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Abstract Spatial reconstructions of drought for central
High Asia based on a tree-ring network are presented.
Drought patterns for central High Asia are classified into
western and eastern modes of variability. Tree-ring based
reconstructions of the Palmer drought severity index
(PDSI) are presented for both the western central High
Asia drought mode (1587-2005), and for the eastern cen-
tral High Asia mode (1660-2005). Both reconstructions,
generated using a principal component regression method,
show an increased variability in recent decades. The wet-
test epoch for both reconstructions occurred from the 1940s
to the 1950s. The most extreme reconstructed drought for
western central High Asia was from the 1640s to the 1650s,
coinciding with the collapse of the Chinese Ming Dynasty.
The eastern central High Asia reconstruction has shown a
distinct tendency towards drier conditions since the 1980s.
Our spatial reconstructions agree well with previous
reconstructions that fall within each mode, while there is

no significant correlation between the two spatial
reconstructions.
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1 Introduction

Shifts in moisture patterns over central High Asia in recent
decades are a serious concern due to their significant
impacts on regional water resources management for this
arid area (Shi et al. 2007). One limitation on our under-
standing of drought regimes in this area is the short
instrumental records. Most records only became available
in the 1950s. This situation can be mitigated via a paleo-
climatic perspective, employing an annually resolved,
exactly dated proxy records such as tree-rings (Fritts 1991).
Tree-ring based drought reconstructions available in this
area are focused on specific sites or a small region (e.g.
Davi et al. 2006, 2009; Fang et al. 2009a, b; Li et al. 2006,
2007; Liu et al. 2004; Tian et al. 2007; Yuan et al. 2003).
Climate reconstruction for a geographic point in a hetero-
geneous area provides a less comprehensive picture of
regional drought when compared to spatial field recon-
structions (Briffa et al. 1986; Cook et al. 1994, 2002, 2004;
D’ Arrigo and Wilson 2006; Fritts 1991; Meko et al. 1993).
Furthermore, spatial reconstructions have the advantage of
being readily comparable to modeling results that test the
underlying forcing mechanisms (Cook et al. 1994).
Spatial drought reconstructions with the use of a tree-
ring network have been developed for many areas, such as
Europe, North America and Mongolia (e.g. Briffa et al.
1986; Cook et al. 1994, 1999, 2004; Davi et al. 2010;
Haston and Michaelsen 1997; Meko et al. 1993). Herein,
we present a spatial reconstruction with a focus on central
High Asia (70E-112E, 33N-52N) based on a 130-chro-
nology tree-ring network. Previous studies using instru-
mental data indicated that the moisture conditions in
central High Asia are highly variable (Li et al. 2009; Qian
and Qin 2008; Zou et al. 2005). For example, the eastern
portion of this region showed a persistent drying trend,
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while a wetting trend was observed since the 1980s for the
western part (Shi et al. 2007; Davi et al. 2009). Due to the
heterogeneity of moisture patterns in this sizable area, we
first classify the moisture patterns based on the available
instrumental records and then reconstruct the distinguished
drought fields. The goals of this study are to: (1) identify
the leading drought patterns for central High Asia, (2) use
the tree-ring network to reconstruct each identified drought
mode; and (3) investigate the variability of each recon-
struction and explore the relationships between them. We
briefly describe the tree-ring network, climate data and the
analytical techniques in Sect. 2. In Sect. 3, the drought
patterns are classified based on instrumental PDSI data, the
identified spatial drought modes are reconstructed, and the
reconstructions are compared using running cross-correla-
tions. Discussion and conclusions are presented in Sects. 4
and 35, respectively.

2 Data and methods
2.1 Tree-ring network

The study region, located in central High Asia, is charac-
terized by a cold and dry climate. The driest areas are
found in lowlands where annual precipitation can drop
below 50 mm, such as the Tarim and Dzungarian basins.
Relatively higher precipitations are seen in high mountain
ranges, such as the northern Tibetan Plateau and Tianshan
Mountains. Most tree-ring sites are collected from high-
elevation sites (higher than about 2000 m a.s.l.) in the
mountain ranges where old-growth forests could be found.
Our tree-ring network is composed of 130 ring-width and a
few density chronologies across central High Asia that
share a common period from 1774 to 1990 (Table 1). Site
locations of these candidate tree-ring chronologies are
shown in Fig. 1, where some circles represent more than
one chronology. The uneven distribution of sampling sites
is caused by the patchiness of natural forest cover in this
area. All the chronologies are derived from coniferous tree
species (Pinaceae and Cupressaceae), including Larix sib-
erica (71 chronologies), Pinus siberica (4), Pinus sylyestris

(1), Pinus flexilis (1), Pinus aristata (1), Pinus tabuliformis
(1), Tsuga chinensis (1), Picea schrenkiana (14), Juniperus
przewalskii (24), and Juniperus turkestanica (12). The
averaged growth rate (AGR, mm/year) is calculated as the
ratio between all ring-widths and the total number of tree
rings within each site, which is compared to the mean
segment length (MSL). Averaged absolute correlations of
tree-growth to PDSI in previous and current years are
compared to the elevation of each site, in order to explore
the relations of drought sensitivity to elevations.

A large portion of these chronologies have been used in
previous climate reconstructions for geographic points or
small regions (e.g. Davi et al. 2006, 2009; D’ Arrigo et al.
2000; Fang et al. 2009a, b; Li et al. 2006, 2007; Tian et al.
2007). In order to preserve as much low-frequency signal
as possible, we detrended most of the raw tree-ring mea-
surements using straight lines or negative exponential
curves. Tree-ring series with significant non-climatic dis-
turbances that cannot be fitted well by conservative curves
were detrended by a rigid cubic spline curve with a 50%
cutoff equal to 2/3 of each series’ length. Although there is
uncertainty about the frequency properties recovered from
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Fig. 1 Location map of tree-ring sites used in this study. Some
locations represent more than one chronology. The line at 93.75E
indicates the delimitation between the western and eastern drought
modes, as will shown in Fig. 4. The filled circles show significant
(0.10 level) correlations with regional droughts

Table 1 Information on the

. . . Region Number of Full Mean Reliable® Number of ~ Number of Number of
regional tree-ring chronologies . . . .
f chronologies coverage  chronology mean retained retained PDSI grids
before and after reconstruction . .
length length chronologies predictors
Entire 130 0-2005 551 470
* Reliable periods of region
chronologies are based on the — yegerp g3 694-2005 642 385 38 48 90
number of the radii grater than 6 mod
N ode
The western and eastern Eastern® 49 0-2004 672 555 19 25 63
modes are based on mode

classification as shown in Fig. 3
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tree rings, we believe that at least the centennial-scale
climate variability could be reconstructed using the con-
servative detrending methods and centuries long segment
lengths of chronologies (Table 1). Detrended tree-ring
series were averaged to generate tree-ring chronologies
based on a robust mean methodology (Cook 1985). In order
to better retain low-frequency variation, we mainly utilized
the standard (104 chronologies) and ARSTAN (26) chro-
nologies (Cook 1985). Prior to regression analyses, tree-
ring chronologies were assessed for signal strength and
only those time intervals with more than six measurable
individual series were utilized. This criterion determines
the portions for which the chronologies are relatively
reliable (Meko et al. 1993; Cook et al. 1999).

2.2 PDSI data

We utilize the Palmer drought severity index (PDSI), a
measure of accumulated moisture deficit relative to local
mean moisture conditions (Palmer 1965; Dai et al. 2004).
PDSI is probably the most commonly used drought index
for tree-ring based reconstructions across the globe (e.g.
Meko et al. 1993; Cook et al. 1999; 2004), including
central High Asia (e.g. Davi et al. 2009; Fang et al. 2009a,
b; Li et al. 2006, 2007; Tian et al. 2007). The global PDSI
network employed herein was developed by Dai et al.
(2004), which features a 2.5° x 2.5° gridding system
covering the period of 1951-2005, the common period for
most grids in this region (Li et al. 2009). Since the PDSI
model is more accurate for warm season soil moisture
contents (Dai et al. 2004), we calibrated tree-ring chro-
nologies in previous and current years using the warm
season PDSI from May to September.

2.3 Methods

Rotated principal component analysis (RPCA), using the
varimax method (Richman 1986), was employed to iden-
tify spatial drought patterns over central High Asia based
on instrumental PDSI data from 1951 to 2005. In order to
reconstruct the leading drought modes for central High
Asia, we utilized the principal component regression
method (Briffa et al. 1986; Cook et al. 2002). Prior to
regression, the candidate tree-ring chronologies were
screened using correlation analyses with a cutoff proba-
bility at the 0.10 significance level. The retained moisture
sensitive tree-ring chronologies and the PDSI network were
both decomposed by PCA to generate reduced sets of
orthogonal eigenvectors. We removed the higher-order
tree-ring eigenvectors that accounted for little variance, i.e.
those with eigenvalues lower than 1, which is able to
reduce the level of artificial predictability caused by the
inclusion of spurious predictors (Cook et al. 1994). In this

study, only the first principal component (PC) of the PDSI
field was retained in regression analysis, in order to
reconstruct the leading pattern of each drought mode. With
regards to the remaining tree-ring PC eigenvectors, the
minimum AIC criterion was employed to determine the
predictors for the final regression model.

In order to generate the longest possible reconstructions,
a series of nested regression models were developed by
stepwise shifting backward the common starting year in
15-year increments (Cook et al. 2002; D’ Arrigo and Wil-
son 2006). For each nested regression model, a split cali-
bration—verification procedure was used to test the model
reliability (Meko and Graybill 1995). That is, the full
period was divided into two sub-periods, with the calibra-
tion model developed from one sub-period verified against
the remaining data from the other. Since the common
period between tree rings and PDSI is very short (1951-
1992), we used a relatively longer 30-year calibration
period to guarantee the calibration model stability in the
split calibration and verification procedure. A number of
statistics were employed to evaluate the model ability, i.e. r
square, reduction of error (RE), and coefficient of effi-
ciency (CE). Values of RE and CE greater than zero
indicate acceptable model skill (Cook et al. 1999). The
length of the final reconstruction equals the longest nested
regression model that still has good calibration and verifi-
cation results. All nested reconstructions were rescaled to
the most replicated common period to produce a final
reconstruction with theoretically stable variance between
the time-varying nested reconstructions (Cook et al. 2002).

The west and east mode reconstructions were compared
with a far-western Mongolia PDSI reconstruction (Davi
et al. 2009) and Selenge streamflow reconstruction in
Mongolia (Davi et al. 2006), respectively, which were
focused on small areas in our study region. The west and
east mode reconstructions were compared to investigate
their inter-relationships. Running correlations were calcu-
lated in order to quantitatively evaluate the time-varying
relationships, using a 51-year running window. Spectral
properties of both reconstructions were investigated using a
multi-taper method (MTM), a powerful tool in spectral
estimation that is particularly effective for short time series
(Mann and Lee 1996).

3 Results

As shown in Fig. 2a, a clear decline trend of AGR is seen
along with the increase in MSL. Opposing variability is
also seen between the drought responses and elevations,
although the trend is not strong (Fig. 2b). The first two PCs
of the instrumental PDSI explain 35.8% of the total vari-
ance over the study region (Table 2). The rotated first PC
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Fig. 2 Comparisons between (a) mean segment length (MSL) and
averaged growth rate (AGR), as well as (b) between elevation (meter
above sea level) and correlation of tree-growth to averaged drought
responses of the previous and current years. All the tree species are
classified into three types: Juniperus (triangle), Larix (square), Pinus
and Picea (circle)

of the instrumental data is most heavily loaded over wes-
tern central High Asia, i.e. Kazakhstan, westernmost
China, western Mongolia, and Kyrghizstan (Fig. 3).
Therefore we call the first rotated PC the “western mode”.
The second rotated PC, yielding the highest loadings over
the eastern study region (Fig. 3), is referred to as the
“eastern mode”. The western and eastern modes are arbi-
trarily divided by the loading coefficient of 0.4, near
93.75E (Figs. 3, 4). The first PCs of the western and eastern
drought modes are retained for the following regression
analysis (Fig. 4; Table 2). The first principal components
of the western and eastern drought modes explain 32.5 and
33.7% of the total variance, respectively. Low loadings are
seen on the Tibetan Plateau that is southern to the study
region (Fig. 4; Table 2). Eighty-one (49) chronologies
falling within the western (eastern) domain are used to
reconstruct each mode, respectively (Fig. 1; Table 1).
After performing a climate-growth correlation analysis,
27 out of 44 chronologies in Russia (Altai), 6 out of 12 in
Kyrghizstan, 9 out of 10 in western Mongolia and 6 out of
15 in westernmost China were retained for regression

analysis (Fig. 1). In total, 38 out of 81 chronologies (48
predictors out of 162) were used for the following analysis
(Table 1). The first 11 eigenvectors with eigenvalues
greater than 1 derived from the 48 predictors were retained
in the final reconstruction model during the most replicated
period from 1802 to 1992. The number of predictors (tree-
ring chronologies of the previous and current years) varies
from 48 for the most replicated period from 1802 to 1992
to 11 from 1587 to 1992 (Fig. 5). The reconstructed PDSI
explains 54% of the total variance over the common period
from 1951 to 1992 (Fig. 5). Accordingly, the full period
calibration statistics (e.g. r square) generally weaken in
significance back into time. Statistics for two split cali-
bration—verification tests: 1950-1981 and 1982-1992, and
1963-1992 and 1951-1962 are shown in Fig. 5. The
instrumental PDSI from 1993 to 2005 were appended to the
reconstruction estimates for comparison with past drought
variability. The final PDSI time series for the western mode
spans from 1587 to 2005 (Fig. 5). Significant (p < 0.05)
spectral peaks of this reconstruction were found at inter-
annual (~2-3 and 4-8 years) and decadal scales (11.4 and
16.5 years). Correlation between our west mode recon-
struction and the previous published far-western Mongolia
drought reconstruction is 0.42 (p < 0.01) during their
common period of 1587-2003 (Fig. 7).

With regards to the eastern mode drought reconstruc-
tion, 19 of 49 candidate chronologies were retained
(Table 1). That is, 14 out of 20 chronologies and 19 out of
40 predictors in Mongolia, as well as 5 out of 29 chro-
nologies and 6 out of 58 predictors in China, entered into
the reconstruction model (Fig. 1). Seven eigenvectors with
eigenvalues greater than 1 were selected to reconstruct the
leading drought mode during the most replicated period. As
shown in Fig. 6, the number of predictors decreases from
25 over 1795-1989 to 20 for 1660-1989. The reconstruc-
tion explains 44% of the instrumental variance for the
common period of 1951-1989 (Fig. 6). Calibration—veri-
fication statistics for two split eastern mode reconstructions
show time-varying model reliability: 1950-1981 and 1982-
1992, and 1963-1992 and 1951-1962 are shown in Fig. 6.

Table 2 Variances explained by the eigenvectors before and after the varimax rotation

Initial values

Rotation sums of squared loadings

Component Eigenvalue % of Variance Cumulative % Eigenvalue % of variance Cumulative %
1* 359 235 23.5 28.7 18.8 18.8

2° 18.9 12.3 35.8 15.3 10.1 28.8

1° 293 325

1° 21.3 337

? The components from the PCA and RPCA for the entire central High Asia as identified in Fig. 2
° The first principal component for the western central High Asia as identified in Fig. 3a

¢ The first principal component for the eastern central High Asia as identified in Fig. 3b
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Fig. 3 Maps showing RPCA
factor loadings 1 (a) and 2 (b)
for the central High Asia. The
PDSI grids used in calculation
were also shown

40

35 &8

The final reconstruction for the eastern mode spans from
1660 to 2005 with the actual PDSI data from 1990 to 2005
appended for comparison. Significant (p < 0.05) cyclic
patterns of the eastern mode reconstruction were identified
from inter-annual (~3-5, 6.2 and 8.2 years) to inter-dec-
adal (34.1 years) and centennial (114 years) scales. Our
eastern mode reconstruction showed high positive corre-
lation (r = 0.59, p < 0.01) with the previous published
Selenge streamflow reconstruction in Mongolia over the
common period: 1660-1997 (Fig. 7). Running correlations
between the reconstructed and 11-year smoothed west and
east mode reconstructions are shown in Fig. 8.

4 Discussion

4.1 Calibration and verification testing

It is readily understood that the increase in MSL could lead
to decline in averaged ring-width (Fig. 2a), because more

old trees with narrow rings were included in calculation of
AGR (Biintgen et al. 2008). It appears that Juniperus trees
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generally show the longest MSL and lowest AGR. While
the lowest MSL and highest AGR are found for Picea and
Pinus trees (Fig. 2a). Juniperus trees distribute at signifi-
cantly higher elevations than the other two categories
(Fig. 2b). A decline in drought response at higher eleva-
tions may be because that the elevated precipitation for
these sites alleviates the drought limitation on tree-growth
(Fritts 1976). A weakness in climate responses for tree-
growth at high-elevation sites was also documented by
previous study in NW China (Gou et al. 2005).

The western and eastern drought patterns, as shown in
Figs. 3 and 4, generally agree with previous west-east
drought classifications for similar areas (Li et al. 2009;
Qian and Qin 2008; Shi et al. 2007; Zou et al. 2005). The
varying drought regimes within central High Asia indicate
that it is more meaningful to reconstruct each drought
mode separately. As indicated by high loadings and
explained variance, the first PC is considered to represent
the leading drought pattern of each mode. Therefore, we
reconstruct the first PC of each mode using principal
component regression (Fig. 4; Table 2). Both the western
and eastern modes yield their lowest loadings over the
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Fig. 4 Maps of first principal component loadings for the western (a) and eastern (b) central High Asia, as classified by RPCA in Fig. 3. The

PDSI grids used in calculation were also shown

Fig. 5 PDSI reconstruction for
the western central High Asia as
classified by Fig. 4 over the
time period of 1587-1992. Top
two panels show the comparison
between actual and
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the reconstructed and 11-year
smoothed data via adjacent-
averaging method. The actual
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show the time varying full
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northern Tibetan Plateau that is in the south of our study
area (Fig. 3), indicating different moisture conditions on
the plateau.

Many chronologies from Russia (Altai) and Mongolia
were retained in the drought reconstruction model, sug-
gesting a closer relationship between the leading drought
modes and tree rings over these regions. This may
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suggest that more drought sensitive tree rings were
located in those dry areas. High PC loading over these
regions might also have impacts on the drought-growth
spatial patterns. The tree-ring chronologies that are not
drought sensitive or not closely related to the leading
drought patterns were excluded during this screening
procedure. The PCA decomposition on the retained tree-
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Fig. 7 Comparisons of our west and east mode reconstructions with
far-western Mongolia drought reconstruction (upper panel) (Davi
et al. 2009) and Selenge streamflow reconstruction (lower panel)
(Davi et al. 2006), respectively. Note that the Selenge streamflow was

ring chronologies has resulted in reduced number of
predictors (eigenvectors), which could again reduce the
artificial predictability that results from the inclusion of
too many predictors.

rescaled to meet the range of the drought reconstruction. Their
associated running correlations based on a 51-year window are also
listed

Calibration and verification test for most of the nested
models are robust and relatively stable, indicating good
model fits over time, but verification CE values are negative
over some earlier periods, such as verification (1951-1962)
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results for 1635-1650 and verification (1981-1992) results
for 1650-1675. However, relatively poor verification sta-
tistics for one sub-period often correspond to better verifi-
cation results in the remaining time period. This means that
such relatively poor nested model statistics are due to the
varying model accuracy through the two split sub-periods.
Nevertheless, statistics for the full calibration period are
reasonably valid (Fig. 5). Therefore, we retained these nests
in the final reconstruction based on the full period of cali-
bration. Compared to the western mode reconstruction, the
PDSI reconstruction for the eastern mode is less robust, as
indicated by fewer retained predictors and a lower full per-
iod r square (Fig. 6). However, the number of predictors and
the resultant statistics for different nests are more stable than
for the western mode reconstruction (Fig. 6). Due to early
nests with relatively poor but less variable model fits, we
truncated the eastern mode reconstructions at 1660, when
the full period r square still exceeds 41.7%. It should be
noted that values of the rigorous CE statistic for the nests are
negative for the calibration (1960-1989) and verification
(1951-1959). We attribute this to the abnormal drying trend
in recent decades. That is, according to the definition of the
CE statistics, the big differences in mean values between the
two split sub-periods lead to extraordinarily low values of
the denominators of the calculation for CE. This could, in
turn, result in the abnormally low values of CE. This phe-
nomenon has been documented by previous PDSI recon-
structions for similar areas (e.g. Fang et al. 2009a).
However, this situation could be alleviated by using the full
period calibration with data from two split sub-periods.

@ Springer

4.2 Drought variability

The most severe dry epoch for the western mode recon-
struction occurs during the 1640s to 1650s (Fig. 5). This
mega-drought precedes the start of the eastern mode
reconstruction in 1660 (Fig. 6). However, a cave record for
central China, close to the identified eastern mode, suggests
that this dry epoch may also have been the most extreme
for the eastern mode over the past 400 years (Zhang et al.
2008). This result indicates that the prominent 1640s to
1650s dry epoch may have covered much of central High
Asia. The collapse of the Chinese Ming Dynasty in 1644
occurred during this drought epoch, suggesting possible
links between droughts and cultural changes. Such severely
dry conditions may have largely reduced the commissariat
supply and thus led to the peasant unrest against the Chi-
nese Ming Dynasty at that time (Zhang et al. 2008).
However, we also stress caution, because our reconstruc-
tion can only reveal moisture conditions for the western-
most area of the Chinese Ming Dynasty. The wettest
epochs for both the western and eastern reconstructions are
found in the 1950s (Figs. 5, 6), indicating a large area
influenced by extreme wet conditions. With regards to the
western mode reconstruction, other severe dry intervals
(with 11-year smoothed data lower than —2SD at —3.6)
occurred in the 1590s to 1600s, 1760s, 1970s, and other
abnormally wet conditions (greater than 2SD at 2.9) in the
1780s to 1790s.

The eastern mode reconstruction shows more centennial
variations (Fig. 6). In general, the reconstructed PDSI
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fluctuate around the mean prior to the eighteenth century;
and the PDSI values fall below normal for the nineteenth
century. Wet conditions are observed for the early half of
the twentieth century, while a dramatic drying trend is seen
in the three most recent decades (Fig. 6). The western and
eastern mode reconstructions are more variable in recent
decades, consistent with previous studies in these areas
(e.g. Fang et al. 2009a; Li et al. 2007). Both the driest and
wettest epochs over the length of reconstruction occurred
in recent decades, e.g. wet epoch for the 1950s—1960s and a
dry epoch after the 1980s for eastern mode (Fig. 6). This
may suggest that moisture conditions of central High Asia
have become more variable in response to recent climate
warming. The wetting and drying trends are also seen for
the western mode reconstruction, but the drying trend since
the 1980s is evident. This is because an increase in pre-
cipitation over the western mode (Shi et al. 2007) and
vicinity (Treydte et al. 2006) has alleviated the drought
caused by increase in temperature. The distinct drying
trend since the 1980s has been documented by many
studies, especially in the eastern region (Fang et al. 2009a,
b; Li et al. 2007; Shi et al. 2007; Zhang et al. 2008; Zou
et al. 2005). Our study further suggests that this drying
trend is the most severe event that has occurred over the
past 346 years for the whole eastern region. Possible fac-
tors accounting for this drying trend include the weakening
of the Asian monsoon (Kripalani et al. 2003; Zhang et al.
2008), anthropogenic forcing (Zhang et al. 2008), and/or
effects of intensified evaporation induced by recent global
warming. Since regional droughts are mainly controlled by
the Asian monsoon systems (e.g. Fang et al. 2009b; Shi
et al. 2007; Zhang et al. 2008), the weakening of the Asian
monsoon may be the main cause for recent severe drying
trend in the eastern mode.

More significant low-frequency spectral peaks were
found for the eastern mode reconstruction, consistent with
the above analysis that this reconstruction retains more
low-frequency information. However, statistically signifi-
cant spectral peaks at the centennial time scale for the
eastern mode reconstruction may not be realistic because
the overall length of the series is only 336 years. Spectral
peaks of 34.1-year that are close to the inter-decadal
spectral feature of the Pacific Decadal Oscillation (PDO)
and the inter-decadal mode of the North Pacific sea surface
temperatures (D’Arrigo and Wilson 2006; Li et al. 2004)
suggest possible teleconnections with remote ocean con-
ditions. Actually, many tree-ring chronologies used for the
eastern mode reconstruction were also employed for a PDO
reconstruction based on Asian tree-ring data (D’ Arrigo and
Wilson 2006). Significant decadal spectral peaks at
~11.5 years for the western mode reconstruction are close
to the sunspot cycle (Fig. 8a), indicating possible links of
regional droughts to solar activity. Significant inter-annual

spectral peaks of 3-8 years for both the western and east-
ern mode reconstructions fall within the broader bandwidth
of 2-11 years for ENSO (Allan 2000). Previous studies
revealed mechanisms that may explain the influence of
ENSO on rainfall in north China (Li and Zeng 2002; Lu
2005). However, linkages between the western mode
reconstruction and ENSO are uncertain.

4.3 Drought comparisons

As shown in Fig. 7, both of our spatial reconstructions
show similar variability to the previous reconstructions
(Davi et al. 2006, 2009) for geographic points within each
mode (Fig. 7). It should be noted that the Selenge
streamflow variations are rescaled to have the same range
as the PDSI variability. The similar pattern between this
study and the Selenge streamflow reconstruction is rea-
sonable, because the first PC of each mode shows high
loadings over these regions (PDSI gridpoint at 48.75 N
88.75E and streamflow station at 49.34 N 101.31E) as
shown in Fig. 4. However, relatively low correlations
between our reconstructions and point reconstructions are
found at some periods, such as the ~ 1820 s for both
comparisons (Fig. 7). This may suggest that the two pre-
vious reconstructions for geographic points account for
relatively little variance of the spatial common patterns
during these periods.

Although significant positive correlations between point
reconstructions and field reconstructions suggest homoge-
neity within each mode, there is heterogeneity between the
two drought modes according to the non-significant cor-
relations between the reconstructions from both western
and eastern modes. Actually, reconstructions of much
longer time scales that were based on other climate
archives, e.g. pollen and lake levels, also documented the
distinct difference between the two drought modes (Chen
et al. 2008). Those studies also suggested different forcings
between the two drought modes, consistent with the above
RPCA results. However, there are relatively high positive
running correlations during certain periods, for example, at
the 1790s to 1800s and after the 1940s. These two intervals
coincide with the two wettest periods in the western
reconstruction, with the wettest conditions for the 1940s to
1950s (Figs. 5, 6). It seems that the positive correlations
tend to occur at periods when the western mode recon-
struction is under wet conditions. Both series show a drying
trend since the 1980s, albeit there is a much stronger
decline trend for the eastern mode reconstruction (Fig. 8).
Negative values are seen during the 1740s to 1750s, 1770s
and 1870s to 1900s (Fig. 8). These negative correlations
appear to occur at periods when the western mode is rel-
atively dry (Fig. 5). Running correlations for reconstructed
and smoothed reconstructed data show roughly similar
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patterns but with some disagreements, e.g. before the 1700s
(Fig. 8).

5 Conclusions

We classified the drought patterns of a PDSI network with
153 grids for central High Asia (70E-112E, 33N-52N),
using RPCA. The identified western and eastern drought
modes are delimited at ~93.75E. The first principal
component of each mode was reconstructed, using tree-ring
chronologies located within each mode. 38 out of 81 can-
didate chronologies were employed to reconstruct the
western drought mode, extending back to 1587. The wes-
tern reconstruction explains 54% of the instrumental PDSI
variance, and statistics of calibration and verification tests
are found to be reasonably valid for the nested datasets. 19
of 49 candidate chronologies were utilized to extend the
eastern mode back to 1660, i.e. from 1660 to 2005. The
reconstructed PDSI accounts for 44% of instrumental PDSI
variance for the eastern mode reconstruction. Compared to
the western mode reconstruction, the time-varying statistics
are somewhat less rigorous but more stable due to the
relatively smaller but constant number of chronologies
entered into the reconstruction model.

Our spatial reconstructions show variability consistent
with previous reconstructions at geographic points within
these classified regions, while no significant correlation
was found between the reconstructions of the classified
western and eastern modes. Both spatial reconstructions
show greater variability in recent decades. The wettest
periods for both reconstructions are found from the 1940s
to 1950s. Running correlations over the common period
from 1660 to 2005 are relatively higher when the western
mode was in wet conditions. The driest epoch for the
western mode reconstruction occurred from the 1640s to
1650s, coinciding with the time of the collapse of the
Chinese Ming Dynasty. The driest epoch for the eastern
mode reconstruction occurs since the 1980s. Both recon-
structions have shown significant cycles at interannual to
interdecadal scales, as identified by spectral analyses.
Interdecadal variability at ~34.1 years in the eastern mode
reconstruction may suggest the influence of the PDO for
this region. Interannual scale spectral peaks from 3 to
8 years for the eastern mode reconstruction fall within the
broad bandwidth of the ENSO variability.
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