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Abstract: Chengde city is located in the agro–pastoral transitional zone in northern China near
the capital city of Beijing, which has experienced large-scale ecological construction in the past
three decades. This study quantitatively assessed the environmental changes in Chengde through
observation records of water resources, water environment, atmospheric environment, and vegetation
activity and investigated the possible causes. From the late 1950s to 2002, the streamflow presented
a downward trend induced by climate variability and human activities, with contribution ratios of
33.2% and 66.8%, respectively. During 2001–2012, the days of levels I and II air quality presented clear
upward trends. Moreover, the air pollutant concentration was relatively low compared with that
in the adjacent areas, which means the air quality has improved more than that in the neighboring
areas. The water quality, which deteriorated during 1993–2000, began to improve in 2002. The air and
water quality changes were closely related to pollutant emissions induced by anthropogenic activities.
During 1982–2012, the vegetation in the southeastern and central regions presented restoration
trends, whereas that in the northwestern area showed degradation trends. The pixels with obvious
degradation trends correlated significantly with annual mean temperature and annual precipitation.
Ecological engineering also played a positive role in vegetation restoration. This analysis can be
beneficial to environment managers in the active response and adaptation to the possible effects of
future climate change, population growth, and industrial development and can be used to ensure
sustainable development and environmental safety.

Keywords: agro–pastoral transitional zone; water resource; water environment; atmospheric
environment; vegetation activity

1. Introduction

The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) showed that
the air temperature presented a global warming trend during the past half-century [1], with the fastest
warming rate in the mid-latitudes of the Northern Hemisphere [2]. Temperature warming accelerates
global and regional water cycles, which may induce extreme climatic and hydrological events and
lead to redistributions of water resources and ecosystems at various scales [3]. Moreover, the human
population has been continuously increasing, with an expected addition of 2 to 4 billion people by
2050 [4,5]. Anthropogenic activities have thus far imposed large environmental impacts on the earth [6].
Environmental degradation induced by the ever-increasing extent and intensity of anthropogenic activities
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has been and will continue to be the most perplexing challenges in sustainable development [7]. Under this
background, severe environmental problems such as soil erosion, sand storms, desertification, and wildlife
habitat losses have increased at the global and regional scales [1,2]. As the largest developing country,
China’s economic status continues to maintain rapid growth, and therefore has suffered from severe
environmental degradation during the past three decades [8,9]. The estimated economic loss associated
with environmental degradation, such as environmental pollution, resource exhaustion, and ecological
degradation, has amounted to over 13% of the gross domestic product (GDP) [10].

To improve the environmental conditions in China, ecological remediation and conservation
measures have been widely recognized and implemented as important and effective measures to
fight environmental degradation [11–13]. Given the widely implemented ecological restoration
projects, the effectiveness of these conservation and restoration efforts has become a hot issue that has
practical implications [11,12]. There is an increasing need to quantitatively evaluate the effectiveness
of ecological conservation and restoration, particularly on large spatial scales, to improve the decision
support for land management and ecological restoration planning and implementation [14]. Moreover,
determining the exact manner in which global climate change and ecological conservation affect the
eco-environmental health has been an important research field for some international projects such
as the IPCC, the Future Earth–International Council for Scientific Unions (ICSU), the International
Geosphere–Biosphere Program (IGBP), and other international organizations and projects.

Chengde city is located in the agro–pastoral transitional zone in northern China near the capital
city of Beijing. During the past three decades, the Chinese government has initiated several large-scale
ecological restoration programs in Chengde and its adjacent areas, including the Beijing–Tianjin Sand
Source Control Project, the Three-North Shelterbelt Project, and the Grain for Green Project [15–18].
Previous research includes systematic and in-depth studies on environmental changes in this area, such
as studies on carbon cycle [17], dust weather [18], and vegetation cover change [18]. However, previous
research has focused mainly on the environmental changes after implementation of ecological projects.
That is, existing research focuses mainly on the dynamic monitoring and effectiveness assessments
of single and multiple ecological projects; few studies have investigated the drivers, causes, and
implications of environmental change. In addition, existing studies are updated only to the early 2000s;
relatively limited information is available on environmental changes earlier than 2000, and very few
studies include more than three decades of data. Some frequently occurring regional environment
phenomena such as water pollution, air pollution, water resource shortages (streamflow reduction),
and vegetation degradation and restoration, have not been adequately investigated or understood.
Therefore, it is necessary to conduct an in-depth investigation on regional environmental changes and
the responses to anthropogenic activities and climate variability, which will play an important role in
future sustainable development.

Therefore, the objectives of this study were: (1) to quantitatively assess the environmental changes
in Chengde city since the late 1950s through observation records of water resources, water environment,
atmospheric environment, and vegetation activity; (2) to investigate the possible causes for regional
environmental changes; and (3) to discuss the practical and policy implications of environmental
changes and to provide a reference for environmental policy making and planning. The results of this
study can be used to examine the following research topics: (1) the coexistence of positive and negative
environmental impacts in Chengde city owing to climate variability and anthropogenic activities;
(2) the environmental changes most relevant to anthropogenic activities; and (3) the heterogeneity of
regional environmental and climatic changes.

2. Data and Methods

2.1. Overview of the Research Area

The city of Chengde is located in northern China, bounded by 40˝121–42˝371 N and
115˝541–119˝151 E (Figure 1), and its total area is 39,808.9 km2, accounting for 21.2% of the entire
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area of Hebei Province. The topography is characterized by low mountains and hilly landscapes, with
elevation varying from 100.0 m to 2195.2 m above sea level. The forest and grassland in Chengde
account for 43.4% and 40.0% of total area in Hebei Province, respectively. The region has a semi-humid
continental monsoon climate with a mean annual temperature of 8.4 ˝C. Precipitation is temporally
variable, with more than 82% of the entire year’s rainfall occurring in June–September; the mean
annual precipitation is 533.1 mm. The three major river systems in Chengde include the Luan River
(28,878.4 km2), Chao River (6776.7 km2), and Liao River (4153.8 km2), and the average water yield is
about 37.6ˆ 108 m3. These rivers are an important water source for the Panjiakou and Miyun reservoirs,
which are the two largest drinking-water reservoirs for Beijing and its adjacent areas. As an important
ecological barrier for Beijing, it is close to the Inner Mongolia autonomous region, which is the main
source of dust in northern China. To improve the ecological conditions, the Chinese government
adopted a series of large-scale ecological restoration programs [15–18]. This area experienced intensive
urbanization and industrial development in the past three decades, which induced obvious land use
change [17,18]. Moreover, the multi-source environmental monitoring data is relatively complete in
this region. For these reasons, Chengde is an ideal area for environment change assessment.

Figure 1. Locations of the study area, hydrological station, and meteorological station in Chengde.

2.2. Data and Processing

The data sources and detailed information of datasets used in this study are presented in Table 1
and Supplementary Tables S1–S4.

Table 1. Datasets used in environmental change assessments including data types, dataset names,
specific information, and sources.

Data Types Dataset Name and Specific Information Source

Basic geographic
information

Administrative map (1:4 million-scale) The National Geomatics Center of
China [19]

The Shuttle Radar Topography Mission (SRTM) digital
elevation model (DEM) (resolution:90 m)

Consultative Group on
International Agricultural

Research-Consortium for Spatial
Information (CGIAR-CSI) [20]

River and lake system atlas (1:1 million-scale) The National Geomatics Center of
China [19]
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Table 1. Cont.

Data Types Dataset Name and Specific Information Source

Hydrological and
meteorological data

Annual water discharge and sediment load in six
hydrological stations from late 1950s to 2002 [21,22]

Daily meteorological data in twelve meteorological
stations during 1956–2011

National Meteorological Data
Sharing Service System [23]

Remote sensing image

GIMMS NDVI3g dataset from NOAA’s AVHRR sensors
during 1982 to 2012 (resolution: 8 km ˆ 8 km)

National Aeronautics and Space
Administration (NASA) [24]

Land use maps in 1985, 2000, and 2010 (1:0.1 million-scale)

Data Center for Resources and
Environmental Sciences, Chinese

Academy of Sciences (RESDC)
(http://www.resdc.cn) [25]

Environmental
monitoring data

Monthly water quality record of 17 monitoring stations
from late 1980s to early 2000s

Annual air and water quality records of Chengde city
and Hebei Province during 2000–2012

[22]

[26,27]

The social and
economic data Statistical yearbook for Chengde city Bureau of Statistics in Hebei

Province, China

Excluding a few stations having large amounts of missing data, the daily meteorological data
were collected from meteorological stations in Chengde and its neighboring areas. The spatial
distribution of meteorological stations is shown in Figure 1. Complete records for almost all of
the climatic factors from 1956 to 2011 were obtained; the inverse distance weighted technique was
used to interpolate missing data. Records of water discharge and sediment load from the late 1950s
to 2002 were obtained from six hydrological stations chosen within Chengde and its neighboring
basins [21,22]. The observational records of atmospheric and water pollutants were obtained from the
Environmental Monitoring Station of Hebei Province [22,26]. The land use maps examined in this study
were obtained from the Data Center for Resources and Environmental Sciences, Chinese Academy
of Sciences (RESDC) [25]. Landsat Thematic Mapper (TM), Enhanced Thematic Mapper (ETM), and
China–Brazil Earth Resources Satellite (CBERS) images were collected to interpret the land cover maps
of 1985, 2000, and 2010 [28–30]. Prior to interpretation, the remote sensing images were subjected to
geometric correction by using topographic maps at a scale of 1:0.1 million. The land cover types were
identified on the basis on the spectral reflectance and structure of objects [28–30]. The 27 land cover
subtypes identified were further grouped into seven aggregate types including grassland, woodland,
residential areas, farmland, desert, water bodies, and unused land, with a classification accuracy
of more than 90% [28–30]. The third-generation Global Inventor Modeling and Mapping Studies
Normalized Difference Vegetation Index (GIMMS NDVI 3g) products from the Advanced Very High
Resolution Radiometer (AVHRR) sensors of the National Oceanic and Atmospheric Administration
(NOAA) during 1982 to 2012 were used to investigate the changes in vegetation activity. The GIMMS
NDVI 3g dataset, with a temporal resolution of two weeks, is an updated version of the previous
GIMMS NDVI [31]. The maximum value composites (MVC) [32] were used to eliminate cloud and
aerosol effects and were then aggregated into two-week composites. This dataset, which is widely
applied is global and regional studies, was corrected to calibrate the view geometry [32,33].

2.3. Methods

2.3.1. Indicator System for Environmental Change Assessment

To quantitatively assess the regional environmental changes in Chengde, we established a
framework in which several indicators were chosen on the basis of observation records and remote
sensing image. The environmental changes include water environment, water resources, atmospheric
environment, and vegetation activity. The specific indicators and assessment methods are given in
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Table 2. Chengde experienced intensive human activities and ecological construction in the past three
decades, which consumed large amounts of water resources and induced water pollution. Because this
area is semi-arid, the water resources and water environment were considered first in the environmental
assessment. In consideration of the data availability, type of pollutant, representativeness, and
comprehensiveness of indictors, the selected indicators for the water environment assessment include
chemical oxygen demand (COD), biochemical oxygen demand (BOD), NH3-H, MnO4´, volatile
phenols, and total hardness. In terms of the atmospheric environment, dust haze and fine particulate
matter (PM2.5) events were prominent in the recent decades; thus, both of these indices were included.
In addition to this, the emission amounts of COD and NH3-H is included in attribution. The vegetation
activity was reflected by the NDVI derived from remote sensing images, which is a widely used
indicator in vegetation growth monitoring at global and regional scales.

Table 2. Indicator system for environmental change assessment.

Assessment Projects Indicators Unit Assessment Method

Water resources Streamflow m3 Observational record

Water environment

Sediment load 104 t

Observational record
Pollutant concentration: COD, NH3-H,

MnO4´, volatile phenol mg/L

Pollutant emission: COD, NH3-H t/km2

Other indicators: BOD, total hardness mg/L

Vegetation activity NDVI Dimensionless GIMMS NDVI3g dataset

Atmospheric
environment

Pollutant concentration: PM2.5 µg/m3

Observational recordPollutant emission: SO2, NOx mg/L
Dusthaze days day

2.3.2. Mann–Kendall Trend Detection

The Mann–Kendall test, one of the non-parametric tests widely used to detect change trends of
hydrological and climatic variables in a time series [34,35], is based on the statistic S:

S “
n´1
ÿ

i“1

n
ÿ

j“i`1

sgn
`

xj ´ xi
˘

(1)

sgn pxq “

$

’

’

&

’

’

%

1, i f xj ´ xi ą 0

0, i f xj ´ xi “ 0

´1, i f xj ´ xi ă 0

(2)

where xi and xj are two generic sequential data values of the variable, and n is the length of the dataset.
The null hypothesis implies no trend in the dataset, and the statistic S is approximately distributed
normally with a mean of zero. For datasets with more than 10 values, the variance associated with the
statistic S (Var(S)) can be calculated as:

Var pSq “
n pn´ 1q p2n` 1q

18
(3)

The values of S and Var(S) are used to compute the test statistic Z as:
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a

Var pSq
i f S ą 0
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i f S ă 0

(4)
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The presence of a statistically significant trend is evaluated by using the Z value. A positive
(negative) value of Z indicates an upward (downward) trend. The statistic Z has a normal distribution.
The null hypothesis can be rejected at the significance level of α if |Z| ě Z1´ α/2, where Z1´ α/2 is
obtained from the standard normal cumulative distribution tables [36].

2.3.3. Mann–Kendall Change-Point Analysis

To conduct change-point analysis of the hydrological and climatic variables in time series, the
non-parametric Mann–Kendall test was employed. The test statistic Sk is defined as:

Sk “

k
ÿ

i“1

i´1
ÿ

j“1

αij pk “ 2, 3, 4, . . . , nq (5)

αij “

$

&

%

1 xj ą xi

0 xj ď xi

1 ď j ď i (6)

Then, the definition of the statistic index UF is calculated as:

UF “
Sk ´ E pSkq

a

Var pVar pSkqq
k “ 1, 2, 3, . . . , n (7)

E pSkq “
k pk´ 1q

4
(8)

Var pSkq “
k pk´ 1q p2k` 5q

72
(9)

UF follows the standard normal distribution, which is the forward statistic sequence.
The backward sequence UB is calculated by using the same equation but with a reversed series
of data.

In the two-sided test, if the null hypothesis is rejected, an increasing (UF > 0) or a decreasing
(UF < 0) trend is indicated. If there is a match point of the two curves and the trend of the series is
statistically significant, the match point would be regarded as the change point [37].

2.3.4. Evapotranspiration Estimation with the FAO Penman–Monteith Equation

As recommended by the Food and Agriculture Organization (FAO), the Penman–Monteith
equation was modified to better account for specific local conditions [38]. In this study, several
parameters were calibrated by using the observed data of each station for estimating the net radiation
(Rn). This study adopted the FAO Penman–Monteith method to estimate the daily E0 (mm.d´1):

E0 “
0.408∆pRn ´ Gq ` r

900
T` 273

U2pes ´ eaq

∆` rp1` 0.34U2q
(10)

where E0 is potential evapotranspiration; Rn is the net radiation at the crop surface (MJ¨m´2¨d´1),
where MJ represents mega joules; G is the soil heat flux density (MJ¨m´2¨d´1); T is the air temperature
at a height of 2 m (˝C); U2 is the wind speed at a height of 2 m (m¨ s´1); es is the saturation vapor
pressure (kPa); ea is the actual vapor pressure (kPa); ∆ is the slope of the vapor pressure curve
(kPa¨ ˝C´1); and γ is the psychrometric constant (kPa¨ ˝C´1).

2.3.5. Estimating the Impact of Climate Variability on Streamflow

It can be assumed that a change in mean annual runoff can be determined by using the following
expression [39,40]:

∆Qclim “ β∆P ` γ∆E0 (11)
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where ∆Qclim is the change in streamflow caused by climate variability; ∆P and ∆E0 are changes
in precipitation and potential evapotranspiration, respectively; β is the sensitivity of streamflow to
precipitation; and γ is the sensitivity to potential evapotranspiration.

The sensitivity coefficients can be expressed as:

β “
1` 2x` 3ωx
`

1` x`ωx2
˘ (12)

γ “ ´
1` 2ωx

`

1` x`ωx2
˘ (13)

where x is the index of dryness and is equal to E0/P, and ω is the plant-available water coefficient,
which represents the relative difference in the way plants use soil water for transpiration.

2.3.6. Vegetation Growth Change and Trend Estimation

The vegetation activity can be reflected by the NDVI, and the slope of change trend can be derived
by using the least squares method, which is commonly used in trend estimation:

y “ aˆ t` b` ε (14)

where y is the annual maximum NDVI in year t, a is the slope of equation (change rate of linear trend),
b is the intercept of equation, and ε is the random error. t ranges from 1982 to 2012 (t PN); therefore,
the sample size of the annual maximum NDVI for each pixel in the vegetation change trend estimation
is 31. a < 0 represents weakness in the vegetation growth. By contrast, a > 0 represents strengthening
of the vegetation growth. The calculation process was conducted by using MATLAB software with an
orthogonal least squares method [41].

2.3.7. Correlation Analysis between Vegetation Cover and Climatic Factor

Pearson’s correlation analysis was performed by using the function of [r, p] = corr (X, Y) in
MATLAB software, which can simultaneously return both the correlation coefficient and significant
test (p-value), where r and p represent the correlation coefficient and significant test result, respectively,
and X and Y are the vegetation cover and climate factor, respectively.

3. Results

3.1. Climatic Change

The annual precipitation in Chengde fluctuated dramatically from 1956 to 2011 (Figure 2a) and
remained at relatively high levels from 1956 to 1980. The most humid period, in 1970–1980, was
followed by the driest period in 1980–1990. Since 2000, the precipitation has presented an upward
trend, although it is still lower than that in the 1970s. The increase rate of annual mean temperature
in Chengde was 0.09 ˝C/decade (Figure 2b), which is slightly lower than the global average of
0.12 ˝C/decade [1]. A significant temperature increase occurred during the mid-1980s; from 1956
to 1985, the temperature increased to a lesser extent. An abrupt change in temperature occurred in
1985, and the increasing rate of 0.17 ˝C/decade indicates an accelerating trend. The yearly mean wind
speed presented significantly decreasing trends on the entire scale of 1956–2011, although an obvious
upward trend was shown in 2000 (Figure 2c). The annual sunshine hours presented significantly
decreasing trends on the entire scale of 1956–2011 (Figure 2d), which reduced the solar radiation for
vegetation growth.

Because wind and rainfall are the main soil erosion forces and rainfall directly influences
intra-annual distribution and inter-annual changes in streamflow, we focused on the rainfall and
wind speed changes at the seasonal scale (Figure 2e,f). The rainfall in summer and autumn presented
decreasing trends with slopes of ´13.7 mm/decade and ´0.12 mm/decade, respectively; that in
summer reached the p = 0.05 significance level. The rainfall in spring and winter showed upward
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trends but did not reach the significance level. Regarding the seasonal wind speed, the change trends
in the four seasons were essentially consistent. The slope in spring was largest at ´0.16 m/(s¨decade)
(p < 0.001), which is higher than that at the annual scale.

Figure 2. Temporal changes in meteorological factors in Chengde from 1956 to 2011 including (a) annual
precipitation; (b) annual mean temperature; (c) annual mean wind speed; (d) annual sunshine hours;
(e) seasonal rainfall; and (f) seasonal mean wind speed.

3.2. Land Use/Land Cover Change

The land cover in Chengde was grouped into seven aggregated types including grassland,
woodland, residential areas, farmland, desert, water bodies, and unused land, as shown in Table 3.
The land cover change in the period 2000–2010 was not obvious, and the percentage of area change
in multiple land cover types was marginal. In comparison, the main changes in 1985 and 2010
occurred in woodland (´5.0%), farmland (1.6%), and residential areas (1.4%). Rapid urbanization and
population growth caused dramatic expansion in residential areas and farmland, which occupied some
areas of woodland. Some forests degraded into grassland such as shrubs in addition to desert; thus,
the percentage of grassland and desert increased 0.9% and 0.6%, respectively. Owing to ecological
restoration and water conservancy projects, the area of water bodies and wetland increased slightly
at 0.2%.
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Table 3. Area of land use and its change in Chengde during 1985–2010.

Types
Percent of Area and Change (%)

1985 2000 2010 1985–2000 2000–2010 1985–2010

Residential areas 2.5 3.8 3.9 1.3 0.2 1.4
Farmland 16.9 18.7 18.5 1.8 ´0.1 1.6
Woodland 65.2 60.2 60.2 ´5.0 0.0 ´5.0
Grassland 13.9 14.8 14.8 0.9 0.0 0.9

Desert 0.0 0.6 0.6 0.6 0.0 0.6
Water bodies and wetland 1.1 1.4 1.3 0.3 0.0 0.2

Unused land 0.4 0.5 0.5 0.1 0.0 0.1

3.3. Water Resources Change and Attribution

3.3.1. Trend and Change Point in Annual Streamflow

Trend analysis is useful for understanding the dynamics and long-term behavior of hydrological
and climatic variables. The Mann–Kendall test was applied to the annual streamflow data of period
1956–2002. The Z statistic of the runoff depth in Chengde was ´3.04, showing a significant downward
trend at the 0.01 confidence level (Figure 3a). The streamflow in the six sub-basins presented downward
trends during the past several decades, some of which reached the significance level (Figure 4).
Figure 3b,c show the Mann–Kendall and Pettitt change-point test [42] of the streamflow data, in which
the intersection of the curves indicates an abrupt change in 1979 at the 0.05 significance level. Based on
the change point of 1979, the period of the streamflow record was divided into two parts including a
reference period of 1956–1979 and a change period of 1980–2002.

The negative UF value also shows the decreasing trend in annual streamflow. It is clear that
annual streamflow during the two periods differed significantly, with reduced streamflow occurring in
the second period (Figure 3a). The mean annual streamflow in the reference period was 115.6 mm,
whereas the value in the change period was only 54.3 mm. These results show a significant reduction
of 61.3 mm, or 53.0%, in the change period.

Figure 3. (a) Inter-annual variability of annual runoff depth from 1956 to 2002 in Chengde;
(b) Mann–Kendall change-point detection and (c) Pettit change-point detection in the time series
of annual streamflow. The annual streamflow of Chengde is the sum of flow recorded by stations in six
sub-basins.
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Figure 4. Inter-annual variability of annual streamflow from late 1950s to 2002 in the sub-basins:
(a) Liying Station in Liu River; (b) Chengde Station in Wulie River; (c) Sandaohezi Station in Luan River;
(d) Hanjiaying Station in Yixun River; (e) Boluonuo Station in Xingzhou River; and (f) Xiabancheng
Station in Laoniu River.

3.3.2. Attribution of Water Resources Change

Compared with the baseline period of 1956–1979, the annual precipitation decreased 48.9 mm, or
5.37%, in the change period of 1980–2002; however, the potential evapotranspiration showed a slight
change of 8.34 mm, or an increase of only 0.81%. Because of the small change in E0, the effects of
climate on streamflow were caused only by the change in precipitation. Therefore, Equation (10) can
be simplified as:

∆Qclim “ β∆P (15)

In research conducted in China [43] and elsewhere [44,45], the assigned ω parameter is 2.0 for
high-cover woodland when forest cover is >30%, 1.0 for low-cover woodland when forest cover is
<30%; 0.5 for grassland and cropland; 1.0 for shrubland; and 0.1 for buildings and barren land.

In this study, the coverage of land use was determined by land-use maps. By using those of
1985, 2000, and 2010, the mean value of different land-use/cover types was obtained. The sensitivity
of streamflow to precipitation (β) was calculated as Equation (11), which showed a β value of 0.416.
Therefore, the change in streamflow caused by climate variability (∆Qclim), calculated as Equation (15),
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is 20.3 mm, accounting for 33.2% (Table 4). According to the ∆Q value of 61.3 mm, the change in
streamflow induced by human activities (∆Qhum) is 40.9, accounting for 66.8%.

Table 4. Streamflow impacts induced by climate variability and human activities.

Item ∆Q ∆Qclim ∆Qhum

Quantity/mm 61.3 20.3 40.9
Contribution rate 100% 33.2% 66.8%

Figure 5a shows that the water consumption increased significantly during the past half century,
with a trendline slope of 959.1 ˆ 104 m3/a (p < 0.001). The dramatic increase in forest area caused by
ecological construction also induced ecological water consumption (Figure 5b). However, it should
be noted that the ecological water consumption accounted for only a small proportion of total water
consumption (figure omitted), at less than 4%, and the domestic water consumption accounted for less
than 10%. Industrial water consumption had the largest proportion and was thus the main cause of
the streamflow reduction.

Figure 5. (a) Water consumption during 1956–2003 and (b) forest area during 1971–2002 in Chengde.

3.4. Water Environment Change and Attribution

3.4.1. Water Environment Change

Considering the data availability for water quality, we chose only the water quality monitoring
data from 14 stations recorded between 1993 and 2000. The statistical results are shown in Table 5.
During 1993–2000, the MnO4´ and volatile phenol levels at most stations maintained stability. For
the total hardness and NH3-N, stations showing upward trends accounted for more than 50%; BOD,
which is a sign of water quality deterioration, showed a downward trend at 12 stations, or 70.6%.
The temporal variation of specific indicators at representative stations is shown in Figure 6. The time
series analysis indicated that the total hardness at Guojiatun, Longhua, Wulongji, and Dage stations
began to increase around 1996 and 1997; NH3-N at Weichang, Pingquan, and Shangbancheng stations
showed a clear upward trend; and BOD at Miaogong Reservoir and Pingquan, Shangbancheng,
Wulongji, and Xinglong stations presented clear downward trends. According to the national quality
standard for surface water [46], in 2000, more 60% of the surface water in the basin area was of quality
lower than level III in flood and dry seasons and on the annual scale, which prohibits its use as a
drinking water source (Figure 7a–c). In addition, the groundwater quality in more than 50% of area
was lower than level III on the annual scale (Figure 7d). However, the water quality began to improve
in 2002 (Figure 8). The monitoring stations with water quality equal to levels III and II increased
significantly, and those with water quality lower than level III reduced significantly.
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Table 5. Temporal variation of surface water quality indicators during 1993–2000 in Chengde.

Basin Station Total Hardness MnO4´ NH3-N BOD Volatile Phenol

Luan River Guojiatun Ò — — Ó —
Luan River Sandaohezi — — — Ó —
Luan River Shangbancheng Ò Ò Ò Ó —
Luan River Wulongji Ò — Ò Ó —

Yixun River Weichang — — Ò — Ò

Yixun River Miaogong Reservoir Ò Ò Ò Ó —
Yixun River Longhua Ò Ó — — Ó

Yixun River Hanjiaying Ò — Ò Ó —

Wulie River Chengde Ò Ò Ò Ó Ò

Laoniu River Xiabancheng — Ó — — —

Liu River Xinglong — Ò Ò Ó —
Liu River Liyingyi Ò Ó — — —

Pu River Pingquan — — Ò Ó Ò

Pu River Kuancheng — — — Ó —

Sa River Lanqiying — — — Ó —

Chao River Dage Ò — Ò — —
Chao River Daiying — — — Ó —

Note: “Ò”, “Ó”, and “—” represent increase, decrease and no change, respectively.

Figure 6. Inter-annual variability of water quality indicators from the late 1980s to 2002 in the sub-basins.
(a–c) indicate NH3-N; (d–h) indicate BOD; and (i–l) indicate total hardness. Red lines are trendlines
fitted by the polynomial.
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Figure 7. Statistical results of basin area with different levels of water quality in 2000. (a–c) indicate the
water quality of surface water at the annual scale, flood season, and dry season, respectively; (d) shows
the water quality of groundwater at the annual scale.

Figure 8. Number of stations with varying levels of water quality during 2002–2012.

3.4.2. Attribution of Water Environment Change

The changes in water pollution during the late 1980s to 2002 (Figure 6) were caused mainly by
agricultural, industrial, and urban development, which caused increases in pollutant emissions. In the
period 1990–2000, the total consumptions of fertilizer and pesticides in Chengde were 39,409 t and
678 t, respectively. As shown in Figure 9a,b, the largest fertilizer and pesticide consumptions occurred
in Longhua and Weichang counties, with values of 7598 t and 228 t per year, respectively. Because the
farmland area in these two counties is relatively large, the fertilizer and pesticide consumption in this
region is greater than that in other areas. The highest values of sewage discharge were in Shuangqiao,
Shuangluan, and Yingzi districts (Figure 9c). These three districts have relatively developed industry
and more centralized populations, which relates to greater discharges of industrial and domestic
sewage. However, since 2000, the government began to restrict waste water discharge and enhance
pollutant purification treatment, which reduced water pollution to some extent. During 2001–2012,
the COD and NH3-H emission in Chengde ranked lowest in Hebei Province (Figure 10). The average
COD emission was 2.31 t/km2, which approached the country mean level; however, it accounted for
only 33% of the Hebei Province level (Figure 10a). The NH3-H emission in Chengde during 2001–2012
was 0.18 t/km2, which accounted 31% of the Hebei Province level. However, this level is still lower
than the country mean (Figure 10b). The above analysis shows that the water quality in Chengde is
better than that in the adjacent areas.
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Figure 9. Regional distribution of (a) fertilizer consumption; (b) pesticide consumption; and (c) sewage
discharge during 1990–2000 in Chengde.

Figure 10. Average level of water pollutant emission in 2001–2012 in Chengde and adjacent areas:
(a) COD; (b) NH3-H.

3.4.3. Soil Loss (Sediment Load) Change and Attribution

In areas dominated by water erosion, rainfall erosivity and vegetation cover are the most important
factors for soil loss assessment because other factors such as topography and soil property are relatively
stable. Therefore, we chose these two factors for investigating the cause of soil loss change. Rainfall
erosivity is an external erosion force for water erosion and thus directly influences soil erosion. During
1980–2010, the variation in rainfall erosivity and sediment load presented a consistent relationship
in which rainfall erosivity weakness resulted in a sediment decrease after 1994 (Figure 11a). Soil
conservation measures such as terraces and afforestation were implemented since the late 1970s, and
the area reached more than 12,000 km2 until the end of 1990s in Chengde (Figure 11b). Therefore, soil
conservation measures also played a positive role in the sediment load decline.

Figure 11. Temporal variation in (a) rainfall erosivity and sediment load and (b) the area of soil
conservation measures since the late 1970s in Chengde.
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3.5. Atmospheric Environment Change and Attribution

3.5.1. Atmospheric Environment Change

Because the time span of atmospheric data is not unified and dust haze events are frequent, we
discuss the changes in dust haze separately. Observation data for dust haze in Chengde were not
available; therefore, we used those of Shahe and Zunhua stations in a neighboring region with similar
climatic conditions. The dust haze days at Shahe station presented a clear upward trend since 1961
with a trendline slope of 3.61 days/decade (p < 0.001; Figure 12a). The dust haze days at Zunhua
were similar to those at Shahe (Figure 12b), although a relatively low period occurred from the early
1980s to the early 1990s. This result might be attributed to the Tangshan earthquake in 1976, which
blocked industrial production in Tangshan and the adjacent areas for more than 10 years; therefore,
the industrial waste gas discharge was also reduced suddenly. Zunhua is a county of Tangshan and
thus would have been affected by the earthquake. Since the early 1990s, industrial production has
recovered gradually in this area; consequently, the dust haze days also increased.

Figure 12. Temporal variation in dust haze days in areas adjacent to Chengde: (a) Shahe station in the
period 1961–2007; (b) Zunhua station in the period 1971–2007.

According to the national quality standard for air [47], from 2001 to 2012, the days of Level I air
showed a clear upward trend with an increase from 83 days in 2001 to 188 days in 2012. A similar
trend was noted for level II air, which increased from 132 days in 2001 to 350 days in 2012 (Figure 13).

Figure 13. Temporal variation in days of air quality level from 2001 to 2012 in Chengde.

3.5.2. Attribution of Atmospheric Environment Change

Air pollutants in Chengde originate mainly from industrial production and resident activities.
Because detailed information was not available, thus we can only roughly discuss the attribution.
The air pollutant concentrations and emissions in 2000–2012 in Chengde showed relatively low levels
compared with those in the adjacent areas and the country or provincial mean level (Figure 14).
The concentration of PM2.5 at Chengde station was 49.4 µg/m3, which is the second lowest value
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(Figure 14a) and 0.37 and 0.55 times the country and Hebei mean levels, respectively. The emissions
of SO2 and NOx (Figure 14b,c) showed the lowest level compared with the adjacent areas. The SO2

emission at Chengde station was 2.33 t/km2, which is close to the country mean level but only 33%
of the Hebei mean level. The NOx emission in Chengde was 64% and 21% of the country and Hebei
mean levels, respectively. The above analysis shows that the air quality in Chengde is substantially
better than that in the adjacent areas. A possible explanation is that Chengde is primarily a tourist
city with little industrial waste. Although severe air pollution is not generated in the city, pollutants
transported by atmospheric movement from adjacent areas can influence the air quality in Chengde.

Figure 14. Average level of air pollutant concentrations and emissions in 2000–2012 in Chengde and
adjacent areas: (a) PM2.5 concentration; (b) SO2 emission; (c) NOx emission.

3.6. Changes in Vegetation Growth and Attribution

3.6.1. Changes in Vegetation Growth Status

The changes in the vegetation growth status during 1982–2012 showed an obvious spatial
heterogeneity (Figure 15). At the annual scale (Figure 15a), the NDVI in the southeastern and central
regions presented increasing trends, accounting for 67.5% of total area in Chengde; more than 50% of
the area reached the significance level (p < 0.05).

Figure 15. Change trends in the normalized difference vegetation index (NDVI) in Chengde during
1982–2012: (a) annual scale; (b) spring; (c) summer; (d) autumn; (e) winter.

Moreover, the NDVI in the northwestern area including Fengning, Longhua, and Weichang a
showed decreasing trend, accounting for 32.5% of the total area. However, only 10.5% passed the
significance test. The overall pattern of vegetation growth change was similar to that reported in
previous research [16,18] in the neighboring areas of Chengde. The slight discrepancy in the change
trends and patterns can be attributed to the different research periods. For the spring (Figure 15b), the
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NDVI in more than 95% of Chengde showed a positive trend, with 75.8% reaching the significance
level. This result indicates that vegetation activities were enhanced. The areas showing negative trends
of NDVI were scattered in Longhua and Fengning counties. As shown in Figure 15c, a positive change
trend in summer appeared mainly in the central and southeastern areas, and the negative trend was
concentrated in the northwestern region including Fengning, Longhua, and Weichang. However, few
reached the significance level. In autumn (Figure 15d), more than 90% of the area showed a positive
change trend in NDVI, with 40.2% reaching the significance level. In winter (Figure 15e), more than
80% of Chengde experienced negative trends, and 49.5% passed the significance test (p = 0.05). This
result indicates that vegetation activities were fewer in winter.

3.6.2. Attribution of Vegetation Growth Status Change

Essentially, vegetation growth status is jointly influenced by climate variability and human activities.
Thus, we performed correlation analysis at the pixel scale to detect significant trends in climatic parameters
including annual mean temperature, annual precipitation, annual mean wind speed, and annual sunshine
hours (Table 6). Correlation analysis was performed between the variation trends of climate parameters
and the area (pixels) showing significant positive and negative vegetation change trends. The pixels with
significant negative trends of NDVI correlated significantly with trends in annual mean temperature and
annual precipitation (Table 6). All of the other correlation coefficients were not significant. A possible
explanation is that Chengde is a semi-arid area of China. Precipitation was the main influencing factor for
vegetation growth, and the correlation coefficient between precipitation and NDVI was larger compared
with that of temperature vs. NDVI. It should be noted that the correlation coefficient between the annual
mean temperature and NDVI with positive trends was relatively small and did not pass the significance
test. A possible cause is that this area experienced large-scale ecological construction, which accelerated
the vegetation restoration; thus, the vegetation growth was not controlled purely by natural conditions.
However, the negative trend of NDVI was caused mainly by climate variability and declines in temperature
and precipitation, particularly the latter. Since the early 1980s, a series of ecological engineering projects
was implemented in Chengde and in the neighboring areas. The largest of these projects, the Grain for
Green Project and the Beijing–Tianjin Sand Source Control Project, began in about 2000. As reported by
Yao et al [48], the total area of afforestation during 2000–2006 was 153,600 ha, which is expected to play a
positive role in vegetation restoration.

Table 6. Correlation between climate variation and significant vegetation change trends at the pixel
scale in Chengde.

Change Trends of NDVI Annual Mean
Temperature

Annual
Precipitation

Annual Mean
Wind Speed

Annual
Sunshine Hours

Significantly positive trend 0.125 0.396 ´0.165 0.196
Significantly negative trend ´0.499 ** ´0.633 ** ´0.201 0.253

Note: ** represents p < 0.05 significance level.

4. Discussion

4.1. Uncertainty in the Water Resources Change Attribution

Determination of the major driving factor for streamflow changes is very important for
future water resource planning and management decisions to ensure sustainable water resources
utilization [49]. Most research has indicated that human activities are the major causes of runoff
decrease in Haihe basin, with a contribution of more than 50% [50]. For the streamflow decrease in
Luan River, Wang et al [51] suggested that the contribution of human activities was 57%–67% and
that of climate variability was only 33%–43%. We drew similar conclusions. For changes in annual
streamflow in Chengde, human activities had larger effects and contributed 66.8%; climate change
contributed only 33.2%. It is important to note that a significant amount of uncertainty remains in this
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statistical assessment of climate and human activity on the water yield. In this study, we analyzed the
reduction of streamflow and separated the effects of climatic variability and human activity. However,
the values given in the tables represent average values over the baseline and the human-induced
periods and do not consider the range or variability of the values. In future research, we will consider
this aspect of the analysis.

4.2. Consistency between Local and Regional Vegetation Growth Change

The spatial patterns of trends in annual and seasonal NDVI in Chengde and the surrounding
areas for the period 1982–2012 are shown in Figure 16. A high degree of spatial heterogeneity was
detected that varied annually and seasonally. At the annual scale (Figure 16a), the NDVI trends were
positive in most areas, particularly in northern Shaanxi and Shanxi and in Hebei Province including
central and southeastern Chengde. However, decreasing trends were noted in the small sandy area of
southern Horqin and in adjacent areas including Weichang, Fengning, and Longhua counties.

Figure 16. Change trends of the normalized difference vegetation index (NDVI) during 1982–2012 in
Chengde and surrounding areas: (a) annual scale; (b) spring; (c) summer; (d) autumn; (e) winter.

In the spring (Figure 16b), NDVI trends were positive in most areas of the Beijing–Tianjin Sand
Source Region (BTSSR), particularly in Chengde. However, northern Liaoning, Jilin, and northeastern
Inner Mongolia showed decreasing trends. The summer NDVI showed a fragmented pattern
(Figure 16c) including increases in most areas of Chengde and in northern Shaanxi and Shanxi.
However, some regions experienced a decrease in summer NDVI, such as the desert grassland,
southern Greater Hinggan, and the sandy area of southern Horqin, which lies in Inner Mongolia. Most
areas in Chengde and provinces other than Inner Mongolia experienced a positive trend of autumn
NDVI during 1982–2012 (Figure 16d). The decreasing regions were included a southwest-to-northeast
band in the BTSSR. In winter (Figure 16e), the NDVI presented decreasing trends in most areas except
for eastern Hebei Province, the central part of the BTSSR, and other fragmented areas.
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The spatial patterns of annual and seasonal vegetation growth changes shown in Figure 16
were similar to those previously reported [52–54] during the same period. Liu et al [52] investigated
vegetation cover changes in China from 1982 to 2012 by using integrated GIMMS NDVI and Moderate
Resolution Imaging Spectroradiometer (MODIS) NDVI datasets. They reported significant increases
in the NDVI at the national scale (p < 0.05) during past three decades, particularly in northern China.
The two distinct periods were 1982–1997 and 1997–2012, with slopes of 1.2% and 0.6% per decade,
respectively. Qu et al. [53] used GIMMS NDVI3g datasets from 1982 to 2011 and linear trend analysis
to monitor vegetation activity in China during the growing season between the onset and end of plant
growth. They reported significant positive trends in some areas in northern China including Chengde
(p < 0.05), which experienced human-induced impacts. The intensive changes occurred in densely
populated and afforestation areas. Zhao et al. [54] also found increasing trends in greenness in the
Three North region of China during 1982–2000 and 2000–2013, particularly in the latter period, by
using a linear model and Mann–Kendall trend detection. Although small differences appeared in the
comparison of similar studies, the spatial patterns of vegetation change and trend are reliable because
the data source, processing method, and time span of dataset differed.

5. Implications of Environmental Change and Ecological Construction

Considering the intensive climate variability, human activities, and ecological conservation,
Chengde has great significance for investigating regional environment changes under a complicated
background. The water resources and water environment are of high importance, particularly
streamflow reduction and water pollution in the main rivers. Thus, adequate planning is necessary
to actively respond and adapt to the possible effects of future changes in climate, population growth,
and industrial development to ensure sustainable development and ecological safety. In particular,
the impacts of climatic and anthropogenic factors on water resources, the water environment, and the
atmospheric environment should be closely monitored. Moreover, the current ecological restoration
reflected by NDVI increases is the cumulative effect of ecological projects and climate variability;
however, the current restoration is only local and temporary and does not represent overall or
fundamental improvement. The current measures undertaken in ecological projects, such as tree
and grass planting, are relatively simple and rarely include soil remediation and the control of air and
water pollution. The public awareness of water conservation and environmental protection should
be enhanced in the future through education. Rapid population growth and industrial development
can be expected in future decades; thus, environment managers should pay particular attention to the
environmental impacts of such factors.

6. Conclusions

This study quantitatively assessed the environmental changes in Chengde city on the basis
of observation records of water resources, water environment, atmospheric environment, and
vegetation activity and investigated the possible causes. The main conclusions are summarized
in the following points:

(1) In Chengde, the annual mean temperature increased significantly from 1956 to 2011, and the
annual precipitation fluctuated severely. The most humid period, 1970–1980, was followed by the
driest period in 1980–1990.

(2) The land cover change in 2000–2010 was not obvious. In comparison with 1985 and 2010, the
main changes occurred in woodland, farmland, and residential areas, which were caused jointly
by ecological projects, urbanization, and population growth.

(3) The streamflow in Chengde presented a downward trend from the late 1950s to 2002, with an
abrupt change occurring in 1979. Streamflow reduction was induced jointly by climate variability
and human activities, with contributions of 33.2% and 66.8%, respectively.
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(4) In the period 2001–2012, clear upward trends were shown in the days of levels I and II air quality.
Moreover, the air pollutant concentrations and emissions in Chengde showed relatively low
levels compared with those in the adjacent areas and countries or provincial mean levels. That
is, the air quality improvement was significantly greater than that in the adjacent areas. The air
quality changes were closely related to pollutant emissions induced by anthropogenic activities.

(5) During 1993–2000, the pollutant of MnO4´ and volatile phenols at most stations maintained
stability. Hardness and NH3-N at more than 50% stations showed upward trends, and the BOD
at 70.6% stations showed downward trends, which is a sign of water quality deterioration. The
water quality began to improve after 2002, and the water quality above level III at monitoring
stations increased significantly. The water quality changes were closely related to pollutant
emissions induced by anthropogenic activities.

(6) The changes in vegetation growth in Chengde during 1982–2012 showed obvious spatial
heterogeneity. At the annual scale, vegetation in the southeastern and central regions presented
restoration trends, and the vegetation in the northwestern area showed a degradation trend.
The pixels with obvious degradation trends correlated significantly with the annual mean
temperature and annual precipitation. Ecological engineering also played a positive role in
the vegetation restoration.

Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/13/2/165/s1,
Table S1: Summary of hydrological characteristics in the Chengde city and neighboring basins, Table S2: Summary
of meteorological stations in the Chengde city and neighboring, Table S3: Summary of water quality monitoring
stations in the Chengde city and neighboring area, Table S4: Summary of air quality monitoring stations in the
Chengde city and neighboring area.

Acknowledgments: This work was supported by the National Natural Sciences Foundation of China
(No.41171420), the Key Research Program of the Chinese Academy of Sciences (KZZD-EW-04), the West Light
Foundation of The Chinese Academy of Sciences (2013-165-04), the External Cooperation Program of BIC, Chinese
Academy of Sciences (16146KYSB20150001), the European Commission Programme Horizon 2020 project (635750),
and National Key Basic Research Special Foundation of China (2014FY210100).

Author Contributions: Chong Jiang conceived of the research idea and designed the methodology; Chong Jiang
performed the analyses; and Chong Jiang and Fei Wang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. WMO; UNEP. Climate Change 2013: The Physical Science Basis, Summary for Policymakers. Available
online: https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WGIAR5_SPM_brochure_en.pdf (accessed
on 15 January 2016).

2. Ji, F.; Wu, Z.H.; Huang, J.P.; Chassignet, E.P. Evolution of land surface air temperature trend. Nat. Clim. Chang.
2014, 4, 462–466. [CrossRef]

3. Piao, S.L.; Ciais, P.; Huang, Y.; Shen, Z.; Peng, S.; Li, J.; Zhou, L.; Liu, H.; Ma, Y.; Ding, Y.; et al. The impacts of
climate change on water resources and agriculture in China. Nature 2010, 467, 43–51. [CrossRef] [PubMed]

4. Lutz, W.; Samir, K.C. Global human capital: Integrating education and population. Science 2011, 333, 587–592.
[CrossRef] [PubMed]

5. Pimentel, D.; Pimentel, M. Global environmental resources versus world population growth. Ecol. Econ. 2006,
59, 195–198. [CrossRef]

6. Ellis, E.C.; Ramankutty, N. Putting people in the map: Anthropogenic biomes of the world.
Front. Ecol. Environ. 2008, 6, 439–447. [CrossRef]

7. Mee, L.D.; Dublin, H.T.; Eberhard, A.A. Evaluating the Global Environment Facility: A goodwill gesture or a
serious attempt to deliver global benefits? Global Environ. Chang. 2008, 18, 800–810. [CrossRef]

8. Xu, J.T.; Yin, R.S.; Li, Z. China’s ecological rehabilitation: Unprecedented efforts, dramatic impacts, and
requisite polices. Ecol. Econ. 2006, 57, 595–607. [CrossRef]

9. Lu, Y.H.; Zhang, L.W.; Feng, X.M.; Zeng, Y.; Fu, B.J.; Yao, X.L.; Li, J.R.; Wu, B.F. Recent ecological transitions
in China: Greening, browning, and influential factors. Sci. Rep. 2015, 5. [CrossRef]

http://dx.doi.org/10.1038/nclimate2223
http://dx.doi.org/10.1038/nature09364
http://www.ncbi.nlm.nih.gov/pubmed/20811450
http://dx.doi.org/10.1126/science.1206964
http://www.ncbi.nlm.nih.gov/pubmed/21798940
http://dx.doi.org/10.1016/j.ecolecon.2005.11.034
http://dx.doi.org/10.1890/070062
http://dx.doi.org/10.1016/j.gloenvcha.2008.07.005
http://dx.doi.org/10.1016/j.ecolecon.2005.05.008
http://dx.doi.org/10.1038/srep08732.


Int. J. Environ. Res. Public Health 2016, 13, 165 21 of 22

10. Shi, Y.F.; Shen, Y.P.; Kang, E.S.; Li, D.L.; Ding, Y.J.; Zhang, G.W.; Hu, R.J. Recent and future climate change in
northwest China. Clim. Chang. 2007, 80, 379–393. [CrossRef]

11. Benayas, J.M.R.; Newton, A.C.; Diaz, A.; Bullock, J.M. Enhancement of biodiversity and ecosystem services
by ecological restoration: A meta-analysis. Science 2009, 325, 1121–1124. [CrossRef] [PubMed]

12. Bullock, J.M.; Aronson, J.; Newton, A.C.; Pywell, R.F.; Rey-Benayas, J.M. Restoration of ecosystem services
and biodiversity: Conflicts and opportunities. Trends Ecol. Evol. 2011, 26, 541–549. [CrossRef] [PubMed]

13. Allan, J.D. Joint analysis of stressors and ecosystem services to enhance restoration effectiveness. Proc. Natl.
Acad. Sci. USA 2013, 110, 372–377. [CrossRef] [PubMed]

14. Ma, T.; Zhou, C.H.; Pei, T. Simulating and estimating tempo-spatial patterns in global human appropriation of
net primary production (HANPP): A consumption-based approach. Ecol. Indic. 2012, 23, 660–667. [CrossRef]

15. Yin, R.S.; Yin, G.P. China’s primary programs of terrestrial ecosystem restoration: Initiation, implementation,
and challenges. Environ. Manag. 2010, 45, 429–441. [CrossRef] [PubMed]

16. Zhang, G.L.; Dong, J.W.; Xiao, X.M.; Hu, Z.; Sheldon, S. Effectiveness of ecological restoration projects in
Horqin Sandy Land, China based on SPOT-VGT NDVI data. Ecol. Eng. 2012, 38, 20–29. [CrossRef]

17. Gao, Z.Q.; Liu, J.Y.; Cao, M.K.; Li, K.R.; Tao, B. The land use and climate changes and their impacts on
productivity and carbon cycle of ecosystem in the agro–pastoral transitional zone. Sci. China D 2004, 34,
946–957.

18. Wu, Z.T.; Wu, J.J.; Liu, J.H.; He, B.; Lei, T.J.; Wang, Q.F. Increasing terrestrial vegetation activity of ecological
restoration program in the Beijing–Tianjin sand source region of China. Ecol. Eng. 2013, 52, 37–50. [CrossRef]

19. The National Geomatics Center of China. Dataset of Administrative Division in China. Available online:
http://www.ngcc.cn/ (accessed on 15 January 2016).

20. Consultative Group on International Agricultural Research´Consortium for Spatial Information
(CGIAR-CSI). What is CGIAR-CSI ? Available online: http://csi.cgiar.org/WhtIsCGIAR_CSI.asp (accessed
on 15 January 2016).

21. Li, J.Z.; Feng, P. Runoff variations in the Luanhe River Basin during 1956–2002. J. Geogr. Sci. 2007, 17, 339–350.
[CrossRef]

22. Hydrology and Water Resources Survey Bureau of Chengde City. Assessment of Water Resources in Chengde
City. Available online: http://wenku.baidu.com/ (accessed on 15 January 2016).

23. National Meteorological Data Sharing Service System. Daily Dataset of Climate Data in China. Available
online: http://data.cma.gov.cn/ (accessed on 15 January 2016).

24. National Aeronautics and Space Administration (NASA). GIMMS 3g. v0. Available online: http://ecocast.arc.nasa.gov/
data/pub/gimms/ (accessed on 15 January 2016).

25. Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences. Remote Sensing
Monitoring Data of Land Use in China. Available online: http://www.resdc.cn/ (accessed on 15 January 2016).

26. Hebei Province Environmental Protection Bureau. Hebei Province Environment Condition Bulletin
(2000´2012). Available online: http://www.hb12369.net/hjzlzkgb/ (accessed on 15 January 2016).

27. Chengde City Environmental Protection Bureau. Chengde City Environment Condition Bulletin (2002´2012).
Available online: http://www.cdhb.gov.cn/quality/index.aspx?classid=98/ (accessed on 15 January 2016).

28. Liu, J.Y.; Liu, M.L.; Zhang, D.F.; Zhang, Z.X.; Deng, X.Z. Study on spatial pattern of land-use change in China
during 1995´2000. Sci. China Ser. D 2003, 46, 1373–1384.

29. Liu, J.Y.; Liu, M.L.; Tian, H.Q.; Zhang, D.F.; Zhang, Z.X.; Zhang, W.; Tang, X.M.; Deng, X.Z. Spatial
and temporal patterns of China's cropland during 1990–2000: An analysis based on Landsat TM data.
Remote Sens. Environ. 2005, 98, 442–456. [CrossRef]

30. Liu, J.Y.; Kuang, W.H.; Zhang, Z.X.; Xu, X.L.; Qin, Y.W.; Ning, J.; Zhou, W.C.; Zhang, S.W.; Li, R.D.;
Yan, C.Z.; et al. Spatiao-temporal characteristics, patterns and causes of land-use changes in China since the
late 1980s. J. Geogr. Sci. 2014, 24, 195–210. [CrossRef]

31. Pinzon, J.; Tucker, C. A non-stationary 1981–2012 AVHRR NDVI3g time series. Remote Sens. 2014, 6,
6929–6960. [CrossRef]

32. Peng, S.; Piao, S.; Ciais, P.; Fang, J.; Wang, X. Change in winter snow depth and its impacts on vegetation in
China. Glob. Chang. Biol. 2010, 16, 3004–3013. [CrossRef]

33. Tucker, C.J.; Pinzon, J.E.; Brown, M.E.; Slayback, D.A.; Pak, E.W.; Mahoney, R.; Vermote, E.F.; Saleous, N.
An extended AVHRR 8-km NDVI dataset compatible with MODIS and SPOT vegetation NDVI data. Int. J.
Remote Sens. 2005, 26, 4485–4498. [CrossRef]

http://dx.doi.org/10.1007/s10584-006-9121-7
http://dx.doi.org/10.1126/science.1172460
http://www.ncbi.nlm.nih.gov/pubmed/19644076
http://dx.doi.org/10.1016/j.tree.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21782273
http://dx.doi.org/10.1073/pnas.1213841110
http://www.ncbi.nlm.nih.gov/pubmed/23248308
http://dx.doi.org/10.1016/j.ecolind.2012.05.026
http://dx.doi.org/10.1007/s00267-009-9373-x
http://www.ncbi.nlm.nih.gov/pubmed/19771465
http://dx.doi.org/10.1016/j.ecoleng.2011.09.005
http://dx.doi.org/10.1016/j.ecoleng.2012.12.040
http://dx.doi.org/10.1007/s11442-007-0339-8
http://dx.doi.org/10.1016/j.rse.2005.08.012
http://dx.doi.org/10.1007/s11442-014-1082-6
http://dx.doi.org/10.3390/rs6086929
http://dx.doi.org/10.1111/j.1365-2486.2010.02210.x
http://dx.doi.org/10.1080/01431160500168686


Int. J. Environ. Res. Public Health 2016, 13, 165 22 of 22

34. Hamed, K.H. Trend detection in hydrologic data: The Mann–Kendall trend test under the scaling hypothesis.
J. Hydrol. 2008, 349, 350–363. [CrossRef]

35. Liang, L.Q.; Li, L.J.; Liu, Q. Temporal variation of reference evapotranspiration during 1961–2005 in the
Taoer River basin of Northeast China. Agric. For. Meteorol. 2010, 150, 298–306. [CrossRef]

36. Liu, H.J.; Li, Y.; Josef, T.; Zhang, R.H.; Huang, G.H. Quantitative estimation of climate change effects on
potential evapotranspiration in Beijing during 1951–2010. J. Geogr. Sci. 2014, 24, 93–112. [CrossRef]

37. Du, J.; He, F.; Zhang, Z.; Shi, P. Precipitation change and human impacts on hydrologic variables in Zhengshui
River Basin, China. Stoch. Env. Res. Risk A. 2011, 25, 1013–1025. [CrossRef]

38. Allen, R.G.; Pereira, L.S.; Raes, D.; Martin, S. Crop Evapotranspiration–Guidelines for Computing Crop Water
Requirements—FAO Irrigation and Drainage Paper 56. Available online: https://appgeodb.nancy.inra.fr/
biljou/pdf/Allen_FAO1998.pdf (accessed on 15 January 2016).

39. Koster, R.D.; Suarez, M.J. A simple framework for examining the interannual variability of land surface
moisture fluxes. J. Clim. 1999, 12, 1911–1917. [CrossRef]

40. Milly, P.C.D.; Dunne, K.A. Macroscale water fluxes 2. Water and energy supply control of their inter-annual
variability. Water Resour. Res. 2002, 38. [CrossRef]

41. Amisigo, B.A.; van de Giesen, N.; Rogers, C.; Andah, W.E.I.; Friesen, J. Monthly streamflow prediction in the Volta
basin of West Africa: A SISONARMAX polynomial modelling. Phys. Chem. Earth 2008, 33, 141–150. [CrossRef]

42. Pettitt, A.N. A non-parametric approach to the change-point problem. J. Appl. Stat. 1979, 28, 126–135. [CrossRef]
43. Zhang, L.; Dawes, W.R.; Walker, G.R. Response of mean annual evapotranspiration to vegetation changes at

catchment scale. Water Resour. Res. 2001, 37, 701–708. [CrossRef]
44. Sun, G.; McNulty, S.G.; Amatya, D.M.; Skaggs, R.W.; Swift, L.W.; Shepard, J.P.; Riekerk, H. A comparison of

the hydrology of the coastal forested wetlands/pine flatwoods and the mountainous uplands in the southern
US. J. Hydrol. 2002, 263, 92–104. [CrossRef]

45. Sun, G.; McNulty, S.G.; Lu, J.; Amatya, D.M.; Liang, Y.; Kolka, R.K. Regional annual water yield from forest
lands and its response to potential deforestation across the southeastern United States. J. Hydrol. 2005, 308,
258–268. [CrossRef]

46. Ministry of Environmental Protection of China (MEP). Environmental Quality Standards for Surface Water
(GB3838–2002); MEP: Beijing, China, 2002; pp. 1–9.

47. Ministry of Environmental Protection of China (MEP). Ambient Air Quality Standards (GB 3095–2012); MEP:
Beijing, China, 2012; pp. 1–6.

48. Yao, Q.L.; Lu, G.Q.; Du, J.; Tan, X.Q. Evaluation of ecological benefits from returning land for farming to
forestry in Chengde City. J. Agric. Univ. Hebei 2009, 32, 57–61. (In Chinese).

49. Fu, G.B.; Chen, S.L.; Liu, C.M.; Shepard, D. Hydro-climatic trends of the Yellow River basin for the last 50
years. Clim. Chang. 2004, 65, 149–178. [CrossRef]

50. Bao, Z.X.; Zhang, J.Y.; Wang, G.Q.; Fu, G.B.; He, R.M.; Yan, X.L.; Jin, J.L.; Liu, Y.L.; Zhang, A.J. Attribution for
decreasing streamflow of the Haihe River basin, northern China: climate variability or human activities?
J. Hydrol. 2012, 460–461, 117–129. [CrossRef]

51. Wang, W.; Shao, Q.; Yang, T.; Peng, S.; Xing, W.; Sun, F.; Luo, Y. Quantitative assessment of the impact of
climate variability and human activities on runoff changes: A case study in four catchments of the Haihe
River basin, China. Hydrol. Process. 2013, 27, 1158–1174. [CrossRef]

52. Liu, X.F.; Zhu, X.F.; Pan, Y.Z.; Li, Y.Z.; Zhao, A.Z. Spatiotemporal changes in vegetation coverage in China
during 1982–2012. Acta Ecol. Sin. 2015, 35, 5331–5342.

53. Qu, B.; Zhu, W.B.; Jia, S.F.; Lv, A.F. Spatio-temporal changes in vegetation activity and its driving factors
during the growing season in China from 1982 to 2011. Remote Sens. 2015, 7, 13729–13752. [CrossRef]

54. Zhang, Y.; Peng, C.H.; Li, W.Z.; Tian, L.X.; Zhu, Q.A.; Chen, H.; Fang, X.Q.; Zhang, G.L.; Liu, G.B.;
Mu, X.M.; et al. Multiple afforestation programs accelerate the greenness in the “Three North” region
of China from 1982 to 2013. Ecol. Indicat. 2015, 61, 404–412. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jhydrol.2007.11.009
http://dx.doi.org/10.1016/j.agrformet.2009.11.014
http://dx.doi.org/10.1007/s11442-014-1075-5
http://dx.doi.org/10.1007/s00477-010-0453-5
http://dx.doi.org/10.1175/1520-0442(1999)012&lt;1911:ASFFET&gt;2.0.CO;2
http://dx.doi.org/10.1029/2001WR000760.
http://dx.doi.org/10.1016/j.pce.2007.04.019
http://dx.doi.org/10.2307/2346729
http://dx.doi.org/10.1029/2000WR900325
http://dx.doi.org/10.1016/S0022-1694(02)00064-1
http://dx.doi.org/10.1016/j.jhydrol.2004.11.021
http://dx.doi.org/10.1023/B:CLIM.0000037491.95395.bb
http://dx.doi.org/10.1016/j.jhydrol.2012.06.054
http://dx.doi.org/10.1002/hyp.9299
http://dx.doi.org/10.3390/rs71013729
http://dx.doi.org/10.1016/j.ecolind.2015.09.041
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Data and Methods 
	Overview of the Research Area 
	Data and Processing 
	Methods 
	Indicator System for Environmental Change Assessment 
	Mann–Kendall Trend Detection 
	Mann–Kendall Change-Point Analysis 
	Evapotranspiration Estimation with the FAO Penman–Monteith Equation 
	Estimating the Impact of Climate Variability on Streamflow 
	Vegetation Growth Change and Trend Estimation 
	Correlation Analysis between Vegetation Cover and Climatic Factor 


	Results 
	Climatic Change 
	Land Use/Land Cover Change 
	Water Resources Change and Attribution 
	Trend and Change Point in Annual Streamflow 
	Attribution of Water Resources Change 

	Water Environment Change and Attribution 
	Water Environment Change 
	Attribution of Water Environment Change 
	Soil Loss (Sediment Load) Change and Attribution 

	Atmospheric Environment Change and Attribution 
	Atmospheric Environment Change 
	Attribution of Atmospheric Environment Change 

	Changes in Vegetation Growth and Attribution 
	Changes in Vegetation Growth Status 
	Attribution of Vegetation Growth Status Change 


	Discussion 
	Uncertainty in the Water Resources Change Attribution 
	Consistency between Local and Regional Vegetation Growth Change 

	Implications of Environmental Change and Ecological Construction 
	Conclusions 

