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Abstract: The hydrological pattern changes have a great influence on the wetland environment.
However, some important wetland areas often lack historical observations due to economic and
physical conditions. The Tian-e-Zhou oxbow lake wetland is an important habitat for two endangered
species and also has very little historical hydrological data. Remote sensing images can be used to
explore the historical water area fluctuation of lakes. In addition, remote sensing can also be used to
obtain historical water levels based on the water boundary elevation integrated with a topographic
data (WBET) method or the level-surface area relationship curve (LRC) method. In order to minimize
the uncertainty of the derived results, both methods were introduced in the extraction of the water
level of Tian-e-Zhou during 1992–2015. The results reveal that the hydrological regime of the oxbow
lake has experienced a significant change after the Shatanzi Levee construction in 1998. With the
impact of the levee, the mean annual water surface area of the lake was reduced by 5.8 km2 during
the flood season, but, during the non-flood season, it was increased by 1.35 km2 . For the same period,
the water level of the lake during the flood season also showed a 1.47 m (WBET method) or 3.21 m
(LRC method) decrease. The mean annual water level increased by 1.12 m (WBET method) or 0.75 m
(LRC method). Both results had a good accuracy with RMSE (root-mean-square errors) of less than
0.4 m. Furthermore, the water level differences between the Yangtze River channel and the oxbow
lake increased by at least 0.5 m. It is found that the hydrological pattern of the oxbow lake changed
significantly after the levee construction, which could bring some disadvantages to the habitats of the
two endangered species.
Keywords: remote sensing; ungauged area; oxbow lake; hydrologic change; Yangtze River Basin

1. Introduction
The lower Jingjiang reach of the Yangtze River is known for its meanders with a high degree
of channel sinuosity [1,2]. Due to a series of natural and artificial cut-offs since the 1880s, several
oxbow lakes remain along the river bank on the floodplain [3,4]. With the implementation of some
major water projects, including the Three Gorges Dam and the Gezhouba Dam [5,6], as well as river
regulation and flood control projects [7,8], the hydrologic regime in the lower Jingjiang reach and the
oxbow lakes have been greatly altered in recent decades.
In general, in-situ data obtained from gauged hydrological stations can be applied to analyze
the hydrological changes in rivers and lakes. Limited by the underdeveloped infrastructure and the
complex underlying surfaces, hydrological station networks in the middle reach of the Yangtze River
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Basin are sparse and poorly maintained [9–11]. In these ungauged basins and regions, especially in
the oxbow lakes, historical or long-time series of hydrological data are either lacking or difficult to
obtain. Given the lack of hydrologic data, the hydrologic changes caused by human activities have
rarely been acknowledged in oxbow lakes. Nevertheless, many oxbow lakes in the middle reach of
the Yangtze River Basin maintained abundant endangered species. For example, Père David’s deer
(Elaphurus davidianus) and the Yangtze finless porpoise (Neophocaena asiaeorientalis). Despite the fact
that hydrologic changes have a great influence on the habitats of these endangered species, no study
has fully addressed the hydrologic changes in this area.
Owing to the development of satellite remote sensing technology, nearly every process of the
terrestrial hydrological cycle can be observed/inferred directly or indirectly [12]. In particular,
the measurement of water surface area and water level by remote sensing in ungauged areas has
become more accurate and reliable. In addition, remote sensing can provide instantaneous “snapshots”
of rivers and lakes, thus allowing the direct and convenient extraction of data regarding water surface
area. Water level can be directly measured by using a radar altimeter and can be inferred by referring
to some ground measurement data, such as the in-situ water level, discharge, or topographic data with
water surface area [13,14]. However, the radar altimeter approach must ensure that the return echo
data comes from water bodies instead of land [15]. The larger the water bodies are, the more echo
data are returned, and the better the accuracy of the water surface elevation measurement [14]. As a
consequence, the water level of rivers and some small bodies of water, such as oxbow lakes, cannot
be measured directly by a radar altimeter. Remote sensing also provides two indirect approaches for
water level extraction [13,16]: the water boundary elevation integrated with topographic data (WBET)
method and the level–surface area relationship curve (LRC) method. The WBET method measures the
water boundary line elevation integrated with ground topographic data. Through the WBET method,
topographic maps and satellite images are used to obtain the water level data of the reservoirs [17]
and rivers [18]. The LRC method correlates satellite-derived water surface area data with in situ water
level data to construct an empirical rating curve. This method has also been widely employed in the
extraction of the water level data in many water bodies [19,20].
In the present study, we focused on the application of remote sensing technology in determining
the hydrologic pattern changes of an oxbow lake in the middle reach of the Yangtze River. Two remote
sensing approaches (WBET and LRC methods) were applied to estimate the water level fluctuation in
the ungauged oxbow lake. Then, the hydrologic pattern changes caused by human activities during
1992–2015 were analyzed. The specific aims of this study are as follows: (i) to verify the effectiveness
of the remote sensing method in characterizing the hydrologic changes of ungauged ecological zones;
and (ii) to quantitatively analyze the variation characteristics of hydrologic patterns in the Tian-e-Zhou
oxbow lake due to the impact of human activities.
2. Study Area
A series of oxbow lakes have formed in the abandoned channel of the middle reach of the
Yangtze River after the channel migration process. The Tian-e-Zhou wetland (112◦ 310 N–112◦ 370 N,
29◦ 460 E–29◦ 510 E) is a typical oxbow lake located at the north bank of the Yangtze River, adjacent to the
south of the Jianghan (Yangtze–Han River) floodplain (Figure 1). Located about 180 km downstream
of the Three Gorges Dam, this wetland was once a section of the middle reach of the Yangtze River
before being separated from the main stream through natural realignment of the channel in 1972 [21].
This oxbow lake is approximately 21 km long. The width ranges from 1–2 km and the surface area
varies from 10–20 km2 with the seasonal changes. The Tian-e-Zhou oxbow lake shown in Figure 1 is
at its normal water level with a water surface area of approximately 16 km2 . A subtropical monsoon
climate prevails in this area and the average annual temperature and precipitation are 16.5 ◦ C and
1200 mm, respectively. Due to its geological and meteorological conditions, this area is prone to
constant flooding [7]. Therefore, to prevent floods, the well-known Great Jingjiang Levee and many
other minor levees have been constructed along the middle reach of the Yangtze River Basin [4].

area. The upstream channel of the oxbow lake is entirely channelized and diked to control floods,
and the rate of scouring and silting in the oxbow lake is very small.
Due to the successful reintroduction of Père David’s deer (Elaphurus davidianus) [22] and the ex situ
conservation of the Yangtze finless porpoise (Neophocaena asiaeorientalis) [23], the Tian-e-Zhou oxbow
lake has attracted increasing attention. The Yangtze finless porpoise (Neophocaena asiaeorientalis) is the
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Figure 1. The location of the Tian-e-Zhou oxbow lake in the middle reach of the Yangtze River.
Figure 1. The location of the Tian-e-Zhou oxbow lake in the middle reach of the Yangtze River.
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of Père David’s deer (Elaphurus
davidianus) [22] and the
ex situ conservation of the Yangtze finless porpoise (Neophocaena asiaeorientalis) [23], the Tian-e-Zhou
oxbow lake has attracted increasing attention. The Yangtze finless porpoise (Neophocaena asiaeorientalis)
is the world’s only freshwater porpoise. It was classified as Endangered in 1996 and raised to Critically
Endangered in 2013 on the International Union for Conservation of Nature (IUCN) Red List of
Threatened Species. Père David’s deer (Elaphurus davidianus) is listed as Extinct in the Wild on the
IUCN Red list. The two national natural reserves are present in the oxbow lake to protect these
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endangered species. The numbers of these species in the two reserves account for 20% and 5.8%,
respectively, of the total population in the world [24,25]. Hydrological changes caused by the drastic
channel migrations and intensive human activities have a significant influence on the ungauged
habitats of these two endangered species.
3. Data and Methods
3.1. Data Collection and Processing
The satellite imageries of the Landsat Thematic Mapper (TM), the Enhanced TM Plus (ETM+) and
the Operational Land Imager (OLI) were employed in this study to determine the water surface area of
the Tian-e-Zhou Oxbow Lake. The 108 satellite images from 1992–2015 (including 11 Landsat 7 ETM+
scan-line corrector (SLC)-off images) used in this study were obtained from the Earth Explorer Interface
of the United States Geological Survey (USGS) (http://earthexplorer.usgs.gov/). The strategy used for
geometric correction was image-to-image registration, and the root-mean-square errors (RMSEs) of
correction were all less than 30 m. All of the images used were cloud free or had a small cloud cover in
the study area. The SLC of the Landsat 7 ETM+ sensor failed in 2003 which resulted in wedge-shaped
gaps and missing pixels in the images [26]. Therefore, we used a simple gap-filling extension toolbox
(landsat_gapfill.sav) in the software of ENVI (version 4.3, Research Systems Inc., Boulder, CO, USA)
to remove the gaps. This gap-filling method is based on a commonly used technique by the USGS in
local linear histogram matching [27].
We defined the daily water level of the Jianli Gauging Station (approximately 20 km away from
the Tian-e-Zhou oxbow lake) as the water level of the Yangtze River. The ground measurement
water level of the oxbow lake in 2010–2012 was provided by the administrative office of the Yangtze
Finless Porpoise National Nature Reserve for our verification. Data sets in 2011 and 2012, including
14 remotely sensed images, were used in fitting the surface area–water level curve of the LRC method.
In-situ water level data in 2010 were used to validate the performance of the two remote sensing
methods. Monthly precipitation and evapotranspiration data from 1992–2015 of the Jianli Weather
Station (approximately 20 km away from the Tian-e-Zhou oxbow lake) were obtained from the China
Meteorological Data Service Centre to examine the long-term changes in meteorological conditions in
this area.
Compared with classification, spectrum photometry and density-slicing approaches, the normalized
difference water index (NDWI) can produce the best results to delineate the water areas [28,29].
The NDWI used in this study was developed by McFeeters (1996) [30]. The NDWI is expressed as:
NDWI = ( Green − N IR)/( Green + N IR),

(1)

where Green and NIR represent the reflectance in the green and near-infrared channels, respectively.
The water bodies were obtained by the threshold extraction method based on the NDWI values.
Visual interpretation was then conducted to define the threshold value and minimize the minor error
to ensure the accuracy of the water surface extraction. The water surface area and water boundary
line were then extracted. The centerline of the oxbow lake was derived as the channel length from the
water boundary line by using the mathematical morphology method [31]. The inundation frequency
was calculated using the number of inundation images divided by the number of derived images in
each pixel. It describes the probability of water submerge. The area ratio is the percentage value of the
total area under different inundation frequencies. The water storage was calculated by accumulating
the volume of each pixel with the Area and Volume Statistics module in Arc Map ( version 10.0. Esri,
Redlands, CA, USA) The time series was divided into two distinguishable periods, namely, 1992–1998
and 1999–2015, according to the construction of the Shatanzi Levee.
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Given the highly correlated relationship
surface area and the in situ water
levels in the oxbow lake, the water surface area–lake level fitting curves were constructed. Three
fitting curves were constructed by using the LRC method, as shown in Figure 3. The results show
that all of the curves produced a good fit for the relationship between the water level and the lake
surface area in the Tian-e-Zhou oxbow lake (Table 1). Even a simple linear fitting curve can be used
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where xi is the water level measured by the two methods, yi is the ground measurement water level,
x is the mean value of xi , y is the mean value of yi , and n is the number of total data.
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The maximum water surface areas in 1992–1998 and 1999–2015 occupied approximately 76.1% and
61.6% of the whole Tian-e-Zhou area, respectively (Figure 6). The area difference between the
maximum and minimum water surface areas decreased from 19.2 km 2 in 1992–1998 to 12.3 km2 in
1999–2015.
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Figure 5. Temporal changes in water level and water surface areas during the flood and non-flood
Figure 5. Temporal changes in water level and water surface areas during the flood and non-flood
seasons of the Tian-e-Zhou oxbow lake from 1992–2015. (a,d) show the total water level and the water
seasons of the Tian-e-Zhou oxbow lake from 1992–2015. (a, d) show the total water level and the water
surface area variation during 1992–2015, respectively. (b,e) show the water level and the water surface
surface area variation during 1992–2015, respectively. (b, e) show the water level and the water
area variation in the flood season (from June–September) during 1992–2015, respectively; and (c,f) show
surface area variation in the flood season (from June–September) during 1992–2015, respectively; and
the water level and the water surface area variation in the non-flood season (from October–May) during
(c) and (f) show the water level and the water surface area variation in the non-flood season (from
1992–2015, respectively. The black and grey lines in (a–c) show the water level extracted by using the
October–May) during 1992–2015, respectively. The black and grey lines in (a–c) show the water level
WBET and LRC methods, respectively.
extracted by using the WBET and LRC methods, respectively.

After the great flood of the whole Yangtze River Basin in 1998, the Shatanzi Levee was constructed
to prevent further flooding in this area. As a result, the hydrological conditions, including water surface
area and water level, have been significantly altered. The maximum and minimum water surface areas
in the periods of 1992–1998 and 1999–2015 were calculated in this study. The results showed that the
maximum water surface area in the two periods both occurred in August. The maximum water surface
areas in 1992–1998 and 1999–2015 occupied approximately 76.1% and 61.6% of the whole Tian-e-Zhou
area, respectively (Figure 6). The area difference between the maximum and minimum water surface
areas decreased from 19.2 km2 in 1992–1998 to 12.3 km2 in 1999–2015.
Changes in the average annual water level, the water surface area, and the water level difference
with the Yangtze River before and after 1998 were all calculated. The results showed that the mean
annual water level during the flood season in the oxbow lake decreased by 1.47 m (WBET method)
or by 3.21 m (LRC method); the mean annual water surface area decreased by 5.8 km2 . By contrast,
the mean annual water level increased by 1.12 m (WBET method) or by 0.75 m (LRC method) and
the mean annual water surface area decreased by 1.35 km2 during the non-flood season (Table 3).
The two methods showed the same change trends. The water level in the oxbow lake increased with
the Yangtze River, and the water level difference between them was small before 1998. However,
Figure
6. Minimum
and maximum
water
areas
in and
the two
periods:
(a) 1992–1998;
the mean
water
level difference
between
thesurface
Yangtze
River
the observed
oxbow lake
increased
from 1.68 m
(b) 1999–2015.
in 1992–1998 to 3.32 m in 1999–2015 (WBET method) or from 3.19 m to 3.69 m (LRC method).

Changes in the average annual water level, the water surface area, and the water level difference
with the Yangtze River before and after 1998 were all calculated. The results showed that the mean
Remote Sens. 2017, 10, 27; doi:10.3390/rs10010027

www.mdpi.com/journal/remotesensing

seasons of the Tian-e-Zhou oxbow lake from 1992–2015. (a, d) show the total water level and the water
surface area variation during 1992–2015, respectively. (b, e) show the water level and the water
surface area variation in the flood season (from June–September) during 1992–2015, respectively; and
(c) and (f) show the water level and the water surface area variation in the non-flood season (from
October–May) during 1992–2015, respectively. The black and grey lines in (a–c) show the water level
Remote Sens. 2018, 10, 27
extracted by using the WBET and LRC methods, respectively.
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annual water level during the flood season in the oxbow lake decreased by 1.47 m (WBET method)
or by 3.21 m (LRC method); the mean annual water surface area decreased by 5.8 km 2. By contrast,
the mean annual water level increased by 1.12 m (WBET method) or by 0.75 m (LRC method) and the
mean annual water surface area decreased by 1.35 km2 during the non-flood season (Table 3). The
two methods showed the same change trends. The water level in the oxbow lake increased with the
Yangtze River, and the water level difference between them was small before 1998. However, the
Figure
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1992–1998 to 3.32 m in 1999–2015 (WBET method) or from 3.19 m to 3.69 m (LRC method).
(b) 1999–2015.
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The inundation frequency was also analyzed in the current study by overlaying the images of
The inundation frequency was also analyzed in the current study by overlaying the images of
all bodies of water to verify the decreasing trend of water levels in this area, especially after 1998. The
all bodies of water to verify the decreasing trend of water levels in this area, especially after 1998.
result indicated that the average inundation frequencies decreased from 52.2% in 1992–1998 to 50.7%
The result indicated that the average inundation frequencies decreased from 52.2% in 1992–1998 to
in 1999–2015 (Figure 7). The area with a low inundation frequency (0–25%) occupied 59.28% of the
50.7% in 1999–2015 (Figure 7). The area with a low inundation frequency (0–25%) occupied 59.28%
total area in 1992–1998. However, the area ratio increased to 68.7% in 1999–2015. Furthermore, the
of the total area in 1992–1998. However, the area ratio increased to 68.7% in 1999–2015. Furthermore,
area ratio with an inundation frequency (25–75%) decreased from 17.48% in 1992–1998 to 5.75% in
the
area ratio with an inundation frequency (25–75%) decreased from 17.48% in 1992–1998 to 5.75%
1999–2015.
in 1999–2015.

Figure 7. The inundation frequencies in (a) 1992–1998 and (b) 1999–2015 in the oxbow lake.
Figure 7. The inundation frequencies in (a) 1992–1998 and (b) 1999–2015 in the oxbow lake.
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5. Discussion
5.1. Uncertainty Analysis of the Water Level Estimation
The errors and uncertainties associated with Landsat imageries and DEM directly contributed
to the errors in the water level extraction. The first cause of this was because of the error in the
extracted water boundary line due to the fact that two methods were needed to utilize the surface
area. In this study, the water boundary was extracted using NDWI with a threshold value by visual
interpretation. The pixel resolution of the used imageries was 30 m × 30 m, and the pixels located in
the water and land boundaries were often mixed pixels [33]. An accurate surface area would have
been able to be extracted if a high resolution satellite image was used. Although we modified the
minor error of the water surface area extracted by visual interpretation, the error still remained. Thin
cloud cover and SLC-off imageries might have led to the errors of surface area extraction. The other
error source was from the uncertainty of the DEM data. DEM errors generally come from two sources:
elevation data and altitude interpolation [34]. Although sufficient ground and underwater altimetric
points were utilized by the KIM to generate the DEM in this study, the vertical inaccuracy caused by
the ground measurement and interpolation could not be avoided. Some small man-made levees on
the beach wetland might also be another important factor affecting the accuracy of the water level
extraction. Furthermore, the terrain slope of the beach wetland could also change, which could also
cause some errors.
Although the resolution of the DEM for the WBET method is high enough, the resolution of
water boundary line extracted from satellite images was rather coarse (30 m × 30 m) to use for the
WBET method. Thus, it is difficult to obtain results that are as good as those obtained through the
LRC method. Moreover, higher resolution satellite images can lead to better and more accurate results.
The average value of the extracted points of the WBET method might also cause some errors in the
results. Despite the fact that the LRC method performed better than the WBET method, overall,
the uncertainty of the LRC method still exists. In the LRC method, the water level was estimated from
a lake level–surface area rating curve, and the uncertainty involved in this curve inevitably affected
the results. Due to the randomness of the lake landform, it became more difficult to use the standard
curve in describing the relationship between water surface area and water level.
The small RMSE and high correlation coefficients compared with the in situ data indicated the
feasibility of the two remote sensing methods in conducting water level extraction of the Tian-e-Zhou
oxbow lake. They exhibited a similar change trend of water level in the lake, which verified the
credibility of the results. Given the effective application of remote sensing in the Tian-e-Zhou oxbow
lake, the hydrologic change in other ungauged oxbow lakes can also be measured.
5.2. Reason and Influence Analysis of Hydrologic Pattern Changes
Climate conditions could be one of the main reasons of the water level fluctuation and the water
surface area variation in a lake or river [35,36]. However, when examining the long-term mean monthly
precipitation and evapotranspiration data in the Jianli Meteorological Station from 1992–2015, the two
most important natural factors did not show an obvious synchronous change with the water level and
the water surface area (Figure 8).
With the operation of the Three Gorges Reservoir in the upstream, the erosion of the river channel
near the oxbow lake became aggravated, resulting in the channel’s mean scour depth of 2–3 m [4,37].
Thus, the water level in the Yangtze River channel decreased and the bank failure risks also increased.
The recovery of the hydrologic connectivity between the Yangtze River and oxbow lake has become
increasingly difficult. From the analysis results, the influences of river-lake isolation on the hydrologic
pattern changes are more obvious than those of the Three Gorges Dam and the climate conditions.
Many past studies have shown that intensive levees and revetments have been constructed in this
area to prevent floods since the Ming Dynasty, and that the relationships between the Yangtze River
and surrounding lakes have been significantly changed [4,38]. The isolation from the Yangtze River
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through the creation of man-made levees should account for the hydrologic changes in the oxbow
lake. After being separated from the Yangtze River by the Shatanzi Levee in 1998, the water level in
the flood season and the fluctuation frequency decreased in the oxbow lake [39,40]. However, given
that the terrain of the beach wetland is relatively flat, a small decrease in water level can lead to a
large decrease in water surface and a large increase in beach wetland. Consequently, the inundation
frequency of beach wetland has decreased and the exposure time has become longer after 1998. Thus,
the beach wetland has great potential to be influenced by human disturbances, such as agricultural
Remote Sens.
2017,
10,planting
27
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activities
and
the
of Italian poplar (Populus euramevicana) [41].

Figure 8. The long-term precipitation and evapotranspiration in the Tian-e-Zhou oxbow lake between
Figure 8. The long-term precipitation and evapotranspiration in the Tian-e-Zhou oxbow lake between
1992 and 2015. The linear fitting line did not show an obvious synchronous change of the two
1992 and 2015. The linear fitting line did not show an obvious synchronous change of the two climate
climate factors.
factors.
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within 0.4 m and a high correlation coefficient above 0.97. The hydrological pattern changes in the
oxbow lake from 1992–2015, especially before and after the construction of the Shatanzi Levee in 1998,
were analyzed. The results showed that the mean annual water level during the flood season in the
oxbow lake decreased by 1.47 m (WBET method) or by 3.21 m (LRC method); the mean annual water
surface area decreased by 5.8 km 2. By contrast, the annual water level increased by 1.12 m (WBET
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RMSE within 0.4 m and a high correlation coefficient above 0.97. The hydrological pattern changes in
the oxbow lake from 1992–2015, especially before and after the construction of the Shatanzi Levee in
1998, were analyzed. The results showed that the mean annual water level during the flood season in
the oxbow lake decreased by 1.47 m (WBET method) or by 3.21 m (LRC method); the mean annual
water surface area decreased by 5.8 km2 . By contrast, the annual water level increased by 1.12 m
(WBET method) or by 0.75 m (LRC method) and the mean annual water surface area decreased by
1.35 km2 during the non-flood season. The water level fluctuation in the oxbow lake thus became
weak. The water level difference between the Yangtze River and the oxbow lake increased by 1.64 m
(WBET method) or by 0.5 m (LRC method) but the inundation frequency decreased by 1.5% after 1998.
The results verified that remote sensing methods can be used to characterize the hydrologic changes
of ungauged oxbow lakes. The results demonstrate the hydrologic pattern changes and the series of
ecological impacts caused by human activities in the oxbow lakes of the middle reach of the Yangtze
River Basin.
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