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ABSTRACT: Tree-ring widths have been used widely in studies of environmental changes and reconstructions of past
climate. Eleven tree-ring chronologies of approximately 800–1500 years long were developed from Qilian junipers (Sabina
przewalskii Kom.) for northeastern Qaidam Basin, along the margin of the Qinghai–Tibetan Plateau. Previous studies have
revealed that water usage stress is the most limiting factor for tree growth in the study region. To evaluate the impact of
the combined effects of temperature and precipitation changes over time, we performed water balance modelling using
1955–2002 meteorological data. We found that the tree-ring widths were strongly correlated with variables representing
soil moisture conditions obtained from the water balance model. Specifically we considered actual evapotranspiration (AE)
to represent the combined effect of water use demand and moisture availability, deficit as the difference between potential
evapotranspiration (PE) and AE to represent the severity of water use stress, and relative soil moisture as the measure of
moisture availability. For certain individual monthly and seasonal combinations, the tree-ring chronologies explained up to
80% of the variation in the soil moisture variables in regression analysis, indicating very good potential for reconstruction
of regional soil moisture conditions in the past. These soil moisture variables outperformed precipitation and Palmer’s
drought severity index in most cases. We reconstructed the soil moisture conditions from 566 AD to 2001, which revealed
major dry and wet periods and a general trend toward a wetter condition during the most recent 300 years. By comparing
with other proxies in the region, we concluded that the moisture conditions reconstructed from tree-ring widths very well
reflected the climate variability at the interannual and interdecadal scales. Copyright  2007 Royal Meteorological Society
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1. Introduction

Anthropogenic climate changes since the Industrial Rev-
olution have attracted much attention in recent years.
One often debated question is whether the magnitude
of the climate change has exceeded the range of natural
variability of the climate system (Folland et al., 2001).
Therefore, there is the need to study climate during the
historical time using high resolution proxies for patterns
of the natural variability in the past and to evaluate the
potential implications of climate changes for the future
(Bradley, 2000). Previous studies based on a variety of
proxies, such as tree rings, pollens, speleothems, and ice
cores, have revealed that significant cooling and warming
episodes existed since the dawn of civilization (Lamb,
1995; Thompson et al., 1986; Thompson et al., 1993;
Hughes et al., 1999; Bradley et al., 2003). Some of these
events occurred at similar temporal scales as compared
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to the more recent global warming and, therefore, may
provide insights into the mechanisms of climatic changes,
the scope or magnitude of natural variability of the cli-
mate system, the responses of ecosystems, as well as the
adaptive strategies of the human society to cope with
these relatively rapid changes in climate.

Since the growth of trees under temperate climates is
closely related to the heat and moisture availability of any
given year, tree rings have been used widely in recon-
structions of past environments. By measuring tree-ring
widths, information on growing conditions in the past can
be extracted and used to reconstruct variation patterns of
various climatic variables (Fritts, 1976; Bradley, 1999;
Briffa and Osborn, 1999). Compared with other proxies
of climate, tree rings offer the advantage of high tem-
poral resolution at the interannual scale. Several recent
studies reconstructed long records of climatic variabil-
ity, focusing on the past 2500 years, of temperature and
precipitation in the Qaidam Basin of northwestern China,
along the northeastern margin of the Tibetan Plateau (e.g.
Zhang et al., 2003a; Sheppard et al., 2004; Shao et al.,
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2005). Fluctuations of climate in this region may have
caused the thriving and destruction of human settlements
during the historical times (Yang et al., 2004).

In arid and semi-arid regions, soil moisture is the most
direct controlling factor of tree growth. Owing to the lack
of long records of field measurements and great spatial
variation in soil properties, soil moisture has not been
considered by most dendroclimatologists as a common
metric in reconstruction efforts. However, streamflow has
been reconstructed using tree rings (Woodhouse, 2001;
Meko and Woodhouse, 2005), which can be considered
as the residual between precipitation, evapotranspiration
loss, and soil storage fluctuation on an annual basis. In
a few studies, water balance models were used directly
to examine the relationships between tree rings and the
simulated vegetation water use and soil moisture con-
ditions (LeBlanc and Terrella, 2001; Robertson et al.,
1990; Piutti and Cescatti, 1997). There have also been
studies relating tree rings to the Palmer’s drought sever-
ity index (PDSI), which is based on water balance cal-
culations for a generic soil (e.g. Puckett, 1981; Meko
et al., 1993; Cook et al., 2004; Leavitt, 2002; Shep-
pard et al., 2002; Buckley et al., 2004; Hidalgo, 2004;
Zhang et al., 2004a; Taylor and Beaty, 2005). In an
effort to reconstruct the 1000 year precipitation history
in northeastern Qaidam Basin, Shao et al. (2005) found
strong correlations between tree-ring widths and a vari-
ety of climate variables, including June maximum and
mean temperatures, pan evaporation rate, relative humid-
ity, and monthly mean vapour pressure, which are all
directly or indirectly related to the water balance pro-
cess. These relationships indicated the potential of using

tree rings to reconstruct the water balance process in this
region.

The main purpose of this study is to reconstruct the
history of regional soil moisture conditions in northeast-
ern Qaidam Basin based on tree-ring widths. Previous
studies have revealed that tree-ring width was positively
correlated to early summer precipitation but negatively
correlated to temperature during the same time (Shao
et al., 2005; Tardif et al., 2001), similar to the earlier
findings in the western United States (Fritts, 1976) and
suggesting soil moisture availability as the limiting fac-
tor of tree growth. We developed tree-ring chronologies
over 1400 years long, which included several important
climatic events, such as the medieval warming, Little Ice
Age, and the post-industrial period warming. Studying
how soil moisture conditions responded to climate varia-
tions during these events may improve our understanding
to the impact of future climate changes on water resources
availability and surface processes in the study region. In
this study, variables representing soil moisture and vege-
tation water use conditions were obtained from water bal-
ance modelling. Water balance models have been widely
used in assessing the regional impact of climate changes
and vegetation/crop responses for future scenarios (e.g.
Hulme et al., 1992; Kenny and Harrison, 1992; Fed-
dema, 1998, 1999; Hodny and Mather, 1999; Leathers
et al., 2000; Sharma et al., 2000; Shabalova et al., 2003),
and many of these studies were based on the Thornth-
waite–Mather method (Thornthwaite and Mather, 1957).
Water balance modelling is the basis of hydrological
modelling, consisting of moisture input, output, and stor-
age change of the soil-vegetation continuum system to

Figure 1. Study area and sampling sites. Delingha is the city with the weather station, whose data were used in reconstruction. This figure is
available in colour online at www.interscience.wiley.com/ijoc
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(a)

(b)

Figure 2. Sparse junipers on south-facing slopes at WL1 (a) and dense spruce forest near the valley head at WL2 (b). This figure is available in
colour online at www.interscience.wiley.com/ijoc

simulate the soil moisture depletion by evapotranspiration
and replenishment by precipitation (Mather, 1978).

2. Study area and the tree-ring sampling sites

The study area is located in the northeastern part of the
Qaidam Basin, mainly in Delingha and Wulan Counties
of Qinghai Province in northwestern China (Figure 1),
along the northeastern margin of the Qinghai–Tibetan
Plateau. The city of Delingha is located on the margin of
alluvial fans with elevations between 2900 and 3000 m
above mean sea level (a.m.s.l.), while the mountains in
the region can reach 4400 m or higher. The annual mean
temperature is 3.7 °C, with a mean January temperature
of −11.9 °C and a mean July temperature of 16.7 °C at the

Delingha weather station. The annual total precipitation
is less than 200 mm in the region, declining from east to
west and with up to 80% falling from May to Septem-
ber. The region is characterized by a landscape of desert
steppe (Zheng, 1996) with natural vegetation consisted of
various desert and dry grassland plants. Less arid climate,
however, appears in the mountainous areas. Coniferous
trees composed of Qilian juniper (Sabina przewalskii
Kom.), an endemic species of the region, and Qinghai
spruce (Picea crassifolia) are found in the elevation zone
between 3450 m and 4200 m a.m.s.l. (Figure 2), which
receives more precipitation due to orographic effect (Du
and Sun, 1990). The junipers are mostly seen on steep
south-facing hillslopes with thin and stony soils. Zong-
wulong Mountain is found to be the westernmost limit
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of Qilian junipers’ natural range in the arid area (Wang,
1993).

Since 1998, 1050 tree-ring increment cores have been
extracted from 493 living trees at Zongwulong, Shalike
and Qinghai Nanshan mountains (Figure 1) in the north-
eastern part of Qaidam Basin. The 11 sampling sites
(DLH1–6, TJ1, and WL1–4) are located to the north of
the Dulan Chronology site (Zhang et al., 2003a; Tarasov
et al., 2003). Table I presents the details of these sites and
the sample depths. Soils at these sites developed poorly
from loess with a general thickness of 20–50 cm on gen-
tle slopes, but shallower on steep and heavily eroded
slopes. The only exception is the soils at TJ1, which
are sandy and thick with the gentlest slopes among all
the sites. Mixed forests of Qinghai spruce and Qilian
juniper are present at the two eastern sites, WL1 and
WL2 (Figure 2), while Qilian juniper is the only domi-
nant species at the other nine sites.

The canopy coverage is generally low with trees rang-
ing from 3 to 6 m high. Since the percentage of missing
rings is high for Qilian junipers growing in this arid
region (Shao et al., 2003), we collected large samples
at several sites from trees with a variety of ages and in
different microenvironments (Table I). Sometimes, more
than two cores were taken from a single tree. Such
sampling strategies were helpful in cross-dating the ring
widths and reducing the possibility that all collected spec-
imens could miss the same ring for any given year at a
site.

3. Data and methods

Details of the methods of tree-ring sampling, data pro-
cessing, and cross-dating can be found in Shao et al.
(2005). The chronologies used in this study are exten-
sions of those reported in the earlier study after more
samples were collected from the same sites in the
study area, adding more than 400 years to the regional
chronology. Correlation analysis was used to inves-
tigate the relationship between tree-ring widths and

soil moisture variables. Then regression analysis was
employed to derive the transfer equations for reconstruc-
tion.

Daily precipitation, temperature, and pan evaporation
data during 1955–2002, and soil moisture measured three
times a month (8th, 18th, and 28th of the month from
May to September) during 1981–2002 at Delingha were
obtained from the Climate Centre of Qinghai Meteoro-
logical Bureau. Daily precipitation and temperature data
were used as the water balance modelling input, while the
evaporation and soil moisture observations, and tree ring
width data during 1955–2002 were used to cross-check
the model results to ensure that model performance was
acceptable.

Besides soil moisture calculated using a daily bud-
geting procedure, the water balance modelling process
also produces several parameters that can be related to
tree growth. Potential evapotranspiration (PE) is defined
as the combined evaporation and transpiration from
an extensive well-watered grass-type vegetation surface,
representing the demand of vegetation water use under a
specific atmospheric condition (Rosenberg et al., 1983).
Daily PE values were calculated following the original
Thornthwaite method using daily mean temperature data
(Thornthwaite and Mather, 1957). Since the Thornth-
waite method is based only on daily or monthly mean
temperature as the input, it would be easy to assess
the impact of long-term temperature changes. For days
with mean temperature below zero, a daily PE value of
0.01 mm was assigned for evaporation loss. This mod-
ification is small enough not to create any major devi-
ations from the original method, but in the mean time
it also eliminates days of zero evaporation loss for the
ease of data transformation (e.g. logarithmic transforma-
tion) in analysis. Actual evapotranspiration (AE) com-
bines the effect of atmospheric demand (through PE)
with that of moisture availability from precipitation and
soil storage. It has been found to be closely related
to the intensity of regional biological activities (Meen-
temeyer et al., 1985). Deficit (DEF) is defined as the
difference between the PE and AE. It is a measure of

Table I. Information of the sampling sites in northeastern Qaidam Basin.

I.D. Latitude
(N)

Longitude
(E)

Elevation
(m a.s.l.)

Slope
Aspect

Slope
Angle (°)

Sample Depth
(trees/cores)

DLH1 37°28′14′′ 97°14′06′′ 3730 WNW 38 31/61
DLH2 37°28′05′′ 97°13′44′′ 3780 SSW 22 34/73
DLH3 37°27′05′′ 97°32′33′′ 3920 SSW 20 79/168
DLH4 37°26′19′′ 98°03′23′′ 3800 S 13 67/144
DLH5 37°26′59′′ 97°47′07′′ 3700 S 31 67/146
DLH6 37°30′46′′ 97°03′20′′ 3780 S 30 29/67
TJ1 37°18′43′′ 98°23′56′′ 3500 SSW 10 29/58
WL1 37°01′33′′ 98°37′46′′ 3700 S 38 20/40
WL2 37°02′17′′ 98°39′34′′ 3700 SE 38 44/91
WL3 36°44′52′′ 98°13′16′′ 3720 NNW 19 43/99
WL4 36°40′46′′ 98°24′58′′ 3700 SSW 18 50/103

1 DLH: Delingha; TJ: Tianjun; WL: Wulan
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Figure 3. Chronologies of ring-width from the 11 sampling sites in the study area and the regional chronology (RC).

Table II. Summary statistics for the 11 chronologies and the regional chronology (RC), and the results of common interval
analysis.

I.D. Standard chronology Common interval (1401–1600) analysis

Trees/
cores

Mean
sensitivity

Std.
dev.

Auto
corr.

Mean
length

Trees/
Cores

Mean
corr.

Signal/
noise

APC1 PCA12 (%) SSS3 >0.85

Long chronologies for climate reconstruction
DLH1 22/41 0.24 0.26 0.45 573.4 19/30 0.49 17.7 0.95 51.8 1082(7)4

DLH2 24/43 0.33 0.33 0.38 580.2 17/29 0.54 19.5 0.95 57.2 945(5)
DLH3 22/43 0.31 0.32 0.40 821.1 20/38 0.58 26.3 0.96 59.2 898(5)
DLH4 22/44 0.44 0.40 0.37 698.7 19/33 0.58 25.6 0.96 60.2 588(5)
DLH5 30/55 0.52 0.47 0.40 674.2 23/36 0.69 50.1 0.98 71.5 747(3)
DLH6 28/55 0.50 0.44 0.38 505.2 10/19 0.55 11.7 0.92 58.5 1309(5)
TJ 27/51 0.22 0.30 0.66 505.2 9/16 0.63 14.3 0.94 66.1 1232(4)
WL1 20/39 0.39 0.38 0.43 564.4 10/17 0.55 11.7 0.92 59.1 1042(5)
WL2 24/48 0.42 0.38 0.38 624.9 22/37 0.63 37.2 0.97 65.1 914(4)
WL3 23/46 0.37 0.37 0.40 797.7 18/35 0.54 20.4 0.95 56.8 835(5)
WL4 25/44 0.42 0.39 0.37 786.0 23/37 0.65 40.9 0.98 66.8 971(4)
RC 43/80 0.38 0.37 0.40 802.9 34/55 0.56 42.3 0.98 57.5 566(5)

1 Agreement with population chronology (APC) (Wigley et al., 1984; Cook and Kairiukstis 1990).
2 Variance explained by the first principal component (PCA1).
3 Subsample signal strength (SSS) (Wigley et al., 1984; Cook and Kairiukstis 1990).
4The year and the number of trees required to attain an SSS of 0.85.

the unmet demand of vegetation water usage and can
be treated as an indicator of water shortage or drought
conditions.

In this study, a simple soil moisture depletion function
was used for the ease of computation. First, the demand
for soil water is calculated as the difference between daily
PE and precipitation (P) for days of PE>P. The amount
to be extracted from the soil depends on the relative soil

moisture (RSM) (RSM= soil moisture/field capacity) of
the previous day. The proportion of the unmet PE that
can be satisfied by soil water was determined as:

Ct = RSMt−1

where RSMt−1 is the relative soil moisture value of the
previous day. In other words, as RSM decreases due to
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Figure 4. A comparison between the monthly total Thornthwaite
potential evapotranspiration and pan evaporation observed at Delingha

during 1955–2002.

soil moisture depletion, the capability to further withdraw
water from the soil decreases linearly as RSM continues
to lower and it becomes more and more difficult to extract
soil moisture for vegetation water use. Then AE of day
t is calculated as AEt = Ct × PE′

t + Pt , where PE′
t

is the unmet portion of PEt , Pt is the precipitation
amount of that day, and Ct × PE′

t is the amount of water
extracted from the soil unless soil moisture reaches zero.

After daily values were simulated by the model,
monthly values were summarized to get the total AE,
total DEF, and mean monthly RSM. We constructed
various bi-monthly, seasonal, and annual composites of
the soil moisture variables. Of the multitude of variables
we examined, we selected those most promising for
reconstruction of the past moisture conditions.
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Figure 5. Seasonal variation pattern of water balance variables based
on long-term means during 1955–2002.

4. Results and discussion

4.1. Developing ring-width chronologies

For Qilian junipers growing in arid regions, cross-dating
may run into problems due to missing rings associ-
ated with extremely slow growth rates of this species
and harsh conditions during severe droughts. The cores
with missing rings were verified by cross-dating the ring
patterns with other cores/sections that did not have miss-
ing rings. The accuracy of cross-dating and measure-
ments was further checked using the COFECHA program
(Holmes, 1983) with the default parameters. In order to
enhance the common signals and long-term trends, we
selected samples from old trees in chronology develop-
ment. Among the 11 sites, only DLH6 yielded cores
less than 1000 years in length, and the longest sample
was obtained at DLH3 going back to 404 AD. We com-
pared our chronologies with an archaeological ring-width
chronology and the Dulan chronology (Zhang et al.,
2003a; Kang et al., 1997; Tarasov et al., 2003; Sheppard

Table III. Correlation coefficients of the simulated soil moisture values with different field capacity values (10–200 mm) against
the observed values at Delingha station for 8th, 18th, and 28th of each month during 1980–2002.

FC Soil Moisture Measured at

10 cm 20 cm 30 cm 40 cm 50 cm

10 mm Correlation 0.248∗ 0.243 0.173 0.071 0.100
Sig. (2-tailed) 0.000 0.000 0.004 0.257 0.120

N 298 282 268 255 241
30 mm Correlation 0.282 0.328 0.294 0.209 0.195

Sig. (2-tailed) 0.000 0.000 0.000 0.001 0.002
N 298 282 268 255 241

100 mm Correlation 0.315 0.373 0.381 0.304 0.289
Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000

N 298 282 268 255 241
200 mm Correlation 0.310 0.375 0.408 0.305 0.295

Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000
N 298 282 268 255 241

∗ Boldface numbers with underscores indicate statistical significance of 0.01.
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et al., 2004). The comparisom revealed that dating trees
from the arid and semi-arid regions can be very difficult
because of the missing rings and replications and com-
parisons between chronologies are extremely beneficial
to improve the accuracy of chronologies.

According to chronological statistics in Table II, the
ring-width chronology at DLH5 is of the best quality,
with the highest mean correlation among radii, signal-
to-noise ratio (Fritts, 1976), expressed population signal
(Wigley et al., 1984), and the variance in the first eigen-
vector. It also contains the most year-to-year variability,
as indicated by mean sensitivity (Fritts, 1976). In contrast,
the chronology at TJ1 has the lowest mean sensitivity
and the highest first-order autocorrelation, indicating low
levels of year-to-year variation. The mean sensitivity of
our samples varied between 0.35 and 0.63, suggesting
that the junipers are indeed sensitive to environmental
variability (Fritts, 1976). The statistics of the expressed
population signal ranging from 0.86 to 0.98 implies that
Qilian juniper in the study area is a highly suitable species
for dendroclimatological studies since a value of 0.85 is
considered as the acceptable threshold by many scholars
(Wigley et al., 1984; Cook and Kairiukstis, 1990). The
tree-ring chronologies have a high degree of agreement
in low-frequency as well as in high-frequency variations
(Figure 3), even though the sampling sites are distributed
over a region almost 140 km across.

Given the strong correlations among the chronologies
at different sites, we developed a regional chronology
(RC) for the study region (Figure 3). Samples with ages
over 1050 years long and of strong correlations with the
mean series from each site were selected for this purpose.
The sample depth of the RC is seven cores from five trees
in 600 AD, nine cores from seven trees in 700 AD, 22
cores from 16 trees in 800 AD, and then it increases to
more than 50 cores out of 36 trees in 900 AD. The quality
of the tree-ring chronologies normally shows a gradual
decay duo to the diminishing replication of samples going

back in time. In general, the statistics of subsample
signal strength (Wigley et al., 1984) are often used when
making the decision to truncate a chronology (Cook and
Kairiukstis, 1990; Hughes et al., 1999; Kirchhefer, 2001).
In our study, the subsample signal strength reached 0.85
in 566 AD when there were six cores from five trees in
this chronology, suggesting that the chronology should
be truncated at this year for the purpose of climate
reconstruction with relatively high confidence.

4.2. Water balance modeling

Figure 4 shows the monthly total PE calculated using
the Thornthwaite method plotted against the observed
evaporation data from a small evaporation pan (20 cm
diameter and 10 cm depth) at the Delingha weather sta-
tion. It can be concluded that the Thornthwaite PE should
be able capture the overall pattern of the evapotranspi-
ration demand in the study area and produce reasonable
results in water balance modelling, as the simulated PE
explained more than 84% of the variance in the observed
evaporation data. It is not surprising that the model cal-
culated PE values are much lower than the observed
evaporation data since the small size of the evaporation
pan would cause significant overestimates of PE in an
arid environment (Dunne and Leopold, 1978).

We performed multiple runs of the water balance
model using different soil field capacity values (10 mm to
200 mm). Although the monitored soil moisture data are
available for part of the study period, a comparison could
only confirm the general range of soil moisture variation
during the growing season since the observed data
were not continuous. Table III contains the correlation
coefficients between the simulated soil moisture using
various field capacity values from 10 to 200 mm and
the observed soil moisture values. There is a general
trend of higher correlation with increasing field capacity
values, suggesting that the soil column monitored at the
weather station must be fairly thick. Low correlations
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between the simulated and observed soil moisture values
were probably caused by the monitoring schedule that
did not include the full range of annual variation of
soil moisture in a continuous way. However, strong
correlations between the simulated soil moisture variables
and tree growth (see below) suggest that the simulated
values should be reasonable to reflect temporal variation
patterns of the moisture conditions. Here we present the
results of the model run for a field capacity of 100 mm,
probably best representing the regional moisture variation
pattern or representing the moisture conditions of thick
soils on gentle slopes or plains within the region. Figure 5
presents the long-term mean monthly values of the water
balance modelling results. It shows that in the study area,
precipitation and high demand of water usage usually
occur at the same time, a common feature of the monsoon
climate. However, precipitation is much lower than PE,
introducing high levels of deficit during the warm season.
During the winter months, PE is close to zero due to sub-
zero temperatures. The relative soil moisture reaches the
highest value in early spring and then gradually decreases
during the warm season. At the onset of the raining
season (May), there is a minor reversal of the moisture
depletion trend, but warm temperatures in the summer
would create high water use demands and continue the
soil moisture depletion process.

4.3. Relationships between tree-ring widths and soil
moisture conditions

The water balance variables displayed well-defined sea-
sonal cycles as well as interannual variations. For exam-
ple, the early 1960s was a period of droughts with low
AE and RSM, but high DEF values. It was followed by a
period of high variability in the 1970s (Figure 6). There
was an overall trend to a wetter condition during the
study period as indicated by the increasing trends of AE
and RSM.

We used the chronology at DLH5 in the correla-
tion analysis to illustrate the relationships between tree-
ring widths and the simulated soil moisture variables
(Table IV) because this chronology has the best qual-
ity among the sampling sites (Table II). The month with
the strongest correlations is June, followed by May, sug-
gesting the significance of moisture conditions during
these months to tree growth in the area. Among the
water balance variables examined in this study, DEF
produced the highest correlation coefficient (–0.815 for
June). There were also significant correlations for pre-
vious year’s summer and fall months, which may indi-
cate the cumulative effect of soil moisture conditions on
vegetation growth. To evaluate the strength of the rela-
tionships between the soil moisture variables and the tree
ring chronologies at different sites, we also calculated
correlation coefficients for May, June, July, calendar year
(JAN–DEC), annual (pJUL–JUN), and growing season
(APR–JUL) (Table V). The month with the highest cor-
relation coefficients is June, followed by the period of
April–July, and the period from July previous year to
current June.

Table IV. Correlation coefficients and statistical significance
between tree-ring widths at DLH5 and the soil moisture
variables during the calibration period 1955–2002. Boldface
numbers indicate statistical significance of 0.05; those with

underscores indicate statistical significance of 0.01.

AE DEF RSM

pJUL∗ 0.207 −0.171 0.203
Sig. (2-tailed) 0.168 0.255 0.176
pAUG 0.351 −0.357 0.249
Sig. (2-tailed) 0.016 0.014 0.091
pSEP 0.359 −0.323 0.375
Sig. (2-tailed) 0.013 0.027 0.009
pOCT 0.249 0.136 0.288
Sig. (2-tailed) 0.091 0.363 0.050
pNOV 0.147 0.037 0.267
Sig. (2-tailed) 0.324 0.807 0.070
pDEC 0.224 −0.206 0.215
Sig. (2-tailed) 0.129 0.165 0.146
JAN 0.337 −0.257 0.279
Sig. (2-tailed) 0.021 0.082 0.057
FEB −0.082 −0.277 0.330
Sig. (2-tailed) 0.582 0.059 0.024
MAR 0.363 −0.007 0.348
Sig. (2-tailed) 0.012 0.962 0.017
APR 0.348 −0.311 0.392
Sig. (2-tailed) 0.016 0.033 0.006
MAY 0.512 −0.504 0.497
Sig. (2-tailed) 0.000 0.000 0.000
JUN 0.740 −0.815 0.682
Sig. (2-tailed) 0.000 0.000 0.000
JUL 0.518 −0.433 0.485
Sig. (2-tailed) 0.000 0.002 0.001
AUG 0.164 −0.141 0.184
Sig. (2-tailed) 0.266 0.339 0.209
SEP −0.035 0.046 −0.014
Sig. (2-tailed) 0.813 0.756 0.924

Annual (JAN–DEC) 0.529 −0.583 0.401
Sig. (2-tailed) 0.000 0.000 0.005
Annual (pJUL–JUN)∗ 0.598 −0.667 0.449
Sig. (2-tailed) 0.000 0.000 0.002
Growing Season (APR–JUL) 0.655 −0.700 0.599
Sig. (2-tailed) 0.000 0.000 0.000

∗ pJUL – pDEC are months in the previous year.

4.4. Reconstruction of soil moisture conditions in the
past

We employed multiple regression analysis to recon-
struct soil moisture conditions using individual tree-ring
chronologies at different sites as the independent vari-
ables. Trees growing in the same region but at dif-
ferent locations may have variable responses to envi-
ronmental variations of different nature and frequencies
(Hughes and Funkhouser, 2003). Owing to the varia-
tion of site conditions in topography, geographic loca-
tion, soil, and microclimate, each chronology may rep-
resent a specific aspect of the regional soil moisture
condition. It may also be possible that the trees at dif-
ferent sites had variable sensitivity levels to the same
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Table V. Correlation coefficients between soil moisture variables and tree ring chronologies at different sites.

Moisture
Variables

Sites MAY JUN JUL CALENDAR
JAN–DEC

ANNUAL
pJUL–JUN∗

APR-JUL

AE DLH1 0.433 0.576 0.443 0.454 0.598 0.552
AE DLH2 0.450 0.682 0.381 0.424 0.624 0.576
AE DLH3 0.468 0.696 0.391 0.438 0.561 0.575
AE DLH4 0.456 0.651 0.385 0.400 0.484 0.537
AE DLH5 0.512 0.740 0.518 0.529 0.598 0.655
AE DLH6 0.548 0.768 0.526 0.524 0.576 0.676
AE TJ1 0.387 0.514 0.274 0.267 0.488 0.414
AE WL1 0.325 0.496 0.310 0.289 0.387 0.406
AE WL2 0.620 0.641 0.533 0.609 0.677 0.673
AE WL3 0.621 0.757 0.461 0.523 0.658 0.688
AE WL4 0.598 0.704 0.539 0.562 0.626 0.679
AE RC 0.555 0.727 0.458 0.492 0.602 0.632
DEF DLH1 −0.405 −0.632 −0.416 −0.548 −0.680 −0.615
DEF DLH2 −0.379 −0.715 −0.294 −0.423 −0.627 −0.563
DEF DLH3 −0.464 −0.751 −0.275 −0.431 −0.565 −0.572
DEF DLH4 −0.501 −0.742 −0.332 −0.493 −0.573 −0.614
DEF DLH5 −0.504 −0.815 −0.433 −0.583 −0.667 −0.700
DEF DLH6 −0.505 −0.818 −0.433 −0.547 −0.590 −0.679
DEF TJ1 −0.433 −0.616 −0.251 −0.401 −0.631 −0.526
DEF WL1 −0.397 −0.606 −0.277 −0.412 −0.479 −0.503
DEF WL2 −0.614 −0.672 −0.472 −0.666 −0.748 −0.740
DEF WL3 −0.584 −0.782 −0.345 −0.555 −0.684 −0.700
DEF WL4 −0.632 −0.763 −0.474 −0.658 −0.731 −0.764
DEF RC −0.586 −0.802 −0.381 −0.579 −0.688 −0.705
RSM DLH1 0.443 0.533 0.398 0.335 0.446 0.526
RSM DLH2 0.411 0.594 0.361 0.322 0.451 0.505
RSM DLH3 0.426 0.615 0.389 0.313 0.388 0.508
RSM DLH4 0.407 0.611 0.377 0.284 0.345 0.483
RSM DLH5 0.497 0.682 0.485 0.401 0.449 0.599
RSM DLH6 0.495 0.716 0.545 0.422 0.452 0.608
RSM TJ1 0.355 0.478 0.257 0.192 0.359 0.387
RSM WL1 0.299 0.432 0.289 0.160 0.256 0.349
RSM WL2 0.631 0.634 0.451 0.504 0.543 0.657
RSM WL3 0.587 0.703 0.418 0.444 0.514 0.639
RSM WL4 0.585 0.659 0.508 0.449 0.472 0.634
RSM RC 0.531 0.679 0.430 0.381 0.447 0.588

∗ pJUL – DEC is the period from July of previous year to current June.

regional environmental condition. As the result, a com-
bination of the chronologies with different weights (in
the form of regression coefficients) may best predict
the regional moisture conditions. As indicated by the
results of correlation analysis (Tables IV and V), soil
moisture conditions have lagged effects on the growth
of trees in the following years. Therefore, in regres-
sion analysis, we included the ring widths lagging up
to 2 years as the independent variables. First we used
stepwise regression to allow independent variables to
enter the model at the significance level of 0.15. Then
we used two additional criteria to eliminate any vari-
able in the equation, which did not meet the require-
ments. The first criterion (with a higher priority) is that
all variables in the final equation should represent the
correct relationship, as indicated by the sign of the regres-
sion coefficient. The only exception allowed was for the
chronology of WL1, which will be discussed in greater

detail in the following. The second criterion is that all
variables in the final equation must have a statistical
significance of 0.05 or better. For any variable that did
not meet the criteria, it was eliminated from the pool
of independent variables before the stepwise procedure
was repeated. In addition, we also used the backward
regression procedure to verify the stepwise results. We
excluded the chronologies at DLH6 for its short length
and TJ1 for its insensitivity to environmental varia-
bility.

Table VI contains the final regression equations for
selected monthly, bi-monthly, seasonal, and annual soil
moisture conditions. In most cases, ring widths explained
more variance in AE and DEF than that in RSM. The
best performance is for May–June AE with an adjusted
R2 of 0.80. As a comparison, the tree ring chronologies
explained up to 39.2% of the variance in precipitation for
individual months, up to 58.7% for bi-monthly periods,
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Table VI. Transfer functions for reconstruction. All results are based on model output for field capacity values of 100 mm.

Dependent
Var.

R R2 R2
a F Transfer Functions

AE 4 0.740 0.548 0.501 11.806 −7.71 + 0.0424WL3 1 + 0.0960DLH1 + 0.0711WL32 −
0.0815WL1 2

AE 5 0.834 0.696 0.673 30.512 −16.5 + 0.136WL3 + 0.09469WL2 1 + 0.06044WL3 2
AE 6 0.877 0.768 0.751 44.220 −31.3 + 0.260DLH5 + 0.144WL3 2 + 0.090DLH4 1
AE 7 0.640 0.409 0.381 14.539 8.62 + 0.115WL2 1 + 0.112WL4
AE 4–5 0.832 0.691 0.660 21.853 −11.6 + 0.104WL2 1 + 0.190WL3 2 + 0.175WL3 −

0.180WL1 2
AE 5–6 0.910 0.828 0.800 29.587 −44.8 + 0.162WL2 1 + 0.107WL3 2 − 0.389WL1 +

0.280DLH4 + 0.249DLH1 + 0.317WL3
AE 6–7 0.824 0.678 0.654 28.102 −20.8 + 0.205WL2 1 + 0.342DLH5 + 0.165WL3 2
AE 4–6 0.894 0.799 0.772 30.201 −27.5 + 0.310WL3 + 0.164WL2 1 + 0.170WL3 2 +

0.313DLH5 − 0.315WL1
AE 5–7 0.884 0.781 0.753 27.171 −14.1 + 0.254WL4 + 0.234WL2 1 − 0.423WL1 +

0.193WL3 2 + 0.475DLH5
AE 4–7 0.901 0.811 0.775 22.111 −37.1 + 0.415WL3 + 0.286WL2 1 + 0.435DLH1 −

0.531WL1 + 0.358DLH4 + 0.340WL3 2 − 0.334WL1 2
AE 1–6 0.893 0.798 0.771 30.035 −28.2 + 0.325WL3 + 0.171WL2 1 + 0.177WL3 2 +

0.321DLH5 − 0.330WL1
AE 1–7 0.903 0.816 0.780 22.803 −38.2 + 0.427WL3 + 0.292WL2 1 + 0.455DLH1 −

0.540WL1 + 0.355DLH4 + 0.359WL3 2 − 0.356WL1 2
ACCAE 0.770 0.593 0.563 19.913 15.0 + 0.943WL3 + 1.040DLH1 − 0.921WL1

Dependent Var. R R2 R2
a F Transfer Functions

DEF 4 0.524 0.275 0.258 16.686 37.5 − 0.0875WL2
DEF 5 0.757 0.573 0.553 28.858 91.9 − 0.171WL4 − 0.131DLH4 1
DEF 6 0.867 0.752 0.733 40.426 114.1 − 0.277DLH5 − 0.0776WL2 1 − 0.0688WL2 2
DEF 7 0.583 0.340 0.309 10.825 82.6 − 0.304WL2 1 + 0.255WL1 1
DEF 4–5 0.711 0.506 0.483 22.023 127.6 − 0.253WL2 − 0.133DLH4 1
DEF 5–6 0.886 0.785 0.764 36.546 202.4 − 0.209WL2 1 + 0.288WL1 − 0.382DLH4 − 0.345WL3
DEF 6–7 0.803 0.645 0.610 18.194 198.0 − 0.293WL4 − 0.177WL2 1 − 0.344DLH5 + 0.362WL1
DEF 4–6 0.854 0.730 0.710 36.864 255.2 − 0.351WL4 − 0.206WL2 1 − 0.404DLH1
DEF 5–7 0.865 0.748 0.723 29.742 279.7 − 0.459WL4 − 0.271WL2 1 − 0.360DLH5 + 0.423WL1
DEF 4–7 0.871 0.758 0.734 31.371 357.3 − 0.629WL4 − 0.289WL2 1 − 0.683DLH1 + 0.444WL1
DEF 1–6 0.873 0.761 0.731 24.885 261.3 − 0.379WL4 − 0.178WL2 1 + 0.483WL1 −

0.453DLH1 − 0.338DLH4
DEF 1–7 0.864 0.746 0.720 29.323 362.2 − 0.657WL4 − 0.277WL2 1 + 0.477WL1 − 0.683DLH1
ACCDEF 0.819 0.671 0.647 27.826 500.8 − 0.826WL4 + 0.767WL1 − 1.142DLH1

and up to 62.7% for periods longer than 3 months using
the same regression analysis procedures. Only for the
period from previous July to current June, the model
of precipitation (Ra

2 = 0.640) outperforms that of AE
(0.563) and RSM (0.380), while the model of DEF is
still slightly better with Ra

2 = 0.657.
We also obtained the gridded PDSI data from a global

data set for 1870–2002 (Dai et al., 2004). Using the
PDSI data of the four closest grids (36.25–38.75 °N,
95.25–98.75 °E) to Delingha, we estimated the PDSI
values using tree-ring chronologies for the same set of
monthly and seasonal combinations during the same cal-
ibration period of 1955–2002. In general, the regression
models of the simulated soil moisture variables are better
than those of the PDSI in most cases. For example, the
best result of regression analysis for individual month was
for June PDSI with Ra

2 = 0.719 as compared to Ra
2 =

0.751, 0.733, and 0.681 for June AE, DEF, and RSM,
respectively. The best result for bi-monthly PDSI was
for May–June PDSI with Ra

2 = 0.710 as compared to
Ra

2 = 0.800, 0.764, and 0.749 for May–June AE, DEF,
and RSM, respectively. The Ra

2 value for May–July
PDSI was 0.717 as compared to Ra

2 = 0.753, 0.723, and
0.720 for May–July AE, DEF, and RSM, respectively.
The improvements of the water balance variables over the
PDSI, we believe, came from the capability of the model
to adjust for local and regional characteristics. Based on
the above results, we concluded that the simulated soil
moisture variables can be reconstructed using tree-ring
widths with the same or higher confidence as in the case
of reconstruction of precipitation or PDSI in this region.

As mentioned above, the chronology at WL1 was
allowed to enter the transfer models with opposite signs
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Table VI. (Continued ).

Dependent Var. R R2 R2
a F Transfer Functions

RSM 4 0.762 0.581 0.539 13.838 −28.4 − 0.258WL1 + 0.414DLH1 + 0.107WL3 1 +
0.161WL3

RSM 5 0.838 0.701 0.671 22.906 −21.5 + 0.128WL2 1 + 0.167WL3 2 + 0.180WL3 −
0.151WL1 2

RSM 6 0.843 0.710 0.681 24.469 −17.2 + 0.245WL3 + 0.097WL2 1 − 0.317WL1 +
0.243DLH4

RSM 7 0.610 0.372 0.342 12.452 −1.10 + 0.100WL2 1 + 0.096WL4
RSM 4–5 0.810 0.655 0.620 18.541 −39.4 + 0.358DLH1 + 0.175WL3 2 − 0.163WL1 2 +

0.142WL3 1
RSM 5–6 0.882 0.778 0.749 27.274 −27.3 + 0.211WL3 + 0.117WL2 1 − 0.300WL1 +

0.197DLH1 + 0.147DLH4
RSM 6–7 0.776 0.602 0.562 15.134 −9.04 + 0.130WL4 + 0.102WL2 1 + 0.199DLH5 −

0.207WL1
RSM 4–6 0.860 0.739 0.713 28.352 −24.4 + 0.105WL2 1 + 0.266DLH1 − 0.216WL1 +

0.224WL3
RSM 5–7 0.867 0.752 0.720 23.601 −18.8 + 0.145WL4 + 0.099WL2 1 + 0.207DLH1 −

0.265WL1 + 0.123DLH4
RSM 4–7 0.865 0.749 0.723 29.766 −20.2 + 0.105WL2 1 + 0.238DLH1 + 0.194WL3 −

0.189WL1
RSM 1–6 0.775 0.601 0.561 15.056 −13.9 − 0.191WL1 1 + 0.241∗DLH1 − 0.108WL2 1 +

0.136WL3 1
RSM 1–7 0.797 0.635 0.599 17.429 −12.1 + 0.116WL2 1 + 0.227DLH1 − 0.187WL1 1 +

0.124WL3 1
ACCRSM 0.650 0.422 0.380 9.972 3.4 + 0.163WL3 − 0.183WL1 + 0.156DLH1
RSM 5–6 RC 0.772 0.595 0.566 20.105 −34.2 + 0.2291 RC + 0.1344 RC 1 + 0.076 RC 2

Dependent Variables: AET, DEF and RSM are actual evapotranspiration, deficit, and relative soil moisture, respectively. The number denotes
individual months or monthly combinations. ACC indicates the period from July of previous year to current June. RSM 5–6 RC is the model
for May–June relative soil moisture based on the regional chronology.
Column headings: R,R2, and Ra

2 are multiple correlation coefficients, coefficients of determination, and adjusted coefficients of determination
of regression analysis, respectively. F is the F statistic for the statistical significance of the regression models.
Independent Variables: The letters represent the chronologies (Figure 3) and the numbers after underscore represent the lagged years.

Table VII. Results of principal component analysis (PCA) of the ring-width chronologies during the calibration period.

Eigenvalues of the correlation matrix: Total = 9 Average = 1
PC Eigenvalue Difference Proportion Cumulative

1 7.226 6.709 0.803 0.803
2 0.516 0.140 0.057 0.860
3 0.377 0.024 0.042 0.902
4 0.353 0.153 0.039 0.941
5 0.199 0.078 0.022 0.963
6 0.121 0.039 0.014 0.977
7 0.082 0.013 0.009 0.986
8 0.069 0.013 0.008 0.994
9 0.056 – 0.006 1.000

Eigenvectors of the first 5 PCs
Chronologies PC1 PC2 PC3 PC4 PC5

DLH1 0.3064 0.3770 0.3856 0.7183 −0.1413
DLH2 0.3349 0.4301 0.2445 −0.2961 0.0136
DLH3 0.3383 0.3331 −0.0899 −0.4330 −0.0075
DLH4 0.3406 −0.0006 −0.4573 0.0111 0.3971
DLH5 0.3572 0.1270 0.0025 −0.1486 0.0981
WL1 0.3249 −0.0329 −0.6190 0.3884 −0.0760
WL2 0.3235 −0.4199 0.4243 0.0301 0.5656
WL3 0.3400 −0.2631 0.0592 −0.1868 −0.6758
WL4 0.3318 −0.5470 0.0875 0.0075 −0.1734
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Table VIII. Cross validation of the reconstructed series during
the calibration period 1955–2002. The variables are the same

as in Table VI for the transfer equations.

Variables Sign test
for the

1st Diff.

Sign
test

Product
mean

t-value

Reduction
of error

Correlation
coefficient

AE 4 25 32∗∗ 3.73 0.38 0.62
AE 5 30∗ 35∗∗ 4.67 0.63 0.80
AE 6 37∗∗ 39∗∗ 5.11 0.72 0.85
AE 7 24 30∗ 2.41 0.29 0.55
AE 4–5 26 35∗∗ 5.19 0.59 0.77
AE 5–6 34∗∗ 39∗∗ 4.92 0.76 0.88
AE 6–7 29∗ 32∗∗ 4.67 0.60 0.78
AE 4–6 33∗∗ 40∗∗ 4.28 0.73 0.85
AE 5–7 32∗∗ 37∗∗ 4.27 0.71 0.84
AE 4–7 28 37∗∗ 4.40 0.72 0.85
AE 1–6 32∗∗ 40∗∗ 4.10 0.73 0.85
AE 1–7 28 38∗∗ 4.25 0.73 0.85
ACCAE 33∗∗ 36∗∗ 3.57 0.49 0.70
DEF 4 28 31∗ 1.82 0.20 0.46
DEF 5 33∗∗ 34∗∗ 4.52 0.51 0.71
DEF 6 30∗ 37∗∗ 4.45 0.71 0.84
DEF 7 20 27 3.63 0.24 0.50
DEF 4–5 24 32∗ 4.16 0.44 0.66
DEF 5–6 34∗∗ 38∗∗ 5.05 0.74 0.86
DEF 6–7 29∗ 34∗∗ 3.89 0.53 0.73
DEF 4–6 33∗∗ 38∗∗ 4.39 0.67 0.82
DEF 5–7 32∗∗ 37∗∗ 4.23 0.68 0.82
DEF 4–7 35∗∗ 37∗∗ 4.25 0.69 0.83
DEF 1–6 29∗ 36∗∗ 4.59 0.68 0.82
DEF 1–7 34∗∗ 38∗∗ 4.17 0.68 0.82
ACCDEF 29∗ 35∗∗ 4.21 0.59 0.77
RSM 4 20 33∗∗ 3.25 0.47 0.69
RSM 5 24 36∗∗ 4.53 0.60 0.78
RSM 6 32∗∗ 35∗∗ 4.65 0.64 0.80
RSM 7 26 28 2.52 0.24 0.50
RSM 4–5 25 33∗∗ 4.75 0.54 0.74
RSM 5–6 31∗∗ 35∗∗ 4.49 0.70 0.84
RSM 6–7 26 32∗∗ 3.85 0.54 0.74
RSM 4–6 27 37∗∗ 4.11 0.68 0.82
RSM 5–7 27 33∗∗ 4.22 0.67 0.82
RSM 4–7 28 35∗∗ 4.20 0.69 0.83
RSM 1–6 26 35∗∗ 4.00 0.49 0.70
RSM 1–7 26 36∗∗ 4.06 0.53 0.73
ACCRSM 24 32∗∗ 2.45 0.28 0.55
RSM56 RC 33∗∗ 34∗∗ 4.72 0.48 0.69

Sign test results: *p ≤ 0.05, **p ≤ 0.01

to the other chronologies. We first noted this peculiarity
when performing the stepwise regression where WL1
entered the models consistently with opposite signs. The
site is located in the southeastern corner of the study
area, with close proximity to WL2 (Figure 1). This
chronology rendered the lowest correlations with the
simulated soil moisture variables (Table V). However,
it was strongly correlated with the chronologies at
other sites (R = 0.541–0.759). To further investigate the
relationship among the tree ring chronologies, we used
principal component analysis (PCA), a data reduction

procedure in which new variables (principal components
or PCs), orthogonal to each other are constructed as
linear combinations of the original variables. The new
dataset normally has fewer variables, but contains most
of the information in the original dataset (Johnston,
1978). Table VII presents the principal components (PC)
eigenvalues and eigenvectors based on the data during
the 1955–2001 calibration period. The first five PCs
explained over 95% of the variance in the original dataset
of nine tree-ring chronologies. It is interesting to note
that the third PC demonstrated the contrast between WL1
and other chronologies, especially WL2 (although DLH4
had the same sign as WL1, but the magnitude was not
as large). The two sites are very close spatially to each
other but with quite different vegetation conditions. WL1
is on a south-facing slope of 35° to 40° steep, with thin
and rocky soils and sparse Qilian junipers (Figure 2).
WL2, on the other hand, is located inside a meandering
river valley with probably the best moisture condition
in the study area. During our visit to the site in late
June 2005, the stream had a significant amount of runoff
while almost all other streams of comparable size in the
region were dry. It is the only site with Qinghai spruce
as one of the dominant species and has the best canopy
coverage among all sites (Figure 2). A closer look at the
transfer functions in Table VI reveals that WL1 tends to
coexist with WL2 (sometimes with 1 year lag) in the
same equation. Of the 30 transfer equations in which
various forms of WL1 are included, WL2 coexists for 24
of them. Perhaps it is the contrast between WL1 and
WL2 that offered the additional explanation power in
regression analysis.

We reconstructed all dependent variables listed in
Table VI using the transfer equations. Besides the com-
monly used statistics in regression analysis, we also
include indictors of the quality of the reconstructed series
obtained by cross-validation, such as the results of sign
test, sign test of first difference, and Student t test of prod-
uct means, reduction of error, and correlation coefficients
between the estimated and observed series (Fritts, 1976,
1991; Michaelsen, 1987). Based on the cross-validation
of the transfer functions, we selected January–June AE
(AE16), previous July – current June DEF (ACCDEF),
and May–June RSM (RSM56) as the targets for recon-
struction. All these variables have relatively good vali-
dation results (Table VIII) and represent different aspects
of the soil moisture conditions. AE16 represents the ther-
mal and moisture condition during the first half of the
year prior to the peak of the growing season, ACCDEF
represents the cumulative water shortage condition from
the previous summer to the current growing season, and
RSM56 represents soil moisture availability up to June,
probably most critical to tree growth during the grow-
ing season. Figure 7 shows the actual and reconstructed
values of these variables during the calibration period
1955–2002.
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Figure 7. Reconstructed water balance variables (AE16, ACCDEF, and RSM56) plotted against the original values obtained from the model
during 1955–2001. This figure is available in colour online at www.interscience.wiley.com/ijoc

Figure 8. Reconstructed AE16 and ACCDEF series based on individual tree ring chronologies going back to 950 AD and the RSM56 series
based on the regional chronology (RC) going back to 566 AD.

4.5. Regional moisture conditions in the past

Figure 8 displays the reconstructed records of soil mois-
ture variables. For AE16 and ACCDEF, we reconstructed
a record going back to 950 AD using the transfer models
in Table VI. For RSM56, we reconstructed a longer series
using the RC, which goes back to 566 AD. After pass-
ing a 31-year moving average filter to the time-series,
significant low-frequency variation patterns can be seen,
including prominent dry periods during 700–800 AD,
1100–1200 AD, 1425–1525 AD, and 1650–1750 AD,
wet periods around 1225 AD, 1350 AD, and 1525–1650
AD, and a general trend toward a wetter condition during
the most recent 300 years. The recent trend to a wetter
condition conformed to the ice accumulation record dur-
ing 1600–1980 based on the ice core taken from the
Dunde Glacier (38°06′N, 96°24′E, 5325 m) northwest of
the study region (Thompson et al., 1995). The wetter

trend was also corroborated by a recent study in northern
Pakistan, in which a reconstructed precipitation record
based on tree-ring data indicated that the 20th Century
was the wettest period during the past millennium (Trey-
dte et al., 2006).

There are several published series of proxies of cli-
matic variation for the Qinghai Lake (Figure 1), the
largest closed inland saline lake in China whose salin-
ity and water level are closely related to the freshwater
input. A 900 year record of salinity of the Qinghai Lake
was obtained from the microfossils of ostracoda (seed
shrimp) of Crustacea from the sediment cores (Zhang
et al., 2004b). More specifically, paleosalinity of the lake
water was reconstructed based on the length of Limno-
cythere inopinata and the Sr/Ca ratio in the shells of
Eucypris inflata. Additionally, we compared the recon-
structed moisture conditions to approximately 800 year
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records of the percentage of coarse particles (>63 µm)
and oxygen stable isotope in carbonate salts in the lake
sediments (Zhang et al., 2003b), with the assumptions
that years with more freshwater input would also saw
greater accumulation of coarse sediment particles and that
the oxygen isotope is related to the regional effective pre-
cipitation. A comparison with the reconstructed moisture
conditions confirmed the dampened fluctuations during
the period before 1500, while greater high-frequency and
low-frequency variations were apparent during the Little
Ice Age (Figure 9).

We used decadal averages in the comparisons between
the salinity and sedimentary data of the Qinghai Lake
and the reconstructed moisture conditions. We found that
ACCDEF and AE16 were significantly correlated with
the salinity, but not with the coarse particle percentage
and stable isotope records during the entire periods
with available data (Table IX). Figure 9 also shows
that for the most recent 400 years, there are probably
stronger associations between the Qinghai Lake data
and the reconstructed moisture conditions. We found
statistically significant correlations between the oxygen
stable isotope and reconstructed moisture variables during
the periods since 1600, 1700, and 1800 respectively, but
no significant correlation was found for the percentage of
coarse particles (Table IX). Particle size may represent
some complex physical processes since it is influenced
by both total precipitation and rainfall intensity. It is also
influenced by the seasonality of the rainfall events and
the mixing mechanisms in the lake. For example, a single
heavy rainfall event occurring in the early summer before
vegetation is fully established may generate more coarse
sediment particles than a similar event occurring into

the summer season or many low-intensity long-duration
rainfall events distributed throughout the summer season.
There are obvious differences between the reconstructed
moisture variables and other proxies of precipitation. The
close relationships between the moisture variables and
the tree ring chronologies (Tables V and VI) indicate
that these reconstructed variables reflect the climate
variability from different perspectives than those proxies
compared here.

5. Conclusions

During the period of 1998–2003, we collected a total
of 1050 increment cores out of 493 Qilian junipers in
the Delingha region of Qinghai Province, northeastern
Qaidam Basin, to construct chronologies of approxi-
mately 800–1500 years long at eleven sampling sites.
Using the Thornthwaite–Mather water balance model,
we generated variables to represent soil moisture and
vegetation water use conditions. The modelling process
combines the effects of both temperature and precipita-
tion variations and simulates the soil moisture depletion
process. As a result, the relationships between tree-ring
widths and the simulated soil moisture variables were
found typically better than those between tree-ring widths
and precipitation or temperature. The simulated soil mois-
ture variables also produced better results than PDSI.
By considering spatial variation patterns of topography
and soil properties, water balance modelling may fur-
ther help explain inter-site variations and separate local
and regional climate signals in the tree-ring samples. The
result of simulation based on meteorological data dur-
ing 1955–2002 showed significant interannual variability

Figure 9. A comparison between the reconstructed ACCDEF (10 year moving averages), salinity, percentage of coarse particles in lake sediment,
and oxygen stable isotope in carbonate salts of the Qinghai Lake. This figure is available in colour online at www.interscience.wiley.com/ijoc
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Table IX. Spearman’s rank correlation coefficients between Qinghai Lake salinity, percentage of coarse sediment (>63 m),
sediment stable oxygen isotope and the reconstructed moisture conditions. Boldface numbers indicate statistical significance of

0.05.

Moisture
Variables

Grain Size
(% <63 µm)

δ18O
(‰ PDB)

Salinity
(g/l)

All decades ACCDEF Correlation Coefficient −0.004 0.043 0.252
Sig. (2-tailed) 0.968 0.710 0.017

N 82 79 90
AE16 Correlation Coefficient 0.057 0.082 −0.241

Sig. (2-tailed) 0.610 0.471 0.022
N 82 79 90

RSM56 Correlation Coefficient 0.083 −0.007 −0.125
Sig. (2-tailed) 0.460 0.953 0.240

N 82 79 90
Since 1600 ACCDEF Correlation Coefficient 0.189 −0.274 −0.258

Sig. (2-tailed) 0.243 0.087 0.107
N 40 40 40

AE16 Correlation Coefficient 0.006 0.288 0.110
Sig. (2-tailed) 0.970 0.071 0.498

N 40 40 40
RSM56 Correlation Coefficient −0.191 0.401 0.204

Sig. (2-tailed) 0.237 0.010 0.206
N 40 40 40

Since 1700 ACCDEF Correlation Coefficient 0.039 −0.348 −0.348
Sig. (2-tailed) 0.838 0.059 0.060

N 30 30 30
AE16 Correlation Coefficient 0.136 0.115 0.028

Sig. (2-tailed) 0.472 0.543 0.885
N 30 30 30

RSM56 Correlation Coefficient −0.162 0.400 0.182
Sig. (2-tailed) 0.393 0.028 0.335

N 30 30 30
Since 1800 ACCDEF Correlation Coefficient −0.087 −0.589 −0.155

Sig. (2-tailed) 0.715 0.006 0.514
N 20 20 20

AE16 Correlation Coefficient 0.158 0.499 −0.317
Sig. (2-tailed) 0.506 0.025 0.173

N 20 20 20
RSM56 RC Correlation Coefficient 0.096 0.481 −0.147

Sig. (2-tailed) 0.686 0.032 0.535
N 20 20 20

in soil moisture conditions in the study area. We found
strong correlations between the tree-ring widths and the
simulated soil moisture variables for individual months as
well as for various bi-monthly and seasonal time periods.
Correlation and regression analyses also revealed the
lagged effect of soil moisture on tree growth. Generally
speaking, actual evapotranspiration (AE) produced the
best results in reconstruction, followed by deficit (DEF)
as a measure of water use stress.

The reconstructed records of the soil moisture vari-
ables displayed significant fluctuation patterns during the
past 1400 years, which may not have been revealed by
examining precipitation or temperature records alone. We
were able to identify extended periods of significant dry
and wet anomalies. After comparing with other proxies of
climate variation in the study region, including ice core,
lake water salinity, percentage of coarse sediment and

oxygen stable isotope in carbonate salts, we concluded
that the reconstructed moisture variables corroborated
well with existing proxies of past precipitation and most
likely provided additional information of the climate vari-
ation patterns in the region. Our results suggest that water
balance modelling offers great potential in reconstruction
of paleoenvironments at the interannual to interdecadal
scales.
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