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Abstract: The climate in the source region of the Yangtze River, Yellow River, and Mekong River is
of great research interest because of its sensitivity to global change and its importance in regulating
water resources to densely populated and vast areas downstream. A five-century long record of
spring (May-June) for the Palmer Drought Severity Index (PDSI) was reconstructed for this region
using tree-ring width chronologies of Qilian juniper (Juniperus przewalskii Kom.) from five high-
elevation sites. The reconstruction explained 46% variance in the PDSI during the instrumental
period 1955-2005. The reconstructed PDSI showed that the occurrence of dry extremes became
frequent during the last century relative to the previous four centuries. The standard deviation of the
reconstructed PDSI in the 100-year window showed that the recent century held apparent high values
of standard deviation in the long-term context. Sustained droughts occurred in periods 1582-1631,
1737-1757,1772-1791, 1869-1891, 1916-1939, and 1952-1982, whereas relatively wet intervals were
observed in 1505-1527, 1543-1564, 1712-1736, 1792-1816, 1852-1868, 1892-1915, and 1983-2008.
Notably, in the context of the past five centuries, the study region showed an increased inter-annual
variability in the recent century, suggesting an intensified hydroclimatic activity possibly associated
with global warming. Moreover, through diagnostic analysis of atmospheric circulation, we found
that the negative phase East Asian—Pacific teleconnection pattern may be likely to trigger drought in
the study region.
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1. Introduction

Located in the northeastern Qinghai-Tibetan Plateau (NE-QTP), the source region of
three major rivers (i.e., Yangtze River, Yellow River, and Mekong River) is an important
component of the “water tower” of East Asia [1]. This region is also an important water
resource reserve and ecological barrier in China and even in East Asia, which is character-
ized by rich alpine biological resources, a fragile ecological environment and sensitivity
to climate change [2,3]. Changes in climate and its extremes over this region not only
influence local ecosystems, environment and water resources, but also the security of food,
energy and water in the downstream areas [4]. Therefore, there is an urgent need to conduct
more scientific study on conservation techniques in this region because of its unique and
significant strategic position with respect to national ecological security.

Climate change in this region exerts significant impacts on water resources not only
at the regional scale but also on lower reaches of the rivers, thus influencing the life of a
dense human population [5]. Both the regional climate and ecosystems show significant
changes over the NE-QTP region due to global warming [6,7]. The rate of warming in this
region from 1982 to 2015 was four times the global warming rate, which would accelerate
vegetation growth in the region [8]. Both ecological restoration and warming climate change
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favorably impact regional runoff in the NE-QTP region [9]. It was reported that the water
resources and precipitation in this region significantly declined in the 1990s, but returned
to above normal during the last decade [10,11]. However, other studies reported that
the regional runoff showed a continuous decreasing trend during recent decades [12,13],
yet different spatial and seasonal characteristics were reported [14]. Historical changes in
climate and ecology were found to cause significant reductions in mean and high flows over
the Yellow River headwaters during 1979-2005, which potentially increased drought risk
over its downstream areas [15]. Changes in temperature and precipitation alter the regional
water cycle and ecological environment of the NE-QTP region, which have changed the
spatial patterns of ecological services [16]. Recent research suggests that the NE-QTP region
will become warmer and wetter in the future. Extreme precipitation will also increase at
the 1.5 °C global warming level [17]. These reveal that the frequency and magnitude of
hydroclimate extremes have increased in the context of global warming. However, how
the hydroclimate extremes would respond to the 1.5 °C/2 °C warming, and how much
ecological factors contribute are still unknown. These observations were short in length,
making it difficult to obtain the full spectrum of regional hydroclimate variability. Thus,
it is imperative to put the recent changes into the context of a longer time scale to better
understand its temporal patterns of variability.

Reconstructions of past climate by high-resolution proxies, such as tree rings and
ice cores, are useful approaches for evaluating present conditions in the context of the
long-term past [18-20]. Several studies based on tree rings have been conducted to investi-
gate the drought-wetness variations on the NE-QTP. Gou et al. (2007) [21] reconstructed
the streamflow variations of the Yellow River over the past six centuries and found an
increasing trend during much of the twentieth century but decreasing after the 1980s. It
was also reported that precipitation has undergone a slowly increasing trend over the past
five centuries in the middle of Qilian Mountain, and the probability of intensified rainfall
events seemed to increase during the past two centuries [22]. Ham et al. (2023) [23] found
that the variability of precipitation became larger under the ongoing climate warming.
Nevertheless, a drying trend in recent decades was detected from the stable carbon isotope
record of Qinghai spruce [24]. Zhang et al. (2011) [25] also pointed out that drought
events became more frequent during the 20th century. Reconstructed precipitation over
the past 1000 years in Delingha exhibited a decrease in magnitude after 1850 [26]. Liu
et al. (2021) [27] found that the reconstructed runoff in the source region of the Yangtze
River had periodic changes with multiple time scales of quasi 16-32 years and significantly
correlated with the North Atlantic Oscillation (NAO) and Pacific Decadal Oscillation (PDO).
However, the possible causes of hydroclimate extremes in the NE-QTP region are still not
fully understood. To date, it remains unclear as to the long-term moisture variability and
its potential causes, possibly due to the spatial complexity of the study areas.

In this study, we attempted to (1) establish a regional chronology based on tree rings
sampled in the source region of the three great rivers (hereafter TRS-region for short),
(2) reconstruct the regional drought-wetness variations for the past five centuries, and
(3) check whether the frequency and severity of drought events have increased in the
context of the long past, and identify their potential causes. The remainder of this paper is
organized as follows: the materials and methods are introduced in Section 2, the results
are presented in Section 3, the discussions are described in Section 4, and conclusions are
provided in Section 5.

2. Materials and Methods
2.1. Tree-Ring Data

The tree species under study is Qilian juniper (Juniperus przewalskii Kom.), which is
the dominant species in natural forests in the TRS-region. It is recognized as a long-lived
and climate-sensitive species in previous dendrochronology studies [28]. Sampling was
conducted in five sites with relatively less disturbance on Anyemagen Mountain (Figure 1,
Table 1). Increment cores were sampled at breast height from trees that had no sign of
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obvious rot and damage in the stem. Samples from ZT and NMT were also used for
analyses in a separate study [29].

Table 1. Detailed information for the five sampling sites in the source region of the three great rivers
on the northeastern Qinghai-Tibetan Plateau.

Site Code Latitude Longitude Elev. (m) Cores
Angsai AS 32°39’ 95°41' 4051 34
Jungong ]G 34°44' 100°33' 3538 30
Ningmute NMT 34°37' 100°57 3575 34
Xiaersi XES 33°44/ 96°15' 4234 39
Zhongtie ZT 35°03' 100°07 3831 31

In the laboratory, core samples were prepared following the standard dendrochrono-
logical procedures [30]: cores were air-dried, mounted, and glued firmly in grooved
wooden bars and sanded with progressively finer sandpaper up to 1000 grit. Increment
cores were then measured for annual radial growth to the nearest 0.001 mm, using LINTAB
measurement equipment (Frank Rinn, Heidelberg, Germany). The ring-width series were
crossdated by visual examination of plotted series, identification of problematic rings
under the microscope, and correction of the measured series with the TSAP 4.81 soft-
ware package. The crossdating was further validated using the program COFECHA. Site
chronologies were derived by averaging individually standardized cores using the program
ARSTAN [31], which applied a cubic spline with a 50% response frequency cut-off at the
half length of the series to preserve high-frequency growth variance while removing age-
related growth trends. The early section of chronologies was truncated with the threshold
of 0.85 in expressed population signal (EPS) to denote sufficient strength of the signal for
use in paleoclimate reconstruction.

40°N
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36°N

34°N

32°N

A Sampling site
B PDSI grid point
@ Meteorological station

92°E 94°E 96°E 98°E 100°E 102°E

0 50 100 200 km
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Figure 1. Map showing the locations of tree-ring sampling sites, the nearby meteorological stations,
and PDSI grid points developed by Dai et al. (2004) [32] in the northeastern Qinghai-Tibetan Plateau.
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2.2. Meteorological Data

The study area is characterized by a continental arid climate, primarily influenced by
the Westerlies and Asian Monsoon. Sixteen meteorological stations were selected around
the five sampling sites (Figure 1). The multi-year average climatic pattern in the mean
monthly temperature and monthly precipitation is similar among these stations, with a
common rainy season during the period from June to September (Figure 2). Meteorological
data of 10 stations (ZD, NQ, QML, YS, SQ, QSH, DR, MD, XH, and HN), which were nearby
the sampling sites selected to compose the regional chronology and covering a common
period (1961-2008) as long as possible, were standardized and averaged to illustrate the
general climatic characteristics in the study area (Figure 2). Palmer Drought Severity Index
(PDSI) data spanning the instrumental period (1955-2005) were extracted from a globally
gridded PDSI database [32] for the four relevant grid points (Figure 1). PDSI data for the
four grids (35°-37.5° N, 100°-102.5° E and 32.5°-35° N, 95°-102.5° E) were standardized
and averaged to represent the regional moisture conditions.

I Precipitation
24 —— Temperature Lo

Z-score

J F M A M J J A S O N D
Month

Figure 2. Temperature and precipitation of the regional climate based on the 10 meteorological
stations surrounding the sampling sites for the period 1961-2008 in the northeastern Qinghai-Tibetan
Plateau.

2.3. Methods

Pearson correlation was employed to investigate the nature of the climate-tree growth
relationship. These analyses used an 18-month climate window extending from May of
the previous year to October of the current growth year. Various multi-month seasons
of climate, the averages of temperature/PDSI or totals of precipitation, were also tested.
Based on the results of climate—tree growth analyses, a transfer model was developed using
a linear regression technique in which the tree ring was the predictor variable and climate
was the predictand variable.

Leave-one-out verification was conducted to verify the performance of the transfer
model. The criteria used in the verification included Pearson’s correlation coefficient (R),
reduction of error (RE), sign test (ST), and product mean test (PMT). RE is a measure of
shared variance between actual and estimated series, with a positive value suggesting that
the reconstruction is stable and valid [33].

3. Results
3.1. Characteristics of Tree-Ring Width Data

Tree-ring width chronologies were developed for each of the five sampling sites
(Table 2, Figure 3). Among these five chronologies, the ]G chronology exhibited the highest
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mean sensitivity (MS) and standard deviation (SD), and showed greater inter-annual and
decadal variability than other chronologies (Figure 3). Most of the chronologies had typical
autoregressive properties, indicating that the chronologies contained considerable low-
frequency variance related to growth conditions and tree physiology [33]. The results
of common period analysis in 1901-2000 showed that the chronology JG displayed the
highest Rbar, SNR, EPS, and PC1 variance (tree-to-tree common signal), reflecting that
tree rings in this site hold the strongest common signals among individual trees. The
five site chronologies showed similarity in decadal variability (Figure 3). Relatively low
growth was shown during the periods 1741-1757, 1834-1850, 1868-1885, and 1915-1934,
and relatively high growth was shown in the period 1650-1666. For most of the sites,
tree growth increased in recent decades. Similarity among the five site chronologies was
examined by computation of Pearson’s correlation coefficients between each pair of the
chronologies (Table 3). Sites XES, NMT, and ZT practically had significantly positive
correlations with each of the other sites, respectively.

Table 2. The statistics of each standard chronology (common period analyses for 1901-2000).

Site (EI})Ser::)(.iSS) MS SD AC1 Rbar SNR EPS PC1 Variance

AS 1605-2008 0.12 0.168 0.591 0.237 7.456 0.882 29.5%

G 18102008 0.232 0.224 0.218 0.476 21.8 0.956 50.9%
NMT 1605-2008 0.13 0.158 0.481 0.201 8.03 0.889 25.3%
XES 16602008 0.185 0.197 0347 0.23 10.17 0.91 27.5%

7T 15902008 0.155 0.183 0.439 0.293 10.37 0.912 33.1%

Notes: MS, mean sensitivity; SD, standard deviation; AC1, first-order serial autocorrelation; Rbar, mean inter-
series correlation; SNR, signal to noise ratio; EPS, expressed population signal; PC1 variance, variance explained
by the first principal component (PC1).
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Figure 3. Tree-ring width chronologies of Juniperus przewalskii Kom. for each site in the northeastern
Qinghai-Tibetan Plateau. The superimposed blue line is the 11-year running average. All series were
truncated with the threshold of 0.85 in EPS.
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Table 3. Correlation coefficients of each chronology pair for the ring width (EPS > 0.85).

JG NMT XES T

AS r 0.142 * 0.239 ** 0.415 ** 0.145 **
n 199 404 349 404

JG r 0.401 ** 0.362 ** 0.395 **
n 199 199 199

NMT r 0.230 ** 0.383 **
n 349 404

XES r 0.305 **
n 349

Notes: * p < 0.05, ** p < 0.01. n, the number of data pairs.

3.2. Regional Tree-Ring Width Chronology

Figure 4 shows the results of the correlation analysis between the chronology of each
site and the monthly PDSI of the neighboring grids for the period 1955-2005. Tree growth
of five sites, i.e., ZT, JG, NMT, XES, and AS, had a strong and positive relationship with
monthly PDS]I, especially for May and June of the growth year. Also, considering the high
correlations among these five site chronologies (Table 3), the tree-ring width data of these
five sites contained common moisture signals of the study region. Therefore, we pooled
together the ring-width data from 168 cores of the five sites to create the regional tree-ring
width chronology using the same standardization method as in producing site chronologies
(Figure 5). The standard regional chronology that had an EPS > 0.85 was 504 years in length,
spanning from 1505 to 2008 AD.

pJul|pAugpSep|pOctpNovipDec| Jan | Feb | Mar | Apr [May| Jun | Jul [Aug|Sep
ZT |+ | | © | 6 © ©® & & & & & o o o
Gle|olo@oeo/e/ceo@@ |-
NMT e | e |e ||| o000 @ @ |-
XES .‘...‘......’
ns|e|e o/ @ o0 000 0 0@ O ¢ o

Figure 4. Correlation analysis between the chronology of each site and monthly PDSI of the neigh-
boring grid point for the period 1955-2005. The size of the solid circle represents the magnitude of
positive correlation coefficient. The shaded area indicates significance at p < 0.05 level, and “pJul”
means July in the previous year.
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Figure 5. Regional tree-ring width chronology of Juniperus przewalskii Kom.and the sample replication
in the northeastern Qinghai-Tibetan Plateau. The arrow denotes the year with EPS > 0.85.
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3.3. Relationships between Regional Tree-Ring Width Chronology and Regional Climate

Regional climate data were generated by averaging the observations from 10 weather
stations and four PDSI grids covering the spatial distribution of the five tree-ring sites.
Figure 6 shows the growth—climate relationship for the regional chronology with monthly
mean temperature, precipitation, and PDSI in the TRS-region. At the p < 0.05 level of
significance, ring width was negatively correlated with temperature in May, and positively
correlated with the precipitation in May and June (r = 0.511, n = 48). A significant positive
correlation was found between the temperature in prior October and current July. The
tree-ring width showed a significant and positive correlation with PDSI from previous
October to current June. The Pearson correlation analysis showed that the tree-ring indices
were most strongly correlated with the May-June mean PDSI (r = 0.676, n = 51, p < 0.0001).

0.7

—m— Temperature [7Z) Precipitation [__| PDSI

Correlation coefficients

pM pJ pJ pA pS pO pPN PD J F M A M J J A S O M
Month

Figure 6. Correlation coefficients between the regional chronology and climate records (temperature
and precipitation averaged from a composite of 10 nearby meteorological stations, and PDSI data
averaged from the four relevant grid points) from previous May to current October over the period
1961-2008 (time span 1955-2005 for PDSI). The horizontal dashed lines denote the 95% significance
levels; “pM” means May in the previous year; “M]” means May to June.

3.4. Reconstruction of May—June PDSI

A transfer function was developed by the linear regression model, using May-June
PDSI as the dependent variable and the regional tree-ring width chronology as the in-
dependent variable. As shown in Table 4, the transfer function, which took the form
PDSIyi = 3.631 x RC — 3.521, accounted for 45.7% of the instrumental PDSI variance in
May-June over the calibration period (1955-2005). Variation in the reconstructed spring
PDSI agreed well with that of the observed series (Figure 7a). Model residuals were
reasonably normally distributed and showed low autocorrelation (AR(1) = 0.127, with a
non-significant Durbin—-Watson statistic). The leave-one-out cross-validation confirmed
the good performance of the transfer function (Table 4). The positive value of RE (0.393)
indicated the reliability of the derived reconstruction. The results of the ‘sign’ test and
product mean test exceeded the 99% confidence level, additionally demonstrating the
validity of our regression model [33,34]. Therefore, this model was deemed acceptable and
applied to the full chronology.



Water 2024, 16, 1186 8 of 15

Table 4. Statistics of calibration and leave-one-out verification results for the regression model in the

common period 1955-2005.

Calibration (Model: PDSIyyj = 3.631 x RC — 3.521) Leave-One-Out Verification
Period r R? R? adj F r RE Sign Test Pmt
1955-2005 0.676 45.7% 44.6% 41.2 0.628 0.393 37+/14— ** 2.42 **

Notes: r, correlation coefficient; RZ and Rzadj, coefficients of determination and adjusted coefficients of determina-
tion of regression analysis; F, F statistic for regression model significance; RE, the reduction of error; Sign test, sign
of paired observed and estimated departures from the mean based on the number of agreements/disagreements;
Pmt, the product mean test. ** Significant at p < 0.01.
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Figure 7. (a) Comparison between observed and reconstructed mean May-June PDSI for their common
period 1955-2005. (b) Reconstruction of May—June PDSI from tree-ring width in the northeastern
Qinghai-Tibetan Plateau. Superimposed on the reconstruction is a 30-year low-pass filter. The blue
and red bars correspond to extreme wet/dry years (exceeding mean + 1.5 SD), and the shaded area

is the 95% confidence interval.

Spring (May-June) PDSI was reconstructed for the period 1505-2008 AD by applying
the regional tree-ring chronology to the transfer function (Figure 7b). The reconstructed
PDSI exhibited considerable variations on decadal to multi-decadal timescales, as shown
by the 30-year low-pass filter curve. As shown by the 30-year low-pass filter curve, rela-
tively dry periods (below the mean for more than 15 years in succession) occurred during
1582-1631, 1737-1757,1772-1791, 1869-1891, 1916-1939 and 1952-1982. In contrast, rela-
tively wet intervals (above the mean for more than 15 years in succession) were observed
in 1505-1527, 1543-1564, 1712-1736, 1792-1816, 1852-1868, 1892-1915, and 1983-2008.
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The frequency of extreme single year events was examined for the past five centuries.
Years in which the reconstructed PDSI exceeded +1.5 standard deviation (SD) were defined
as extreme single-year events. The top five severely extreme years were identified in 1953,
1824, 1995, 1749, and 1539 for droughts and in 1989, 1835, 1525, 1800, and 1955 for wetness,
respectively, most of which arose in the nineteenth and twentieth centuries. The occurrence
of dry extremes became significantly frequent during the last century (11 events in total)
relative to the previous four centuries (Figure 8). Standard deviation of the reconstructed
PDSI in a 100-year window showed that the last century had apparent high values of
standard deviation.

: ~ 20

0.511
0.5 +

0.478

0.449
T 0.442 0.449

0.42

0.4
0304 0.384 0.398

~ 10

1 0.341
0.3
. . }
0.2 J Lo
1509-1608 1609-1708 1709-1808 1809-1908 1909-2008

Year

Standard deviation
Counts of dry/wet extremes

Figure 8. (a) Box-whisker plot: distribution of the standard deviation for each 100 years based on
bootstrap sampling (N = 5000). The ends of the whiskers represent the 5th percentile and the 95th
percentile. (b) Bar chart: the counts of dry (red bar) and wet (blue bar) extremes for each 100 years.

4. Discussion
4.1. Climate—Growth Relationships

Drought stress in May—June appears to be the critical limiting factor for S. przewalskii
tree growth in the Anyemagen Mountains, as indicated by positive correlations with
precipitation and negative correlations with temperature (especially for May). The high
(low) May temperature could intensify (weaken) evapotranspiration and result in a narrow
(wide) ring when precipitation is less abundant. This drought-stress growth pattern during
the growing season is widely documented in some dendroclimatological studies of the
same species reported earlier on the NE-QTP [35-38]. It is conceivable that, in the arid and
semiarid regions, the arrival of early summer monsoon rainfall in May and June, providing
the main water source for tree growth, plays an important role in enhancing earlywood
formation [39,40].
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4.2. The Characteristics of PDSI Variation in the Recent Century

In the context of the reconstructed PDSI variation for the past 504 years, an evident
wetting trend has been observed since the 1950s. However, a much larger amplitude of
dry-wet variations was also depicted during the recent century, and particularly drought
events became more frequent. It was in basic agreement with the assessments of Zhang
etal. (2011) [21], which pointed out that historical drought events became more frequent
during the 20th century in China and the Qilian Mountains, respectively. Some previ-
ous studies also reported the wetting trend along with increasing interannual variability
during recent decades in the Qinghai-Tibetan Plateau [41]. Therefore, it probably sug-
gested a possible link with intensified hydroclimatic activity under the ongoing global
warming. This finding was consistent with the results inferred from both observations
and modeling [42,43]. The hydroclimate variability was closely associated with internal
atmosphere variability, and also significantly dominated by ENSO activity, particularly on
the interannual timescale [18,43,44].

4.3. Comparison of Our Reconstruction with Other Records

Our PDSI reconstruction was in good agreement with previous reconstructions of
drought variation inferred from tree rings and ice cores on the NE-QTP. We compared
our PDSI reconstruction with other chronologies developed from the regions relatively
close to our sampling sites. Relatively dry epochs in the 1590s, 1770-1790s, and 1880-1890s
were observed as below-average tree growth in the tree ring width chronologies on the
NE-QTP [36,45]. The depressive tree growth during the period AD 1815-1824 was also
reflected by tree rings in Wulan [35], and the southeastern Tibetan Plateau [46]. In addition,
the dry epoch in the 1920s-1930s was widely recorded in the Qinghai-Tibetan Plateau [21],
the northwest [47], and north central China [40,48,49]. These correspondences imply that
the drought-wetness variation over the NE-QTP in large spatial scale is consistent in
low frequency.

Some extreme dry and wet years identified in this study were coincident with a variety
of historical records and other tree-ring records. The severe dry years occurred in 1602,
1665, 1785, 1879, 1927, 1942, 1953, and 1960, and severe wet years that occurred in 1904,
1911, and 1943 were validated in the historical archives of drought and flood events in
the Yellow River basin (online materials from www.yellowriver.gov.cn). The extreme dry
years of 1539, 1749, 1770, 1824, and 1918 were recorded in a historical compendium of
Chinese meteorological records developed by Zhang (2004) [50] using various ancient
books. A typical severe drought event in 1876-1878 [21,51] was also captured in this PDSI
reconstruction on the NE-QTP. Otherwise, the extremely dry year of 1995 was also seen
for the PDSI reconstructions of Guiging and Kongtong Mountain in north China, which
corresponded to El Nifio [48,52].

The reconstructed PDSI in this study was compared with other PDSI reconstructions
in the northeastern and southeastern Qinghai-Tibetan Plateau (SE-QTP) (Figure 9). Some
common dry intervals were shown in the 1530s-1540s, 1560s-1570s, 1620s, 1740s, 1770s,
1810s-1820s and 1870s. However, there were evident differences in the spatial pattern
of dry and wet variations during certain periods. For example, after experiencing a dry
period in the 1740s, the NE-QTP became wet, but the SE-QTP continued to be dry; after
the dry epoch of the 1770s, the NE-QTP became wet, but the SE-QTP continued to be dry.
The dry intervals that occurred in our study during the 1510s, 1590s, 1780s, and 1920s,
which were consistent on the NE-QTP [21,36,53], corresponded with wet conditions on
the SE-QTP [29,44]. These differences reflected the spatial pattern changes of dry and wet
signals over this area, which may have been influenced by the strengthening/retreat of
climate systems such as the South Asian Monsoon and the mid-latitude Westerlies [29,54].
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Figure 9. Comparison of reconstructed PDSI in this study and other PDSI reconstructions of adjacent
region. (a) Reconstructed May-June PDSI in this study; (b) reconstructed annual PDSI in the
northeastern Qinghai-Tibetan Plateau (Peng and Liu, 2013) [53]; (c) reconstructed May-June PDSI in
the southeastern Qinghai-Tibetan Plateau (Wang et al., 2020) [55]; (d) reconstructed annual PDSI in
the southeastern Qinghai-Tibetan Plateau (Fang et al., 2010) [44]. All bold red lines were smoothed
by a 10-year low-pass filter.

4.4. Atmospheric Teleconnection

Figure 10 shows the spatial regression patterns between reconstructed PDSI and
atmospheric circulation during the period of 1955-2008. From the 200 hPa geopotential
height, we found a significant high pressure anomaly center in the North Pacific to eastern
Russia, and at the same time a significant low pressure anomaly center in the Central Pacific.
The spatial pattern of the anti-phase geopotential height is similar to the East Asian—Pacific
(EAP) teleconnection pattern. The EAP teleconnection is a meridional wave train existing in
the East Asia monsoon region, which mainly reflects the seesaw relationship of atmospheric
pressure systems between the Sea of Okhotsk and the northwest Pacific Ocean [56,57]. The
EAP index includes the following two steps. The EOF1 mode is first calculated using
the 500 hPa standardized potential height anomalies between 0°-5° N and 100° E-180°.
Then, the difference of the two central points between 140° E, 70° N and 130° E, 45° N is
determined. In the 500 hPa potential height, we also found an anti-phase spatial pattern
between the North and Central Pacific Ocean. The reconstructed mean May-June PDSI in
the TRS-region and EAP teleconnection had a high negative correlation (p < 0.05), and the
correlation coefficient reached —0.61. In addition, we also analyzed the wind anomalies
at the 850 hPa pressure level and found that there were northerlies in eastern China and
the eastern edge of the Qinghai Tibet Plateau. Considering the scarcity of water vapor
from the boreal, we suggested that due to the influence of negative phase EAP, insufficient
water vapor conditions from eastern China to the eastern edge of the Qinghai Tibet Plateau
often led to drought, which has been confirmed by Yu et al. (2009) [58]. These results were
consistent with the statistical characteristics of more drought events in the reconstructed
mean May—June PDSI in the TRS-region shown in Figures 7 and 8. The above-mentioned
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findings suggested that the hydroclimate in the TRS-region may be influenced by the
negative phase EAP teleconnection pattern, leading to water vapor scarcity in the area and
triggering drought.
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Figure 10. Spatial regression patterns between reconstructed mean May—-June PDSI and geopotential
height anomalies at pressure levels of 200 hPa (a), 500 hPa (b), and wind anomalies at the 850 hPa
pressure level (c) during the period of 1955-2008. (The correlation coefficients of reconstructed mean
May-June PDSI and EAP teleconnection index are shown in the upper right corner of (b); the black
rectangle indicates the location of the sampling sites; the black dots and gray shades indicate passing
the 0.05 confidence level).

5. Conclusions

Based on the tree-ring width chronologies of the Qilian juniper (Sabina przewalskii
Kom.), derived from five sites in the source region of the three great rivers on the NE-
QTP, some conclusions can be drawn. Despite the complicated landforms and spatial
differences in the local environment and tree growth, it is possible to establish a model
using a regional network of tree-ring width chronologies to reflect large-scale drought
variation. The strength of the relationship between regional chronology and drought
variation highlights the critical importance of spring (May—June) moisture availability to
tree growth of Qilian juniper in the NE-QTP. Our reconstruction was in general agreement
with previous dendroclimatological studies of the same species in other areas of the Qinghai-
Tibetan Plateau, and well reflected the regional drought variability on inter-annual and
inter-decadal scales. Notably, in the context of the past five centuries, the study region
showed apparent high values of standard deviation and relatively more frequent drought
extremes in recent centuries, suggesting an intensified hydroclimatic activity possibly
associated with global warming. Through diagnostic analysis of the spatial regression
patterns between reconstructed PDSI and atmospheric circulation (e.g., 200 hPa and 500 hPa
geopotential height and 850 hPa wind), we inferred the hydroclimate in the TRS-region
may be influenced by the negative phase EAP teleconnection pattern, leading to water
vapor scarcity in the area and triggering drought.
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