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The Qinling Mountain range constitutes a critical boundary for climate and vegetation distribution in eastern
central mainland China owing to its importance as a geographic demarcation line. In this article, cores from 88
Chinese pines (Pinus tabulaeformis) from the southern (MW site) and northern (NWT site) slopes of the Qinling
Mountains were used to reconstruct seasonal temperature variations. During the calibration period, significant
correlations were found between ring width and the mean temperature from prior September to current April of
0.76 at the southern slope, and between ring width and the mean May—July temperature of 0.67 at the northern
slope. The subsequent temperature reconstructions span 1760-2005 for the northern site and 1837-2006 for the
southern site. Prior to the mid-20th century, low September—April temperatures were, in general, followed by high
May-July temperatures, probably reflecting variations in the winter and summer monsoon. However, since the
mid-20th century, both records show trends of a more pronounced increase in September—April temperature on the
southern slope. The results provide independent support for the interpretation that recent warming is unusual in
nature, coinciding with the observed record. The results compare well with tree-ring based reconstructions from
the surrounding regions, suggesting regional signals in the Qinling Mountain reconstructions.
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(32°30'N-34°45'N  and in the Qinling Mountains and adjacent regions, among

104°30’E-112°45'E) are an east-west oriented 1500 km
long mountain range in central China. It is an im-
portant geographic demarcation line and the most cri-
tical boundary for climate and vegetation distribution
in central mainland China owing to its west-to-east
alignment, separating semi-arid area and humid re-
gions. Because of its size, high elevation and east-to-
west arrangement, the Qinling Mountains constitute a
huge physical obstacle for north and southward move-
ment of air masses and are thus critical to the distribu-
tion of climate and life zones in eastern parts of China.
Climate conditions between the southern and northern
slopes are quite different (Yan 2006). In general, the
southern slopes are warm and humid, and in recent
years frequent flooding has occurred in connection with
strong Asian monsoon, causing loss of human life and
property damage. On the northern slopes, however, it is
relatively cool and dry, and drought is the main threat
to agriculture. Since the 1950s, there has been an ob-
vious trend towards warmer and drier climate in the
Wei River basin, and water shortage has come to
seriously impact on human society. Many studies of
climate and environment change have been carried out

these several dendrochronological studies (Hughes
et al. 1994; Shao & Wu 1994; Liu et al. 2001; Liu &
Shao 2003; Garfin et al. 2005; Yan 2006; Dang et al.
2007, Rosenfeld et al. 2007). These include re-
constructed April to June precipitation variability in
the eastern part of the mountains for the past 400 years
(Hughes et al. 1994), and a reconstruction of early
spring temperatures for the central part of the moun-
tains (Liu et al. 2001). However, no study has yet com-
pared climate variability on the southern and northern
slopes of the mountains in a long-term context.

In this article, we present two temperature re-
constructions from northern and southern slopes, re-
spectively, and analyse the climatic differences between
southern and northern slopes for the past 200 years.

Materials and methods

Study area, sampling and chronology development

Samples were collected at three sites from Nan Wutai
(NWT) on the northern slope of the Qinling Mountains
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Fig. 1. A. Location of the sampling sites and meteorological stations.
B. Different elevations of sampling sites along the profile of the Qinl-
ing Mountains.

(Fig. 1) at elevations from 1500 to 1600 m a.s.l. in May
2006: NWTO01 (18 trees), NWTO02 (12 trees) and
NWTO03 (26 trees). In October 2006, 32 trees were sam-
pled from Mu Wang (MW) at 2100ma.s.l. on the
southern slope of the Qinling Mountains (Fig. 1). In
order to optimize comparison between the southern
and northern slopes, one single tree species, the Chinese
pine (Pinus tabulaeformis), which is also the dominant
tree spices, was sampled at all sites. At the NWT sites,
pines grow on thick soils (¢. 40—50cm) within a dis-
connected to open canopy on slopes of ¢. 50°. At the
MW site, pines grow in an open canopy (20-30 m dis-
tance between trees) in thin and nutrient-poor soil;
most trees grow on the rocks. In general, two cores were
sampled with an increment borer from each tree for
ring-width measurement, but for trees believed to be of
old age (about 1/3 of the sampled trees), 3 cores were
collected, where the third core will be used for stable
isotope analyses. In the laboratory, the tree-ring sam-
ples were surfaced, cross-dated, and ring widths mea-
sured, with a precision of 1/100 mm, following standard
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dendrochronological procedures (Stokes & Smiley
1996). The cross-dating was validated using the CO-
FECHA software (Holmes 1983), and cores with any
ambiguities were excluded from the further analysis.
The average rates of absent rings in the samples at
NWT and MW are <1%. All individual tree-ring series
were detrended and standardized to form ring-width
indices using the ARSTAN software (Cook & Kair-
iukstis 1990; Dendrochronology Program Library).
During this process, undesirable growth trends, related
to age and stand dynamics but unrelated to climatic
variations, were removed from each series. To preserve
the maximum common signal related to climate, each
ring-width measurement series was standardized con-
servatively, using only negative-exponential or straight-
line curve fitting. The individual index series from each
site were then combined into a single chronology by
computing a bi-weight robust mean. The resulting tree-
ring index chronologies preserve much of low fre-
quency signals (Cook & Kairiukstis 1990).

The mean sensitivity, a measure of relative difference
in widths between adjacent rings, was 0.21 for NWT
and 0.14 for MW. The first order auto-correlations
were 0.53 and 0.67 for NWT and MW respectively, in-
dicating that the tree-ring growth of Chinese pine in one
year is to some degree influenced by its growth the pre-
ceding year. Since the correlations between the NWT
were high (r = 0.66-0.77, n = 190, p<0.0001), the three
NWT sites were combined to create a new chronology
named NWT.

Subsample signal strength (SSS; Wigley et al. 1984)
was used to assess the adequacy of replication in the
early years of the chronologies. SSS is a measure of the
quality of the tree-ring index curve, where values close
to 1 are achieved when the included trees reflect a hy-
pothetic mean curve for the population; this is achieved
either if the trees display strong common growth varia-
bility or if there is a large number of samples. To utilize
the maximum length of the tree-ring chronologies and
ensure the reliability of the reconstructions, we re-
stricted our analysis to the period with an SSS of at
least 0.75. This threshold corresponds to a minimum
sample depth of 10 trees for the NWT (from 1825) and
9 trees for MW (from 1857). The statistical features of
the NWT and MW chronologies are listed in Table 1.

Table 1. Statistical characteristics of NWT and MW chronologies.

Parameter NWT MW
Mean sensitivity 0.2 0.14
Standard deviation 0.26 0.22
First-order autocorrelation 0.53 0.67
Mean correlation between all series 0.34 0.31
Mean correlation between trees 0.34 0.3
Mean correlation within a tree 0.39 0.42
% variance in 1st PC 36.95% 40.28%
Subsample signal strength (SSS)>0.75 (trees) 1825 (10) 1857 (9)
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During the analysis process, to test the homogeneity
of meteorological records of Xi’an and Zhen’an, both
double-mass analysis (Kohler 1949) and the Mann-
Kendall (Mann 1945) statistical methods were used.
The Huashan meteorological station (1953-2004, ele-
vation 2064.9 ma.s.1., 34°29'N, 110°05’E) was used as a
reference station.

Climatic situation

Since the Xi’an meteorological station (1953-2004, ele-
vation 397.5ma.s.1., 34°18'N, 108°56’E) is the closest to
the NWT sites with a long record, we used these data
when comparing the NWT tree-ring data to tempera-
ture and precipitation. For MW chronology, the re-
cords from the Zhen’an county meteorological station
(1958-2004, elevation 693.7 ma.s.l., 33°26'N, 109°09’E)
were used for further analyses.

The results of homogeneity showed that both tem-
perature and precipitation records from the Xi’an and
Zhen’an stations are homogenous. Figure 2 gives dis-
tribution diagrams of precipitation and temperature for
Xi’an and Zhen’an records. Obviously, temperature
varies synchronously with precipitation in the two re-
gions — cold and low precipitation in winter, warm and
more rainfall in summer. Monthly temperature in
northern slopes is higher than that in the southern
slopes during summer, but slightly lower in winter. The
annual rainfall on the southern slope is about 200 mm
higher than that of the northern, indicating that it is dry
on the northern slope and wet on the southern.

Climatic signals reflected by Chinese pine tree
rings

Limiting factors for tree growth on the southern and
northern slopes

Correlation analyses showed major differences of lim-
iting factors for tree growth between the northern and
southern slopes. The NWT ring-width indices are sig-
nificantly positively correlated with precipitation in
May and June, and negatively correlated with tem-
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Fig. 2. Monthly total precipitation and mean temperature at the Xian
(1953-2004) and Zhen’an (1958-2004) stations.
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perature in prior September, the year before growth,
February and May to July (Fig. 3). Of all correlations,
the highest occurs for May to July temperature, which
is the high-growth-rate part of the growing season for
trees. The results are fairly consistent with results from
previous studies suggesting that the early summer tem-
peratures are the main climatic factors controlling ra-
dial tree growth on the northern slope of the Qinling
Mountains (Hughes et al. 1994; Liu et al. 2001; Liu &
Shao 2003; Dang et al. 2007). Because the ring-width
index is significantly positively correlated with May—
June precipitation, and highly negatively correlated
with May—July temperature, tree growth would reduce
and a narrow ring would be produced if the low pre-
cipitation occurs under the normal temperature condi-
tions. Thus, it has a meaningful physiological base for
the relationship between ring-width indices and cli-
matic factors.

For the MW site, correlations between ring-width
indices and precipitation are generally weak, except
prior November and April (Fig. 3). However, ring
widths are significantly and positively correlated with
temperatures in each month from previous September
to current July. When temperatures are averaged for
the whole 8-month period, the correlation reaches 0.761
(d.f. =46, p<0.0001). The high/low association be-
tween temperature/rainfall and tree growth at MW is
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Fig. 3. The correlation between ring-width indices and monthly mean
temperature (black bars) and monthly total precipitation (white bars).
Meteorological data come from Xian (NWT) and Zhen’an (MW).
Horizontal dashed lines are the 95% confidence level.
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supported by observations in the field showing that the
MW site is quite humid. The correlation analyses for
the NWT and MW sites suggest a clear influence of
temperatures outside the growing season for pines on
the southern slope, while this influence is minimal in the

northern slope. The results are consistent with previous
studies (Liu & Shao 2003; Dang et al. 2007).

Temperature reconstruction of mean May—July
temperature in the NWT region

Based on the results of the correlation analysis, we re-
constructed May to July mean temperatures for the
NWT region. A transfer function was designed as:

Twvys = —2.620 Wnwr + 26.330 (1)
where Ty is the mean temperature of May to July and
Wxwr is the associated NWT tree-ring index for that
year. During the calibration period, 1951-2004, the re-
construction tracks the observation very well, with the
explained variance 44.4% (43.3% after adjustment for
loss of degrees of freedom) in the temperature data. In
the model (1), n = 54, r = 0.666, F = 41.49, standard
error = 0.74 and p<0.0001. DW = 1.54, which is the
Durbin-Watson statistical item for testing of the pre-
sence of first-order autocorrelation in the residuals of
the regression equation (Durbin & Watson 1950). The
comparison between the reconstruction and the ob-
servation is shown in Fig. 4 (top).

Because the observation records are too short for an
independent verification test to be performed, a boot-
strap re-sampling technique (Efron 1979; Young 1994)
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Fig. 4. Comparison between observed (black lines) and estimated
(grey lines) temperatures. Horizontal lines are the long-term means.
Top: NWT and Xi’an. Bottom: MW and Zhen’an.
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was employed here to assess the accuracy of the cali-
brated regression equations. This method is used parti-
cularly for a small data set. For NWT tree-ring-width
chronology, the bootstrap results show that after 60
iterations all the statistical items of r, Rﬁdj, stand error
of estimate, F-value, p-value and Durbin-Watson sta-
tistics are close to the values found on the total data set
(Table 2).

We used the jackknife method to test stability of the
transfer function; equation (1). In general, all the statis-
tical items are fairly close to the values found by the ori-
ginal data set and the bootstrap results, indicating that
equation (1) is quite stable during the calibration period
1953-2004. However, 1979 was an outlier from the mod-
el. If we overlook this year, the explained variance of the
temperature rises to 48.4% (Ridj = 47.4%). The observed
data show no apparent difference between the May—July
mean temperature of 1979 and the 46-year mean. How-
ever, the May—June precipitation that year was 58 mm,
which is 50% lower than the 46-year average (117 mm).
This may have been the cause of the narrow tree ring in
1979. Although 1979 is an unusual year, we do not re-
move it from the model (1) since we cannot discount the
possibility that similar events have happened in the past.

The full May—July temperature reconstruction is
shown in Fig. 5 (top) for NWT for the period 1760 to
2005. Periods with temperatures higher than the 246-
year mean occurred in the 1787-1822, 1857-1882,
1896-1936 and 1987-2005, while episodes of below
average temperatures occurred in the 1823-1856,
1883-1895 and 1937-1986.

Temperature reconstruction of September to April
temperatures in the MW region

Based on the above correlation analysis, we re-
constructed mean temperatures from prior September
to current April for the MW site. The transfer function
was designed as

Toa = 3.192 Wi + 4.895 (2)

where Tsa is the mean temperature of previous Sep-
tember to current April, Wyw is the associated MW
tree-ring index for that year. For the period of calibra-
tion (1958-2004), the tree-ring/temperature correlation
for the September—April period is 0.761. The tree-ring
record thus explains 57.9% (56.9% after being adjusted
for loss of degrees of freedom) of the variance in the
MW temperature. In the model (2), n = 46, r = 0.76,
F =60.52, standard error =0.65 and p<0.0001.
DW = 1.59. The comparison between reconstruction
and the observation is shown in Fig. 4 (bottom).
During the verification procedure, all statistical re-
sults of bootstrap and jackknife indicate that re-
constructed data tracked the observed data very well
from 1958 to 2004 (Table 2). Meanwhile, jackknife re-
sults show that 1995 was unusual; if this year was



BOREAS

Table 2. Calibration and verification statistics for NWT and MW regression.
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Calibration Verification
Jackknife Bootstrap (60 iterations)
Mean (range) Mean (range)
NWT site
r 0.67 0.67 (0.64-0.70) 0.66 (0.49-0.78)
R 0.44 0.44 (0.41-0.48) 0.44 (0.24-0.61)
Ry 0.43 0.43 (0.40-0.47) 0.43 (0.23-0.60)
Standard error of estimate 0.74 0.74 (0.71-0.74) 0.73 (0.59-0.88)
F 41.49 40.79 (35.28-47.9) 41.94 (16.25-77.92)
p 0.0001 0.0001 (0.0001-0.0001) 0.0001 (0.0001-0.0001)
Durbin-Watson 1.54 1.54 (1.27-1.68) 1.50 (1.28-1.57)
MW site
r 0.76 0.77 (0.65-0.86) 0.76 (0.74-0.79)
R? 0.58 0.59 (0.42-0.75) 0.58 (0.55-0.62)
R4 0.57 0.58 (0.41-0.75) 0.57 (0.54-0.61)
Standard error of estimate 0.65 0.62 (0.48-0.76) 0.65 (0.61-0.66)
F 60.52 66.01 (32.44-132.72) 59.24 (53.28-69.84)
P 0.0001 0.0001 (0.0001-0.0001) 0.0001 (0.0001-0.0001)
Durbin-Watson 1.59 1.51 (1.13-1.77) 1.58 (1.39-1.75)
%) especially outside winter (Fig. 2). Thus, it is expected
= 250 that, even though the geographical closeness of the
g 240 sites, tree growth responses to climate should differ be-
& 230 ) tween the north and south slopes. In Fig. 5, in general,
e 220 ° two curves show apparently opposite evolution on an
g annual scale for the entire series, and on decadal scales
Y before 1970, indicating the big difference of climatic
. X X . X X & variation on the both sides of the Qinling Mountains.
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Fig. 5. Reconstruction of the May—July mean temperature for NWT
region from AD 1760 to 2005 (top), and the mean temperature from
prior September to current April for MW region from AD 1837 to
2006 (bottom). Both reconstructions are based on Chinese pine tree-
ring widths. Smoothed lines are the 10-year moving average. Hor-
izontal lines are the long-term means. For the NWT site, a 246-year
average is 23.7°C and for the MW site, a 170-year mean is 8.1°C.

omitted, the variance would rise from 57.9% to 61.9%.
However, for the same reason mentioned above for the
NWT site, we keep this year in the model (2). The full
reconstruction of September to April mean tempera-
ture is given in Fig. 5 (bottom) for MW (1837 to 2006).
Two periods, 1837-1875 and 1976-2006, show tem-
peratures higher than the 170-year mean, reflecting
warmer early summer. An extended low temperature
interval, with temperatures in general below the aver-
age, occurred during 1876-1975.

Discussion

The southern aspect of the Qinling Mountains is one of
subtropical characteristics with wet summers and mild
winters, while the northern slope belongs to a warm-
temperate zone with relatively dry summers and cold
winters. The southern slopes of the Qinling Mountains
are far moister than the northern slopes (Li & Fu 1984),

The reconstructions suggest that in the past there was
an inverse relationship between September—April and
May-July temperatures, especially on decadal time
scales, so that a cold September—April was followed by
warm May—July temperatures, and vice versa. How-
ever, this relationship seems to break down in the later
half of the 20th century, when both reconstructions
show an increasing trend from the 1970s corresponding
with observed temperatures. As temperatures in this
region are highly influenced by the monsoon in both
winter and summer, tree-ring data from both slopes
of the Qinling Mountains may be used to study past
regional monsoon variability in winter as well as in
summer.

The two temperature reconstructions, in particular
MW, provide independent support for the interpreta-
tion that recent warming is unusual in nature (Briffa &
Osbon 1999; D’Arrigo et al. 2000), where September—
April as well as early summer temperatures in the 20th
century are the highest throughout both reconstruc-
tions. The MW data also suggest that most warming in
the central Qinling Mountains area has occurred during
winter, which is in agreement with the global trend
(Vogelsang & Franses 2005; Ding et al. 20006).

Both NWT and Helan Mountain are located in re-
gion I on the Loess Plateau (Fig. 1), and therefore,
roughly belonging to the same climatic zone. Hence,
despite the 800 km distance between them, they may be
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Fig. 6. Comparison between NWT May—July mean temperature
(black line) and the Helan Mountain January—-August mean tem-
perature (grey line). All curves are smoothed by 10-year moving
average.
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Fig. 7. Comparison between the MW mean temperature from prior
September to current April (black line) and Jiuzhai mean temperature
from prior November to current March (grey line).

comparable. Figure 6 displays the comparison between
NWT May—July mean temperature and Helan Moun-
tain January—August mean temperature (Cai & Liu
2007). Similar fluctuations are seen in long-term varia-
tions and in the 1930s, there was a clear temperature
decrease at both sites. The warming in the period of
1950 to 1990 is synchronous in both curves. However,
after 1990, temperatures over the Helan Mountain
show a decreasing trend, while they increase at NWT.

An independent tree-ring based reconstruction from
the Jiuzhai region, within region II around the Sichuan
Basin (Fig. 1), about 600 km southwest of the MW site
(Song et al. 2007), was used to assess the MW re-
construction. Both reconstructions represent more
or less the same part of the year (Jiuzhai representing
November—March temperatures) and time window
(c. 1800s to 2000). Both records show high co-variability
(r =10.44, p<0.0001, d.f. = 170) and the warming trend
since the 1970s stands out in both records (Fig. 7). The
comparison suggests that the climatic variability in the
winter half of the year is similar along the Qinling
Mountains. Two sites showed a clear response to global
warming during the late 20th century.

Conclusions

We used tree rings, collected from both southern and
northern slopes of the Qinling Mountains, to re-
construct seasonal temperature variations in this study.
We found that tree growth responds differently to cli-
mate at either side of the Qinling Mountains: climatic

BOREAS

conditions of the previous year have a pronounced in-
fluence on ring width at the southern slope, while early
summer temperatures (and precipitation to some de-
gree) have a strong influence on ring width at the
northern slope. Mean May—-July temperature for the
past 240 years was reconstructed for the northern slope
and it corresponds well with an earlier temperature re-
construction from the Helan Mountain northwest of
the Qinling Mountains. In addition, prior September to
current April mean temperature reconstructed from
1837 to 2006 for the southern slope shows some corre-
spondence with a temperature reconstruction from
Jiuzhai southwest of the Qinling Mountains. These re-
sults reveal that temperature variations on the northern
and southern slopes of the Qinling Mountains represent
different seasons of the large-scale climatic variations,
likely associated with the summer and winter mon-
soons, respectively.
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