the same way. The synthesized
ACA moisture sequence was produced by arithmetically averaging
all of the standardized high-resolution moisture time series over
the last millennium. The low-resolution moisture data such as lake
level information were not included in the synthesized sequence.
However, they are used to provide additional knowledge about the
moisture conditions, particularly during the LIA in comparison with
the MWP and post-industrial period.

3. Results and discussion

3.1. High-resolution records and temporal changes in arid central
Asia over the last 1000 years

The five high-resolution records comprise three effective
moisture proxies (Aral Sea, Lake Bosten, Lake Sugan), and two
direct rainfall reconstructions (snow accumulation record from the

Guliya ice cap and groundwater recharge record from the Badain
Jaran Desert) (Table 1).

The Aral Sea was once the world’s fourth largest lake and the
second largest lake in ACA. It has undergone a notable regression
since the 1960s as a consequence of irrigation strategies using the
inflow of its two main tributaries (Amu Darya and Syr Darya).
Geomorphological investigations of lake levels, archeological
surveys around the lake (Boomer et al., 2009) and the study of high-
resolution cores (Sorrel et al., 2006; Austin et al., 2007), throw light
on the water salinity and regression/transgression history over the
last 1000 years. Records of diatom-inferred conductivity (Austin
et al., 2007) and dinoflagellate cysts (Sorrel et al., 2006) from
parallel cores (CH1/2) provided salinity reconstructions for the late
Holocene (Fig. 2). The two proxies show a similar pattern of salinity
changes over the last 1000 years, with high salinity and dry climate
before ca 1380 AD but low salinity between 1380 and 1870 AD. In
our synthesis, we use the conductivity time series inferred from
diatoms (Austin et al., 2007) because of its relatively high sample
resolution (approximately 8 years) and quantitative reconstruction
over the past 1000 years. However, a new age model was estab-
lished. We used the same 14C dates as Austin et al. (2007) used
except the one at 4.80 m (KSU3), which was obtained by correlating
the magnetic susceptibility record of CH1 with material recovered
by Nourgaliev et al. (2003). In the revised chronology, this was
replaced by the TOC 14C date at 4.97 m (POZ13511) (Sorrel et al.,
2006). Subsequently, we made a 170-yr reservoir correction to the
whole model as suggested by Kuzmin et al. (2007). The replace-
ment is performed for the following two reasons: Firstly, POZ13511
was derived from the core Ch1/2, whereas KSU3 was from an earlier
core Ar-8. Secondly, the inclusion of KSU3 in the age model made
a nearly six-fold difference in the deposition rate for the interval
before and after this control point, but when POZ13511 is used
instead (Fig. 2), the deposition rate shows variations that are
consistent with the lithology throughout the core. After the appli-
cation of this new age model, the diatom-inferred and dinoflagel-
late cysts-based salinity records demonstrate broadly consistent
variations: in summary, high salinity conditions prevailed during
the MWP from 1000 AD to 1400 AD, which is in broad agreement
with low water levels from ca 900 AD to 1350 AD, as reviewed by
Boomer et al. (2009).

Lake Bosten, located on the southern foot of the central Tien
Shan Mountains and mainly fed by Kaidu River, which is in turn
sustained by precipitation over the Tien Shan Mountains, is the
largest fresh water lake in this desert/Gobi region with an area over
1000 km2 (Fig. 1). Lake Bosten has expanded since the mid-1980s
under the influence of global climate change (Chen et al., 2006b),
and provides a high-resolution palaeoclimatic record in this region.
Cores from different water depths have been studied previously
(Chen et al., 2006a,b; Wünnemann et al., 2006; Huang et al., 2009).
The core BST04H, retrieved from the central part of the lake (at
a depth of 16.1 m), has been well-dated by radiocarbon dating of
terrestrial plant remains and bulk organic matter, by OSL dating of
basal aeolian sands and by 210Pb/137Cs dating of the most recent
sediments (Huang, 2006; Huang et al., 2009). The chronology is
well established following reservoir correction (Huang, 2006), and
the average deposition rate is ca 1.0 mm/year over the last 1000
years (Chen et al., 2006b). Various proxies were employed to
reconstruct the moisture variability during the past millennium,
including pollen A/C (ratio of Artemisia to Chenopodiaceae) to
indicate the vegetation composition in the catchment (sample
interval of ca 20 years), grain size to indicate river inflow intensity
from Kaidu River (sample interval of ca 10 years), and carbonate
content to indicate regional moisture (sample interval of ca 10
years) (Chen et al., 2006b). The consistent variations of these
proxies revealed a marked episode of wet climate from the late 15th
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century to late 19th century in this area (Chen et al., 2006b),
broadly coeval with the LIA. The humid LIA suggested by palae-
olimnological investigations from Lake Bosten is supported by
discontinuous historical documents in this region (Tian, 1993;
Mahpir and Tursunov, 1996; Yang et al., 2004). For instance, great
floods were frequent in the Lake Bosten catchment during the Qing
Dynasty in 18th and 19th century (Tian, 1993). The relatively high-
resolution grain-size and carbonate-content records were used to
generate the composite record for this lake.

Lake Sugan, a small hydrologically-closed saline lake with an
area of 104 km2, located in the hyper-arid northern Qaidam Basin of
NW China, is not strongly influenced by anthropogenic interactions
and is recharged mainly by groundwater (Zhou, 2007). The lami-
nated upper 5.5 m of core SG03I, taken from a depth of 4.5 m in the
central part of the lake, was dated back to 670 BC by varve counting
(Zhou et al., 2007). Recent studies have shown that the chironomid
assemblages within the core are sensitive to salinity changes and
a 1000-year chironomid-based salinity history (Fig. 3) has been
reconstructed at decadal resolution for this lake (Chen et al., 2009).
The variations in the abundance of low-saline-water taxa, together
with the chironomid-inferred salinity reconstructions, are consis-
tent with the variations in carbonate oxygen isotopes, especially at
low frequency (Fig. 3), showing the freshening of the lake between
1500 AD and 1840 AD and at around 1200–1230 AD (Fig. 3), high
salinities and hence drier climate during the period 990 to 1550 AD
of the MWP (Chen et al., 2009). In the synthesis curve we used the
chironomid-inferred salinity reconstruction for this lake.

The two chosen proxy records for precipitation amount in ACA
are relatively straightforward. Net mass accumulation of an ice cap
can normally provide a good indicator of past changes in precipi-
tation. To date, the only suitable ice core record from ACA is that
from the Guliya ice cap in western Kunlun Mountains, on the NW
margin of the Tibetan Plateau. This core provides a 2000-year high-
resolution natural archive of net mass accumulation (Thompson
et al., 1995; Yao et al., 1996), which is shown to reflect precipitation
changes over a broad area (Yao et al., 2000; Yang et al., 2009).
Unfortunately, however, the accumulation data does not extend
beyond the 1980s. The accumulation record has a 10-year resolu-
tion with an annual-layer-counting chronology over the last 1000

years (Fig. 4). It shows that higher precipitation in the mountain
area occurred from ca 1450 AD to ca 1830 AD in LIA with accu-
mulation rates higher than the average of the last 1000 years
(Fig. 4), while the period from 800 AD to ca 1300 AD (Yao et al.,
1996), corresponding to MWP period, was a time of much reduced
precipitation. Low accumulation rates also prevailed from 1830s AD
to 1960s AD. The increase of net accumulation since 1960s may
reflect the high precipitation in mountain areas in ACA, consistent
with a general expansion of lakes in the arid NW China since 1980s
(Shi et al., 2007).

A single high-resolution record is available from the huge
desert/Gobi areas over the last 1000 years, namely the groundwater
unsaturated zone profile from the Badain Jaran Desert located on
the southern Mongolian Plateau (Fig. 1). The record uses chloride
mass balance within the unsaturated zone to reconstruct ground-
water recharge rates, which strongly correlate with rainfall. The
relationship of Cl-based recharge rates and local precipitation was
demonstrated in Africa by an earlier study (Edmunds and Walton,
1980), and reapplied in the Badain Jaran Desert recently (Gates
et al., 2008a). The history of the Cl-based groundwater recharge
rates in the Badain Jaran Desert is quite consistent among different
desert cores (Ma et al., 2003; Ma and Edmunds, 2006; Gates et al.,
2008b). The longest one, core SW1, provides a 1200-year record at
sub-decadal resolution. The record shows that the groundwater
recharge rates were higher than average from 1290 AD to 1830 AD
with three obvious peaks at around 1400 AD, 1550 AD and 1750 AD
(Fig. 4), suggesting a relatively humid climate during this period.
Low groundwater recharge rates are documented from 800 AD to
1300 AD in the MWP (Ma and Edmunds, 2006) and after 1830 AD
during global warming. A recovery of the recharge rates since ca
1950 AD was clearly indicated in the recently studied core SWDA
from the desert (Gates et al., 2008b). In this study we combine the
SW1 record for the period before 1900 AD with the SWDA record
for the post-1900 AD interval to form a synthesis, because the latter
provides more reliable information for the last 100 years (Gates
et al., 2008b).

In summary, the five high-resolution records show broadly
similar moisture and precipitation changes as a whole over the last
1000 years. The synthesized moisture curve (Fig. 4) suggests that
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climate in ACA was drier than average from 1000 AD to ca 1350 AD.
This arid period probably started as early as 800 AD and persisted
during the whole MWP according to records from Guliya ice cap
(Thompson et al., 1995; Yao et al., 1996) and Badain Jaran Desert
(Ma and Edmunds, 2006), although our synthesis curve does not
cover the early part of MWP. From 1350 AD to 1500 AD, effective

moisture was near average on this scale. A humid climate existed
during ca 1500–1850 AD with a short interval of relatively dry
conditions from 1600 to 1700 AD. There was a return to arid
conditions after 1850 AD with evidence for increased humidity over
the past 20 years in some records (Fig. 4). Because records from lake
sediments in the Aral Sea (Austin et al., 2007) and Lake Bosten
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(Chen et al., 2006b) are strongly influenced by human activities
with increases in irrigation using the recharging river water, the
synthesis curve for the past 100 years, especially for the time since
the 1960s, must be regarded with caution. In general the climate of
ACA in the warm MWP tended to be dry, whereas in the cold LIA it
tended to be humid.

3.2. Low-resolution records and humid Little Ice Age in arid
central Asia

The lower resolution records complement the synthesis dis-
cussed above, especially for periods of increased effective moisture
and times of very high precipiation and consequent flooding. Such
evidence includes geomorphology, sedimentology, archaeology
and historical data. These low-resolution data are portrayed in
Fig. 5. During the LIA generally high lake levels were found in the
Caspian Sea (Karpychev, 2001; Kroonenberg et al., 2007).
Combining evidence of shorelines (Boomer et al., 2000), settlement
and archaeology (Boroffka et al., 2006), high lake levels (humid
climate) were inferred in the Aral Sea catchment from ca 1350 AD
to 1500 AD and from ca 1500–1600 AD (taking the dating uncer-
tainties into consideration) to ca 1800 AD during the last millen-
nium (Boomer et al., 2009). The high lake level periods generally
coincide with low salinities deduced from the high-resolution
proxy records from core CH1/2 in the Aral Sea (Sorrel et al., 2006;
Austin et al., 2007). Further to the east, low-resolution data from
Issyk-Kul document a high lake level starting from the mid-17th
century (Giralt et al., 2004), while a high lake level in Lake Balkhash
existed between ca 1600 AD and 1800 AD (Solomina and Alverson,
2004). Therefore, low-resolution data all show that a humid climate
prevailed during the LIA whereas very little, if any, evidence has
been reported for a humid climate for the period 1000 to 1300 AD.
This suggests that the MWP was characterized by dry conditions
compared to the LIA in the western part of ACA. Differences in the
timing of onset and termination of humid conditions can be
attributed, at least in part, to dating uncertainties.

In the central part of ACA, there have been many previous
studies concerning the effective moisture changes in the Tarim
Basin, covered by the Taklamakan Desert, the largest desert both in
China and in ACA, in the Junggar Basin and in surrounding moun-
tains such as the Tien Shan Mountains. A layer of greyish–black
organic deposits inter-bedded by eolian sand at two sections at
Damugou and Tagle in Cele County, on the southern margin of the
Taklamakan Desert (Fig. 1) was dated to the period from ca 1350 to
1760 AD (Zhong and Xiong, 1999), indicating a relatively humid

climate with increased discharge from nearby rivers during that
time, which is further supported by the geochemical investigation
of these two sections. In fact, the lowest terrace of the Keriya River
formed during the LIA, in response to the increased river-flow (Yang
et al., 2002b). Historical documents indicate that the runoff of rivers
on the southern fringe of the Tarim Basin was generally high
between 1450 AD and 1850 AD (Liu, 1976), partly supported by the
fact that the Keriya River penetrated the Taklamakan Desert to join
the Tarim River during the 16th and the beginning of the 19th
centuries (Yang et al., 2002b). The high runoff during LIA may
simply be a response to the high precipitation in surrounding high
mountains and plateaux, as documented by high net mass accu-
mulations of the Guliya ice cap (Yao et al., 1996) and also suggested
by high pollen A/C ratio and thus favorable conditions for Artemisia
growth in Sumxi Co catchment on the dry NW Tibetan Plateau (Van
Campo and Gasse, 1993; Van Campo et al., 1996). Low-resolution
proxy records from sedimentological, biogeological and geomor-
phological data also suggest that a higher lake level occurred during
the LIA in Balikun Lake in the eastern Tien Shan Mountains and
Chaiwopu Lake on the southern margin of the Junggar Basin (Qin
and Shi, 1992). Humid conditions during the LIA are also docu-
mented by Aibi Lake, presently the largest lake in Junggar Basin
(Wu et al., 2004). High organic matter content and low organic d13C
values together indicate a generally wet period from 1460 AD to
1860 AD in a 1500-year palaeoenvironmental reconstruction of this
lake (Wu et al., 2004).

In the eastern part of ACA, there are few proxy records for
moisture variability over the last 1000 years. A pit section dug at
East Juyan Lake, a presently dry lake in western Inner Mongolia
(Fig. 1), documented a 2600-year moisture history (Zhang et al.,
1998). The ostracod assemblage dominated by Cypridopsis sp. and
Limnocythere dubiosa, together with the low carbonate content and
low Sr/Ba ratio suggested a significant decrease in salinity of the
lake water from 1300 AD to 1800 AD (Zhang et al., 1998). The peak
values of chlorophyll and its derivatives during this period also
point to an increase in catchment-derived, exogenic organic
material. The recent investigation of dominant soluble salt contents
in core sediments from this lake also suggested a gradual expansion
of the lake between 1590 AD and 1920 AD. This most likely resulted
from increased discharge into the lake of the Heihe River from the
Qilian Mountains during part of LIA (Zhang et al., 2004). The
freshening and expansion of the lake is unlikely to have resulted
from less irrigation for farmland because the population in the
catchment has tended to increase since the Ming dynasty, from
1368 AD onwards (Committee on Compilation of ‘Zhangye Annals’,
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1995). Bearing in mind the dating uncertainties, these two records
both point to humid conditions during the LIA in the East Juyan
Lake catchment. In the Qilian Mountains from where the Heihe
River originates, the Dunde ice core provides an archive of climate
change for the past millennium. Unfortunately, the high-resolution
snow accumulation data only extend back to 1600 AD. The record
shows lower accumulation from 1600 AD to 1700 AD (Yao et al.,
1991), possibly reflecting a relatively dry period during LIA in our
synthesized curve (Fig. 4). The result of the ice-core pollen analysis
at an average sample resolution of ca 50 year indicated that high
pollen concentration, a proxy of vegetation density and produc-
tivity in surrounding area, occurred in the interval 1390–1910 AD
(Liu et al., 1998), suggesting wet conditions during the LIA.

In summary, low-resolution records (Fig. 5) indicate a humid
and probably high-precipitation LIA commonly in ACA. Most of the
records indicate that humid conditions lasted from 1400 AD to
1900 AD, taking the dating uncertainties and different proxies into
consideration. The low-resolution records (Fig. 5) support our
proposal that the moisture synthesis derived from the five high-
resolution records is representative of the whole ACA region
(Fig. 4). Both low- and high-resolution records show that there is
a uniform moisture change pattern at least on a multi-centennial
time scale over the last millennium in this region.

3.3. Contrasting pattern of millennium moisture histories between
ACA and monsoon Asia

High- and low-resolution records generally show consistent
moisture changes in ACA on a multi-centennial time scale. The
prominent feature is that wet climatic conditions prevailed during
the LIA from the 16th to early 19th century, and dry climatic
conditions prevailed during the MWP before the 14th century. The
humid climate during the LIA (dry climate during the MWP) (Figs. 4
and 5) most likely resulted not only from lower evaporation,
because of lower temperatures during the LIA (higher evaporation
because of approximately 1 �C higher temperature during the
MWP) as indicated by both salinity changes in the Aral Sea and Lake

Sugan, but also from higher precipitation during the LIA (lower
precipitation during the MWP) as indicated by snow accumulation
rates in the Guliya ice cap, runoff of the Keriya River in the Tarim
Basin, and groundwater recharge rates in the Badain Jaran Desert
(Figs. 4 and 5).

Records derived from historical documents (e.g., Zhang et al.,
1997; Jiang et al., 2005; Zheng et al., 2006; Shen et al., 2009), lake
sediments (e.g., Adhikari and Kumon, 2001; Li et al., 2002; Jin and
Wang, 2003; Liu et al., 2003; Mingram et al., 2004; Chen et al.,
2005), tree rings (e.g., Linderholm and Braeuning, 2006) and spe-
leothems (e.g., Hou et al., 2003; Wang et al., 2005a; Hu et al., 2008;
Zhang et al., 2008) in eastern and southern China provide evidence
for changing monsoon circulation over the past millennium. In
some cases, a lack of accurate and reliable chronologies, ambiguous
moisture proxies and strong human impacts have made it difficult
to investigate the correlations between different records, although
climate (moisture or precipitation) change over the last 1000 years
has been previously reviewed (e.g., Zhang, 1991; Wang et al.,
2001b; Wang et al., 2003). Here we selected three absolutely-dated
and sub-decadal resolution speleothem records in monsoon China
from Wanxiang Cave (Zhang et al., 2008), Dongge Cave (Wang et al.,
2005a) and Heshang Cave (Hu et al., 2008), to summarize the major
changes in Asian summer monsoon intensity. A 1000-year tree-ring
index record potentially indicating monsoon strength variations on
the SE Tibetan Plateau (Linderholm and Braeuning, 2006), and
a Dry–Wet Index record inferred from historical documents in
eastern China (Zheng et al., 2006) are also referenced in Fig. 6.

Although it is hard to make inter-site comparisons among these
monsoon intensity (precipitation) reconstructions on the decadal
to sub-centennial scale, they share some common features (Fig. 6).
According to the proxy records from Wanxiang Cave, Heshang
Cave, and SE Tibetan Plateau, the summer monsoon was generally
moderate to strong and variable before ca 1400 AD (Fig. 6). In
addition, low-resolution records, including ostracod assemblages
recovered from sediment in Chen Co Lake (29.43�N, 90.53�E),
southern Tibetan Plateau (Li et al., 2002), pollen assemblages
recovered from sediment in Foyechi Pond (33.95�N, 107.73�E),
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Qinling Mountains (Liu et al., 2003), speleothem carbon isotope
data from Shihua Cave (39.83�N, 115.67�E), Beijing (Hou et al.,
2003), and pollen concentration data from Maili Bog (42.87�N,
122.88�E), NE China (Ren, 1998), consistently indicate an intensi-
fied summer monsoon (or increased rainfall) from ca 1000 AD to
1300/1400 AD. It should be noted that the oxygen isotope record
from Dongge Cave and Dry–Wet index from eastern China suggest
a weak summer monsoon (low precipitation) before ca 1250 AD.
However, this discrepancy could be, at least partly, attributed to
relatively poor age control for the Dongge Cave record before 1400
AD (Wang et al., 2005a), and dramatically decreased documentary
material before 1470 AD (Zheng et al., 2006). From ca 1400 AD to
1700 AD, a weaker summer monsoon prevailed, coherently indi-
cated by these three speleothem records, the tree-ring record, and
the documentary record from southern and eastern China shown
in Fig. 6. Therefore, it is reasonably deduced that the summer
monsoon was generally moderate to strong and variable before ca
1400 AD, whereas a weaker monsoon prevailed from ca 1400 AD to
ca 1700 AD. All records indicate the strongest monsoon occurred in
19th-early 20th centuries, and a declining monsoon in the last 50
years, which is also suggested by different monsoon indices (Li and
Zeng, 2002; Ding et al., 2008). However, the monsoon history
documented by the Wanxiang Cave speleothem record is slightly
different from other records in recent centuries (Fig. 6): the
summer monsoon became stronger after 1870 AD, later than other
records in monsoon areas, although it has a more reliable chro-
nology and its oxygen isotope record has better correlation with
precipitation (Liu et al., 2008). This could be partly because
Wanxiang Cave is located on the margin of the Tibetan Plateau and
closer to the monsoon limit. The oxygen isotope variations of the
Wanxiang Cave speleothem may be influenced not only by
monsoon circulation but also local circulations on the Tibetan
Plateau and the westerlies.

The best example of the contrasting conditions between
monsoon history of the last millennium and moisture (precipita-
tion) evolution in ACA is during the LIA (Fig. 6). Moisture in ACA was
moderate at the start of the LIA from 1400–1500 AD, whereas
a notably weak monsoon began at that time and lasted until ca
1700 AD. A wet climate in ACA prevailed during 1500–1850 AD,
while a strong monsoon and high rainfall only started after ca 1700
AD, about 200 years later than in ACA, but lasted until the early
20th century. Therefore, during the last 1000 years until the recent
global warming, the climate in ACA and monsoon domain also
experienced generally out-of-phase changes (more so during the
LIA), similar to that during the Holocene (Chen et al., 2008b).

The synthesis curve is less reliable for the last 100 years than for
the earlier period for two main reasons. First, the records from Aral
Sea and Lake Bosten become strongly influenced by human activ-
ities, especially the use of river water for irrigation, and second,
because the snow accumulation data for the Guliya ice core only
extend up until the 1980s. The synthesis moisture curve conflicts
with the fact that there were generally high amounts of river runoff
and expansion of inland lakes in arid NW China since the late 1980s
(Shi et al., 2007). However, two records of tree-ring reconstructed
summer Palmer Drought Severity Index (PDSI) (Palmer, 1965),
a widely used meteorological drought index and most suitable for
describing soil moisture and consequently climate moisture for
much of the globe (Briffa et al., 1994; Cook et al., 2004; Dai et al.,
2004) and also China (Zou et al., 2005), may provide better
understanding of the moisture variability in both ACA and
monsoon China during this interval. One record from the central
Tien Shan Mountains in ACA began 1675 AD (Li et al., 2006), while
another from 1788 AD in Helan Mountains (Li et al., 2007) lies
within the monsoon domain, close to the modern monsoon limit. It
is shown that a relatively wet climate (high PDSI) prevailed before

1810 AD at Tien Shan Mountains, followed by a dry climate until
1920 AD (Fig. 7), which is similar to the moisture fluctuations in our
synthesis curve (Fig. 4). The PDSI has a trend of increasing moisture
from 1920 AD to present day, broadly consistent with the records of
net snow accumulation from the ice cores from Guliya (Yao et al.,
1996) and Dunde (Davis et al., 2005), although a number of drought
events interrupted the trend. In contrast to the PDSI time series at
Tien Shan Mountains, the PDSI record at Helan Mountains fluctu-
ated between 1788 AD and 1930 AD, and then jumped to a wet peak
at ca 1940 AD. A general decreasing trend of PDSI (decreasing
moisture) prevailed subsequently until recent years, reflecting the
weakening Asian monsoon over the last 50 years (Fig. 7). The tree-
ring index from the SE Tibetan Plateau even suggests that monsoon
rainfall has reduced since 1900 AD (Fig. 6). The two annual PDSI
records, therefore, also show the contrasting trends of moisture
changes even during the last 100 years, especially since the 1930s.
The out-of-phase or anti-phase relationship in precipitation or
moisture changes has also been reported to exist in net snow
accumulation changes between the northern Tibetan Plateau,
which is controlled climatically by the westerlies, and the southern
Tibetan Plateau, which is mainly influenced by the Indian monsoon
circulation (Wang et al., 2007). When net snow accumulation at the
Dasuopu ice cap on the southern Tibetan Plateau (Fig. 1) was low,
the net snow accumulations at the Dunde and Puruogangri ice caps
on the northern Tibetan Plateau (Fig. 1) were generally high (Fig. 7).
This inverse relationship has existed throughout the past 500 years
(Wang et al., 2007), the post-industrial period (Davis et al., 2005),
and even the last 50 years, as indicated by the instrumental
precipitation records (Duan et al., 2008). This supports the view
that precipitation or effective moisture changes in the westerly
dominated ACA have been broadly out-of-phase over the past 1000
years with those in the monsoon domain, not only on the multi-
centennial time scale but also on the decadal to centennial time
scales.

3.4. Possible forcing mechanism for the moisture changes in ACA
during the pre-industrial LIA/MWP

The moisture synthesis curve from the high-resolution records
(Fig. 4) and the low-resolution records (Fig. 5) all show that a wet
climate (high precipitation) prevailed during the typically cold LIA
period from ca 1500–1850 AD, while a dry climate existed during
the typically warm MWP period. The synthesized temperature
anomalies from the North Hemisphere (Moberg et al., 2005), China
(Yang et al., 2002a) and western central Asia (Esper et al., 2007),
which are smoothed by a LOESS function (span¼ 0.1) to remove the
high frequency noise (Cleveland and Devlin, 1988), are in broad
agreement over the past 1000 years, especially on the multi-
centennial time scale (Fig. 6). The relatively warm MWP, the cold
LIA from ca 1400–1900 AD and recent global warming are all
documented clearly by these temperature reconstructions (Fig. 6).
Simple visual inspection of the temperature changes and the
synthesized ACA moisture curve (Fig. 6) reveals that the relation-
ship between temperature and precipitation variations is inverse
on the multi-centennial time scale (high/low temperature, low/
high effective moisture or precipitation), which was also noted by
earlier studies (Chen et al., 2006b; Yang et al., 2009). This rela-
tionship exists over the last millennium until the 20th century
global warming, when moisture (precipitation) rises along with
increasing temperature (Fig. 7). One open question arising from the
relationships among temperature changes, moisture evolution in
ACA, and monsoon history during the pre-industrial LIA/MWP,
taking LIA period as an example, is why the cold LIA resulted in wet
climate (high precipitation) in ACA, but a dry climate in the
monsoon-dominated eastern China.
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It is possible that the low temperature, approximately 1–2 �C
lower during LIA than during MWP (Fig. 6), could have resulted in
relatively high effective moisture in the mid-latitude Asian continent
including ACA, by decreasing evapotranspiration. However, this
alone would not fully explain the high net snow accumulations in
the Guliya ice cap (Yao et al., 1996), increased runoff of the rivers on
the south fringe of Tarim Basin (Liu, 1976; Yang et al., 2002b), and of
Amu Darya and Syr Darya in central Asia (Boomer et al., 2000), and
high groundwater recharge rates in Badain Jaran Desert (Ma and
Edmunds, 2006; Gates et al., 2008b), all of which suggest that higher
precipitation occurred widely across ACA during the LIA. In the mid-
latitudes of the North Hemisphere, cold and humid climate (high
precipitation) were also reported to exist in Mediterranean Europe
and the North Atlantic (Grove, 1996, 2001; Dragoni, 1998), possibly
forming a wet mid-European zone south of approximately 50�N
during cold-event phases of the Holocene (Magny et al., 2003).

Combining this with our findings of the wet climate (high
precipitation) in ACA, a wet climate (high precipitation) zone in
mid-latitude Eurasia, except for monsoon-dominated eastern
China, probably existed during the LIA. The existence of a wet mid-
latitude zone during the LIA points to altered atmospheric circu-
lation patterns, among which the southward shift of the westerlies
is the most likely. Simulations using the Community Climate
System Model (CCSM) have shown that the southward shift of
westerlies during the cold LIA led to an increase in the occurrence
of cyclones and extreme precipitation events in all seasons, but
especially during winter in the North Atlantic and particularly in
the Mediterranean, due to a stronger meridional temperature
gradient and an increase in lower tropospheric baroclinicity (Raible
et al., 2007). At present, mean precipitation in mid-latitude central
Asia is primarily a result of the transportation into ACA of depres-
sions and cyclone storms formed over the eastern Mediterranean
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Fig. 7. High-resolution moisture (precipitation) records in the recent 250 years. Tree-ring reconstructed summer PDSI records at central Tien Shan Mountains in ACA (a) (Li et al.,
2006) and Helan Mountains in the summer monsoon margin (b) (Li et al., 2007), high-resolution net snow accumulation records at Dunde ice cap (c) (Yao et al., 1991), at
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shown. All records have been smoothed with a 30-year filter (Mann, 2004) to show the general trend.
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by the westerly jet stream (Lioubimtseva et al., 2005). This mech-
anism also applies to rain falling in the surrounding high mountains
in ACA, where moisture normally condenses and falls as snow
(Lioubimtseva et al., 2005). The high frequency of cyclonic activity
in the North Atlantic and Mediterranean sectors during LIA, which
was simulated by the CCSM, would consequently result in elevated
precipitation in ACA through moisture transported by the westerly
jet stream. Furthermore, the increase in the precipitation in ACA
could be partially attributed to the predominantly negative North
Atlantic Oscillation (NAO) conditions during the LIA (Trouet et al.,
2009), as suggested by the inverse association between the NAO
index and precipitation at mid-latitudes of continental Asia
revealed by statistical analyses of meteorological data from 57 to 88
hydroclimatic stations in this region (Aizen et al., 2001). In contrast
to precipitation levels in ACA, variations in the strength of the Asian
monsoon are thought to be forced by changes in Northern Hemi-
sphere summer solar insolation caused by the precessional cycles
of earth orbital change over long time scales, including the Holo-
cene interglacial (Kutzbach, 1981; Clemens et al., 1991; Wang et al.,
2001a; Wang, 2009), and by solar irradiance changes over shorter
time scales (Wang et al., 2005a; Zhang et al., 2008). For example,
during the Maunder Minimum (1640–1715 AD) within the LIA,
reduced solar activity, coupled with the effects of a series of
volcanic eruptions, resulted both in cooling and in weakening of the
Asian monsoon. It is found that a weak summer monsoon generally
correlated with cold climate and weak solar irradiance over the
past 2000 years until the recent global warming (Zhang et al.,
2008). Therefore, we would expect that moisture changes in ACA
during the pre-industrial LIA/MWP should have an inverse rela-
tionship with variations in the strength of the Asian summer
monsoon. This study further supports the hypothesis that, climat-
ically speaking, there are two different parts of Asia with out-of-
phase moisture (precipitation) variability in responding to global
change, i.e., monsoon-dominated Asia and westerlies dominated
ACA during the Holocene (Chen et al., 2008b).

4. Conclusions

In this study we used five high-resolution unambiguous proxy
records, with relatively reliable chronology, to synthesize a 10-year
resolution moisture curve for ACA over the last 1000 years. This was
complemented by low-resolution records. The general patterns of
the reconstructions indicate that the ACA, a dry inland zone in
central Asia from the Caspian Sea in the west to the southern
Mongolian Plateau in the east and alternating with high mountains,
has experienced a relatively dry MWP, a wet LIA and increasing
humidity during the recent period of global warming. As a whole,
the LIA in the ACA was not only relatively wet (high P/E) but also
had high precipitation. The wet LIA climate may have extended to
the Mediterranean Sea and Western Europe possibly to form
a humid zone throughout the mid-latitudes of Eurasia. The effective
moisture (precipitation) in ACA has a generally inverse relationship
with the temperature of the Northern Hemisphere, China, and
central Asia as reconstructed by different proxies at a multi-
centennial time scale over the last 1000 years until the 20th
century global warming, i.e., wet (dry) climate in ACA correlates
with low (high) temperature. We also propose that the effective
moisture history in ACA as a whole had an out-of-phase relation-
ship with that in monsoon Asia (more so during the LIA), as
documented by numerous palaeoclimate records. Furthermore, we
propose a possible mechanism to explain the wet and high-
precipitation LIA in ACA, namely, that cold temperature during LIA
would cause a southward shift of the westerly jet stream as the
meridional temperature gradient increased, resulting in increased
occurrences of mid-latitude cyclone activity and extremely events

of precipitation, as simulated by a CCMS model (Raible et al., 2007).
In addition, persistent negative NAO conditions could have attrib-
uted to the high precipitation during the LIA in ACA as well. The
Asian monsoon is supposed to be driven by Northern Hemisphere
summer insolation at long time scales and solar irradiance at
decadal to multi-centennial time scales, such that strong (weak)
solar irradiance results in both high (low) temperature and a strong
(weak) summer monsoon. Therefore, low temperatures during LIA
would eventually result in high precipitation and a wet climate in
ACA but a weak summer monsoon and dry climate in the monsoon-
dominated region, leading to an out-of-phase or even anti-phase
relationship of moisture changes between ACA and monsoon Asia.

The synthesis moisture curve for ACA can be only considered
as preliminary because we have used only five records to
synthesize moisture evolution over the last 1000 years in this vast
region. However, at present there are only a few suitable proxy
records in ACA, and we think it would be better to have such
a synthesis curve than not. Secondly, in this study we only discuss
the multi-centennial-scale moisture changes over the last 1000
years. Imprecise chronologies hamper further attempts to inves-
tigate the secondary oscillations of wet and dry climates on
a multi-decadal to centennial time scale within LIA and MWP,
which may either be documented by the original proxy records or
by the synthesis moisture curve (Fig. 4). Thirdly, the limited
number of available proxy records also prevents us from
exploring the spatial heterogeneities of moisture variations
within ACA, and hinders efforts to identify the exact spatial
boundaries within which the moisture evolutions share similar
patterns at least on the multi-centennial time scale (such as a wet
LIA) in ACA. Thus, it is crucial that additional well-dated,
temporally highly-resolved and spatially extensively-distributed
moisture records over the last millennium are recovered in the
future. In addition, more modeling efforts are needed to test the
mechanism proposed here, to study the relationship between the
ITCZ shifts, causing global monsoon changes (Wang, 2009), and
the westerly jet stream shifts, causing moisture changes in ACA,
and to achieve a better understanding of moisture (precipitation)
and hydrological changes in ACA.
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