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Abstract: Spatiotemporal changes in the surface area of inland water bodies have important
implications in regional water resources, flood control, and drought hazard prediction. Although
inland water bodies have been investigated intensively, few studies have looked at the effect of human
activities and climate variability on surface area of inland waters at a larger scale over time and space.
In this study, we used MODIS (MOD13Q1) images to determine water surface area extent at 250 m
spatial resolution. We then applied this algorithm with MOD13Q1 images taken at 16-day intervals
from 2000 to 2018 to a large river basin in China’s northeast high latitude region with dense stream
network and abundant wetlands to investigate spatiotemporal distribution and dynamics of inland
water bodies. The study identified 209 ponds, lakes, and reservoirs with an average total surface
area of 2080 km2 in the past 19 years. The total water surface area fluctuated largely from 942 km2 to
5169 km2, corresponding to rainfall intensity and flood. We found that the total water surface area in
this high latitude river basin showed an increasing trend during the study period, while the annual
precipitation amount in the river basin also had an increasing trend concurrently. Precipitation and
irrigation significantly contributed to the monthly change of water surface area, which reached the
highest during June and August. The increase of water surface area was significant in the lower
basin floodplain region, where agricultural irrigation using groundwater for rice production has
progressed. Four nationally important wetland preserves (Zhalong, Xianghai, Momoge, and Chagan
Lake) in the river basin made up nearly 50% of the basin’s total water surface area, of which Zhalong,
Xianghai, and Momoge are designated by The Ramsar Convention as wetland sites of international
importance. Seasonally, these water bodies reached their maximal surface area in August, when
both the monsoon weather and agricultural discharge prevailed. This study demonstrates that water
surface area in a high latitude river basin is affected by both human activities and climate variation,
implying that high latitude regions will likely experience more changes in surface water distribution
as global climate change continues and agriculture becomes intensified.

Keywords: surface water area; wetlands; Anthropocene; global climate change; satellite remote
sensing; MODIS; Nenjiang River Basin
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1. Introduction

Inland surface water accounts for only a small portion of the entire hydrosphere on Earth [1–3].
However, it plays a vital role in sustaining aquatic and terrestrial lives, including humanity, as it
provides drinking water, agricultural irrigation, industrial use, fisheries, and wildlife habitats [4].
These waterbodies are also sites of active biogeochemical processing [2] and can play a critical role in
aquatic–atmospheric carbon exchange [5–8]. Furthermore, surface water areal extent is an important
indicator of flood and drought. Global climate change can alter the availability and distribution of
water resources, thus increasing pressure on freshwater supplies and causing water shortages for
human use and socio-economic development [9,10]. Reliable assessment of surface water storage
and understanding the factors affecting its fluctuation is key to water resources management [11,12].
A recently developed global data of inland water bodies suggested that there were approximately
117 million lakes on Earth with a surface area of about 5 million km2 or ~3.7% of the Earth’s non-glaciated
land area [13]. Dynamic change of these water bodies could have important impacts on regional floods
and/or droughts, which pose great challenges all over the world [14]. Although the knowledge is
well recognized, our understanding of water body dynamic changes over large space and time scales
is rather limited. Especially, little is known about the effect of human activities and global climate
change on inland water at large space and time scales, knowledge that can be crucial for regional water
resources and hydrological disaster planning and management.

Over the past few decades, remote sensing technology has advanced significantly, providing
frequent image coverage over the Earth’s surface [12,15,16]. Together with computational and software
advancement, satellite image data can help facilitate large-scale assessment on the dynamics of surface
water bodies [17]. The United States National Aeronautics and Space Administration (NASA) provides
MODIS Land data products that can be used to track changes in surface water. The products include
MOD13Q1 and MOD44W data; the former is a 16-day 250 m vegetation index product, respectively [18],
while the latter is the water surface product data of MODIS with a global coverage and a spatial
resolution of 250 m with annual datasets [19]. In the past, many studies used Landsat data to
estimate long-term water body changes because of the dataset’s high spatial resolution [15]. When
compared with Landsat data, MODIS has higher temporal resolution, and the Normalized Difference
Vegetation Index (NDVI) data derived from MOD13Q1 can be applied to extracting information on
water bodies [20]. Using MOD13Q1 data, more detailed analysis can be achieved for large-scale
changes in water surface area over both seasonal and interannual scales.

Very recently, two studies [21,22] used MODIS images to assess characteristics of large-scale
inland water bodies over a decadal time span. These studies demonstrated the great usefulness of
MODIS images in investigating inland water bodies at large geographical scales with different climatic
and terrain conditions. However, the studies almost solely focused on the technical aspects of data
retrieving, image processing, and mapping accuracy, without analyzing which factors may have
influenced the changes in water bodies. In the recent decade, it has been increasingly recognized that
global climate change is expected to have stronger effects on water resources in higher latitude regions.
These regions are snow- and/or glacial-dominated and, hence, will be more strongly affected by a
warming climate [23–25]. The warming can in turn lead to more human activities in higher-latitude
regions, such as agricultural production, dam construction for irrigation and flood control, and
urbanization, as already evidenced by the large areal conversion of wetlands to agricultural cropland
in North China [26,27]. It is not clear how a combination of future global climate change and human
activity would impact water surface area in the world’s higher-latitude regions. Such information is
needed for researchers, practitioners, and policy makers to identify critical needs in water resources
and develop effective sustainable management strategies and plans.

With this in mind, this study aimed to investigate the effect of human activity and climate
variability on inland water bodies in a higher latitude region. Our initial hypothesis was that both
climate change and human activity in this region would increase water surface area, and that the
contribution of human activity to this would be greater. To test this hypothesis, we used a large
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river basin in China’s far northeast cold region, the Nenjiang River Basin (NRB), as a case study to
understand how these two factors can affect spatiotemporal dynamics of inland water surface area.
Specifically, the study was to: 1) determine the surface water area of all water bodies that were greater
than 1 km2 over the period from 2000 to 2018 in the Nenjiang River Basin using MOD13Q1 images;
2) analyze spatiotemporal variation patterns of these water bodies over the past 19 years; and 3)
investigate the influence of human activity on water surface area and the response of water bodies
with different area sizes to climate variability.

2. Methods

2.1. Study Area

The Nenjiang River flows southward for 1370 km with a total drainage area of 297,000 km2.
Geographically, the river basin covers the area of latitude 43.6–51.2◦N and longitude 118.4–128.9◦ E
(Figure 1) and is among China’s high latitude regions with many wetlands and open water bodies.
In climate change studies, surface water plays a vital role in securing the region’s agricultural and
domestic water uses, as well as maintaining ecological integrity [28,29]. The Nenjiang River Basin is
located in a semi-arid region, which belongs to the temperate continental monsoon climate, with cold
and dry winters, warm and rainy summers, dry springs, and rapid cooling autumns. Based on the
topography and river network, the NRB can be divided into upper, middle, and lower sub-basins.
The upper NRB is mountainous, with long narrow river valleys covered by forests. The middle NRB
presents a transitional zone from hills to floodplains, with pastureland and increased agricultural
cropping. The lower NRB is composed of floodplains with braided channels and widespread
wetland areas, including the Zhalong wetland and Xianghai wetland, listed on the international list of
important wetlands, as well as two national nature preserves; the Momoge wetland and Chagan Lake
wetland preserves.
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Figure 1. (a) Geographical location and (b) land use of the Nenjiang River Basin, Northeast China, with
four large open water bodies, including the Zhalong wetland, Xianghai wetland, Momoge wetland,
and Chagan Lake.

From 1956 to 2010, the annual average temperature in the NRB was about 2.1 ◦C and the annual
average precipitation was 455 mm. About 70%–80% of the annual precipitation occurred during the
summer, causing floods in the season [30,31]. The NRB is an important commodity grain base in
China because of its rich cultivated land resources, good matching of water and soil, and suitable
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photothermal conditions. The main land use types of the NRB are forest (35.44%) and farmland (30.88%).
The remaining area of the NRB is covered by grassland (20.08%) and wetlands (6.25%) [10]. In 2010,
the cultivated land area was 81,140 km2, or 0.51 ha per capita; far higher than the national average. The
effective irrigated area of farmland was 22,273 km2, of which the grain area was 20,436 km2. The actual
irrigation area was 17,335 km2, of which 4345 km2 were paddy fields. The NRB is also an important
ecological protection area for the many important wetland preserves. In 2005, a dam, named Nierji
dam, was built across the Nenjiang River at Nierji Basin, approximately 585 km from its outlet, creating
a large reservoir. This dam is the only flow control on the mainstream of the Nenjiang River and is an
important flood control project for the downstream basin. The Nierji dam has a total storage capacity
of 86.1 × 108 m3 and the area of the river basin above the dam site is 66,400 km2, accounting for 22.4%
of the total area of the Nenjiang River Basin.

2.2. MODIS Image Collection

In this study, we used MODIS satellite images (MOD13Q1 products), acquired during the period
of late April–late September from 2000 to 2018. The selection excluded the period of snow and ice
cover during the winters. Four scenes of the MOD13Q1 data were needed to cover the study area
(Figure 1) and, for the 19 study years, a total of 836 scenes were used. The MOD44W product data were
available from 2000 to 2015 and were downloaded from NASA’s Level-1 and Atmosphere Archive and
Distribution System (LAADS) [32]. In this study, 64 scenes of MOD44W were collected for validation.

2.3. Ancillary Data

Daily precipitation, maximum and minimum temperature, wind speed, and sunshine hour data
of 16 meteorological stations in the Nenjiang River Basin were gathered for 2000–2018 from the China
Meteorological Data Sharing System [33] (http://data.cma.cn/). Potential evapotranspiration (PET) was
calculated using the Penman–Monteith equation [34]. The observed meteorological data and PET were
used to explore the relationship between the water surface extent and meteorological factors.

We used water withdrawal data downloaded from the global gridded monthly sectoral water use
dataset developed by Huang et al. [35]. The dataset covered the period from 1971 to 2010. The gridded
water withdrawal dataset was freely available and was used to verify the accuracy of water collection
in spatial and temporal analysis. In this study, we used the database associated with precipitation
and evaporation data to quantify the impact of global climate change on the water surface area of
the NRB. We also used the information on water use of irrigation, domestic, electricity generation,
livestock, mining, and manufacturing sectors to reflect the effect of human activity on water resources
in the basin.

2.4. Image Analysis

In this study, the MOD13Q1 data were first processed by the MODIS Reprojection Tool (MRT),
including splicing and projection [32]. The remote sensing images were then further processed by
an Interactive Data Language (IDL) batch program to delineate water body using a threshold value
derived from the MOD13Q1 data. Specifically, NDVI extracted from MOD13Q1 was processed by MRT.
Based on point selection statistics, the NDVI values for river and lake water bodies were −0.3 and
the NDVI values for other areas, such as vegetation or bare land, were greater than 0. Therefore, the
threshold value was set to 0 for extracting the water body, i.e., the area with an NDVI value of less than
0 was classified as a water body, while the area with an NDVI value of greater than 0 was classified as
a non-water body. The second step was done by delineating the preliminary water boundary by using
this threshold. The third step acquired the annual water surface mask, which is used to eliminate other
interfering information that may affect the final lake water surface mapping.

http://data.cma.cn/
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We calculated the drowning frequency (WIF) of each pixel, with respect to the total time series, by
superposition of multiple maps, using the following formula [14,36]:

WIF =

∑N
i=1(εi = 1)

N
∗ 100% (1)

where N is the number of total time series water surface area maps, I is the corresponding ith water
surface area map, and εi is the corresponding pixel value of the ith water map. According to the
continuous MODIS time series, the WIF of the NRB was calculated and divided it into four classes:
0%–25%, 25%–50%, 50%–75%, 75%–100% [37,38].

2.5. Statistical Analysis

Regression analysis was used to determine the relations of water surface area with precipitation
and evaporation. The coefficient of variation of seasonal and annual surface areas were calculated to
assess areal fluctuation of water bodies. The statistical analyses were performed with Microsoft Excel
2016 (Microsoft Corporation, Redmond, WA, USA). The boxplot diagram of annual and monthly water
area variation was plotted using Origin Lab Pro 2019 (Origin Lab Corporation, Northampton, MA,
USA). Analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) tests [39] were
performed to detect significant levels for the correlation between two datasets and datasets change
trend, such as the extracted water surface area and reference data.

Water surface area alteration was highly variable across the Nenjiang River Basin, as indicated
by the climate variability and anthropogenic activities. In this study, we aggregated precipitation
and evaporation as climate variability and aggregated irrigation, domestic, electricity generation,
livestock, mining, and manufacturing as anthropogenic activities. According to the definitions by the
United States Geological Survey (USGS) and the United Nation Food and Agriculture Organization
(FAO), domestic water withdrawal here represents the water use for indoor household purposes,
outdoor purposes, and for industries and urban agricultures that are connected to the municipal
system [35]. Boosted regression tree (BRT) models [40,41] were used to investigate the relationship
of water surface area with the climatic and anthropogenic factors in the NRB. BRT is a machine
learning method, which adds many simple single regression trees and takes the average value to form a
collective model to improve prediction performance [40–42]. The BRT models were downloaded from
https://cran.r-project.org/web/packages/gbm/index.html and were performed in R 3.6.2 for Windows
(R Foundation for Statistical Computing, Vienna, Austria).

2.6. Validation

The MOD44W data were used as reference data to validate the water surface area extracting
results (Figure 2). In this study, we downloaded all MOD44W data of the NRB from 2000 to 2015. It was
used to verify the water surface area extracted by the NDVI threshold method in MOD13Q1 product
data. The water surface area extracted by the NDVI threshold method was synthesized into 16 annual
water areas from 2000 to 2015. Two sets of annual water area data in NRB were regressed, and R2 was
0.93. Hence, the extracted and reference data showed a good fit and can be used to quantitatively
assess surface area variation in the NRB.

In summary, data analysis of this study included three major steps: (1) extraction and verification
of water surface area; (2) correlation analysis of water surface area and meteorological elements; and (3)
analysis of contribution of driving water surface area dynamic change by the BRT model. The approach
is schematically shown in Figure 3.

https://cran.r-project.org/web/packages/gbm/index.html
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Figure 3. Schematic flow chart presenting the overall approach of the study. T MODIS Vegetation
Indices 16-day L3 Global 250 m (MOD13Q1). MODIS 250 m land-water mask (MOD44W). Potential
evapotranspiration (PET).

3. Results

3.1. Spatial Distribution of Water Surface Area

There appeared to be spatial and interannual changes in water surface before and after 2005,
where the Nenjiang River Basin was dammed at Nierji (Figure 4a), creating a large reservoir upstream.
The maximum area that surface water inundated at least once during pre-dam construction and after
the dam construction was 6373 km2 and 8858 km2, respectively. The average area of the Nierji reservoir
was 455 km2, accounting for 18% of the additional area. It is apparent that the river channel between the
Nierji Dam and the Momoge wetland had inundation changes after the dam construction (Figure 4a).
A large flood occurred in 2013, inundating much of the downstream channel below the Nierji Dam.



Water 2020, 12, 382 7 of 17

However, the main channel of Nenjiang river changed little before and after the construction of the
dam (Figure 4a).
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Figure 4. Distribution of open waterbody surface in the Nenjiang River Basin, Northeast China, during
(a) pre-dam 2000–2004 and post-dam 2006–2018 periods and (b) in the spring and summer.

The surface area of waterbodies in the basin showed a clear seasonal fluctuation (Figure 4b,
Table 1). The main channel of Nenjiang river was wider in the summer than in the spring, but the
Zhalong lake group, Xianghai wetland, Momoge wetland, and Chagan Lake did not show a significant
change in size between the two seasons. In this study, statistical analysis was conducted on water
bodies with water area greater than 1km2 in the NRB. Because the resolution of remote sensing data was
250 m, the water area less than 1 km2 was difficult to identify, and even if identified, it was impossible
to accurately determine their changes. Therefore, only the ponds, lakes, and reservoirs that were larger
than 1 km2 were selected for statistical analysis. The size of most water bodies increased after the Nierji
Dam was constructed, resulting in an increase of the total surface water area from 1627 km2 before
2005 to 2080 km2 in the post-dam period. The main increase was the dammed reservoir. Additionally,
most waterbodies downstream of the dam increased, especially the Zhalong lake group (Table 1).
The Zhalong lake group water body and Momoge wetland increased by 58 km2 and 42 km2, i.e., from
463 km2 to 521 km2 and 53 km2 to 95 km2, respectively (Table 1), while the percentage of their areal
contribution to the total water surface area had little change.

In the NRB, there was a large number of reservoirs and ponds of water bodies in different sizes.
During 2000−2018, the number of open water bodies greater than 1 km2 in the NRB fluctuated from
60 to 142. A wide range of surface waterbodies were concentrated in the middle and lower reaches
of the NRB. Most water bodies, 57%, were smaller than 5 km2, and about 21% of water bodies were
within 5–10 km2 (Figure 5).
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Table 1. Mean surface areas (± standard deviation) of open waterbodies in the Nenjiang River Basin
(NRB), Northeast China, before and after the construction of the Nierji Dam in 2005.

Waterbody Before (km2) Percentage (%) After (km2) Percentage (%) Change (km2)

Zhalong lake
group 463 ± 66 28 521 ± 44 25 +50

Chagan 301 ± 7 18 293 ± 21 14 −8
Momoge 53 ± 27 3 95 ± 22 4 +42
Xianghai 48 ± 5 3 49 ± 5 2 +1
Others 762 ± 217 48 1122 ± 194 55 +360

NRB Water area 1627 100 2080 100 +453
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Figure 5. Frequency of 209 water bodies (>1 km2) in five size classes in the Nenjiang River Basin,
Northeast China. Each boxplot illustrates the median and inter-quartile range and the whiskers indicate
minimum and maximum values.

3.2. Seasonal Change of Water Surface Area

Water surface area in the Nenjiang River Basin varied greatly from April to September each year
(Figure 6). The average total water surface area in April was about 2700 km2, followed by a decrease to
approximate 1600 km2 in June and then a steady increase to about 2800 km2 in September. During July
and September of 2013, rainfall was extremely higher in the region, causing large-scale flooding, with a
total water surface area of greater than 5000 km2 over several months (Figure 6). The total precipitation
from July to September 2013 from all meteorological stations averaged 276 mm in the NRB.
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Figure 6. Changes in the total water surface area during late April and late September in the Julian day
number (i.e., a non-frozen period) in the Nenjiang River Basin, Northeast China. Red solid dots denote
the areas during the extreme flood event in 2013. Each boxplot illustrates the median and inter-quartile
range and the whiskers indicate minimum and maximum values.

3.3. Interannual Trend of Water Surface

The surface area of each and all open water bodies in the Nenjiang River Basin was calculated
every 16 days continuously for the period from 2000 to 2018, with a total of 209 time series of data.
Over the past 19 years, there showed an increasing trend of total water surface area in the river basin
(Figure 7). The largest water surface area occurred in August 2013, with a corresponding area of
5169 km2, and the smallest water surface area occurred in July 2003, with an area of 942 km2. During
the 19-year study period, annual precipitation increased significantly (p < 0.05) and the increasing
trend was more pronounced than the increasing trend of the water surface area (Figure 7).
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Figure 7. Time series of total open water surface area each 16 days (blue) and annual precipitation
(orange) in the Nenjiang River Basin, Northeast China, from 2000 to 2018.

The largest water surface area in the Nenjiang River Basin occurred in 2013, with the maximum,
median, and minimum values of 5169, 3610, and 2323 km2, which were all the highest for the 19 study
years (Figure 8). The following five years (i.e., 2014–2018) also showed relatively large water surface
areas with an average total waterbody area greater than the 19-year average. The average water surface
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area in 2002, 2001, 2008, 2004, and 2005 was 20% smaller than the 19-year average, corresponding to
the dry summers of these five years.
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Figure 8. Annual average and variation of the total open water surface area during 2000 and 2018 in
the Nenjiang River Basin, Northeast China. The red line shows the average surface area before 2005
and the blue line shows the average after 2005. Each boxplot illustrates the median and inter-quartile
range and the whiskers indicate minimum and maximum values.

3.4. Coefficient of Variation of Waterbody Surface Areas

As shown above, the water surface areas of the open waterbodies in the Nenjiang River Basin
fluctuated largely. The fluctuation appeared to be correlated with the waterbody size: The larger
a waterbody was, the smaller the fluctuation was, as presented in the coefficient of variation (CV),
depicted in Figure 9. Small waterbodies (i.e., <1 km2) had a wide CV, varying from 15% to 90%, and
large waterbodies (>20 km2) had comparably a much narrower CV (10% to 35%). The relationship of
fluctuation with waterbody size was negatively exponential.
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Figure 9. Coefficient of variation (%) of lakes and reservoirs in the Nenjiang River Basin, Northeast
China, in relation with their surface areas (km2). The power function presents the numeric relationship
between the coefficient of variation (CV) and the water surface area. The Y-axis indicates that the CV
shrank 100 times.
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4. Discussion

4.1. Climate Effect on Water Surface Changes

The China Blue Book on Climate Change reported a slight increasing trend in precipitation in
China from 1961 to 2018 [43]. Zheng et al. [44] found that annual precipitation in the Nenjiang River
Basin showed a rapid increasing trend during the post Nierji dam period. Li et al. [29] reported a
steady increase of air temperature in the region from 1960 to 2010 (data not shown here), as well as
an increase of precipitation from 2000 to 2010, but the average precipitation during 2000–2010 was
lower than those in the previous decades. In a recent study conducted in the nearby Inner Mongolia
grassland, Zhang et al. [45] reported a close association of lake area with global climate change. Some
other studies [46,47] also found that global climate change could have a significant effect on the area of
lakes, but the change could be different in an arid or permafrost region. Most inland lakes are fed by
seasonal snowmelt and rainfall, so they are sensitive to the amount of water flowing into the lakes and
evaporation losses from the surface. Lake area could undergo large fluctuations because of various
water inputs and outputs caused by changes in climate-related parameters; these fluctuations should
be considered in future hydroclimatic and hydrological studies [45]. Generally, precipitation could be
regarded as water inputs and evaporation could be regarded as water outputs.

In our study, the linear relation of the annual total water surface area (September minus April
water surface area), with the precipitation amount and potential evapotranspiration, was analyzed
during the non-frozen period (Figure 10). The water surface area corresponded positively (0.78) with
the precipitation amount and negatively (−0.71) with the PET. Among the 19 study years, maximum
water surface area occurred mostly between late July and August, which is the late wet season [48,49].
The months with the largest water surface area did not coincide with the peak rainy months (April to
June). This can be explained from spring snowmelt, which affects the water area in the NRB to a large
extent [50]. From March to April, the temperature change affected the snowmelt flood, which may be
the reason for the large water area in April [51]. In addition, the maximum water surface area is an
accumulated effect and thus there may be a lag from the precipitation [48].
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Figure 10. The relationship of changes in water surface area between April–September with (a)
cumulative precipitation during the period and (b) cumulative potential evapotranspiration (PET).

The response of lake surface area to climate related variables have rarely been compared to human
activity. In this study, we found that, from 2000 to 2018, the Zhalong and Momoge wetlands had
the largest increase in water surface area, while the Chagan and Xianghai wetlands remained nearly
unchanged (Table 1, Figure 11). This may be explained by a combined effect of climate and human
activity (see next discussion section) on lake water surface area. The proximity of the Zhalong and
Momoge to the river may have made the water bodies more influenced by increased precipitation.
During this period, the surface area of other water bodies near the river network have also increased
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significantly (Table 1). These water bodies showed much higher seasonal variation (Figures 9 and 11),
indicating their dependency in precipitation.
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Figure 11. Nenjiang Basin 2000–2018 inundation frequency and its spatial distribution map. (a) Zhalong
wetland, (b) Nierji reservoir, (c) Xianghai wetland, (d) Chagan Lake, and (e) Momoge wetland.

4.2. Anthropogenic Impact on Water Surface Changes

Climate was not the only factor responsible for the change in water surface area in the Nenjiang
River Basin. We found a WIF of >40% in the Zhalong wetland, which was close to the dammed
reservoir, accounting for a large proportion of the whole stable water body in the river basin. Previous
studies have shown that the dam has a great impact on the wetland in the basin before and after its
completion, including the changes of vegetation and water resources (water surface area, flow, and
water level) [52,53]. The dynamics of lakes in the basin presents a distinct spatial pattern, which is
manifested by the difference in the coefficient of variation of lake areas in the NRB. This comparison
shows that the water surface area of lakes, ponds, and reservoirs in the river basin is not only susceptible
to local meteorological changes, but also to intensified human water regulations from both the upstream
Nenjiang main stem [54] and downstream water diversion projects.

In addition to their proximity to the Nenjiang River, the water surface area changes of the
Zhalong and Momoge wetlands are also affected by human activity (Figure 12). A so-called “Wetland
Emergency Water Replenishment Project (WEWRP)” was carried out by diverting river water to these
wetland areas [55]. Through a middle river diversion project, water from the Nenjiang River has
been introduced into the WEWRP since 2001, helping maintain and/or keep sufficient water supply
to the wetlands. The Momoge wetland area includes a reservoir, the Yueliang Reservoir, as well as a
section of the Nenjiang River, leading to the fact that part of the water area in the Momoge wetland is
directly affected by human activity. Since 2012, the Xianghai wetland has launched a “River and Lake
Connection Project,” which connects the river with reservoirs and bogs through artificial canals and
uses rain flood resources to replenish water for the Xianghai wetland regularly [56]. This is why the
Xianghai wetland shows a clear increase in water surface area after 2012. The Chagan Lake surface
area appeared to be little changed because its water level was controlled by an overflow dam built at
its west end. When the water level reached the upper limit, overflow occurred, and the lake regularly
received discharge from rice paddies in the drainage area [56,57].
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Figure 12. Fluctuation of water surface areas in Zhalong, Xinghai, Momoge, and Chagan in the
Nenjiang River Basin, Northeast China, during the past 19 years.

Most of the changes in water surface area can be attributed to human activity, of which agricultural
irrigation is the main factor. Previous studies reported that more than 31.77% of northeastern
China’s cropland is irrigated [58,59]. There are three main sources of irrigation water: rivers, lakes,
and groundwater [60]. Irrigation water is mainly used from May through July. Groundwater is a
key component for water resources for the Songnen Plain, an important agricultural basement in
China, which includes the lower NRB. Groundwater provides a reliable source to sustain agricultural
production. Agriculture, the main consumer of water resources, generally consumes more than 70%
of all groundwater exploitation [61]. However, the groundwater irrigation in the Songnen Plain is
exploited, and the surface water irrigation recharge is 3.52% [62]. This is the main reason why, from
late May to early July, the water surface area keeps descending in the NRB, and receding farmland
caused the surface water area to increase in September (Figure 6).

The natural ponds and lakes seem to have a more regular variation than the artificial reservoirs.
Coefficient values of two power functions indicated that the natural ponds and lakes seem to have a
more regular variation than the artificial reservoirs (Figure 13). This may reflect that the man-made
reservoirs are frequently used for irrigation or other agricultural uses. On the other site, natural bubble
marshes and lakes are less affected by human control, and their coefficient of variation is more closely
correlated with water surface area.

Water 2020, 12, x 13 of 17 

 

Songnen Plain is exploited, and the surface water irrigation recharge is 3.52% [62]. This is the main 

reason why, from late May to early July, the water surface area keeps descending in the NRB, and 

receding farmland caused the surface water area to increase in September (Figure 6). 

The natural ponds and lakes seem to have a more regular variation than the artificial reservoirs. 

Coefficient values of two power functions indicated that the natural ponds and lakes seem to have a 

more regular variation than the artificial reservoirs (Figure 13). This may reflect that the man-made 

reservoirs are frequently used for irrigation or other agricultural uses. On the other site, natural 

bubble marshes and lakes are less affected by human control, and their coefficient of variation is more 

closely correlated with water surface area. 

 

Figure 13. Coefficient of variation in the relationship with (a) water surface area of ponds and lakes 

and (b) reservoirs. Reservoirs were identified in the Google Earth map. The power function shows 

the relationship between CV and water surface area in the types of water bodies. the Y-axis indicates 

that the CV shrank 100 times. 

4.3. Contribution of Climate Variability and Anthropogenic to Water Surface Area in NRB 

The BRT modeling results show that rainfall, evaporation, and irrigation are the main driving 

factors affecting the change in water surface area. Comparably, the combined contribution of all 

human activities is smaller than that of climate factors. However, irrigation appeared to be the driving 

force for water area change from May to June (Table 2). The two contributing factors, precipitation 

and irrigation, fluctuated significantly during the summer season. The contribution of irrigation 

showed a decreasing trend, while precipitation showed an increasing trend. When combined, the two 

climate factors (precipitation and evapotranspiration) contributed more (57%) than the five human 

factors (irrigation, livestock, mining, domestic, and manufacturing) to the water surface area change 

in this high latitude river basin during the past 19 years. 

Table 2. Summary of the relative contributions (%) of predictor variables for a boosted regression tree 

model developed with cross validation on water surface area data using tree complexity of 5 and 

learning rate of 0·005. 

 Relative contribution (%) 

Predictor  Yearly May June July August September 

Irrigation 20 31 34 26 23 17 

Livestock 4 3 4 4 5 7 

Mining 6 5 7 4 3 6 

Domestic 8 5 4 5 6 5 

Manufacturing 5 3 4 6 4 8 

Potential evapotranspiration 26 28 24 30 27 28 

Precipitation 31 25 23 25 32 29 

Global climate change 57 53 47 55 59 57 

Anthropogenic 43 47 53 45 41 43 

  

y = 0.51x - 0.24

R² = 0.32

0

0.2

0.4

0.6

0.8

1

0 100 200 300

C
o

ef
fi

ci
en

t 
o

f 
v
ar

ia
ti

o
n

Water surface area（km2）

(a)

y = 0.46x - 0.165

R² = 0.16

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100
Water surface area（km2）

(b)

Figure 13. Coefficient of variation in the relationship with (a) water surface area of ponds and lakes
and (b) reservoirs. Reservoirs were identified in the Google Earth map. The power function shows the
relationship between CV and water surface area in the types of water bodies. the Y-axis indicates that
the CV shrank 100 times.
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4.3. Contribution of Climate Variability and Anthropogenic to Water Surface Area in NRB

The BRT modeling results show that rainfall, evaporation, and irrigation are the main driving
factors affecting the change in water surface area. Comparably, the combined contribution of all human
activities is smaller than that of climate factors. However, irrigation appeared to be the driving force
for water area change from May to June (Table 2). The two contributing factors, precipitation and
irrigation, fluctuated significantly during the summer season. The contribution of irrigation showed a
decreasing trend, while precipitation showed an increasing trend. When combined, the two climate
factors (precipitation and evapotranspiration) contributed more (57%) than the five human factors
(irrigation, livestock, mining, domestic, and manufacturing) to the water surface area change in this
high latitude river basin during the past 19 years.

Table 2. Summary of the relative contributions (%) of predictor variables for a boosted regression
tree model developed with cross validation on water surface area data using tree complexity of 5 and
learning rate of 0·005.

Relative Contribution (%)

Predictor Yearly May June July August September

Irrigation 20 31 34 26 23 17
Livestock 4 3 4 4 5 7
Mining 6 5 7 4 3 6

Domestic 8 5 4 5 6 5
Manufacturing 5 3 4 6 4 8

Potential evapotranspiration 26 28 24 30 27 28
Precipitation 31 25 23 25 32 29

Global climate change 57 53 47 55 59 57
Anthropogenic 43 47 53 45 41 43

5. Conclusions

This study is one of the few assessments of long-term changes in inland water surface area at a
large river basin scale in high-time resolution. The study utilized time-series of MOD13Q1 images
taken during 2000–2018 in China’s high latitude NRB and analyzed the dynamics of water body
surface areas in the river basin during the non-frozen season from April to September. We applied
a combination of NDVI threshold algorithms to quantify the total areas of 209 surface water bodies
that were greater than 1 km2 in size. We found that the total water surface area in the river basin has
increased in the past 19 years, due to both precipitation increase and human activity. Snowmelt in
spring results in a large water surface area in May, followed by a decline in June and July, because of
agricultural uses (e.g., irrigation and reservoir refilling). The monsoon weather in summer leads to a
gradual increase in water surface area in early August, accompanying discharge from rice paddies.
Our study demonstrates that inland water areas are strongly affected by both climate variability and
human activity. In general, global climate change contributes more (57%) to water surface area change
than anthropogenic activities (43%), but anthropogenic activities, including irrigation water, have the
greatest impact on water changes from May to July every year. This study also demonstrates that the
individual contribution of climate variability and human activity on water surface area change can be
quantified with a combination of remote sensing data, climate records, and human water consumption.
However, these findings are based on only one river basin, and additional studies are necessary to
shed light on future change in water surface area across the high latitude region.
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