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Abstract Horqin Sandy Land, a region in China that suffers
from desertification, has become a primary economic zone in
Inner Mongolia MengDong. Ecological and environmental
problems continue to affect the local environment and human
survival, becoming one of the bottlenecks to economic and
social development. Thus, research on the characteristics of
climatic variation is urgently required. This study used the
comprehensive timeline for the regional tree wheel width of
Horqin Sandy Land to reconstruct the average minimum win-
ter temperatures of the study area. The timeline, which has
been in use for 183 years, was established using core samples
from the annual growth rings of elm trees in 10 sampling sites.
For 181 years (1826–2006), varying minimum temperatures
were observed: a gentle wave stage (1826–1923), an intense
cooling stage (1923–1957), and a considerable heating stage
(1957–2006). The longest continuous heating stage was ob-
served from 1957 to 2006, during which time the average
minimum temperature was −16.81 °C, a value greater than
the mean temperature over the entire study period. The coldest
10 years occurred during the 1950s, until 1957, at which point
the temperature sharply increased. The next 50 years exhibited
a general warming trend until 2000. This period reflected a

time span with the warmest minimum temperature and
displayed a warming trend rate of 0.575 °C/10 years and an
overall increase of up to 1.5° every 50 years. A continued rise
in temperature is predicted to cause a wider range and longer
time scale of ecological and environmental problems.

1 Introduction

China is one of the many countries experiencing severe de-
sertification. The rapid progression of dryland degradation has
become an important ecological and socioeconomic problem
(Wang et al. 2002; Wang and Zhu 2001). Horqin Sandy Land
(Fig. 1) is one of the four major sandy land areas in China that
exhibit typical changes in climate and surface environment.
Studies on the desertification process and its mechanism have
aided the understanding of the environmental degradation in
Horqin Sandy Land (Wang and Zhu 2001; Dong et al. 1998;
Wang et al. 2004b, c; 2006; Li et al. 2007; Zhao et al.
2008). Wang et al. (2004c) reported that the different pre-
cipitation and temperature combinations observed from
the 1960s to 2000 have influenced the desertification pro-
cess. Desertification is the result of 1100 years of climate
fluctuations (Dong et al. 1998).

Climate change has imposed severe effects on the
ecological environment of Horqin Sandy Land, signaling
the necessity for research on climate change in relation
to this region. Numerous climate change studies on
Horqin Sandy Land and its surrounding areas have been
conducted (Zhai and Pan 2003; Wang et al. 2004a).
However, these studies have focused on the time period
from the 1950s to the beginning of the 21st century,
with discussions detailing the variations in precipitation
(Chen et al. 2004; Zhang and Zhang 2005; Yi et al.
2006; Liang et al. 2009), average temperature (Sun
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et al. 2006; Hou et al. 2006; Wang et al. 2007a, b), and
average highest/lowest temperature (Wang et al. 2004a;
Sun et al. 2006; Wang et al. 2007a, b), among others.
In these investigations, a fixed number of years and
smaller regional study sites were considered; as a result,
the discussion of climate change over these small time
scales is no longer sufficient for understanding current
situations. Tree ring records reveal accurate climate in-
formation, making the analysis of such data an effective
means of understanding climate change problems.

Tree ring-based reconstructions present information that
feature accurate positioning, good continuity, high resolution,
and precise correlation with climate change (Fritts 1976; Shao
1997; Nicoletta 2004). Many scholars have used tree ring data
to reconstruct long-term climate information, covering aspects
such as temperature and rainfall (Esper et al. 2003; Law et al.
2006; Giovanna et al. 2010). These data have also been ap-
plied to research on hydrological events, including ice-jam
flooding, volcanic eruptions, and surface runoff (Stockton
and Meko 1975; Cook and Jacoby 1983; Van Arsdale et al.
1998; Magda et al. 2001). In China, a study on timeline estab-
lishment and climate reconstruction was carried out in Tibet,
Inner Mongolia and other regions, focusing on Sabina
przewalskii and Ulmus pumila L. as the research objects
(Zhuo et al. 1979; Ma et al. 2011). Wu et al. (1989)
used tree ring data to reconstruct past climate changes in
central Tibet. Shao et al. (2007) established a 3500-year mas-
ter tree ring chronology for the northeastern part of the
Qaidam Basin. In addition, previous studies (Ma et al. 2007;
Ma et al. 2011) have established ring width chronology
and elm reconstruction for Horqin Sandy Land. Never-
theless, these studies focused primarily on reconstructing
climate change in the region-near sampling sites, using
tree ring networks as the bases of research. This approach is
relatively rare.

The existence of global warming is indisputable (Wang
1994; Wang et al. 2005). In recent years, the annual average
temperature in China has increased between 0.5 and 0.8 °C
(Ding et al. 2006), and the changes in the maximum and min-
imum temperatures of some areas reflect an asymmetric trend
(Karl et al. 1993; Xie and Cao 1996; Ma 1999). Warming
occurs mainly during the evening in most parts of the northern
hemisphere (Karl et al. 1993). Global warming mostly repre-
sents an increase in the lowest temperature or rising tempera-
tures at night. Wilson and Luckman (2003) emphasized that
broader temperature variables, such as maximum and
minimum temperatures, should be reconstructed. Malone
(cited in Ma et al. 2011) established a 183-year ring width
chronology and reconstruction of elm in Horqin Sandy
Land. In the current work, we use this chronology to
reconstruct the average minimum winter temperature in
the region and discuss the variation characteristics of
minimum temperature.

2 Study area and data

2.1 Study area

The average annual precipitation in Sandy Land is 200–650 mm,
with rainfall from June to August accounting for 70 % of annual
precipitation. The multi-year average evaporation is 1600–
2400 mm (evaporation pan diameter, 20 cm), with evaporation
from April to September accounting for 78 % of annual evapora-
tion. In this area, summers are hot and winters are dry, cold, and
long. The multi-year average temperature is 6 °C. Fixed sandy
lands, semi-fixed sandy lands, and migratory dunes characterize
the landform in this region. The largest area is covered with aeo-
lian sand, and smaller regions are covered with meadow and
chestnut soil. Halomorphic, dark brown, chernozem, chestnut-
cinnamon, skeleton, cinnamon, bog, and alluvial soils are also
present. Plant species are abundant, representing a broad range
of flora from Mongolia (North China) to Changbai, where the
most widely distributed plants can be found (Jiang et al. 2003).

2.2 Chronological data

A ring width chronology and reconstruction of elm in Sandy
Land were used (Ma et al. 2011). The distribution of meteo-
rological stations in the study site and its surrounding areas are
shown in Fig. 1. The 10 meteorological stations are listed in
Table 1, and the established ring width chronology for 1826–
2008 (183 years) is shown in Fig. 2 (Ma et al. 2011).

2.3 Meteorological data

The 1951–2008 average temperature, precipitation, and
maximum/minimum temperatures of the 10 elm sampling sites
were obtained from the eightmeteorological stations closest to the
sites: Horqin Left Back Banner, TongLiao, Kailu, Horqin Left
Middle Banner, Jarud Qi, Horqin Right Middle Banner, Horqin
Left Right Banner, andKulun. Data from adjacent sites were used
to interpolate measurements where data from the above stations
were incomplete. The uniformity of each meteorological element
indicates that the temperature, precipitation, and meteorological
data from the sites did not exhibit significant deviations or random
changes, and that data changes were relatively homogenous and
consistent. Thus, the data were considered a reliable representa-
tion of the climate conditions in the region.

3 Reconstruction of averageminimumwinter temperature

3.1 Response relationship of the chronological and climatic
factors

The monthly maximum temperature, minimum temperature,
mean temperature, and monthly (annual) precipitation
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registered by the eight sites were divided equally to represent
the average regional climate in Horqin Sandy Land.

Tree ring climatology considers that (Fritts 1976) the rings
formed in year t are influenced not only by the climate at that
time but also by the climate during the previous 1–2 years.
Therefore, the standard chronological sequence and standard
chronological t+1 and t+2 sequences in relation to the month-
ly maximum temperature, minimum temperature, monthly

mean temperature, and monthly (annual) precipitation series
in Horqin were analyzed. The correlation coefficient is shown
in Fig. 3.

As shown in Fig. 3, the study area is a typical arid and
semi-arid region, exhibiting less precipitation during the early
tree-growing season (April and May). Water is crucial to tree
growth before the leaves turn green, and more precipitation in
February and March provides a solid foundation for the layer

Fig. 1 Range of Horqin Sandy Land, tree ring sample sites, and the distribution of meteorological stations in surrounding areas

Table 1 Descriptive information for sampling sites

ID Code North
latitude/°

East
longitude/°

Altitude/m Sample
size/plant/core

Sample
length/a

1 KLDD 43.66 121.83 207 26/52 119

2 MLML 43.59 122.02 193 23/43 122

3 KLSS 43.54 121.55 224 12/24 203

4 HQHST 43.19 123.04 159 25/47 145

5 ZZMLQ 43.67 123.42 134 22/44 125

6 KLWD 42.98 121.69 291 21/42 206

7 XAHY 44.50 122.00 180 23/46 136

8 ZQBGTL 44.33 121.58 204 24/43 155

9 KLMX 43.41 120.59 343 26/52 138

10 BLYYC 43.53 118.83 506 28/56 132

Total 230/449
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of elm wood cells. The cells then begin to produce secondary
wood cells. The dependence of elm on water further increases
during the initial growth stage (April and May). In this period,
abundant precipitation can replenish the water required for the
trees to promote the differentiation of secondary elm wood
cambium cells and form part of the spring material (or early
wood). Summer (June–August) is the peak of elm growth,
which is considerably dependent on water availability; good
water conditions during this period effectively promote the
rapid growth of elm. The same is true during September.
Meanwhile, the average and maximum temperatures during
this period are high enough to cause severe evaporation, there-
by reducing water supply and consequently, elm growth. The
precipitation in July–September accounts for more of the pro-
portion of annual precipitation, though elm growth is also
dependent on rainfall occurring in other months. In other

words, elm growth is most closely related to annual precipita-
tion: the greater the annual rainfall, the faster the elm growth.

In addition, precipitation during the previous 1–2 years
strongly influences elm growth. A large rainfall event in these
years can substantially contribute to the groundwater supply.
Good water conservation lays the foundation for succeeding
years. The conservation and sustained growth of elm depends
on the abundance of water resources during previous years.

The monthly minimum temperature over the previous 1–
2 years also has a significant effect on elm growth. Thus, low
temperatures during summer result in less evaporation and
better water conservation. Although elm may exhibit more
gradual growth during winter in arid and semi-arid regions,
it still requires abundant water, making low temperatures dur-
ing this season equally conducive to elm growth. Temperature
differentially affects vegetation at varied stages, especially in
the current context of climate anomalies (Zhao et al. 2008).
The role that temperature plays becomes increasingly
important.

Overall, elm trees in the study area are affected primarily
by precipitation, average temperature, maximum temperature,
minimum temperature, and the combined effects of heat and
water.

3.2 Reconstruction of average minimum winter temperature

In accordance with the response relationship, we reconstruct-
ed the average minimum winter (The winter means from De-
cember to February, namely December in this year and

Fig. 3 Correlation coefficients
among standard chronological
sequences and standard
chronological year t+1 and year
t+2 sequences for monthly
minimum temperature, average
temperature, monthly max
temperature, and monthly
precipitation

Fig. 2 Regional elm STD chronologies and sample sizes
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January and February in the next year. The average minimum
temperature in winter is the average of monthly average daily
minimum temperature in these 3 months.) temperature from
1826 to 2006 using the standard chronological sequence and
standard chronological t+1 and t+2 sequences in relation to
the study area. The following equation was adopted:

TLt ¼ −12:51−0:53� I t−1:48� I tþ1−2:24� I tþ2

(N=55, r=0.68, R2=0.46, R2
adj=0.40, F(3,51)=7.27,

P<0.001)
where TLt is the average minimum winter temperature (°C)

in year t; It denotes the index of standard tree ring chronology
in year t (dimensionless); It+1 is the index of standard tree ring
chronology in year t+1 (dimensionless); and It+2 is the index
of standard tree ring chronology in year t+2 (dimensionless).

The reconstructed sequence exhibited a similar trend as the
corresponding measured values, though some extreme values
were not completely consistent with the reconstructed values.
That is, part of the tree ring reconstruction results
underestimated extreme weather events (Fritts 1976), particu-
larly extremely cold years. However, the reconstruction equa-
tion yielded similar results for the reconstruction of the aver-
age minimumwinter temperature. The reconstructed and mea-
sured values exhibited positive synchronization.

Additional tests on the stability and reliability of the recon-
struction equation are necessary to ensure the credibility of the
reconstruction value when a value generated beyond the cali-
bration period is used. The one-out method was used to calcu-
late the six parameters of the indicators and cross-test the re-
construction equation. Table 2 shows the calculated parameters.

The table shows a reduction error (RE) of 0.33, which is
greater than 0.3. When the RE value is higher than 0.3, the
reconstruction value is considered credible (Li et al. 2000).
The correlation coefficient of cross-examination and the
cross-examination of the first-order correlation coefficient
were 0.591 and 0.622, respectively. These values were signif-
icant at the 0.05 level. The sign test results for the original and
first-difference sequences of symbols were 40/55 and 38/54,
respectively. These were significant at the 0.05 level, indicat-
ing that the reconstructed and measured value sequences were

in agreement with the changes in the high frequencies and low
frequencies. The average test value for the product was 3.03,
which was significant at the 0.05 level, indicating a significant
difference between the identical and opposing serial number
sequences. All the parameters indicated that the reconstruction
equation was stable and reliable and that the reconstruction
results for the average minimum winter temperature derived
from this equation were credible.

Thus, the average minimum winter temperature series for
the Horqin Sandy Land from 1826 to 2006 was rebuilt accord-
ing to the reconstruction equation. The reconstruction se-
quence is shown in Fig. 4.

4 Variation characteristics of average minimum winter
temperature

The changes in the average minimum winter (December, the
following January, and February) temperature in the study
area for the past 181 years were reconstructed. These changes
revealed strong low-frequency information, as shown in
Fig. 4, which also indicates a linear trend among the
variations.

Sequence graphs of the surface reconstruction value se-
quence, reconstruction from the average value, and surface
reconstruction value for every 10-year average value were
mapped to clearly determine the height phase changes in the
temperature reconstruction sequence (Fig. 5). In addition, a
low-pass filter, whose length was 13, was used to filter less
than 8 years of high-frequencywave. The temperature curve is
also shown in Fig. 5.

Furthermore, Fig. 5 illustrates that the average minimum
winter temperature in Sandy Land generally experienced
moderate fluctuations. The warmest year in the entire recon-
struction period was 2004, whose average minimum temper-
ature was −15.36 °C. The coldest year was 1830, whose av-
erage minimum temperature was −19.71 °C, followed by
1957 with an average minimum temperature of −19.7 °C.
The temperature differences between the two coldest years
were non-significant. The warmest 10 years occurred during
the 2000s, and the coldest occurred in the 1950s. The temper-
ature fluctuations from 1826 to 1923 were moderate, showing
small changes in the overall trend. Years 1826–1830, 1837–
1859, 1864–1875, and 1883–1905 were in the cooling stage,
whereas 1830–1837, 1859–1864, 1875–1883, and 1905–
1923 were in the warming stage. Extensive cooling was ob-
served from 1923 to 1957 and considerable warming was
observed in 1957–2006.

The longest continual cooling time period occurred from
1923 to 1957 (35 years) followed by 1837 to 1859 (23 years).
The two longest continual heating time periods lasted for 50
(1957–2006) and 19 years (1905–1923). During the recon-
struction of the entire minimum temperature period, the

Table 2 Characteristic parameters for the winter average minimum
temperature reconstruction equation

RE r rd Z Zd t

0.33 0.591 0.622 40/55 38/54 3.03

where RE is the error of reduction; r is the correlation coefficient of cross-
examination; rd is the cross examination of the first-order correlation
coefficient; Z is the value of the sign test results for the original; Zd is
the first difference sequence of symbols for the test results; t is the average
test value for the product
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average minimum temperatures in the gentle wave, intense
cooling, and considerable heating stages were −17.35,
−17.69, and −16.81 °C, respectively. The average temperature
was −17.26 °C. That is, after 1957, the average minimum
winter temperature began to greatly increase. The average
temperature in 1957–2006 was higher than that recorded for
the past 181 years, in which a mean maximum of −15.61 °C
was observed in 2000.

The different frequencies of changes in the mean minimum
temperature of the years studied were analyzed using a 0.5
interval in the temperature ranges (Fig. 6). The different stages
were not significantly different than normal distributions. Ad-
ditionally, positive and negative interval statistics were exam-
ined. From 1826 to 1923 (98 years), 47 years (48 %)
corresponded to the negative interval with a lower-than-
average temperature and 51 years (58 %) corresponded to
the positive interval, indicating a balance between the positive
and negative years.

From 1924 to 1957 (34 years), 24 years (70.59 %)
accounted for the negative interval while 10 years (29.41 %)
accounted for the positive interval, which is far less than the
proportion of negative years. From 1958 to 2006 (49 years),
10 years (20.41 %) and 39 years (79.59 %) accounted for the
negative and positive intervals, respectively. The latter
accounted for a much higher proportion than did the negative
years. From 1826 to 2006 (181 years), 81 years (44.75 %)
corresponded to the negative interval and 100 years
(55.25 %) corresponded to the positive interval. The number

of years in the positive interval is slightly higher than that
under the negative interval.

The entire reconstruction period of the 10-year average
minimum temperature differences among the inter-annual
changes was analyzed (Fig. 7). The magnitude of change
was more moderate, and the relative amplitude was slightly
larger during the 1960s. The changes in amplitude yielded a
positive value after the 1950s, demonstrating an increasing
trend. The amplitude lay between 0.136 and 1.285 °C during
the entire period, changing little from the 1960s to the 1970s
with a temperature increase of 0.136 °C. The largest change in
value occurred in the 1950s–1960s, with a maximum temper-
ature rise of 1.285 °C. This increase is a turning point (1957),
given the sharp rise. The second rapid warming stage occurred
in the 1870s–1880s, with a temperature of up to 0.966 °C. The
third stage of rapid warming occurred in the 1990s–2000s,
with a temperature increase of 0.734 °C. Therefore, during
the 1950s–2000s (50 years), the warming trend rate was
0.575 °C/10 years, while the overall temperature rise was
1.543° over the entire 50 year period.

The aforementioned results for the minimum temperature
variations are similar to those found in the previous studies in
Northern China (Zhai and Pan 2003; Wang et al. 2004a), re-
gions of China (Xun et al. 2004), the northeastern climate and
ecological transition zone (Zhang and Zhang 2005), and
Horqin Sandy Land (Yi et al. 2006). For 1959–2002
(44 years), Sun et al. (2006) reported that the northeastern
region exhibited a significant warming trend for the

Fig. 4 Reconstruction of winter (Dec, Jan, and Feb) average minimum temperature

Fig. 5 The anomaly sequence, average range, every 10-year average sequence anomaly, and filter curves of the winter (Dec to Feb) average minimum
temperature
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maximum and minimum temperatures and that a clear peak of
warming has recently been observed. In addition, the
increasing trend of the minimum winter temperature is more
pronounced than that of the maximum temperature during
summer; the strong warming area is located mainly in
Horqin Sandy Land, which is on the border of Inner
Mongolia. Hou et al. (2006) stated that the annual average
temperature in Northeastern China increased from 1951 to
2003. Moreover, Wang et al. (2007a) showed that since
1957, an increasing trend in the daily maximum andminimum
temperatures has occurred over time in the Wengniute Banner
in Sandy Land and that the daily minimum temperature incre-
ments is 11 times higher than the maximum temperature in-
crements. After the 1980s, the maximum and minimum tem-
peratures significantly increased. The study also suggests that
the temperature series in 25 years (1981–2005) is indicative of
a non-continuous upward trend in the Aogula Ulam area of
Sandy Land (Wang et al. 2007b) and that the warming was
significantly asymmetric. Liang et al. (2009) concluded that
the temperature increased 0.28 °C/10 years from 1951 to 2006
in Horqin Sandy Land; this value is much higher than the

average warming rate of 0.13 °C/10 years observed over near-
ly 50 years around the world. Each season, temperature ex-
hibited an upward trend. The winter warming rate was
0.46 °C/10 years, which is extremely significant. The annual
maximum (0.17 °C/10a) and minimum (0.42 °C/10a) temper-
atures both exhibited a remarkable rise.

5 Discussion and conclusion

The average minimum winter temperature of Horqin Sandy
Land was reconstructed using the tree ring width chronology
of elm. The reconstructed and measured values are consistent
with the calculated results. Various test findings show that the
reconstruction results were stable and reliable.

The average minimumwinter temperature of the study area
experienced a moderate fluctuation stage (1826–1923), sub-
stantial cooling stage (1923–1957), and considerable warming
stage (1957–2006) across nearly 180 years. Clearly observ-
able changes in the process were found.

In the reconstruction sequence of the average minimum
winter temperature, the warmest year was 2004 (−15.36 °C)
and the coldest was 1830 (−19.71 °C; −19.70 °C in 1957).
Moreover, the 10 warmest years occurred in the 2000s and the
coldest occurred in the 1950s.

During the phases of change in the gentle fluctuation, sub-
stantial cooling, and considerable warming stages, the mini-
mum temperatures were −17.35, −17.69, and −16.81 °C, re-
spectively, with an average of −17.26 °C. The average value in
the past 50 years is higher than any of those observed during
the reconstruction period.

The abovementioned results show that the change in the
10-year average rate of the minimum temperature was more
moderate, including the most remarkable variation in the
1950s–1960s, with a maximum warming rate of 1.285 °C.
This rate is a turning point (1957) given the sharp temperature
rise. The second rapid warming stage occurred during the
1870s–1880s, and the third occurred during the 1990s–
2000s. Overall, the rapid heating process during the 1950s–
2000s exhibited a higher heating rate than those observed in
the reconstruction period. The warming trend rate was
0.575 °C/10 years, and the total temperature rise was
1.543 °C. The continued increase in the minimum temperature
in these areas is expected to cause ecological and environment
problems of a wider and longer-scale scope. These problems
will further affect living environments and human activities.
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Fig. 6 Reconstructed average winter minimum temperature anomaly
sequence of the different number of frequency changes in the
temperature range

Fig. 7 Inter-annual variation in mean winter minimum temperature
averaged over 10-year time spans for the entire reconstruction period
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