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Abstract
Previous studies indicate that vegetation and lakes in arid and semi-arid regions are closely related to climate change. However,
the responses of vegetation and lakes to climate-related variables have rarely been contrastively studied. The Hulun Lake (HLL)
and its surrounding grasslands in Northeast Inner Mongolia of China comprise a semi-arid region that has experienced intense
climate change over the last several decades. This study aims to understand the key factors that control the variations in the lake
area and vegetation cover over the last five decades in the HLL region, as well as contrastively investigate the different responses
of the lake area and vegetation cover to climate-related variables. Analysis results indicate that the variations with increasing
change rates in the HLL area were mainly controlled by precipitation fluctuation. Moreover, an increase or decrease in the air
temperature and relative humidity could affect the response time of the HLL area to the change in precipitation. The Normalized
Difference Vegetation Index (NDVI) variations from 1990 to 1999 around the HLL region were mainly controlled by the intense
local grazing rather than climatic restrictions. The fluctuation in NDVI after 1999 reflects the response of the vegetation cover to
climatic change. The correlation analysis shows that the variations in the HLL area were closely related to the multi-year tendency
of precipitation amount and to the Standardized Precipitation Evapotranspiration Index (SPEI) with a long timescale. However,
NDVI is sensitive to changes in short-term precipitation amount, such as seasonal precipitation, and in SPEI with a monthly
timescale. The soil moisture at shallow depths (< 0.1 m) was the key root–zone soil moisture that could influence NDVI, whereas
soil moisture at depths of 0.4 to 1.0 m and the HLL area were closely related and had similar responses to climatic change.

1 Introduction

Global climate has greatly changed in recent 100 years, and
this change has exerted significant impacts on the hydrologi-
cal cycle and ecological environment (Qin et al. 2005). Lakes
act as the essential components of the hydrological cycle,
especially for the lakes in the arid areas, which provide sparse
but valuable water resources for the fragile environments and
human beings (Bai et al. 2011). Climate change has resulted in
a significant effect on the quantity and area of lakes during the
past decades (e.g., Bai et al. 2011; Karlsson et al. 2014; Kang
et al. 2015; Im et al. 2015; Cai et al. 2016; Xing et al. 2018).

Lake volumes could undergo large fluctuations because of
various water inputs and outputs caused by changes in
climate-related parameters; these fluctuations should be con-
sidered in future hydroclimatic and hydrological studies
(Vallet-Coulomb et al. 2001; Kaiser et al. 2015). Heavy pre-
cipitation and low temperature are typically favorable to in-
crease the lake volume in any temporal and spatial scales. The
trend of decreasing lake area extended from the eastern to the
western part of the arid regions of central Asia during the past
30 years, and this trend of lake changes was correlated to the
variations of the spatial–temporal distribution in precipitation
(Bai et al. 2011). The ultimate effect of continued climate
warming on high-latitude, permafrost-controlled lakes and
wetlands may be their widespread disappearance because per-
mafrost influences substrate permeability and lake drainage
(Smith et al. 2005). Warming monsoon and post-monsoon
air temperatures enhanced the glacial lake surface area by
contributing glacier melt water to the lakes in the last few
decades (Ashraf et al. 2017; Yang et al. 2017; Debnath et al.
2018; Jing et al. 2018). Thermokarst lakes are also significant-
ly amplified by climatic warming and permafrost degradation
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and erosion (Jones et al. 2011; Polishchuk and Sharonov
2013; Olthof et al. 2015; Nitze et al. 2017). Several studies
comprehensively analyzed the effects of climate and human
activities on lake changes (Wang et al. 2014; Fang et al. 2018;
Jing et al. 2018). Increases in lake area occurred mainly in the
less populated mountainous areas caused by glacier melting
and increase in precipitation. Conversely, lakes in the densely
populated regions decreased, which was significantly related
to the increasing intensity of human activities (e.g., irrigation
and surface water regulation) (Wang et al. 2014; Fang et al.
2018; Yao et al. 2018). The decrease has been particularly
pronounced since the late 1990s in Inner Mongolia, and the
number of lakes > 10 km2 has declined by 30% because of
precipitation reduction and intensive human activities (Tao
et al. 2015).

The distribution and coverage of natural vegetation are also
known to be strongly influenced by climate change (Prentice
2001; Tucker et al. 2001; Gong and Ho 2003; Gong and Shi
2004; Wang et al. 2003; Piao et al. 2006; Bao et al. 2014). As
focal factors, temperature and precipitation can influence the
start and end of growing period and vegetation activity. A pre-
vious study indicated that the annual maximum NDVI showed
an increasing trend in China over the last 16 years with increas-
ing temperature (Zhang et al. 2017). Sun et al. (2010) has sug-
gested the change of NDVI is consistent with the precipitation
variation in Inner Mongolia of China. Both lake and vegetation
dynamics are closely related to climate-related variables, and
they can be important proxy indicators of current climatic
change on a global or regional scale. Previous studies
researched vegetation–climate and lake–climate relationships
separately, and few studies focused on the different responses
of vegetation and lakes to climate change. Thus, this study
presents a contrastive analysis to understand the difference be-
tween the responses of vegetation dynamics and lake volume
fluctuation to temporal changes in long-term climatic condi-
tions and to examine the possible means by which climate
affects vegetation and lake performances.

2 Description of the study area

2.1 Geography and geology

The study area is located on the eastern side of the border
between the Mongolian People’s Republic and the northeast-
ern InnerMongolia of China (Fig. 1). The study area, including
Hulun Lake (HLL) and its surrounding grasslands, is totally
about 7400 km2 in size. This area was designated a Provincial
Nature Reserve in 1990, approved as a National Nature
Reserve in 1992 (Li et al. 2013). The protection of our study
area can effectively decrease the influence of human activities
when vegetation–climate and lake–climate relationships are
discussed. HLL is located within the lowest portion of the

NE-trending and down-faulted Hailaer basin. The topography
of HLL area is high in the northwest and low in the southeast,
with altitudes varying from 450 to 1125m (Fig. 1). A hilly belt
with NE-trending and widely lacustrine plain is a main land-
form in the northwest and southeast side of lakeshore, respec-
tively. The igneous rocks including extrusive rock of Jurassic
basalt, rhyolite, and andesite and Jurassic–Cretaceous granites
are widely distributed in the northwest side of study area.
Thick alluvial and eolian deposits are mainly distributed in
the southeast side of study area (Xu et al. 1989).

2.2 Hulun Lake and rivers

HLL, the fifth largest lake in China, is part of the Argun River
water system. It provides very important water resources for
the fragile environment and ecosystem in Hulun Buir
Grassland. The HLL has a maximum water depth of ~ 8 m
when the elevation of the lake level is 545.4 m a.s.l. in June of
1968 (measurements in the period of 1959 to 1981). HLL is
mainly supplied by precipitation as well as by several rivers
including the Kelulun River, the Wuerxun River, and the
Xinkai River (Li et al. 2013; Fig. 1). Lake water consumption
by local human activities is small (73,000 to 146,000 m3/a)
relative to the 3.3 billion m3 to 14.0 billion m3 (lake area
1609.6 to 2406 km2) of water volume in HLL. Lake water
leakage is weak because of the 0.5-m-thick sludge in the lake
bed (Xu et al. 1989).

2.3 Climate

The study area lies in the northeast of Hulun Buir Grassland
which has a continental monsoon climate with the middle
latitude temperate zone and a cold temperate zone which leads
to lower temperatures, a bigger temperature range, and violent
summer and winter changes, resulting being one of the cold
regions in China. Hulun Buir Grassland has experienced dra-
matic climate change, which has been more pronounced than
most other areas in China over recent decades (Qian and Lin
2004; Lu et al. 2009). Most of the area in Hulun Buir
Grassland has an arid to semi-arid climate, and the ecological
environment in this district is fragile and sensitive to global
climate change. In the study region, mean annual evaporation
reaches 1400–1900 mm, which is five to six times the annual
precipitation (Xiao et al. 2009). The lake is covered with ice
from early November to late April.

3 Datasets and method

Data from Hailaer meteorological station in the lake region
were used in this study. Meteorological data include daily
precipitation, mean temperature, and relative humidity dura-
tion from 1960 to 2015.
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Landsat MSS, TM, ETM+, and OLI imageries during
1973–2015 were used as remote sensing data source for in-
vestigating lake extent variations in the study area. A total of
53 usable Landsat images were processed to identify and mea-
sure the HLL area by using ENVI and ArcGIS software. The
Landsat images with cloud coverage of less than 10% and
acquired in summer and autumn were preferentially selected
to be downloaded from USGS GLOVIS. Several Landsat im-
ages in spring and winter without snow cover were selected
because of the high cloud and haze coverage in summer and
autumn. The spatial resolution (79 m × 57 m, although
resampled to 60 m during level 1 processing) of the MSS
imagery is lower than those of the TM, ETM+, and OLI im-
ageries (30 m for the bands used for water extraction). In
contrast to Landsat TM, ETM+, and OLI imageries, the Fast
Line-of-Sight Atmospheric Analysis of Spectral Hypercubes
(FLAASH) model in ENVI 5.2 cannot correct the Landsat
MSS imagery. Thus, the Landsat MSS digital numbers are
corrected to pixel radiance according to the method described
in the study of Markham and Barker 1986 and then corrected
to TOA reflectance to extract lake body according to the ra-
diometric specifications and the date of image acquisition
(Lobo et al. 2015).

The modified normalized difference water index
(MNDWI) (Xu 2006) was calculated for each Landsat TM,
ETM+, and OLI image to identify and delineate HLL body.
MNDWI (equation) can enhance open water features while
efficiently suppressing and even removing built-up land noise
as well as vegetation and soil noise (Xu 2006). The MNDWI
is calculated as [(Green − MIR)/(Green + MIR)], where MIR
refers to the reflection in the middle infrared band, such as
TM/ETM+ band 5 (1.55–1.75 μm) and OLI band 6 (1.57–
1.65 μm); and Green refers to the reflection in the green band,
such as TM/ETM+ band 2 (0.52–0.60 μm) and OLI band 3
(0.53–0.59 μm). Only the NDWI could be selected for the
Landsat MSS image data due to insufficient middle infrared
band. The NDWI is defined as [(Green − NIR)/(Green +

NIR)] (McFeeters 1996) where NIR and Green represent the
reflectance from the Landsat MSS data for band 7 (near-infra-
red band, 0.80–1.10 μm) and band 4 (green band, 0.50–
0.60 μm). The threshold values of McFeeter’s NDWI and
Xu’s MNDWI are zero. The threshold value of zero was also
applied to extract water features from theMNDWI and NDWI
images in this study.

The NDVI provides information about the spatial and tem-
poral vegetation distribution and the extent of land degrada-
tion. This study uses the Global Inventory Modeling and
Mapping Studies (GIMMS) Normalized Difference
Vegetation Index third generation (NDVI3g) dataset, which
was modified in September of 2016. The data quality and
precision of GIMMS NDVI is higher than the other NDVI
data and has been widely used in the global and regional
vegetation change studies (Kobayashi and Dye 2005). The
modified GIMMS NDVI products with a spatial resolution
of 8 km by 8 km, from growing seasons (April–September)
during 1981–2015, were compiled by merging segments (data
strips) for half-month period using the maximum value com-
posite (MVC) method. The method ofMVCwas also adopted
to obtain the annual NDVI (annual NDVI =Max (NDVIM4,
NDVIM5,… , NDVIM9), where NDVIMi is the NDVI value of
month i). We calculated the annual NDVI average of all the
GIMMS NDVI3g pixels in the study area to indicate the gen-
eral feature of NDVI variation with time.

The Standardized Precipitation Evapotranspiration Index
(SPEI) considers the effect of reference evapotranspiration
on drought severity, but the multi-scalar nature of the SPEI
enables identification of different drought types and drought
impacts on diverse systems (Vicente–Serrano et al. 2010). The
SPEI uses the monthly (or weekly) difference between precip-
itation and potential evapotranspiration (PET). Vicente–
Serrano (2010) selected the simplest approach to calculate
PET (Thornthwaite 1948), which has the advantage of only
requiring data on monthly mean temperature. The SPEI be-
tween 1960 and 2015 was calculated for the 1-month to 60-

Fig. 1 Location of Hulun Lake.
Red dashed line: the study area of
NDVI and soil moisture around
Hulun Lake
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month timescales by using monthly precipitation and air tem-
perature data at Hailaer meteorological station.

The Global Land Data Assimilation System (GLDAS) is
generating a series of land surface state and flux products
simulated by four land surface models (CLM, Mosaic,
Noah, and VIC) (Rodell et al. 2004). The GLDAS Noah mod-
el was forced by the combination of NOAA/GDAS atmo-
spheric analysis fields, spatially and temporally disaggregated
NOAA Climate Prediction Center Merged Analysis of
Precipitation (CMAP) fields, and observation-based down-
ward shortwave and longwave radiation fields derived using
the method of the Air Force Weather Agency’s Agricultural
Meteorological system (see Rodell et al. 2004 for further
details). The monthly soil moisture data at 0.25 × 0.25° in
the GLDAS Noah dataset contain the depth-averaged amount
of water present in the specific soil layer beneath the surface.
In the Noah model, there are four soil layers which are located
< 0.1 m, 0.1–0.4 m, 0.4–1.0 m, and 1.0–2.0 m below land
surface. The soil moisture data used in this study included soil
moisture average of all the 12 GLDAS Noah data pixels dis-
tributed in the study area (Fig. 1). The temporal coverage of
GLDAS Noah Versions 2.0 and 2.1 are January 1948 to
December 2010 and January 2000 to November 2018. The
statistics from the pixel-by-pixel correlation between Versions
2.0 and 2.1 of GLDAS Noah data in the overlap period be-
tween January 2000 and December 2010 indicate the signifi-
cant correlation of soil moisture data from Versions 2.0 and

2.1 of GLDASNoah data in the HLH area (Fig. 2) on the pixel
scale; the absolute difference between them is mainly distrib-
uted among ± 8.4. Given the significant correlation and the
low absolute difference, the soil moisture data from GLDAS
Versions 2.0 and 2.1 in this study area are consistent. Given
the long period covered by the GLDAS dataset analyses, the
soil moisture data from GLDAS Noah Version 2.0 with tem-
poral coverage of January 1960 to December 1999 and the soil
moisture data from GLDAS Noah Version 2.1 with temporal
coverage of January 2000 to December 2015 were used.
However, the data were not calibrated because of lack of
available ground measurements with reliable quality for the
calibration of the two datasets.

4 Results and discussion

4.1 Climate variation

The observed air temperature in the study area from 1960 to
2015 showed a mean annual average temperature (AAT) of −
1.0 °C, median AATof − 1.0 °C, and minimum and maximum
AAT since 1960 of − 3.6 °C in 1969 and 1.2 °C in 2007. The
AAT showed a decreasing trend over 1960–1966 and 2000–
2009 and an increasing trend over 1967–1999 and 2010–2015
(Table 1). The minimum, maximum, and average annual pre-
cipitations (APs) from 1960 to 2015 were 124.5 mm in 1986,

Fig. 2 Comparison analysis of
the soil moisture data from
GLDAS V2.0 and V2.1
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650.7 mm in 2013, and 350.4 mm (median = 340.85 mm),
respectively. The AP fluctuated strongly over the past five
decades, first decreasing and then increasing between 1960
and 1980 and then showing irregular distribution over 1981–
2015 (Table 1). The annual average air relative humidity
(AARH) in the study area from 1960 to 2015 varied from
57.5 to 73.6%, with an average of 66.6% (median = 67.4%).
The AARH showed no consistent trend over 1960–2015 and
fluctuated strongly over 1981–1989 and 1999–2015; these
fluctuations could be related to irregular distribution of pre-
cipitation after 1981.

Seasonal precipitation has generally increased in winter
and has been irregularly distributed in the other seasons since
1960. The percentage of seasonal precipitation in AP in-
creased in winter over 1960–2015 and spring over 1981–
2015, decreased in summer over 1960–2015, and became ir-
regularly distributed in autumn over the last 55 years (Fig. 3).
The ascending rates of the average temperatures in winter and
spring (> 0.05 °C/a) were slightly higher than those in summer
and autumn (0.04 °C/a) (Fig. 4). The decline rate of the aver-
age air relative humidity in summer and autumn was approx-
imately 0.13%/a, which was higher than those in winter and
spring (Fig. 5). Therefore, summer and autumn in the study
area have become increasingly warmer and drier, and winter
and spring have become increasingly warmer and relatively
stable in terms of moisture since 1960.

Four climatic periods could be formed between 1960 and
2015 according to variation trends and multi-year averages of
AAT and AP (Tables 1 and 2 and Fig. 6). Climatic stage 1
(1960 to 1979) is relatively cold and dry; its average AAT, AP,
and AARH are − 1.9 °C, 335.5 mm, and 67.1%, respectively.
Climatic stage 2 (1980 to 1999) is warm and moist, and its
average AAT, AP, and AARH are − 0.7 °C, 369.7 mm, and
68.4%, respectively. Climatic stage 3 (2000 to 2009) is warm
and dry, and its average AAT, AP, and AARH are 0.0 °C,
321.5 mm, and 63.2%, respectively. Climatic stage 4 (2010
to 2015) is cold and dry at the beginning, then become warm
and moist, and its average AAT, AP, and AARH are − 1.0 °C,
384.3 mm, and 64.9%, respectively. The highest AAT and AP
and lowest AARH since 1960 are observed in climatic stages
3 and 4. To some extent, this finding shows that the study area
experienced a more pronounced climate change in these pe-
riods than in the first two.

4.2 Changes in HLL surface area and NDVI

Variations in the HLL area have shown a generally downward
trend with several large fluctuations from 1960 to 2015 (Fig.
6). This timeline is divided into two increasing periods and
two decreasing periods according to the HLL area variations
(Table 3 and Fig. 6). The trend of NDVI with time showed a
slight increase from 1981 to 1989 (y = 0.01x − 21.77, R2 =
0.31) and then showed irregular distribution over 1990–2015.
The vegetation cover was relatively high from 1981 to 1989,
with an average or median NDVI of 0.53 (ranging from 0.42
to 0.61). In the next eight consecutive years (1990 to 1997),
the average NDVI was 0.51 (ranging from 0.44 to 0.54) and
dropped below the NDVI average in the last 35 years (Fig. 6).
The vegetation improved from 1998 to 2015, with an average
or median NDVI of 0.56 (ranging from 0.36 to 0.68). The
NDVI values in the periods of 1990 to 1997 and 1998 to
2015 were irregularly distributed and showed no trend. The
variations in the NDVI and the HLL area were different be-
tween 1981 and 2015. The NDVI values were relatively low
from 1990 to 1997, while the HLL area expanded; the NDVI
values were relatively high from 1982 to 1989 and from 2008
to 2014, while the HLL area shrank.

4.3 Impact of climate-related factors on changes
in lake area

4.3.1 Precipitation, temperature, and relative humidity

The HLL area variation was gradually decreasing in the cold
and rainless climatic stage 1 from 1960 to 1979. However, in
the warm and moist climatic stage 2 from 1980 to 1999, the
HLL area showed a sharp increase. In climatic stage 3 from
2000 to 2009, the climate was warm and dry most of the time,
and the area variation of HLL had a strongly shrinking trend.
The AP, AAT, and AARH fluctuated in climatic stage 4 from
2010 to 2015, and the area variation of HLL showed the sec-
ond increasing trend since 1960.

During two periods of HLL shrinking (climatic stages 1
and 3), AP was generally lower than the historical precipita-
tion average of 350.4 mm from 1960 to 2015 (Fig. 6). AP was
lower than 350.4 mm for 12 and 10 years during the two
periods of HLL shrinking, which were from 1963 to 1975

Table 1 Regression models for
the relationship between
precipitation/temperature and
time

CS Period AP (p) AAT (t)

1 1960–1966 p = − 15.94a + 31,609, R2 = 0.38 t = − 0.38a + 739.88, R2 = 0.66
1967–1979 p = 12.86a − 25,039, R2 = 0.42 t = 0.06a − 119.46, R2 = 0.35

2 1980–1999 p = 1.30a − 2221.7, R2 = 0.00 t = 0.13a − 251.48, R2 = 0.58
3 2000–2009 p = − 3.67a + 7669.8, R2 = 0.01 t = − 0.10a + 196.71, R2 = 0.27
4 2010–20,158 p = 20.15a − 40,165, R2 = 0.07 t = 0.37a − 751.94, R2 + 0.49

CS, climatic stage; AAT, annual average temperature; AP, annual precipitation; a, year
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(climatic stage 1) and from 2000 to 2012 (climatic stage 3),
and the average APs in these two periods were only 347.4
(median = 337.7 mm) and 318.8 mm (median = 318.4 mm),
respectively. The long-term and low amount of precipitation

in the HLL and the surrounding catchment was the main cause
of the shrinking of the HLL in the past five decades. In long
and generally rainless periods, the HLL area responded weak-
ly to increases in precipitation with the short-term amount. For

Fig. 3 The temporal trends of the
percentage of seasonal
precipitation in the annual
precipitation during 1960–2015

Fig. 4 The temporal trends of
seasonal air temperature during
1960–2015
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instance, AP was high in several scattered years (1976, 1977,
1982, and 1984) in the first period of HLL shrinking since
1960, but the HLL area itself showed a stable shrinking trend
without obvious fluctuations in those scattered rainy years.

Variations in the lake area and precipitation were not al-
ways consistent because other climatic factors, such as air
temperature and relative humidity, can also affect the lake area
by enhancing or weakening its response to precipitation
changes. The HLL region experienced rainless years from

1960 to 1969, but the HLL areas were stable at 2307 km2

(ranging from 2280 to 2320 km2). This observation resulted
from the decreasing lake evaporation caused by the continu-
ous reduction of AAT from 1960 to 1969 (Fig. 6). In addition,
although the average AP in the first shrinking period of HLL
from 1970 to 1983 increased compared with that from 1960 to
1969, the area of the HLL still decreased from 1970 to 1983.
This finding could be related to the increased lake evaporation
caused by the rising average of AAT from − 2.0 °C from 1960

Fig. 5 The temporal trends of
seasonal air relative humidity
during 1960–2015

Table 2 The variations in climatic factors over the past 55 years

Climatic stage Temperature Precipitation Relative humidity

Spring Summer Autumn Winter AAT Spring Summer Autumn Winter AP Spring Summer Autumn Winter AARH

1 Avg. 5.9 18.0 5.1 − 19.7 − 1.9 33.5 240.9 44.4 16.7 335.5 50.7 67.6 64.3 74.5 67.1

Min. 3.9 16.6 3.8 − 23.3 − 3.6 2.1 147.6 8.0 4.9 228.3 39.9 61.4 55.7 68.6 61.8

Max. 8.4 19.3 6.4 − 16.6 0.1 63.7 367.4 94.1 26.4 480.1 58.9 72.8 72.2 80.4 70.3

2 Avg. 6.9 18.4 5.5 − 17.6 − 0.7 34.3 258.6 55.4 21.5 369.7 49.6 69.2 65.8 76.4 68.4

Min. 3.7 16.7 4.2 − 20.8 − 2.5 4.7 103.4 3.9 12.5 124.5 39.4 62.4 54.8 72.9 63.2

Max. 9.7 20.1 7.6 − 14.0 0.9 99.1 451.9 159.4 31.7 541.7 60.0 73.8 72.1 81.4 73.6

3 Avg. 7.8 19.8 6.9 − 17.7 0.0 40.0 203.3 40.5 37.7 321.5 47.2 59.7 58.1 73.7 63.2

Min. 6.5 17.7 5.4 − 20.0 − 1.0 8.1 137.9 8.8 21.2 232.5 36.6 47.9 49.1 67.1 57.5

Max. 9.8 21.4 8.1 − 15.9 1.2 74.7 295.8 73.7 47.5 420.6 56.1 70.2 68.1 84.1 70.9

4 Avg. 7.0 19.2 6.3 − 19.5 − 1.0 47.9 267.3 38.9 29.6 384.3 50.9 65.0 58.4 73.0 64.9

Min. 5.6 17.9 5.7 − 22.2 − 2.2 21.4 142.9 7.7 20.3 290.9 46.0 57.0 54.4 68.4 60.6

Max. 9.1 20.2 7.0 − 16.1 0.6 94.7 456.6 68.0 49.0 650.7 60.8 73.1 64.6 76.9 69.9
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to 1969 to − 1.7 °C from 1970 to 1983.Moreover, the different
rates of shrinking of the lake area between the rainless periods
of 1970 to 1983 and 2000 to 2012 were also related to the
evidently higher AAT and lower AARH from 2000 to 2012
than from 1970 to 1982.

The influences of seasonal precipitation, temperature, and
relative humidity variations during the last half-century on the
HLL area were different. The HLL area was stable in winter
because the lake was covered by ice and the evaporation and
recharge from precipitation were weak. However, the lake
area normally enlarged in spring as the increasing runoff of
melted water into the lake and the relatively low temperature
led to low levels of lake evaporation. The fluctuations in the
HLL area in summer and autumn were large in different pe-
riods, and the fluctuations mainly depended on lake evapora-
tion and precipitation (including direct recharge and runoff).

Pearson’s correlation coefficients of the HLL area and an-
nual climatic factors (AP, AAT, and AARH) are generally
lower than 0.54 (p < 0.01). The variations in the HLL area
over the past half-century were strongly and comprehensively

influenced by the long-term (several years or even longer)
variation trends of climatic factors. If the long-term AATwere
higher or lower than its multi-year average from 1960 to 2015,
a decrease or increase in AP could rapidly result in the reduc-
tion or expansion of the lake area. Otherwise, the response
sensitivity of the lake area to AP would be reduced and a
response lag may appear.

4.3.2 SPEI and soil moisture

We evaluated the response of the HLL area to drought by
correlating a drought index (SPEI). SPEI can incorporate the
effect of hydrological balance between precipitation and po-
tential evapotranspiration, which is sensitive to air tempera-
ture. An analysis of the SPEI timescales where the maximum
correlations were recorded reveals that the HLL area
responded predominantly to long timescales of drought
(Figs. 7 and 8). That is, the lake area reacted strongly only
when the lake experienced multi-year water deficits (precipi-
tation minus potential evapotranspiration) below normal

Fig. 6 Fluctuations in annual
precipitation (AP), temperature
(AAT), relative humidity
(AARH), NDVI, and HLH area.
Baselines of the floating bars
represent the average data of AP,
AAT, AARH, and NDVI from
1960 to 2015. Data 1 represents
the lake area identified and
measured based on Landsat
images in this study; data 2 and 3
represent the lake area calculated
by the area-level relationship, and
the sources of lake level include in
situ measurement (data 2, Zhang
et al. 1998) and model prediction
(data 3, Cai et al. 2016)

Table 3 The variation of the
Hulun Lake area over the past
55 years

No. Period Area variation (km2) Rate of variation (km2/a)

1 1960–1979 2339–2080 − 12.95 (y = − 12.921x + 27,702, R2 = 0.67)

2 1980–1999 2080–2304 11.26 (y = 11.26x − 20,207, R2 = 0.70)

3 2000–2009 2304–1746 − 54.39 (y = 54.39x + 111,100, R2 = 0.67)

4 2010–2015 1746–2047 52.69 (y = 52.69x − 104,213, R2 = 0.67)
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conditions. The relatively weak correlations between the HLL
area and SPEI with timescales of less than 5 years (r = − 0.32
to 0.47) confirm that the HLL area strongly responded to
climatic factors at long timescales. From 1960 to 2015,
Pearson’s correlation coefficients of the HLL area and the
SPEI with a 5-year timescale are in the following order: 0.58
(p < 0.01) in spring, > 0.55 (p < 0.01) in winter, > 0.51

(p < 0.01) in summer, > 0.44 (p < 0.01) in autumn. These fig-
ures suggest that the HLL area was more closely related to the
spring and winter SPEI variations, which could be used as an
indicator to detect changes in the lake area. The relatively
weak correlations between HLL area and summer or autumn
SPEI indicate the complexity of the factors that affect the lake
area variation. Meanwhile, the differences between the

Fig. 7 Fluctuations in SPEI with different timescales, soil moisture at
different depths, NDVI, and HLH area. Baselines of the floating bars
indicate the average data of SPEI, soil moisture, and NDVI from 1960

to 2015. S1, S2, S3, and S4 represent soil moisture at depths of < 0.1 m,
0.1–0.4 m, 0.4–1.0 m, and 1.0–2.0 m, respectively
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hydrological balance represented by SPEI and the actual bal-
ance of recharge and discharge in HLL were larger in summer
and autumn than those in spring and winter.

Soil moisture is also directly affected by precipitation and
evapotranspiration and can profoundly influence the lake area
and NDVI. Pearson’s correlation coefficients of AP/
evapotranspiration and soil moistures in different soil layers
in the study area gradually decrease from 0.56 (p < 0.01)/0.57
(p < 0.01) in the first 0.0 to 0.1 m of soil to 0.10 (p > 0.05)/0.30
(p < 0.05) from 1.0 to 2.0 m of soil below the land surface. The
AAT is weakly correlated with soil moisture at depths of <
1.0 m (r < 0.27, p < 0.01) and strongly correlated with soil
moisture in the deep layer (1.0 to 2.0 m; r = 0.78, p < 0.01).
These findings indicate that precipitation and evapotranspira-
tion mainly influenced the soil moisture in the shallow layer,
and groundwater evaporation affected by temperature varia-
tions could evidently influence the soil moisture in the deep
layer. Figure 9 shows the correlation variations of the HLL
area and soil moistures at different depths from 1960 to 2015
and indicates a more positive correlation between the HLL
area and soil moisture of seasonal and annual averages at
depths of 0.4 to 1.0 m than those at other soil depths. This
result confirms that the soil moisture at depths of 0.4 to 1.0 m
and the HLL area were closely related and had similar re-
sponses to climatic change. Soil moisture at depths of 0.4 to
1.0 m in winter and spring and the annual average could be
used as potential indicators for predicting the variation tenden-
cy of the HLL area. The negative correlation between the HLL
area and soil moisture in the deep layer (> 1.0 m) could be
caused by the different influences of groundwater on the lake
water and soil moisture in the study area. During the hot and
dry periods, the soil water in the deep layer of the study area

could be recharged by the evaporation of shallow groundwa-
ter, but the HLL area would decrease because of the lake water
evaporation and because the recharge of groundwater into
HLL was limited by the deep sludge aquiclude in the lake
bottom.

4.4 Impact of climate-related factors on changes
in NDVI

4.4.1 Precipitation, temperature, and relative humidity

The study area showed a low NDVI in the eight consecutive
years from 1990 to 1997, but the AP and seasonal precipita-
tion in most of these years were higher than their historical
averages from 1960 to 2015 (Fig. 6). Furthermore, HLL was
expanding from 1990 to 1999 as the main water source for
local vegetation. Thus, the low NDVI in the study area could
not have resulted from water restriction. Further research
shows that the low vegetation cover from 1990 to 1999 was
probably related to the intense grazing before the local law
enforcement of the grazing prohibition in the Dalai Hu
National Nature Reserve in 1998. The grazing prohibition in
this area from 1998 to 2015 promoted vegetation restoration.

An analysis of NDVI–climate relationships reveals
Pearson’s correlation coefficient of 0.37 (p < 0.01) for
NDVI–AP, which is higher than those of NDVI–AAP and
NDVI–AARH. Regarding seasonal climate factors, summer
precipitation and NDVI show the highest Pearson’s correla-
tion coefficient of 0.39 (p < 0.05). This result suggests that AP,
especially summer precipitation, had an important influence
on the vegetative growth in the study area. Between 1998 and
2015, when grazing had already been eliminated, Pearson’s
correlation coefficient of NDVI and summer precipitation in-
creases to 0.45 (p < 0.05), which is still higher than those in
the other seasons. Pearson’s correlation coefficients of the
NDVI and seasonal temperature means are 0.47 (p < 0.05) in
spring, − 0.45 (p < 0.05) in summer, − 0.55 (p < 0.05) in au-
tumn, and − 0.03 (p > 0.05) in winter. Hence, increasing
spring temperature and decreasing summer and autumn tem-
peratures could increase the NDVI. This finding is consistent
with the study of Chuai (2013), who implied that the NDVI is
negatively correlated with temperature and positively correlat-
ed with precipitation for cultivated vegetation, shrubs,
steppes, meadows, and desert vegetation in summer in Inner
Mongolia. The differences in the observed relationships can
be explained by the fact that the demand for heat varied among
different seasons and the temperatures are too high or too low
to inhibit vegetation growth.

4.4.2 SPEI and soil moisture

Pearson’s correlation coefficients of NDVI and SPEI gradual-
ly decrease from 0.33 (p < 0.05) to − 0.25 (p > 0.05) with the

Fig. 8 Relationships between the SPEI and lake area/NDVI over 1960–
2015
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increase of SPEI timescales from 1 month to 5 years (Fig. 8).
The variation trends of Pearson’s correlation coefficients in
Fig. 8 suggest that the sensitivities of NDVI and HLL area
variation to the SPEI with different timescales were different.
A drought in a short timescale (such as 1 month) could affect
NDVI prominently because vegetation cover would first de-
crease rapidly and then maintain a slow rate with small fluc-
tuations in a large timescale of drought. However, the HLL
area changed with long-term drought (such as several years).

Pearson’s correlation coefficients of NDVI and annual or
seasonal soil moisture averages in shallow depths (< 0.1 m)
are higher than those in the middle and deep layers (0.1–2.0 m,
Fig. 9). In the period of 1998 to 2015, without the grazing
influence, Pearson’s correlation coefficient of NDVI and shal-
low soil moisture (< 0.1 m) rises to 0.43 (p < 0.05). The shal-
low soil moisture at the depth of < 0.1 m shows highest
Pearson’s correlation coefficient with the NDVI (0.46,
p < 0.01) through all four seasons. Furthermore, in all the four
soil layers with depths < 2.0 m, the correlations of NDVI and
soil moisture are generally weaker than the correlation be-
tween HLL area and soil moisture. The depth of the soil layer
with highest Pearson’s correlation coefficient of soil moisture
and NDVI is lower than that of the soil layer with highest
Pearson’s correlation coefficient of soil moisture and HLL
area. This result indicates that the soil moisture of the shallow
soil layer (< 0.1 m), which is the first and most sensitively
affected layer by precipitation, evaporation, and other
climate-related variables, could largely influence the vegeta-
tion cover because the soil moisture in the shallow depth (<
0.1 m) was the key root–zone soil moisture in the study area
that could influence NDVI. The soil moisture in the shallow
layer could also affect the HLL area, but the influence of soil

moisture on the HLL area was stronger in the deep soil layer
with depths between 0.4 and 1.0 m.

5 Conclusion

The climate in the Hulun Buir Grassland of Northeastern
China has fluctuated largely over the past 55 years and has
led to the variation in HLL area in the range of 1746 to
2339 km2. The amount of precipitation in a long timescale
(several years or even longer) is the key factor that controls
lake area variation, but an increase or decrease in the air tem-
perature and relative humidity could affect the response time
of the HLL area to precipitation. The amount of precipitation,
especially summer precipitation, was the primary climatic fac-
tor that affected the vegetation cover in the study area.
Meanwhile, increasing spring temperature and decreasing
summer and autumn temperatures could increase the NDVI
values.

Pearson’s correlation coefficients of the HLL area and the
SPEI show that the HLL area becomes more closely related
with the SPEI as the timescale of SPEI increases. However,
the NDVI values in this study are positively correlated with
the monthly timescale of SPEI. Furthermore, the moisture
averages of the soil layer at the depths of 0.4–1.0 and <
0.1 m show the highest correlations with the HLL area and
NDVI, respectively. This finding indicates that soil moisture
in the shallow depths (< 0.1 m) was the key root–zone soil
moisture that could influence NDVI, whereas the soil mois-
ture at the depths of 0.4–1.0 m and the HLL area were closely
related and responded similarly to climatic change.

Fig. 9 Relationships between the
soil moistures and lake area/
NDVI over 1960–2015
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