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A tree-ring-width chronology of Pinus tabulaeformis from Kalaqin, Inner Mongolia was developed using modern dendrochrono-
logical techniques. Based on the results of correlation function analysis, the total precipitation from the previous August to current 
July was reconstructed for 1771–2008 AD with an explained variance of 49.3%. The reconstruction correlated well with the dry-
ness/wetness series derived from historical documents, as well as the precipitation reconstruction of the Chifeng-Weichang region. 
There were eight intervals with greater precipitation than the average (associated with the strong East Asian summer monsoon) 
and seven intervals lower than the average (weak monsoon). A power spectrum analysis showed that there were 120 a, 80 a, 8 a 
and 2 a periodicities. 
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As an important proxy to study paleoclimates, tree rings are 
widely used to reconstruct past climate, such as temperature 
[1,2], precipitation [3,4] and drought index [5] back to hun-
dreds of years. In recent years, great progress in dendrocli-
matological research has been made in China, and a large 
amount of valuable data has been collected. Temperatures 
for the last 2500 years [6–10] and precipitation for the last 
2300 years [11–13] have been reconstructed for the Tibetan 
Plateau. Runoff series for several watersheds were also re-
constructed using tree rings [14,15]. These achievements 
helped researchers to understand the past climatic variations 
in China in the context of global climate change. For the 
north margin of the East Asian summer monsoon [16], 
high-resolution tree-ring records were used to reconstruct 

temperature [17] and precipitation [18–22] variations over 
the past few hundred years. The first tree-ring based precip-
itation prediction was also carried out [23], which has been 
proved to be largely consistent with real precipitation rec-
ords until now. 

Compared with the vast territory in northern China, tree- 
ring study sites are still sparse. To better understand the past 
climate variation patterns over large spatial scales, a tree- 
ring network should be established in northern China. 

In this study, we present a tree-ring based annual precip-
itation (previous August to current July) reconstruction for 
the Kalaqin region of Inner Mongolia from 1771 to 2008 
AD. The rainfall series were compared with historical 
documents and other precipitation reconstructions nearby to 
investigate the temporal and spatial characteristics of cli-
matic variations. 
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1  Methods and materials 

1.1  Sampling and chronology development 

Kalaqin is located on the north slope of the Qilaotu Moun-
tains in eastern Inner Mongolia. The area has diverse phys-
iographical conditions with elevations from 500 m in the 
west to 1890 m in the east. It is also a transition region be-
tween agricultural and prairie land with a temperate conti-
nental monsoon climate. The climate of Kalaqin is typically 
windy and dry in the spring, with greater than average rain-
fall and temperature in the summer, early frost in the au-
tumn and a cold winter with little snow. The annual mean 
temperature ranges between 3.5 and 7°C, and the annual 
mean precipitation is around 421 mm, mainly concentrated 
in July and August [24]. 

The sampling site (41°52′11″N, 118°47′27″E, elevation 
1108–1198 m, Figure 1) is located in Ma’anshan National 
Forest Park, where Larix principis-rupprechtii Mayr and 
Pinus tabulaeformis Carr. are the major conifer species. 
Trees grow on thin yellow brown soil (10–50 cm), separated 
by 20–50 m; thus, the canopy is discontinuous. According 
to the International Tree-Ring Data Bank standard, we col-
lected two cores per tree from 29 Pinus tabulaeformis, and 
this group of samples was named as KLQ (Figure 1). 

In the laboratory, samples were dried, mounted and sur-
faced [25] following standard dendrochronological proce-
dures. After cross-dating, ring widths were measured to a 
precision of 0.01 mm using LINTAB. 

Cross-dating quality control was performed with the 
COFECHA program [26]. The results showed that the mean 
correlation coefficient of each series with a master series 
was 0.81, the mean sensitivity was 0.51, and the first-order 
autocorrelation coefficient was 0.53. Statistical analysis 
revealed that trees were strongly influenced by common  

 

Figure 1  Location of sampling sites and meteorological stations in the 
Kalaqin region. 

climatic factors. Absent rings were found in 1861, 1906, 
1961, 1972, 1986 and 2000. The rate of absent rings was 
0.85%, which is much less than 4.4% found for Chifeng- 
Weichang (Figure 1) [20], in the west of the Kalaqin region, 
indicating that Chifeng-Weichang is much drier. 

The chronology was developed using the ARSTAN pro-
gram [27] after excluding seven cores, which were less 
matched with others. A total of 51 cores from 26 trees were 
used to develop the chronology. To retain as much low- 
frequency signals as possible, negative exponential curves 
or linear regression curves were applied to fit growth trends. 
By the minimum Akaike Information Criterion, the best 
regression model was determined following order selection. 
Then, the ring-width measurement series were transformed 
into an index series and combined into a single one using a 
biweighted robust mean [27]. 

Thus, three kinds of chronologies were obtained: stand-
ardized (STD), residual (RES) and the autoregressive stand-
ardized (ARS). In this paper, STD chronology was used for 
further analysis because it preserves both low and high fre-
quency signals. Subsample signal strength (SSS) [28] was 
used to assess the adequacy of replication for the early years 
of the chronologies. We restricted our analysis to the period 
with an SSS of at least 0.80; this threshold corresponded to 
a minimum sample depth of three trees starting from 1771. 
The statistical features of the STD chronology are shown in 
Table 1. 

1.2  Ring width-climate response 

There are four meteorological stations around the sampling 
site, Chengde (40°35′24″N, 117°34′12″E, 386 m), Chifeng 
(44°9′36″N, 118°33′36″E, 568 m), Kalaqin Banner (41°55′–     
36″N, 118°42′5″E, 737 m) and Weichang (41°55′48″N, 
117°45′0″E, 843 m). 

The monthly mean precipitations and temperatures of 
each station were calculated and shown in Figure 2. Rainfall 
from June to August made the greatest contribution to the  

Table 1  Statistics features of Kalaqin chronology 

Statistics STD 

Mean sensitivity 0.42 

Standard deviation 0.41 

Kurtosis 0.09 

Skewness 0.59 

First-order autocorrelation 0.28 

Mean correlation among all series 0.59 

Mean correlation among trees 0.58 

Mean correlation within a tree 0.64 

Variance in first PC (%) 60.4 

Agreement with population chronology 0.89 

First year SSS>0.80 1771 (three trees) 
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Figure 2  Monthly mean temperature and sum of precipitation at four meteorological stations (1959–2008). 

annual total, and the highest rainfall occurred in July. The 
observed data were tested for homogeneity and randomness, 
and the results showed that temperature and precipitation 
data of the four meteorological stations were qualified for 
further analysis [29,30]. 

Correlation function analysis was used to explore the re-
lationship between tree-ring width and climate during the 
observation period. During the calculation process, data 
from Kalaqin meteorological station (1959–2008) were used 
because it is the nearest to the sampling site, about 5 km 
away. Figure 3 showed that no significant relationship was 
found between ring width and monthly mean temperature 
except for June, and the mean temperature from May to July 
(T57) (r = 0.52). However, the ring width was significantly 
correlated with precipitation, especially with the total rain-
fall from previous August to current July (P87) when com-
bining the months (r = 0.67), which was similar to that of 
the Chifeng-Weichang region [25]. Partial correlation anal-
ysis showed that ring width was significantly correlated 
with P87 when T57 was fixed (rpartial = 0.52), but no signifi-
cant correlation was found between ring width and T57 when 
P87 was fixed (rpartial = 0.24). This meant that in the study 
region tree ring growth was mainly limited by precipitation, 
and not temperature. 

Generally speaking, annual precipitation and seasonal  

 

Figure 3  Correlations between ring width and the meteorological data 
from the Kalaqin Station (1959–2008). P87, Total precipitation from prior 
August to current July. 

patterns of precipitation affect tree growth in arid to semi-
arid regions. The results of the correlation function (Figure 
3) analysis suggested that abundant rainfall and suitable 
climatic conditions in a previous year could benefit nutrition 
storage for the following growing season. Sufficient precip-
itation of current year could also lead to the production of 
wide rings. However, a lack of rainfall during the previous 
August to October, as well as current April to July would 
restrict tree growth, and form narrow rings. 

1.3  Transfer function 

Based on the correlation analysis above, a transfer function 
was developed to reconstruct the P87 as 

 87 t192.72 252.79P W   (1) 

(N = 49, r = 0.67, R2 = 44.9%, R2
adj = 43.7%, F = 38.33, P < 

0.0001), 
where P87 is the total precipitation from the previous August 
to current July, Wt is the ring-width index at the t year. 

During the calibration period 1960–2008, the reconstructed 
series tracked the observational data (Figure 4). P87 was 
highly correlated with total precipitation of current year 
(from January to December) with r = 0.75 (P < 0.0001), so 
P87 could reflect annual precipitation in our study area. 
Rainfall during the rainy season accounted for 68.3% of the 
annual amount [16], indicating that precipitation in the 
study area was mainly brought by the East Asian summer 
monsoon. 

In Table 2, S1 is the general sign test between the obser-
vations and the reconstruction that measures the associations 
at all frequencies. S2, which reflects the high-frequency 
climatic variations, is a similar test to above, and it is made 
for the first differences; t, product mean and RE, reduction 
of error.  

The verification results (Table 2) showed that the sign 
test of both S1 and S2 exceeded the 95% confidence level, 
which meant that variations of the observed and recon-
structed series were similar at all frequencies. The product 
mean (t) was 5.66, which exceeded 3.50 (the 99% confi-
dence level). The reduction of error (RE) was 0.45. All the-
se statistical items demonstrated that the transfer function 
was valid and reliable. 
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Figure 4  P87 comparison between estimation based on tree rings and observation from the Kalaqin Station (1960–2008). 

Table 2  Verification result of the P87 reconstruction 

 Period r F S1 S2 t RE 

P87 1960–2008 0.67 38.33 32 (32,*34**) 41 (32,*34**) 5.66 0.45 

* 95% confidence level; ** 99% confidence level. 

Further verifications were conducted using Bootstrap and 
Jack-knife statistical methods [31,32] to verify the stability 
and the reliability of the regression model [1]. Bootstrap 
resamples the data with replacement, maintaining the size of 
the sample equal to that of the original data set. Then, by 
repeating the computation of the statistic of interest many 
times, a more precise estimate of the Bootstrap distribution 
of the statistic is obtained. In this study, 100 iterations were 
carried out during the bootstrap process. 

The basic idea behind Jack-knife is similar to that of the 
leave-one-out test, calculating the correlation of the time series 
after removing the values for one year progressively through 
the whole time period. The result of the Jack-knife suggest-
ed 1986 was an unusual year. For P87, the observed value 
(506 mm) was much higher than the estimated (304 mm). 
Comparing this with the observation, the actual precipita-
tion of May in 1986 was only 8.5 mm and June was 68 mm, 
which were 80% and 17% lower than the average of other 
years at the same time, respectively. Moreover, the mean 
temperature of May and June reached 16.2°C and 21°C, 
higher than the average values of other years. Insufficient 
rainfall in May and June limited tree growth, while high 
temperatures would increase evaporation and respiration; all 
these factors lead to the development of narrow ring in 1986. 
Although precipitation increased from July to September, it 
was too late to form a wide ring. 

If 1986 was removed from the model [1], the correlation 
coefficient rises to 0.71 (R2 = 50.6%, R2

adj = 49.6%, F = 47.21, 
P < 0.0001). However, 1986 was kept in the model as we 
could not be certain if other previous years were similar to 
this year. 

The results of the Bootstrap and Jack-knife methods are 
shown in Table 3, among for which the Durbin-Watson 
(D/W) statistics were 2.08 and 2.12 respectively (1.40 < 

D/W< 2.60 indicating there is no first-order autocorrelation 
in the residuals). In general, the results of the Bootstrap and 
Jack-knife methods were close to those that had been found  

Table 3  Verification results of Bootstrap and Jack-knife methods for P87 
of Kalaqin 

Statistics Calibration 
(1960–2008) 

Verification (1960–2008) 

Bootstrap (100 iterations) 
Mean (range) 

Jack-knife 
Mean (range) 

R 0.67 0.67 (0.43–0.83) 0.67 (0.62–0.71) 

R2 44.9% 45% (24%–72%) 45% (39%–51%) 

R2
adj 43.7% 44% (23%–71%) 44% (37%–50%) 

SE 91.44 89.56 (70.75–109.00) 91.43 (86.68–92.43) 

T 8.03 8.00 (4.98–10.58) 7.96 (7.50–8.47) 

F 38.33 42.76 (15.21–119.49) 37.63 (28.74–47.21) 

P 0.0001 0.0001 0.0001 

D/W 2.12 2.06 (1.65–2.41) 2.12 (1.90–2.27) 

 

in the full data set, which demonstrated the calibration func-
tion was stable and reliable. 

We also used observation records obtained from three 
other meteorological stations near Kalaqin Banner to verify 
our results (Table 4). Correlation analysis showed that the 
reconstruction was significantly correlated with the ob-
served records (Figure 5, Table 4) and the climatic varia-
tions of the four places were similar. This comparison indi-
cates that our reconstruction is reliable and, at larger spatial 
scale, the precipitation variations are synchronous. 

2  Results and discussion 

2.1  Precipitation reconstruction from 1771 to 2008 AD 

Based on the transfer function [1], we reconstructed the 
total precipitation from previous August to current July for 
the Kalaqin region from 1771 to 2008 AD (Figure 6). The 
mean precipitation of the reconstructed series was 440 mm 
and its standard deviation () was 79 mm. Several fluctua-
tions of dry/wet periods emerged in the precipitation curve.  
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Table 4  Correlation analysis within Kalaqin, Chifeng, Weichang, Chengde and the P87 reconstruction  

 Kalaqin 1960–2008 Chifeng 1952–2008 Weichang 1952–2008 Chengde 1952–2008 
Reconstructed P87 

1952–2008 

Kalaqin 1.00     

Chifeng 0.78 1.00    

Weichang 0.64 0.74 1.00   

Chengde 0.53 0.60 0.70 1.00  

Reconstructed P87 0.67 0.57 0.61 0.47 1.00 

r, P < 0.0001. 

 
Figure 5  Comparisons of total precipitation from previous August to current 
July. (a) Reconstruction; (b) Kalaqin; (c) Chifeng; (d) Weichang; (e) Chengde. 

In this study a wet year was defined as > mean + 1 (= 519 
mm), and a dry year as < mean  1 (= 361 mm). During the 
past 238 years, there were 37 wet years and 41 dry years, 
which accounted for 15.5% and 16.8% of the whole recon-
structed series respectively. The severe drought event rec-
orded in the historical documents during 1784–1786 [33] 
was also captured by our tree-ring reconstruction. This was 
the driest period in the last 238 years in the Kalaqin region 
with a mean rainfall of 319 mm, which was 27% lower than 

the average during the 238 years. A severe drought event 
over north and northwest China occurred in 2000 was also 
recorded by the reconstruction. As reported [34], six rivers 
and 34 reservoirs dried up around Chifeng city in that year, 
and the total precipitation was extremely low. The observed 
level of total precipitation was 331 mm and that of the re-
constructed series was 305 mm in Kalaqin in 2000, which 
were 23% and 31% lower than 440 mm, the average of pre-
vious years, respectively. 

In 1998, most of China (including northeast China) suf-
fered from flooding because of the incessant rainfall; this 
event was also captured by our reconstruction (Figures 4–6). 
In the reconstruction, the rainfall was 649 mm, which was 
48% more than the average, indicating that the Kalaqin re-
gion was also affected by flooding in 1998. 

After smoothed by an 11-year moving average, the entire 
precipitation curve showed that there were eight wet periods 
with precipitation higher than the average (> 440 mm) (Fig-
ure 6): 1774–1779, 1813–1855, 1892–1900, 1901–1912, 
1913–1922, 1933–1963, 1972–1979 and 1993–1996. 
Among them, two intervals, 1813–1855 and 1933–1963, 
lasted for a long time period. There were seven dry periods 
with precipitation below the average (< 440 mm): 1780–1812, 
1856–1891, 1901–1912, 1923–1932, 1964–1971, 1980–1992 
and 1997–2000. The period 1794–1812 was the driest, and  

 

Figure 6  The precipitation reconstruction for Kalaqin region during 1771–2008. The smoothed line in (b) is the 11-year moving average; the horizontal 
line is the mean value of 1771–2008 AD.  
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the period 1856–1891 was the longest. Since the 1960s, 
precipitation in this area has continuously increased [35,36], 
even though the precipitation is still in the normal range. 

2.2  Comparison between precipitation reconstruction 
and dryness/wetness indices 

Dryness/wetness indices derived from historical documents 
[37] are of great importance in studying past climate change, 
and they can be compared and crosschecked with tree-ring- 
based climate reconstructions. In this study, the coefficient 
of the correlation between annual precipitation series and 
dryness/wetness indices was 0.19 during 1771–1979 (P < 

0.01), and 0.28 during 1900–1979 (P < 0.05). Dryness/wet-      
ness indices provided evidences to demonstrate the reliabil-
ity of our reconstruction to some extent. However, after the 
curves were smoothed by an 11-year moving average, it 
displayed obvious differences between the signals of the 
two series (Figure 7). 

2.3  Comparison with precipitation series of the Chifeng- 
Weichang region 

The Chifeng-Weichang region [20], the closest tree-ring 
research site to Kalaqin, is in the rim zone of the East Asian 
summer monsoon. The same species of trees were adopted 
to study climatic variation of the two regions, which may 
indicate the comparability of the precipitation series of the 
two sites. Two curves were significantly correlated with r = 

0.32 (1768–2003, P < 0.0001), and r = 0.39 (P < 0.0001) 

after applying an 11-year moving average. Synchronous 
variations of the two rainfall series were observed (Figure 
8), and the dry years mostly happened during similar peri-
ods, such as 1800–1805, 1861–1866, 1903–1906, 1966–1968 
and 1981–1986. In general, the amount of precipitation in 
Kalaqin was higher than that of Chifeng-Weichang, espe-
cially during the two intervals of 1815–1865 and 1925– 
1960. Figure 8 shows that the two series had relatively sim-
ilar variation trends and amplitudes during 1866–1924 and 
1986–1998. As stated above, both of the two curves may 
correspond to the variation of the East Asian summer mon-
soon. Thus, years with greater precipitation reflect years 
with comparatively strong monsoons, and vice versa. On the 
decadal scale, wet periods occurred with strong monsoons, 
and dry periods with weak monsoons. 

The power spectrum analysis indicated that there were: 
120 a, 80 a, 8 a, 2.42–2.02 a cycles in the reconstruction 
(Figure 9). The 80 a cycle was close to the 70 a periodicity 
[14] of the thermohaline circulation of the North Atlantic 
Ocean, and the quasi-2 a periodicities were relatively simi-
lar to those of the Tropospheric biennial oscillation [38]. 
Together, this indicated that there were some teleconnec-
tions between the precipitation variations in Kalaqin and 
those in climate at a larger spatial scale. 

3  Conclusions 

(1) Based on standard dendroclimatological methods, 
tree-ring climate response was investigated in the Kalaqin  

 

Figure 7  Comparison between the precipitation reconstruction of Kalaqin (a) and the dryness/wetness indices from Chifeng (b) during 1771–1979 (two 
curves were smoothed by an 11-year moving average). 

 

Figure 8  P87 comparison between Kalaqin and Chifeng-Weichang (11- 
year moving average curves). 

 

Figure 9  Power spectrum analysis of the P87 for Kalaqin (Lag = 120 a). 
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region, east Inner Mongolia. Total precipitation from the 
previous August to current July during 1771–2008 was re-
constructed and verified using statistical techniques and 
other methods. Precipitation characteristics were analyzed 
through the reconstruction for Kalaqin. 

(2) In the Kalaqin region, over the past 238 years, there 
were two long-term wet periods: 1813–1855, 1933–1963, 
and three severe dry periods: 1794–1812, 1856–1891 and 
1980–1992. 

(3) The severe drought event during 1784–1786 was 
confirmed to have happened in the Kalaqin region. The pre-
cipitation reconstruction compared well with that of the 
Chifeng-Weichang region nearby, and both of them reflect-
ed the strength of the East Asian summer monsoon. Years 
with greater precipitation reflected comparatively strong 
monsoons, and vice versa. On the decadal scale, wet periods 
occurred with strong monsoons, and dry periods with weak 
monsoons. Since 1960s, precipitation in this area has con-
tinuously increased, even though the precipitation is still in 
the normal range. 

(4) The precipitation series of Kalaqin had 120 a, 80 a, 8 a, 
quasi-2 a periodicities, which indicated that there were 
some climatic teleconnections between Kalaqin and other 
regions. 
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