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ABSTRACT

A juniper (Juniperus przewalskii Kom) tree-ring width chronology has been developed from the west-
ernmost forest of the Qilian Mountains. Our analyses demonstrate both temperature and precipitation have
significant effects on tree growth and that both should be considered in climate reconstruction. Thus a
regional drought history (A.D. 1855-2001) is reconstructed by calibrating with a linear interpolation
through four Palmer Drought Severity Index (PDSI) grid values nearest the sampling site. Our reconstruc-
tion extends the drought history of this area and also reveals that the most severe drought occurred in the
1920s. In the context of the drought history of western China, this extreme drought between 1925-1931
is consistent over a large surrounding region of Northwestern China. Multi-taper spectral analysis reveals
the existence of significant 40- to 46-year, 29-year, and 2.1- to 3-year periods of variability. Overall, our
study provides reliable information for the research of past drought variability in the Qilian Mountains,
Northwestern China.

Keywords: dendrochronology, drought reconstruction, Qilian Mountains.

INTRODUCTION

With their high resolution and reliability, tree
rings play an important role in global change stud-
ies. Tree-ring chronologies have been widely used
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for reconstructing climatic variability in the most
recent 1,000 and even 2,000 years of the Northern
Hemisphere (Schweingruber 1983, 1996; Mann et
al. 1999). Therefore, tree-ring based reconstruc-
tions can offer extended records to understand
long-term variability of climate parameters (Briffa
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et al. 1995; Esper et al. 2002). In addition, tree-
ring research can also provide great insights into
the mechanisms of climate change (Briffa et al
1998). However, tree-ring reconstruction is com-
plicated in regions where ring width is not only
influenced by temperature, but also affected by
precipitation variations. There are some conflicting
results in the northeast Tibetan Plateau regarding
whether tree-ring index responds to temperature or
precipitation. Some results suggest the tree-ring
widths are influenced by temperature variation
(Wang et al. 1982; Kang et al. 1997, 2000; Liu et
al. 2005; Gou et al. 2006, in press), whereas other
studies indicate that the tree-ring width variations
of the northeast Tibetan Plateau reflect annual pre-
cipitation variations, and not temperature (Shao et
al. 2004; Zhang et al. 2003; Sheppard et al. 2004).
In recent years, field observation and strict modern
tree-ring studies indicate that tree growth may be
significantly influenced by both temperature and
precipitation on the different time scales (Liu et
al. 2006). It is often difficult to separate the tem-
perature signal from precipitation in the tree-ring
chronologies. Thus soil moisture, affected by both
precipitation and temperature, might realistically
be the parameter most limiting to tree growth. The
Palmer Drought Severity Index was developed by
Palmer (1965) with the intent to measure the cu-
mulative departure (relative to local mean condi-
tions) in atmospheric moisture supply and demand
at the surface as a means to measure the moisture
condition and drought by incorporating antecedent
precipitation, soil moisture supply and demand
into a primitive hydrological accounting system
(Dai et al. 2004).

Therefore, the Palmer Drought Severity Index
(PDSI) has been successfully used in tree-ring re-
search to reconstruct large-scale and long-term
drought and wetness variability over the United
States and other global land areas (Briffa et al.
1994; Cook et al. 1999, 2004; Heim 2002; Lloyd-
Hughes and Saunders 2002; Ntale and Gan 2003;
Dai et al. 2004; Zou et al. 2005; D’ Arrigo et al.
2006). However, drought reconstructions based on
tree-ring width in China are scarce except for the
central Tian Shan area (Li et al. 2006) and the
northern He Lan Mountains (Li et al, in press),
which demonstrate their feasibility for drought

variability research in China. Drought highlights
both the extreme vulnerability of the semi-arid
western China to precipitation deficits and the
need to better understand long-term drought vari-
ability and its causes in Northwestern China. In
the middle and east Qilian Mountains of North-
western China, temperature and precipitation have
been reconstructed from tree-ring chronologies
(Gou et al. 2001, 2005; Wang, Y. et al. 2001; Kang
et al. 2003; Liu et al. 2005). Here we explore the
great potential of tree-ring application to drought
reconstruction in the Qilian Mountains in North-
western China.

In this paper, we have successfully reconstructed
the mean PDSI value of the growing season
(March—September) in the Qilian Mountains from
1855-2001. Finally, we have also compared our
reconstruction with drought and disaster events
that were recorded by historical documents (Yuan
1984) in Northwestern China.

DATA AND METHODS
The Study Area and Site

The Qilian Mountains, located on the northern
margin of the Tibetan Plateau, lie between 93°30’
to 103°00'E and 36°30" to 39°30'N, about 850
km long and 200-300 km wide with peaks over
4,000 m (Tuanjie Peak, 5,826 m), which create a
strong rain shadow effect for monsoons coming
from the southeast (Gou et al. 2005). This region
is also influenced by both continental climate and
the climate of the Tibetan Plateau (Liu et al
2005). The mean precipitation is 150-410 mm
distributed unevenly in both space and time. The
precipitation decreases from east to west, with the
amount of precipitation from October to February
being only 5-10 percent of the whole year’s. The
mean temperature is 0-5°C between 2,000-3,000
m a.s.] elevation. Under the control of Mongolian
High Pressure, winter weather in the Qilian
Mountains is quite cold and dry, accompanied by
sufficient sunshine, lower temperature and scarce
precipitation. The amount of the annual evapo-
ration reaches 160-250 mm, with the greatest
evaporation in June—August. The depth of frozen
soil is between 120 to 250 cm, generally begin-
ning to freeze in mid-November and beginning to
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Figure 1. Map of the tree-ring sampling sites, the meteorolog-
ical station and the PDSI grid points developed by Dai et al.
(2004).

thaw in the last ten days of March or the first ten
days of April.

The environment of the Qilian Mountains be-
comes increasingly arid from east to west, which
results in extremely sparse forest cover in the
western section. However, because of an increase
in precipitation with elevation, it is characterized
by a landscape of mountain forest-grassland veg-
etation at the elevation of 2,500-3,300 m, where
maximum precipitation falls (Wang, J. ef al. 2001;
Zhu and Wang 1996). This promotes growth of the
Qilian junipers as they occupy north-facing slopes.
Our tree-ring site is in the northwestern-facing
zone of a fragmentary juniper forest, which is the
westernmost limit of the forest range of the Qilian
Mountains (Figure 1).

The closest available meteorological station for
our study is located nearby our sampling site at
Jiuquan. This station record covers the period
1958-2001. Precipitation is concentrated in May—
September (Figure 2), coincident with the highest
temperature.

Tree-Ring Data and Methods

In September 2001, 27 tree core samples were
extracted from 12 living trees located at 39°46'N,
98°29'E. The core samples were returned to the
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Figure 2. The pattern of monthly mean precipitation (bars) and
temperature (line) at the meteorological station of JiuQuan for
1958-2001.

Lanzhou University Tree-Ring Laboratory where
they were processed using standard dendrochro-
nological techniques. After the cores were air
dried, mounted, and sanded to a high polish, all
samples were crossdated with skeleton plots
(Stokes and Smiley 1968) and their dated ring
widths measured to 0.001 mm precision. The qual-
ity of visual crossdating was further checked by
the COFECHA program (Holmes 1983). These
methods ensure exact dating for each annual ring-
width series. The average correlation coefficient
among every raw measurement series and the
main series is 0.68, reflecting reliable dating of
these samples.

After the tree rings were precisely crossdated
and measured, the tree-ring chronology used for
climate reconstruction was developed by the AR-
STAN40 program (Cook 2006) using conservative
detrending methods based mainly on negative ex-
ponential curves or straight lines of any slope. A
cubic smoothing spline with a window width equal
to 67% of the series length was also used in a few
cases when anomalous growth trends occurred.
Because the sample size declines in the early por-
tion of the tree-ring chronology we used the sub-
sample signal strength statistic (SSS; Wigley e al.
1984) with a threshold value of 0.90 chosen to
determine the most reliable time span of the chro-
nology. The starting year chosen by this procedure
was 1812. Additionally, running average correla-
tion (RBAR) and expressed population signal
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Figure 3. The reliable time span of standardized ring-width
indices (upper) for the Qilian Mountains and sample size in
number of cores (lower).

(EPS) statistics indicated that the chronology lost
reliability prior to about 1855. We ultimately chose
the more conservative cutoff and used only that
portion of our chronology back to A.D. 1855 (Fig-
ure 3).

The climate data used to model our tree-ring
chronology were the local monthly temperature
and precipitation records from the Jiuquan mete-
orological station near the sampling site as well as
the monthly PDSI data developed by Dai et al
(2004) (Figure 1). That PDSI dataset has global
coverage based on a 2.5° X 2.5° grid. The PDSI
data were processed using a bilinear interpolation
of the four data grid points nearest to the sampling
site. Because the four grid points used to inter-
polate have varying starting years, the first year of
data available at each grid point varies over space.
All four of these grid points have data back to
1950, so the interpolated PDSI record spans 1950—
2001. Correlation and response functions between
the tree ring and the climate data were analyzed
using the DendroClimate2002 program (Biondi
and Waikul 2004).

The correlations between tree growth and
monthly temperature and precipitation were cal-
culated for the common period between both data
series (i.e. 1958-2001) from the prior October to
the current September. As shown in Figure 4a, the
current year precipitation generally correlates
positively with tree-ring width index, especially

in May (0.29) and June (0.41). The temperature
in the current growth season, however, is mainly
correlated negatively with tree growth. Statisti-
cally significant (p < 0.05) correlations between
temperature and tree-ring width index were found
in June (—0.59), July (—0.37) and August
(—0.45) in the year of growth. Likewise, July
(—0.46) and August (—0.44) in the prior year
have significant correlations that suggest a lag ef-
fect of climate on tree growth of the following
year (Fritts 1976). We find that junipers (Juni-
perus przewalskii Kom) growing here are indeed
sensitive to both the growing season temperature
and precipitation. Therefore, our samples might
be influenced by soil moisture, which is affected
by both parameters.

This soil moisture is probably moderated by the
natural conditions of our site where cool growing
season temperatures aid in better conserving lim-
ited soil moisture supplies during the season of
highest evapotranspiration demand. The warmest
temperatures of the year are 11-19°C during June—
August in the sampling area. The precipitation of
June—August is also the highest, accounting for
80-90% of the total annual precipitation (about
150 mm). Summer evaporation and evapotranspi-
ration are rather high in these arid areas, and the
trees during these months are in full vigor. The
available soil moisture is therefore not enough to
meet the needs of biological processes. From a
physiological perspective, junipers with adequate
temperature and precipitation will produce wide
annual rings in this period. But the soil moisture
content and its rate of loss will be mainly con-
trolled by evapotranspiration demand, which is de-
termined mainly by temperature. If temperature is
too high, soil moisture loss will be rapid and lead
to physiological drought stress in the trees. In this
condition, the available moisture supply can not
meet the needs of tree growth and a narrow ring
will be produced. Therefore the soil moisture
should be the direct limiting factor for the tree
growth here. Thus, PDSI may be an appropriate
climate parameter to reconstruct from our juniper
tree-ring width chronology.

For this reason, we further analyzed the corre-
lations and response between our tree-ring chro-
nology and the PDSI values in order to further
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characterize the climatic response. The correla-
tions between tree-ring index and the monthly
PDSI data were analyzed for the period of current
growth season (i.e. March—September). As shown
in Figure 4b, the correlations were significant at
the 95% confidence level, especially in June (r =
0.63). These results indicate that tree growth is
highly sensitive to PDSI during the whole growing
season, and that the signal strength is strong
enough for climate reconstruction. The develop-
ment of drought reconstructions derived from our
sensitive tree-ring chronologies follows.

RESULTS
Reconstruction

Generally, past experience indicates that as sea-
sonally averaged PDSI is more representative than
just one single month, we used the seasonally av-
erage PDSI for further analysis. In addition, the
peak correlation between PDSI and tree-ring index
shifted from June to July, and even to August for
some chronologies in different areas. This shift
was attributed to regional differences in phenology
(i.e. the timing of tree growth) associated with the
northward March of the growing season in spring,
and to the time required for evaportranspiration
demand to significantly draw down the soil mois-
ture supply (Cook et al. 1999).

After combining the months that have high cor-
relation between PDSI and tree rings, we found
that the correlation (r = 0.65, p < 0.001) between
the tree ring and the growing season (i.e. March
to September) PDSI value was high and signifi-
cant. Based on this result and the above theory,
we felt growing-season PDSI would be most suc-
cessfully reconstructed in the western Qilian
Mountains.

A linear regression model (Cook and Kairiukstis
1990) was developed to reconstruct drought in the
west of Qilian Mountains. Analysis indicated that
the Standard (STD) tree-ring width chronology
had the highest correlation with the PDSI value
among the three types of tree-ring chronologies
(Standard, Residual, and Arstan). Therefore, the
STD tree-ring width chronology was used in the
following model, where the subscripts (3-9) de-
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Figure 4. Correlation coefficients of tree-ring data with (a)
monthly temperature (dark bars) and precipitation (light bars)
records for the period of a biological year, and (b) the monthly
PDSI data for the growth season. These asterisks indicate cor-
relations at over 95% confidence level.

note the reconstruction period of March to Sep-
tember:

PDSI, ,, = —5.456 + 5.469 X STD

The comparison of the actual and reconstructed
drought is shown in Figure 5. The statistical fi-
delity of this model was also examined by cross-
validation tests. As shown in Table 1, the results
of the statistics of the calibration indicate that our
regression model is valid. The correlation coeffi-
cient is significant at p < 0.001 level. The positive
RE test result indicates that the model has signif-
icant skill in tree-ring estimates. The reconstruc-
tion accounts for 42.3% of the actual PDSI vari-
ance during 1950-2001, which is very strong and
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Figure 5. Observed (solid line) and reconstructed average
PDSI (dotted line) from March to September for A.D. 1950—
2001.

significant. The overall test results sufficiently sup-
port the validity of our regression model.

DISCUSSION

The reconstructed reliable PDSI spans A.D.
1855-2001, and its 5-year FFT (Fast Fourier
Transform) smoothed running average tracks the
long-term trends (Figure 6a). The evolution of
PDSI accumulated anomalies (Figure 6¢) can also
be used to identify long-term trends of dryness (or
wetness). Increase in PDSI accumulated anomalies
indicates a trend of moisture persistence, whereas
drought persistence is indicated by a decrease in
the accumulated anomalies. Drought classification
according to the area affected has been recon-
structed from historical documents of Northwest-
ern China (Yuan 1984). The drought classification
is quantified from 6 (large) to 1 (small), as shown
in the histograms in Figure 6b.

PDSI can quantify the drought and wet spells
of arid and semi-arid areas to a certain extent.
PDSI is a standardized measure of surface mois-
ture conditions, ranging from about —10 (dry) to
+10 (wet), that allows comparisons across space
and time. In addition, quantitative interpretations
of dryness or wetness for a given PDSI value de-
pend on local mean climate conditions. For ex-
ample, a PDSI value of +4 may imply floods in
the United States, but only moderate rainfall in

Table 1. Statistics of the Calibration and Verification Test Re-
sults for the period of 1950-2001.

R R? F S1 S2 t RE

0.65 0.423 36.623 35 (35%%*, 33*) 37 (35%*, 32%) 3.46 0.38

Note: R, correlation between observation and estimated series;
R?, the explained variance; E F statistic (Fritts 1991); the sign
test is the sign of paired observed and estimated departures
from the mean on the basis of the number of agreements or
disagreements (S1, S2); S1 is the general sign test between
observation and reconstruction that measures the associations
at all frequencies; S2, which reflects the high-frequency cli-
matic variations, is a similar test to above, and it is made for
the first differences; ** Indicate that the significance is at the
0.01 level and * Indicate that the significance is at the 0.05
level; t, product mean; RE, reduction of error.

northern Africa (Dai et al. 2004). Our reconstruct-
ed PDSI values fall mainly within *3 (Figure 6a),
which is far lower than the PDSI amplitude of the
actual data (*5; Figure 5). In addition, generally
speaking the moisture status (PDSI = 0.0 = 0.5)
was defined as normal (Palmer 1965). The mean
value of our PDSI reconstruction is 0.014, which
is within the scale of the defined normal moisture
status (PDSI = 0.0 = 0.5). So, referring to Li er
al. (2006), where PDSI values of =—1.0 or =1.0
represent severely dry or wet conditions and the
values of =—2.0 or =2.0 represent extremely dry
or wet conditions, we interpret the reconstruction
below.

According to the accumulated anomalies, the re-
constructed PDSI can be approximately divided
into four intervals: 1855-1890, 1890-1924, 1925—
1971, and 1972-2001 (Figure 6¢). The moisture
condition of the middle and late 19th Century (i.e.
A.D. 1855-1890) is near normal. Meanwhile, the
dry and wet spells were almost stable and sym-
metrical. After that, from 1890 to 1924, the mois-
ture state persisted higher than other periods with-
in the reconstruction. The years of PDSI >1 ac-
counted for 65.7% (23 years), the years of PDSI
<0 accounted for 20% (7 years) and the dry years
of PDSI <—1 were absent during the A.D. 1890—
1924. From the reconstructed PDSI accumulated
anomalies (Figure 6¢), we can see that the anom-
alies slowly decreased from 1855 to 1890, and
then began a comparatively rapid increase from
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Figure 6. (a) Reconstruction drought of March—September (top
solid line) for A.D. 1855-2001 and its 5-year FFT (Fast Fourier
Transform) smoothing running average (bold line). (b) Drought
classification of Northwestern China for A.D. 1855-1970
(bars) from the document record, the drought designations
ranging from severe (6) to weak (1). (c) Reconstructed PDSI
accumulated anomalies.

1890 until 1924. The comparison between the
drought classified from the documents (Figure 6b)
and reconstructed PDSI shows that they are con-
sistent with a high mean value of moisture during
1855-1890. This confirms that reconstructed PDSI
is reliable.

The 20th Century was comparatively dry.
Drought (PDSI = —1.0) and extreme drought
(PDSI = —2.0) conditions occurred in 1925-
1931, 1934, 1937, 1941, 1947, 1951, 1957,
1960-1963, 1966, 1968, 1995, 1998 and 2001.
PDSI values in 1925-1931 and 1957-1963
reached —4, revealing the extremely dry condi-
tions. Long conspicuous dry epochs during
1924-1971 (Figure 6a) (PDSI < 0) accounted for
61.7% (29 years) of the record, years with PDSI
< —1 accounted for 36% (17 years), and ex-
tremely dry years (PDSI < —2) accounted for
23.4% (11 years) during the 1924-1971 period.
Likewise, the accumulated anomalies (Figure 6¢)
decrease during this period, indicating the persis-
tent drought. The drought documents (Figure 6b)
and reconstructed PDSI are both consistent with
a high mean value of dryness for 1924-1971 and
indicate that drought disasters were conspicuous-
ly frequent during this period over Northwestern
China. Thus we conclude that 1924-1971 was a
comparatively dry epoch in the Qilian Mountains.

2500

——MTM spectral density
- null hypothesis

90% siginficance level
fffff 95% siginficance level
99% siginficance level

2000 -

1500

Power

1000

500

Frequency(Cycle/YR)

Figure 7. Results of MTM spectral analysis of the drought
reconstruction. The dotted, dashed, and solid lines indicate the
90, 95 and 99% significance level, respectively; the dash-dotted
line indicates the null hypothesis.

After that, the drought and wet spell variance was
almost symmetrical and stable.

It is noteworthy that the drought epoch in 1925-
1931 is the most severe and long-lasting drought
in the study area since A.D. 1855. This drought
has been found to extend over a large geographic
area, seen in many studies in the surrounding re-
gions (Li ef al. 2006). In addition, the 1920s were
reported as a severe drought epoch with high tem-
perature and low precipitation in Northwestern
China (Yuan 1984; Liang et al. 2003, 2006; Zhang
et al. 2005).

The multi-taper method (MTM) of spectral
analysis (Mann and Lees 1996) was employed to
examine the characteristics of the drought vari-
ability in the frequency domain. It is helpful to
study non-randomness in time series using spec-
trum analysis (Fritts 1976). The analysis over the
range of our reconstruction revealed low- and
high-frequency cycles (Figure 7). Both high-fre-
quency (3 year) and low-frequency peaks (29,
40-46 years) exceed the 99% significant confi-
dence level based on a red noise null continuum.
Other significant high-frequency cycles were
found at 2.6 year and 2.1 year (95%), 3.1 year,
2.9 year and 2.3 year (90%).

Climatic cyclicity with a period of about 35
years (ranging from 28 year to 42 year) is known
as the Bruckner cycle, discovered more than one
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hundred years ago (Raspopova et al. 2004). The
occurrence of this cycle is related to variations in
the length of the sunspot cycle (Wang et al. 2000).
In our reconstruction, the strong peaks in oscilla-
tions (40—46 year, and 29 year) resemble Bruckner
cycles and may indicate solar forcing. It suggests
a possible important connection of local drought
variability and solar activity.

These high-amplitude inter-annual cycles (i.e.
3, 3.1, 2.9, 2.3, 2.1 year) may correspond to the
well-known ENSO and quasi-biennial oscilla-
tions. The climate of the Qilian Mountains is af-
fected mutually by the South Asian monsoon,
East Asian sub-tropical high pressure monsoon,
and the effects of heating of the Tibet Plateau.
Therefore, these high-frequency cycles suggest
the drought variability in our study area may re-
spond strongly to large-scale ocean-atmosphere-
land circulation systems.

CONCLUSIONS

With respect to long-term presence of dry and
wet spells in this region, two stages were conspic-
uous in our reconstruction: the wet spell of 1890—
1924 and the dry spell of 1925-1931 (Figure 6).
The MTM results indicate the existence of some
important cycles for regional drought variability,
possible climatic mechanisms, and relationships
with global change.

The results of our study again show that it is
feasible to combine tree-ring data and the PDSI
for drought reconstructions in Northwestern
China. Our reconstruction also provides a mea-
sure of local drought variability, which can then
be compared regionally. It is a useful method to
help us understand the cause and mechanisms
for the decreasing sensitivity between the tree
growth and the direct record of temperature and
precipitation.

However, because our PDSI reconstruction is
based on only a single tree-ring site, it is very
important to develop large-scale and long-term
drought networks in Northwestern China, similar
to reconstructions in the Western United States
from a dense network of annual tree-ring chronol-
ogies (Cook et al. 2004). These efforts will enable

us to better understand drought trends and their
characteristics in Northwestern China.
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