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Abstract: There are a large number of lakes with beaded distribution in the semi-arid areas of the
Inner Mongolian Plateau, and some of them have degraded or even disappeared during the past
three decades. We studied the reasons of the disappearance of these lakes by determining the way of
replenishment of these lakes and the impact of the natural-social environment of the basin, with the
aim of saving these gradually disappearing lakes. Based on remote sensing image and hydrological
analysis, this paper studied the recharge of Daihai Lake and Huangqihai Lake. The deep learning
method was used to establish the time-series of lake evolution. The same method was combined
with the innovative woodland and farmland extraction method to set up the time-series of ground
classification composition in the basins. Using relevant survey data, combined with soil water
infiltration test, water chemical, and isotopic signature analysis of various water bodies, we found that
the Daihai Lake area is the largest in dry season and the smallest in rainy season and the other lake is
not satisfied with this phenomenon. In addition, we calculated the specific recharge and consumption
of the study basin. These experiments indicated that the exogenous groundwater is recharged directly
through the faults at the bottom of Daihai Lake, while the exogenous groundwater is recharged in
Huangqihai Lake through rivers indirectly. Large-scale exploitation of groundwater for agricultural
irrigation and industrial production is the main cause of lake degradation. Reducing the extraction of
groundwater for agricultural irrigation is an important measure to restore lake ecology.
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1. Introduction

Lakes are generally facing rapid decline in the arid and semi-arid regions of the world [1–4].
The Inner Mongolia Plateau is a semi-arid area with much more evaporation than precipitation [5], but
there are hundreds of lakes with an area of more than 1 km2 distributed on the plateau [6], such as the
Daihai Lake, Huangqihai Lake, Dali Lake, and Wuliangsuhai Lake. These lakes are mainly distributed
in a bead chain shape in the Altun boreal margin of Yinshan mountain fracture, which is one of the two
giant faults in the China zone [7,8]. Although the area of these lakes of the plateau has decreased by
30.3% between 1987 and 2010 [9], the value was even below 35.3% in Central Asia, another typical arid
and semi-arid area, from 1990 to 2007 [6]. In order to figure out this phenomenon, determining the
recharge and discharge relationship of lakes is a key step.

Faced the situation of shrinking lakes, there are two different perspectives on the relationship between
water recharge and emissions. Firstly, local precipitation is the only source of recharge for these lakes.
The supply of lakes receives rivers and groundwater runoff, all of which come from region rainfall in the
basins [10]. Secondly, local precipitation cannot recharge groundwater through soil infiltration basically
and the main source of recharge of lakes comes from exogenous groundwater. External groundwater
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recharges lakes through fault zones and other transmission channels of water [11,12]. For the first view,
researchers calculated the amount of water that recharges into groundwater by precipitation infiltration
into soil based on a hydraulic water balance model [13]. Nevertheless, the second view negated this
opinion. Researchers verified their standpoint depending on isotope and hydrochemistry analysis.
They assumed that groundwater recharge in the basin comes from precipitation, so the weighted
average of hydrogen and oxygen isotopes of precipitation should be the same as that of groundwater.
However, through experimental analysis, the isotopes of these lakes are obviously different from those
of local precipitation and overly high soil salinity in the basin. It has been concluded that precipitation
cannot recharge groundwater and lakes to receive a recharging of external water [14].

The current research methods have some shortcomings. The first method assumed that groundwater
transportation can only be restricted to the basin. This statement is difficult to satisfy for the plateau region
where the basal fault zone develops. In the second method, due to the limited sampling, it is difficult to
collect continuous data on changes of lake water, river water, groundwater, and precipitation. The error
of data analysis results is large and it is hard to quantitatively determine the groundwater recharge.

To overcome the above problems in previous studies, this paper will study the continuous change
of lake area by remote sensing combined with on-site observation data and isotope analysis results to
determine whether these lakes accept an external groundwater supplement. Daihai Lake (the third
largest inland lake [15]) and Huangqihai lake (formerly the fourth largest inland lake in the Inner
Mongolia Plateau [16]) are selected as typical research objects. Moreover, we explored the causes of
lake shrinkage and the impact of lake shrinkage on the surrounding ecological environment through
the surface changes of the basin.

2. Study Region

The Daihai basin and Huangqihai basin are located in Inner Mongolia [17], northwest of China,
which possess arid and semi-arid climate environment Figure 1. Daihai and Huangqihai are ancient
inland tectonic lakes [18], which were born in the early Quaternary and the distance between the
two lakes is about 64 km [19,20]. The main characteristics of this region are a dry climate, sparse
precipitation, low surface wetness, and poor ecological stability. The average precipitation and
evaporation in this area are 350 to 450 mm and 1800 to 2100 mm, respectively [21]. Lakes in this
difficult natural environment often play an extremely important role in the survival of animals and
plants and in human activities.

The area of Daihai basin is about 2312 km2. There are Liangcheng County in the Figure 1 and the
total population of the area was about 249000 as of 2013. Daihai is the third largest inland lake in Inner
closed Mongolia with a maximum depth of 19.1 m [22]. Due to the large number of dams in the Daihai
basin, a small number of surface paths flow into the lake [23]. Therefore, ground surface precipitation
and groundwater are the main water supply for Daihai Lake. The Daihai Lake is almost shrinking
every year, which has become the focus of concern for the local people.

The area of Huangqihai basin is about 4480 km2. There are Ulanchab City, Chaharyouyiqianqi
County and Chaharyouyizhongqi County Figure 1 [23]. The total population of the region was about
720,000 as of 2012. The lake is a closed lake with an average water depth of three meters in 1986 [24].
The main water supply is surface precipitation, seven seasonal rivers, and groundwater. It was dried
out completely in 2006 [16]. The dry Huangqihai Lake has had significant impacts on local biological,
ecological, and human activities.

The surface runoffs flowing into Huangqihai Lake come from spring water. The hydrogen and
oxygen isotope of groundwater of the basin are significantly different from that of precipitation and
spring water. Researchers have stated that the multi-year average value of surface precipitation
isotopes in Daihai basin and Huangqihai basin is δ18O = −5.4%�, δD = −35%�; in addition, they took
44 groundwater samples (including deep well water and spring water) in the study region, with the
average value δ18O = −9.4%�, δD = −74.1%� [14]. It demonstrates that the main source of supply of the
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lake is groundwater. The massive exploitation of groundwater for agricultural irrigation is the main
reason for the shrinking, or even disappearing, of the lake.

In the third section, this paper would explain that we processed the remote sensing images through
deep learning method. In the fourth section, the use of remote sensing data would be combined with
other related data for analysis. Finally, we discussed and summarized the analysis result.Remote Sens. 2019, 11, x FOR PEER REVIEW 3 of 21 
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Figure 1. Location and ground observation station distribution map of Daihai basin and Huangqihai
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3. Materials and Methods

3.1. Flowchart and Datasets

This study had two fundamental aspects. The processing flowchart is shown in Figure 2. There
are four parts in the article (different background colors are used to distinguish). First, the light orange
part is the data and method of the article. Second, the light blue part is the main evidence of the
analysis. Third, the light yellow part is the main angle of the analysis. Fourth, the light purple part
is the expansion analysis of the conclusion of the article. The first was to explore on time-series of
two different lakes’ surface area. From former study [23], we realized the lakes area had changed
dramatically. In this study, three satellites are applied, namely Landsat-5 TM satellite, Landsat-7
ETM+ satellite, and Landsat-8 OLI_TRIS satellite respectively. All Landsat data used in this study are
obtained from the United States Geological Survey (USGS) website (http://glovis.usgs.gov/) and the
Geospatial Data Cloud, Computer Network Information Center, Chinese Academy of Sciences website
(http://www.gscloud.cn/). The necessary image preprocessing steps include radiation calibration
and atmospheric correction (top-of-atmosphere, TOA) [25], which are carried out through ENVI 5.3
software. In order to observe the variation of lake area in more detail, we selected 22 remote sensing
images about each lake during the past three decades from 1984 to 2018. We selected the images of
production time as far as possible from April to June, because the water storage was relatively stable
during this period. The lake surface data sources in the study are listed in Table 1.

http://glovis.usgs.gov/
http://www.gscloud.cn/
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Figure 2. Processing flowchart of this study.

Table 1. Remote sensing data source of study region

Daihai Lake Huangqihai Lake

Index Time Data Source Index Time Data Source

1 1984/5/26 Landsat 5(TM) 1 1984/5/26 Landsat 5(TM)

2 1986/5/16 Landsat 5(TM) 2 1986/5/16 Landsat 5(TM)

3 1987/9/15 Landsat 5(TM) 3 1987/9/15 Landsat 5(TM)

4 1989/9/29 Landsat 5(TM) 4 1989/9/29 Landsat 5(TM)

5 1990/8/22 Landsat 5(TM) 5 1990/7/14 Landsat 5(TM)

6 1992/6/17 Landsat 5(TM) 6 1992/6/17 Landsat 5(TM)

7 1994/4/4 Landsat 5(TM) 7 1994/4/4 Landsat 5(TM)

8 1996/6/3 Landsat 5(TM) 8 1996/6/3 Landsat 5(TM)

9 1998/5/24 Landsat 5(TM) 9 1998/5/24 Landsat 5(TM)

10 1999/7/14 Landsat7(ETM)
SLC-on 10 1999/7/31 Landsat7(ETM)

SLC-on

11 2000/5/22 Landsat7(ETM)
SLC-on 11 2000/5/22 Landsat 7(ETM)

SLC-on

12 2002/4/10 Landsat7(ETM)
SLC-on 12 2002/4/10 Landsat 7(ETM)

SLC-on

13 2004/6/9 Landsat 5(TM) 13 2004/6/9 Landsat 5(TM)

14 2006/6/15 Landsat 5(TM) 14 2006/6/15 Landsat 5(TM)

15 2008/9/1 Landsat 5(TM) 15 2008/9/1 Landsat 5(TM)

16 2010/5/2 Landsat 5(TM) 16 2010/5/2 Landsat 5(TM)

17 2013/4/15 Landsat 8(OLI) 17 2013/4/15 Landsat 8(OLI)

18 2014/5/20 Landsat 8(OLI) 18 2014/5/20 Landsat 8(OLI)

19 2015/5/16 Landsat 8(OLI) 19 2015/5/16 Landsat 8(OLI)

20 2016/4/23 Landsat 8(OLI) 20 2016/4/23 Landsat 8(OLI)

21 2017/4/3 Landsat 8(OLI) 21 2017/4/3 Landsat 8(OLI)

22 2018/3/5 Landsat 8(OLI) 22 2018/3/5 Landsat 8(OLI)
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The other primary field was to go into the relationship between surface material composition and
lake surface area in basin. Due to the limitations of clouds and available time, we selected eight images
about each basin during three decades from 1986 to 2018. These images are about four to five years
apart. The months of the selected samples were concentrated from May to September because this
part of the time was in a relatively stable state of summer vegetation and the amount of water was
relatively abundant and easy to observe. The surface material composition data sources in the study
are listed in Table 2.

Table 2. Remote sensing data source of study basin

Dahai Basin Huangqihai Basin

Index Time Data Source Index Time Data Source

1 1986.06 Landsat 5(TM) 1 1986.06 Landsat 5(TM)

2 1993.09 Landsat 5(TM) 2 1993.09 Landsat 5(TM)

3 1998.05 Landsat 5(TM) 3 1998.05 Landsat 5(TM)

4 2001.08 Landsat 7(TM)
SLC-on 4 2001.08 Landsat 7(TM)

SLC-on

5 2006.06 Landsat 5(TM) 5 2006.06 Landsat 5(TM)

6 2010.06 Landsat 5(TM) 6 2010.06 Landsat 5(TM)

7 2014.08 Landsat 8(OLI) 7 2014.08 Landsat 8(OLI)

8 2018.05 Landsat 8(OLI) 8 2018.05 Landsat 8(OLI)

3.2. Calculation of the Lakes Area

At present, there are many mature methods for extracting waters from optical images [26]. In this
study, we chose a deep learning approach to process images. Deep learning is a domain that has been
prevalent in recent years, especially in image classification. The continuous development of many
high-quality models has brought higher accuracy to image classification. Considering the multispectral
properties of Landsat images and the accuracy of deep learning models, we decided to use the Pyramid
Scene Parsing Network (PSPNet) [27]. All experiments are conducted on Python with tensorflow-gpu
1.14.0 and the desktop computer we used is equipped with Windows 10, Intel(R) Core (TM) i7-6800K
CPU and NVIDIA GeForce GTX 1080 8G GPU.

The traditional semantic analysis is only to obtain each pixel label of the known object, while
ResNet is based on the semantic segmentation of scene analysis, which is to obtain the category label
of all pixels in the image. Its integrated global features are more conducive to the accurate acquisition
of target pixel tags, and its algorithm effect is better than traditional methods [27]. For this work, it
is necessary to parse all the pixels in the whole image, so this method was adopted. However, this
method has so far been used less in processing optical remote sensing images, so this experiment is a
combination of optical image processing and computer vision methods.

The Pyramid Pooling Module combines features of four different scales Figure 3 [27]. The coarsest
level highlighted in red square frame in the Figure 3 that is a single bin output generated by global
pooling. The remaining three levels divide the input feature map into several different sub-areas, pool
each sub-area, and finally combine the pooled single bins containing the location information. In the
pyramid pooling module, different levels output different levels of feature maps. In order to maintain
the weight of the global features, we employed a 1 × 1 convolution kernel after each pyramid level.
If a level dimension is N, this model can reduce the dimension of context feature to 1 / N of original
feature. Then, the low dimensional feature map is directly upsampled to be the same as the original
feature map by bilinear interpolation. Finally, the feature maps of different levels are stitched into the
final pyramid pooled global features.
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Though neural networks can provide good performance through deep pre-training, the increase
of network depth may bring additional optimization difficulties for image classification. As a module
in PSPNet, the ResNet is used to extract the feature map of the input image, and ResNet solves this
problem by using a skip connection in each block. In the deep ResNet, the latter layer mainly learns the
residuals thrown by the previous layer. Based on the original ResNet, PSPNet adds an auxiliary loss
in the fourth stage in addition to the main branch of the final classifier using softmax loss. Finally, it
adds weights to balance the auxiliary loss function. The two losses are then combined, using different
weights to optimize the parameters together.

Therefore, for the input image in Figure 3, we used a pre-trained ResNet model with an extended
network strategy to extract the feature map. The final feature size is 1/8 of the input image, as shown
above Figure 3. This work utilized the pyramid pooling module Figure 3 to obtain context information
for the above feature map. The pyramid pooling module was divided into four levels, and the pooled
kernel size is the whole, half, and small parts of the image. Eventually, they can be merged into global
features. Then, in the final part of the Figure 3 module, this study connects the global features and
the original feature map. Finally, the final prediction map was generated by convolutional layers in
Figure 3.

Created data set is basic step, and we need to make a data set for the pre-processed Landsat
images for training and testing [28]. The pseudo color with the combinations of Band Red, Band
SWIR1, and Band SWIR2 are selected for the training process [29]. We selected eight images for each
lake as training samples, and selected two images for the test sample as water data sets and manually
labeled them. The annotated data set was then cut into 600 sample blocks of size 256 * 256 * 3. There is
no doubt that the number of these samples is too small to train. Therefore, we used the operations of
pan, rotate, zoom, add noise, etc. to expand the number of image samples to 30,000.

Finally, in the experiment, adopt overall accuracy (OA) to assess the accuracy of water extraction
area. The overall accuracy (OA) can be obtained by the equation

OA =
TP + TN

TP + FN + FP + TN
(1)

where TP and TN represent the pixel points whose labels are positive or negative and corresponding
result is predicted to be the same while FN and FP represent the opposite. The OA is about 98.9%.

3.3. Land Surface Classification

Similarly, we employed PSPNet method in land surface classification. OA1 and OA2 represent the
accuracy of land surface classification of Daihai basin and Huangqihai basin respectively. Classification
accuracy of each category is listed in Table 3.
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Table 3. Overall accuracy for ground classification

Construction Farmland Woodland Saline–alkali Nudation Water

OA1 96.33% 67.54% 64.59% 95.99% 96.87% 98.65%

OA2 95.88% 72.31% 69.82% 96.91% 97.02% 97.83%

Obviously, classification accuracy of farmland and woodland is low. We summarized the following
reasons, including low training samples because of the general quality original images and farmland
pixels and woodland pixels with too many similar features. In addition, the most important reason is
over reclamation in forest areas produce complex forest-staggered areas with many error classification
pixels. Thus, we had to establish an innovative means to distinguish between two similar cells.

We found those farmlands are relatively gentle area, while woodlands are relatively rugged
through an investigation into the basin. In other words, the classification of farmland and woodland
can convert to the recognition of land type. Based on this feature, we used ASTER GDEM 30 m data to
look for the relationship between DEM and land type. In this part, the random unclassified pixel is
selected as the central point and then extended around to form a large cell measuring 5 × 5 (Figure 4).
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Figure 4. (a): Schematic diagram of unclassified pixel processing; (b) Standard deviation of farmland
(σ1) and woodland (σ2) with DEM.

Taking the central point as the mean value and the peripheral point as the sample value, calculated
the fluctuation of the target pixel and the surrounding pixel by the standard deviation of variation (1).

σ =
1
25

i=4,j=4∑
i=0,j=0

(Xij − µ), (2)

As showed in Figure 4, calculated σ for farmland pixel and woodland pixel with 15 sample
points for each in this work. In this picture, σ1 and σ1 represent farmland and woodland respectively.
We draw the conclusion that the farmland pixel standard deviation value is generally less than two,
and the pixel value of the woodland is the opposite. According to the above method, the OA of
farmland and woodland classification is 93.7%.

4. Results

4.1. Variation for Lake Area

After the above stage, construction of a yearly time-series of the water surface areas on Daihai
Lake and Huangqihai Lake are displayed in Figure 5.
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In this experiment, 22 pictures were used and a set of time-series data was made for each lake
during from 1984 to 2018. Overall, the trend of surface area in Daihai Lake is declining. Daihai Lake
area reached a maximum level of 133.5km2 in 1984 and then declined at a rate of about three per cent.
The entire lake area shrank to a staggering 82.05 km2, which accounted for 61.5% of the water surface
in 1984. This shrinkage data is more than 30.3% of the total shrinking area of lakes in Inner Mongolia
for nearly 30 years [6].

If Daihai Lake is a typical example of serious shrinkage of the water surface as considered, then the
complete drying up of the Huangqihai Lake is regrettable. Overall, the water area of the Huangqihai
Lake showed a downward trend until it ran dry completely. The area reached a peak of 71.25 km2 in
1984, but declined sharply in 1989, then rose to a rising trend from 1994 to 1998. After 1999, the lake
fell sharply again until it dried up completely from 2006 to 2013. In the following years, water area has
recovered slightly, but it is limited to the region that was located in the northwest and northeast of
the lake. The recovery of the water area is mainly owing to the inflow of the river. There is a contrast
between the two adjacent lakes. Daihai Lake still maintains a certain water quantity, but Huangqihai
Lake has experienced drying up. This is important evidence that there are other sources of water
supply in Daihai Lake and the decline of Daihai has been alleviated.

In the above paragraphs, we described the changes in the two lakes in terms of time distribution.
Then, we continued to observe the characteristics of water surface changes for each lake from a spatial
perspective. We selected some year images with significant changes and drew diagrammatic sketch of
the water surface change on Daihai Lake and Huangqihai Lake respectively. Figures 6 and 7 show the
spatial changes of each lake.
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Figure 6 shows that the whole Daihai Lake mainly shrank from south to north, while the north
and northeast also showed a small shrinkage. Before 1989, the lake shrank mainly in the south, and the
water surface in the north and northeast was stable. During the later 1990s, the south and northeast
of Daihai Lake began to shrink sharply. After 2004, the main shrinking parts of water surface have
gathered around in the south and northeast of the lake.

Compared with the steady shrinkage of Daihai Lake, the water surface of Huangqihai Lake
fluctuates more violently. Before 1994, the surface of the lake shrank only slowly inward along the
shoreline. However, between 1994 and 2002, the southern and northeastern parts of Huangqihai Lake
showed drastic contraction. From 2002 to 2008, the lake dried up for the first time. This result is
basically consistent with the previous results [30]. Although the lake recovered in the northwest region
between 2014 and 2018, as shown in Figure 1, it was just the result of the river flowing into the lake.



Remote Sens. 2020, 12, 45 10 of 21

4.2. Ground Composition

Using the above methods, this experiment carries on the ground pixel classification to Daihai
basin and Huangqihai basin. In order to be more suitable for the study of the causes of lake water
changes, the surface categories are divided into six categories. Specific classified data are shown in
Tables 4 and 5.

Table 4. Statistics of ground classification in Daihai basin.

Daihai basin Ground classification (km2)

Date Construction Farmland Woodland Nudation Water Saline–alkali

1986.06 1.39 182.72 72.73 1927.00 138.94 0.00

1993.09 2.66 123.21 95.14 1975.89 116.98 0.00

1998.05 3.06 349.93 222.41 1635.72 103.68 0.00

2001.08 5.90 230.25 19.61 1972.26 84.74 0.00

2006.06 6.54 134.93 102.21 1961.41 99.97 9.48

2010.06 7.19 145.89 115.46 1971.03 75.56 0.00

2014.08 50.89 291.80 64.41 1837.62 70.48 0.00

2018.05 86.99 377.24 145.40 1642.66 59.98 4.65

Table 5. Statistics of ground classification in Huangqihai basin.

Huangqihai Basin Ground classification (km2)

Date Construction Farmland Woodland Nudation Water Saline–alkali

1986.05 40.30 107.45 23.35 4221.00 78.30 0.00

1993.09 53.86 68.04 10.28 4226.29 60.60 47.63

1998.05 67.35 317.75 108.33 3904.10 82.97 0.00

2001.08 76.23 694.73 81.77 3572.57 55.20 0.00

2006.09 79.67 71.15 17.84 4265.09 28.24 2.29

2010.07 89.86 197.69 19.65 4137.20 25.23 11.07

2014.05 123.78 269.59 32.54 3961.07 58.91 0.00

2018.05 234.38 632.50 184.37 3375.68 31.08 50.49

The area of the construction increased in Daihai basin year by year. Before 2010, the area was
stable relatively and expanded 10-fold from 2010 to 2018 (Figure 8). Distribution of the construction
are mainly located at Liangcheng county in southwest of the lake, which began to scatter around the
lake and the county after 2010. The farmland area was stable about 150 km2 until 2010, but the area
of 1998 showed a three times increase compared to 1993. Because the local government adopted the
project of the expansion of planting area in order to increase economic income. The woodland area has
been stable relatively between 50 km2 and 150 km2 except in 1998. The local government’s excessive
afforestation plan gave rise to the burst increase of the water consumption in the basin. Regrettably,
the growth resulted in excessive water consumption in the region, which cannot sustain the growth of
these trees. This is the reason why trees withered in a large area in 2001. The nudation area, accounting
for more than 85% of the whole basin, includes bare mountains and arable land without growing crops,
which is enough to show that the soil and water conservation capacity of the land is low. In addition
to the main Daihai Lake, the water area also includes reservoirs, dams, and some water in the river,
which shows a downward trend. Saline–alkali area are more volatile, mainly around the lake and part
of the dry beach, which is related to direct human production and vegetation cover at that time.
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Because there are three larger cities in the Huangqihai basin and the economy is more developed
than Daihai basin (Figure 9). Thus, the construction area is much larger than that in the Daihai basin.
Similarly, the building area also had a huge increase in the Huangqihai basin after 2010. Farmland area
fluctuated before 2010. In 1998, there was still a burst of growth, unlike Daihai basin, which lasted
until 2001, but the area did not drop sharply until 2006. Next, there has been a steady upward trend.
Woodland area has remained at a low level relatively except in 1998, 2001, and 2018. Great fluctuations
are evident in excessive human intervention. Nudation reached previous level again in 2006 after a
decline in 1999. The water area of the basin has been declining because of the gradual drying up of the
Huangqihai Lake. It rebounded in 2014, but fell again in 2018. Saline–alkali land is mainly saline–alkali
land formed by the residual salt of bare land after the removal of lake. With the change of lake water
area and artificial intervention, the area of saline–alkali land is also changing.Remote Sens. 2019, 11, x FOR PEER REVIEW 12 of 21 
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5. Discussion

5.1. Qualitative Analysis of the Recharge Process

There are two possible sources of groundwater for recharge to lakes. One of them, it comes
from local precipitation. The local precipitation assimilates into the groundwater by soil infiltration.
The other one, groundwater of recharge lakes comes from external water. Because the lakes are located
on the fault zones with transmission channels of water, the exogenous water continuously transports
to the lakes and surrounding aquifers through the fault zones.

Generally, the common lake will expand to a maximum in the annual rainy season and shrink
to a minimum in the dry season. However, we used remote sensing to make an experiment. Here,
the experiment also used the above-mentioned the deep learning method to extract lakes in the target
region. Based on the number of remote sensing images in the same year, the randomly selected sample
year is 2000. Then the work selected one day of observation month as the representative image of the
month, and continued to select the representative image of the next month about one month apart.
This work found that the opposite phenomenon has occurred in the Daihai Lake. The lake area is
smallest in the rainy season (June to September) and largest in the dry season (January to May and
October to December) (Figure 10). In dry season, there was no precipitation to supplement the lake
water while the lake water area increased. This indicates that the evaporation of the lake surface
is greater than the amount of water entering the lake and the main recharge of the lake is derived
from groundwater. The ground water recharge comes from the leakage of the fault zone in this area.
However, the above situation did not occur in the experiment of the Huangqihai Lake. During the
previous dry season, the lake area continued to decline and the arrival of the rainy season eased the
situation. In the next dry season, there was no rainfall and the lake area fell again (Figure 10). This
shows that the water supply of the Huangqihai Lake mainly comes from the precipitation and runoff in
the basin. The recharge method of the Daihai Lake belongs to the second case and this of Huangqihai
Lake is the first case. This is an important evidence to indicate that Daihai Lake receives external water
supply to alleviate the lake shrinkage.
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In order to further verify our experimental results, a hydrological method was also used. The soil
infiltration test showed that the local precipitation cannot enter the groundwater in Daihai basin,
because the unsaturated soil water does not reach the maximum water-holding capacity of field
(WHCF) and the soil moisture content is in a loss state. In other word, the necessary condition for
precipitation infiltration is above the maximum WHCF [14]. We studied the evapotranspiration (ET) of
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this region is about 395 mm [31] (www.cnern.org.cn), which is basically the equal to the local average
annual precipitation of 384 mm (DH) and 374mm (HQH). That is to say, the precipitation of the basin is
basically evaporated, and cannot form groundwater of the basin through infiltration. We used remote
sensing method to analyze the causes of the lake area change, and we also used soil chemistry and
surface evapotranspiration method to verify the results. These experimental results indicated that
there is exogenous water supply to Daihai Lake (Figure 11).
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The above three methods confirm the existence of external groundwater recharge in Daihai Lake,
and whether there will be external water recharge in Huangqihai Lake, which is only 64 km away from
Daihai Lake. If so, why did the Huangqihai Lake eventually dry up in 2008? Hydrological and isotope
experiments showed that the deep underground wells and springs in the Huangqihai basin are the
same as those in the Daihai Basin, and the surface springs eventually converge into rivers to supply
the Huangqihai Lake. However, because of the artificial construction of river dams to intercept water
sources for daily life, economic and agricultural, the lake has lost its recharge.

5.2. Quantitative Analysis of Water Supply and Consumption

The above analysis shows that the Daihai Lake received external groundwater recharge while the
Huangqihai Lake received no external groundwater supply. The quantitative value of groundwater
recharge was calculated along with the balance relationship between recharge and emission, based on
the analysis [32]. If the water content of a basin maintains a dynamic balance, it must be equal to the
water flowing in and out. Since the Daihai basin is a closed watershed, the water volume changes of
the basin can be expressed through the Daihai Lake.

Firstly, we introduced the related indicators in the next work. The region is special and the
crops species are relatively scarce. We use the annual statistical yearbooks of the region to estimate

www.cnern.org.cn
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the agricultural water consumption (AWC) for the different crop areas in these years [33–35]. Flood
irrigation is the main practice for farmland in Daihai basin, so the water requirement of crops needs
to be converted into the total irrigation water consumption. The irrigation efficiency of this area
is about 62.7% [36]. We used agricultural irrigation consumption (AIC) as one of the groundwater
estimation indicators. Agricultural water consumption in the region accounted for 54.3% of the total
water consumption of human activity (TWCHA) in 2003, which makes us to estimate TWCHA by
AIC (excluding power consumption of power plants). The local government introduced a power
plant that needed to use the lake water for water cooling for economic development after 2005, which
increased the evaporation of the lake water directly. Annual water consumption (PPWC) reached
1.206*107m3 according to the estimation. In this experiment, the annual water volume reduction (WVR)
was estimated using the annual water level relationship and the area obtained by remote sensing.

For the water flowing into the Daihai Lake, external water, precipitation, and runoff are the main
resources. The hypothesis that rainfall infiltrates into groundwater recharge lakes has already been
negated through the special phenomenon of change of the lake area in different seasons by remote
sensing and has proven that this conclusion is a reliable the work of water chemistry. The runoff

volume of the basin is only 6*103m3 yearly [13]. The supply of lake water is less, so it can be ignored.
Therefore, water flowing into the lake can be reduced to surface precipitation and external groundwater
(DGR). The water flowing out of the Daihai Lake, first of all the direct annual evaporation water
consumption (EWC) the lake was calculated by evaporation of the basin, which is need to multiply
conversion coefficient (0.55) [37]. Then, the Daihai Power Plant needs to consume lake water every year.
Finally, there is about 9.12*107m3 of groundwater in the basin itself and this part of the groundwater
has been extracted by people (TWCHA). Although the surface precipitation cannot infiltrate to form
groundwater, the lake replenishes lost water of the basin to maintain the water balance in the basin.
So, this element of artificial consumption is also part of the lake water consumption. The calculation
method of parts of the indicators are more intuitive in Figure 12.

Remote Sens. 2019, 11, x FOR PEER REVIEW 15 of 21 

 

groundwater is calculated to be an average of 2.0*108m3. This work quantitatively calculated the 
recharge of groundwater to Daihai Lake, which provided substantial evidence for groundwater to 
alleviate the shrinkage of the lake. This annual groundwater consumption is slightly larger than the 
average annual external groundwater recharge. This imbalance state indirectly proves that lakes are 
shrinking every year. 

Table 6. Water consumption and recharge in Daihai Basin (107m3) 

Date AWC  AIC TWCHA PPWC1 WVR2 EWC DGR3 TGC4 
1986.06 3.1 4.9 9.1 0.0 1.9 8.7  15.9  17.8  
1993.09 2.1 3.3 6.1 0.0 2.6 5.3  8.9  11.5  
1998.05 5.9 9.4 17.4 0.0 1.3 5.0  21.1  22.4  
2001.08 3.9 6.2 11.4 0.0 3.7 2.8  10.6  14.3  
2006.06 2.3 3.6 6.7 1.2 -0.3 4.3  23.4  23.1  
2010.06 2.5 3.9 7.2 1.2 2.7 3.9  20.5  23.2  
2014.08 4.9 7.9 14.5 1.2 1.7 2.0  26.8  28.5  
2018.05 6.4 10.2 18.7 1.2 / / / / 

1PPWC: power plant water consumption; 2WVR：water volume reduction of lake yearly; 3DGR: 

direct groundwater recharge; 4TGC: total groundwater consumption 
 

 
Figure 12. Water consumption and recharge in Daihai Basin. 

Although, we concluded that the area change of the Huangqihai Lake is mainly related to the 
huge evaporation in the region. Next, this result needs further proof. Because of the irregular lake 
shape and the lack of the lake water level data, we cannot get the WVR value. So, we can still explain 
from other aspects. Based on the agricultural planting data and the classification results of this 
experiment, we obtained AWC value. Then, TWCHA was estimated by the proportion of agricultural 
water usage in Ulanchab city for many years. Based on the annual runoff data of Jining Hydrological 
Station of Bawang River (Figure 1), it is concluded that the average annual runoff of the Bawang River 
has been about 6.3*106 m3 in the past 30 years. Due to many dams in the upper reaches of the river, 
the inflow of the river into the lake is much lower than this value and other secondary inflow runoff 
is similar. Therefore, the runoff into the lake can be neglected. 

Figure 12. Water consumption and recharge in Daihai Basin.

All of these inflows and outflows are change of lake water volume (WVR). The resulting equation is

WVR = PPWC + EWC + TWCHA − DGR. (3)

DGR = PPWC + EWC + TWCHA −WVR. (4)
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The recharge volume of exogenous groundwater is not a fixed value calculated by the water
chemistry method Table 6. At the same time, in order to better observe the proportion of water
consumption and the variation, we presented the whole calculation results in the form of histogram
(Figure 12). The reason of inconsistency is that the calculation method is to use the surface area to
calculate EWC in this paper. The area of the Daihai Lake after 2000 year is about 100 km2 less than
that of 1960s, so the calculation of evaporation loss will also be reduced. However, this value is
maintained range 0.89*108 m3 to 2.68*108 m3 and the average annual replenishment is 1.81*108 m3,
which is close to the 1.8*10 8m3 calculated by the water chemistry method. The method just measured
the recharge amount for one year while our method measured the recharge amount for many years.
The experimental results in this paper are more reliable. Finally, the total annual consumption of
groundwater is calculated to be an average of 2.0*108m3. This work quantitatively calculated the
recharge of groundwater to Daihai Lake, which provided substantial evidence for groundwater to
alleviate the shrinkage of the lake. This annual groundwater consumption is slightly larger than the
average annual external groundwater recharge. This imbalance state indirectly proves that lakes are
shrinking every year.

Table 6. Water consumption and recharge in Daihai Basin (107m3)

Date AWC AIC TWCHA PPWC 1 WVR 2 EWC DGR 3 TGC 4

1986.06 3.1 4.9 9.1 0.0 1.9 8.7 15.9 17.8

1993.09 2.1 3.3 6.1 0.0 2.6 5.3 8.9 11.5

1998.05 5.9 9.4 17.4 0.0 1.3 5.0 21.1 22.4

2001.08 3.9 6.2 11.4 0.0 3.7 2.8 10.6 14.3

2006.06 2.3 3.6 6.7 1.2 -0.3 4.3 23.4 23.1

2010.06 2.5 3.9 7.2 1.2 2.7 3.9 20.5 23.2

2014.08 4.9 7.9 14.5 1.2 1.7 2.0 26.8 28.5

2018.05 6.4 10.2 18.7 1.2 / / / /

1 PPWC: power plant water consumption; 2 WVR: water volume reduction of lake yearly; 3 DGR: direct groundwater
recharge; 4 TGC: total groundwater consumption.

Although, we concluded that the area change of the Huangqihai Lake is mainly related to the huge
evaporation in the region. Next, this result needs further proof. Because of the irregular lake shape
and the lack of the lake water level data, we cannot get the WVR value. So, we can still explain from
other aspects. Based on the agricultural planting data and the classification results of this experiment,
we obtained AWC value. Then, TWCHA was estimated by the proportion of agricultural water usage
in Ulanchab city for many years. Based on the annual runoff data of Jining Hydrological Station of
Bawang River (Figure 1), it is concluded that the average annual runoff of the Bawang River has been
about 6.3*106 m3 in the past 30 years. Due to many dams in the upper reaches of the river, the inflow
of the river into the lake is much lower than this value and other secondary inflow runoff is similar.
Therefore, the runoff into the lake can be neglected.

It can be seen from the Table 7 that the water consumption of human activities has been increasing
since 1993. In 2001, the unexpected planting events accelerated the consumption of groundwater
resources, which prevented the rapid recharge of Huangqihai Lake. In addition, the increase of human
activities has also increased the consumption of groundwater resources. Ultimately, the groundwater
level will decrease. Because the average depth of the lake was only three m [38], the lake cannot be
recharged by groundwater. Besides, saline-alkali land hindered the infiltration of groundwater, which
led to the drying up of the lake eventually in 2008. Due to the rapid decrease of lake surface area in the
lake, it is obviously different from Daihai Lake and there is no direct groundwater to recharge to it.
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Table 7. Water consumption and recharge in Huangqihai Basin (107m3)

Date AWC AIC TWCHA(year) EWC(year) TCG

1986.05 1.1 1.7 2.1 11.4 13.5

1993.09 0.7 1.1 1.3 4.1 5.4

1998.05 3.1 5.0 6.2 8.2 14.4

2001.08 6.8 10.8 13.4 4.0 17.4

2006.09 0.7 1.1 1.5 5.3 6.8

2010.07 1.9 3.1 4.3 3.0 7.3

2014.05 2.6 4.2 6.0 2.9 8.9

2018.05 6.2 9.9 14.1 / /

5.3. Reasons for Lake Degradation

There are two mainstream views on lake shrinkage. The one is that climate change has mainly
led to varying degrees of shrinkage of lakes [39–42], and the other one is excessive human activities
is main reason [43]. As we know from the above, the reasons for the decline of these two lakes are
climate and perceived factors. Using the above experimental data, we calculated the proportion of the
annual human water consumption to the two basins.

Evaporation precipitation difference (EPD) is evaporation minus precipitation (Figure 13). Next,
we replaced Daihai Basin’s EPD and Huangqihai Basin’s EPD with DH EPD and HQH EPD solely.
Through the investigation of evaporation and rainfall data, we can clearly find that the DH and HQH
EPD value are all positive. In other words, the evaporation has always been greater than precipitation
in this area, so the water of lakes is in continuous consumption state. Furthermore, we calculated
the area of lakes and Pearson correlation coefficients of EPD for 0.83(DH) and 0.77(HQH). Therefore,
it is concluded that evaporation is one of the causes of lake water shrinkage. Because the area of
Daihai Lake is not consistent with the trend of broken line of DH EPD before 2000, we thought that the
reduction of the Daihai Lake water is not only related to the evaporation in the basin, but also may have
other factors after 2000. HQH EPD is different from DH EPD. Compared with Daihai Lake, the changes
of the Huangqihai Lake area and the trend of the HQH EPD are more undulate. The evaporation loss
value is huge in Huangqihai basin. Since 1984, the EPD has increased and the lake area has gradually
decreased. In 1990, the EPD value reached the maximum and the lake area presented, correspondingly,
the lowest value in this period. After 1990, the EPD decreased and the lake area gradually increased.
In 1999, the EPD reached its peak again and the lake area responded very closely to the change. Later,
the EPD values remained low, but it seemed that the lake could not stop shrinking and eventually
dried up completely in 2008. Excessive evaporation in the basin was the main reason of the drying up
of the lake before 2001, but other factors may be lead to the changes after 2001.

The recharge period of groundwater determined is about 30 years by tritium [44]. Since the
seasonal variation of recharge flow has been homogenized for 30 years, the recharge flow rate of
external water can be regarded as a constant. Therefore, the source of the lake can be simplified as
precipitation and relatively stable external water. Furthermore, precipitation and groundwater are
stable for recharge source of the lake, and evaporation is stable for consumption source of the lake in
the three decades. So, excluding the above two stabilizing factors, the reduction of two lake area should
have other fluctuation reasons. It should be related to the large amount of groundwater pumped for
agricultural irrigation, industrial production and domestic water.

Before 1998, the climate change in Daihai basin was the main factor leading to the reduction of Daihai
Lake area Table 8. After 1998, with the development of economy and the expansion of population, human
activities have become the main factor affecting the change of Daihai Lake, and the situation is getting
worse and worse. Comparatively speaking, the factors of Huangqihai Lake are more complex. Among
them, human activities consume more water than climate before 2001, and climate consumes more
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water than human activities after 2001 except 2006. This conclusion is consistent with the phenomenon
of EPD, and indicates that human activities have more influence on the lake changes since 2001.
Therefore, on the whole, the shrinkage of the Huangqihai Lake is a combination of human activities
and climate.
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Table 8. Proportion of water consumption in two basins (%)

Daihai Basin

Date 1986.06 1993.09 1998.05 2001.08 2006.06 2010.06 2014.08

Human 47.7 40.2 72.7 71.6 77.2 80.8 89.5

Climate 52.3 59.8 27.3 28.4 22.8 19.2 10.5.

Huangqihai Basin

Date 1986.05 1993.09 1998.05 2001.08 2006.09 2010.07 2014.05

Human 15.5 24.6 43.1 76.9 22.4 58.8 67.3

Climate 84.5 75.4 56.9 23.1 77.6 41.2 32.7

5.4. Environment Effects and Measures

The inland closed lake environment is very sensitive to the feedback of climate change [45], we
need to assess the impact of lakes on the surrounding environment. It can be seen Figure 5 that although
both lakes have suffered from different degrees of shrinkage, the feedback from the Daihai Lake area to
the whole basin is positive because the lake can maintain more water (Figure 14). We calculated these
proportions and the proportion of buildings of Daihai basin is 1.19% lower than that of Huangqihai
basin average year. In other words, that is the water consumption of agriculture and industry in Daihai
basin will be lower than that of Huangqihai basin. The proportion of the total water area of Daihai
basin is 2.47% higher than that of Huangqihai basin yearly. That is to say, the Daihai basin has more
abundant water resources than the Huangqihai basin. More water resources directly led to an increase
2.64% and 2.70% of the farmland and woodland of Daihai basin compared to the Huangqihai Basin
average every year. There is more woodland and farmland, so the proportion of nudation of Daihai
basin is 11.80% less than the average of Huangqihai yearly. All in all, more water maintains a better
ecological environment in the basins.
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Many lakes are shrinking in arid and semi-arid areas [46]. People try to use various methods
to alleviate and even change the process. It is not clear whether the effect of the method is effective
or ineffective. We found out the reasons for the shrinkage of lakes, in order to implement effective
measures rather than carrying out transformation over rules of nature. Therefore, the behavior of
returning farmland and saving local water usage can alleviate the shrinkage of the lake. Fortunately,
the local government seems to be aware of the crisis of the lake shrinkage and has been carrying out
the whole basin activities of returning farmland and woodland since 2016. We still need to observe
how it works. Although this plan can alleviate the shrinkage of Daihai Lake, it seems that the surface
area of Daihai Lake cannot be restored to former area without more foreign water supply. Hence,
the local government proposed to divert the Yellow River to supply Daihai Lake. Whether this project
will affect the ecological environment of other places once it is implemented deserves our attention.

The results of the above analysis indicated that excessive groundwater extraction for agricultural
irrigation and industrial production is the main reason for the lake decline. Although exogenous
groundwater recharge to Daihai Lake, it cannot maintain such a huge consumption of people. Let alone
Huangqihai Lake, which has no huge amount of exogenous water supplement. Cognac is normal state
for the lake in the future. Therefore, reducing or even stopping the extraction of groundwater is an
important measure to alleviate this trend.

6. Conclusions

In this paper, the recharge resources of two lakes were explored based on remote sensing data
and site data, and we studied to the reason for degradation of the lakes. We found that Daihai Lake is
supplied with external groundwater, which alleviated the decline of the lake in arid areas owing to the
existence of a water diversion structure. Huangqihai Lake lacks recharge of external groundwater
directly, and humans pumped too much groundwater from the basin, resulting in the lake drying up.
Most of the lakes in the Inner Mongolia Plateau are arid or semi-arid climatic conditions, but there
are still many lakes. These lakes are basically dependent on direct or indirect recharge of exogenous
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groundwater. However, these lakes are facing degradation in different degree. Although exogenous
water can alleviate the decline of these lakes, the increasing human demand for water cannot prevent
these lakes from disappearing eventually. These lakes play an extremely important role in semi-arid
fragile ecosystems. People seem to be aware of the urgency of this problem, actions are being taken to
curb the lake shrinkage and even to restore the lake to some extent, which we need to keep watch.
Due to the limitation of the data quantity of remote sensing images, this paper did not calculate
the material around the surface entirely according to the year of the lake area Figure 5 change, but
selected the phenomenon of image observation about every five years, which may bring deviation
to the experimental results. Besides, this paper cannot estimate the annual direct loss volume of the
Huangqihai Lake due to the lack of the lake water level change data, which will make the conclusion
insufficient. In the future, we will continue to monitor the changes of these lakes and whether human
rescue measures can serve as a model for their protection.
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