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Abstract: Lake bottom topography is a basic parameter that reflects the elevation of all lake bottom
geographical locations. In this study, a novel method was proposed for mapping lake bottom
topography by combining the water occurrence map from the Global Surface Water (GSW) dataset
with long-term measured water levels. This method took advantage of the following feature: the
rapid change in water level of a lake’s dynamic inundation area leads to a different water occurrence
frequency and, therefore, put forward the concept of lake water level frequency, which refers to the
frequency at which the water level is higher than or equal to a specified elevation. As water occurs
more frequently in lake bottoms with lower elevations and less frequently in lake bottoms with higher
elevations, we assume that lake water level frequency is identical to the water occurrence frequency
over a long time. The water level frequency curve of all the measured water level data was generated
through the P-III distribution function, and the elevation values from the water level frequency curve
were assigned to pixels with the same frequency in the water occurrence map in order to generate the
lake bottom topographic map. A case study was conducted on Poyang Lake in China to demonstrate
the performance of the method. The derived bottom topographic map of Poyang Lake was verified
by four measured sections. The results showed that the proposed method was feasible and could
well reflect the bottom topography of Poyang Lake. The absolute error was mostly less than 0.5 m,
the mean relative error was 7.4%, and the root mean square error was 0.99 m. The proposed method
enriches the mapping means of lake bottom topography and has the potential to become a useful tool
with a broad application prospect.

Keywords: bottom topography; GSW dataset; water level; water occurrence frequency; Poyang Lake

1. Introduction

Lakes are an important part of the hydrological cycle and an important water source for
earth organisms [1]. In recent years, influenced by both climate changes and human activi-
ties, many lakes in China have been shrinking in area and decreasing in water level, which
has had a profound impact on local economic development and ecological changes [2,3].
Lake bottom topography is a basic parameter for lake characteristics, as it represents the
elevation of all lake bottom geographical locations within a lake’s maximum inundation
area. Lake bottom topography is an important foundation for quantifying the impact of
lake water resources on the global water cycle, establishing hydrological and hydrodynamic
models, and evaluating the evolution of the water ecological environment [4-6]. Mapping
lake bottom topography can help monitor long-term changes in lake water volume and
predict the impact of global changes on water resources [7,8].

The traditional methods for bottom topography mapping mainly rely on sonar or
airborne lidar on a ship-/boat-based platform or on unmanned surface vehicles [9-12].
These methods are usually subject to various kinds of constraints, with the disadvantages of
long measurement period and high cost [13-15]. For example, for high-altitude lakes, such
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as the Qinghai Lake, transportation in these areas is inconvenient, and it is quite difficult to
carry masses of large measuring instruments to these places, which makes carrying out an
in-situ survey in such remote area challenging [16]. For lakes greatly affected by human
activities, such as Poyang Lake, the water level and inundation area vary greatly in a year,
and the water body is often separated by sandbars, making it almost impossible to obtain
the bottom topography of the entire lake in a short time [17]. Therefore, the traditional
mapping methods are affected by many factors, which limit their use at a larger scale.

The development of remote sensing technology has provided a fast and effective
alternative for mapping the bottom topography of lakes [18,19]. In the past decades,
satellite remote sensing data have been widely used to obtain bottom topography data
in shallow lakes due to their high spatial resolution, long period of data availability,
and open access, which makes up for the deficiency of in situ surveys to a considerable
extent [20-22]. Based on the assumption that the lake boundaries, at different times with
different water levels, can be regarded as isobaths of the underwater topography, many
scholars were committed to mapping the lake bottom topography by combining water
level data and the corresponding lake boundaries extracted from multi-source satellite
images [17,23-25]. Such methods usually require a large amount of remote sensing images,
and the accuracy of the boundary extraction procedure has a critical impact on the derived
bottom topography. As for lakes affected by human activities, these lake boundaries are
always complex and discontinuous, which results in a large amount of manual modification
and may involve uncertainties caused by extraction errors [26]. In addition, some studies
combined active (such as ICESat-2 altimetry data) and passive (multispectral satellite
imagery) spaceborne data to achieve lake bottom topography by estimating the relationship
between the multispectral bands and elevations derived from laser altimeter in recent
years [27-30]. However, these methods are restricted to clean shallow lakes due to the
limited ability of laser footpoints to penetrate the water surface [31,32]. In turbid waters,
they are generally not applicable.

The Global Surface Water (GSW) dataset concentrates on long-term global surface
water observations based on more than 4 million Landsat images from 1984 to 2020 [33].
Due to its high accuracy and global coverage, GSW dataset products have been widely
used in research on lakes [3,27,34,35]. The GSW dataset contains different thematic maps,
including water cccurrence, seasonality, transitions, etc., which provide the long-term
observation information about surface water changes at the global scale. The value of each
pixel in the water occurrence map represents the frequency of the pixel observed as water
from 1984 to 2020. Over a long period, there exists a corresponding relationship between
the lake bottom elevation and water occurrence frequency. Water occurs more frequently
in lake bottoms with lower elevations, while water occurs less frequently in lake bottoms
with higher elevations. Since the water level at a certain time can be regarded as the bottom
elevation along a lake boundary, lake bottom elevation can be derived continuously with
the water level of a lake fluctuating over time. By means of the long-term statistics on the
surface water dynamics provided by the GSW dataset and the daily measured water level
data, we took full advantage of the relationship between bottom elevations and the water
occurrence frequency and found a new approach for mapping lake bottom topography.

Aiming to provide an efficient alternative for lake bottom topography mapping, we
combined the GSW dataset and the long-term measured water level data to propose a novel
method, in this paper, with the following objectives:

1.  To develop a novel method for mapping the bottom topography of lakes with peri-
odically significant spatiotemporal variations and sufficient measured water level
data.

2. To conduct a case study on Poyang Lake, the largest freshwater lake in China with
great seasonal variations [36], in order to demonstrate the performance of the proposed
method. The derived bottom topographic map of Poyang Lake can be used as baseline
data for further studies on area variation monitoring and water volume estimation.
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3. To have a preliminary discussion about the advantages, the limitations, and the
application prospect for the proposed method.

The manuscript is organized as follows: In Section 2, the general situation of Poyang
Lake is introduced, then the data used in this research are presented, and, finally, the
method proposed in this paper is described in detail. In Section 3, the main results are
demonstrated, and the verification is conducted. In Section 4, the efficiency of the proposed
method is exhibited by conducting a simple analysis on the spatiotemporal variations
of Poyang Lake based on the derived bottom topography, and then the advantages, the
limitations, and the application prospect for the method are discussed. In Section 5, the
conclusions are presented.

2. Materials and Methods
2.1. Study Area

Poyang Lake, with a surface area of over 4125 km? and a water volume of 27.6 billion
m3, is the largest freshwater lake in China. Poyang Lake is located in the north of Jiangxi
Province and the south bank of the middle and lower reaches of the Yangtze River between
28°11'~29°51' N and 115°49'~116°49’ E. The watershed of Poyang Lake covers an area of
162,225 km?, which accounts for about 97% of the total area of Jiangxi Province [37]. Poyang
Lake is an important wetland in the world. It is one of the top ten ecological function
reserves in China and one of the important ecological areas in the world; this is recognized
by the World Wide Fund for Nature (WWEN).

The subtropical monsoon climate in this area gives rise to mild and humid weather,
with an annual average temperature of 17.1 °C and an annual average precipitation mea-
surement of 1570 mm. The water level of Poyang Lake shows significant seasonal changes
due to seasonal variations in precipitation, as well as the alternation of flood and dry
seasons in the upper reaches of the Yangtze River. Consequently, significant variations in
the surface area of the lake can be noted during the year. During the flood season, the water
level of Poyang Lake reaches the yearly maximum, together with a maximum surface area
of over 4125 km?. During the dry season, the lake’s minimum surface area is only about
500 km?. In recent years, the hydrological situation of Poyang Lake has varied greatly since
the Three Gorges Project (TGP), the largest water conservancy hub project in the world,
came into operation in 2003.

As shown in Figure 1, water from rivers, including the Xiushui, Ganjiang, Fuhe,
Xinjiang, and Raohe, flows through Poyang Lake into the Yangtze River. Poyang Lake is
divided into two parts by Songmen Mountain. The southern part contains the main lake
area where the lake is wide and shallow. The northern part contains the channel into the
Yangtze River where the lake is narrow and deep. The whole lake tilts from the southeast
to the northwest.

2.2. Materials
2.2.1. Global Surface Water Dataset

The GSW dataset contains maps of the location and temporal distribution of surface
water on the global scale and provides statistics on the extent and change in the global water
surfaces [33]. The dataset was produced by the European Commission’s Joint Research
Centre (JRC) and Google using 4,453,989 scenes from Landsat 5, 7, and 8 acquired between
16 March 1984 and 31 December 2020. Each pixel in the mapping layers of the GSW dataset
was individually classified into water/non-water using an expert system [33]. The GSW
dataset maps different facets of the spatial and temporal distribution of surface water
over the last 37 years and contains seven bands, including water cccurrence, seasonality,
recurrence, transitions, etc. The GSW dataset can be accessed and used on the Google Earth
Engine (GEE) platform (https://earthengine.google.com/ accessed on 1 August 2021).
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Figure 1. Location of the Poyang Lake, China: The red triangle represents the hydrologic stations. The
blue area is Poyang Lake. The blue line represents the river, and the red lines are the four topographic
monitoring sections of the lake.

The water occurrence thematic map in the GSW dataset contains the main supporting
data for this study and acts as the base map of the final bottom topographic map. This water
occurrence map, with a spatial resolution of 30 m, shows where surface water occurred
between 1984 and 2020 and provides information concerning the overall water dynamics.
The discrete value of each pixel in the water occurrence map ranges from 1 to 100, and it
reflects the proportion (or frequency) of the pixel observed as water in all available Landsat
observations without clouds and shadows from 1984 to 2020. The water occurrence in a
month (WO™°""Y can be calculated as follows [33]:

Z WDmonth

Womonth
Z Vomonth

M

where WD™"t" and VO™o"th refer to water detections and valid observations from the
same months, respectively. The long-term overall surface water occurrence was obtained
by averaging the results of all monthly WO calculations.

2.2.2. Lake Water Level Data

In this study, the daily water levels of Poyang Lake from the Hukou station and
the Duchang station from 1993 to 2020 were used as the measured data. These water
level data were calibrated against the elevation reference of Woosung Horizontal Zero
(W.H.Z.) [38] and were downloaded from the National Water and Rainfall Information
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Network (http://xxtb.mwr.cn/ accessed on 1 July 2021). Water level data before 1993 are
not available currently. The distributions of the hydrologic stations are shown in Figure 1.

2.2.3. Measured Lake Topographic Data

The measured topographic data of four sections of Poyang Lake in 2010 were used for
verification in this paper. These topographic data were measured by digital depth sounder
and GPS on a remote monitoring ship, and the measured points were arranged along the
section every 100~2000 m. The topographic data, including the longitude, the latitude, and
the elevation referenced against the W.H.Z. of the measured points, were obtained from the
Jiangxi Hydrological Bureau, and the locations of the sections are shown in Figure 1.

2.3. Methods

In this study, a novel method for lake bottom topography mapping was proposed by
combining the water occurrence map from the GSW dataset and the daily measured water
level data. The core concept of this method can be described as follows: The water level
at a specific time can be regarded as the elevation along the water/land boundary [17].
As the water level of a lake fluctuates over time, the bottom elevation within the lake’s
dynamic inundation area can be derived continuously. Over a long temporal span, there
exists a corresponding relationship between the water occurrence frequency and the bottom
elevation. Bottoms with lower elevations may be inundated more frequently, while bottoms
with higher elevations may be inundated less frequently. In other words, higher water
occurrence frequency corresponds to a lower elevation, while lower water occurrence
frequency corresponds to a higher elevation. Referring to the definition of hydrologic
frequency in hydrology, we put forward the concept of lake water level frequency in this
paper, which refers to the frequency at which the lake water level is higher than or equal
to a specified elevation. As for any part of the lake bottom, if water occurred there more
frequently, we can infer that it was inundated more frequently, which is to say that the
water level was higher than its bottom elevation more frequently. Therefore, we can assume
that the water level frequency is identical to the water occurrence frequency over a long
period. If we pair the water level frequency with the water occurrence frequency and
assign the water level (elevation) value to each pixel with the same frequency in the water
occurrence map, then the bottom topographic map can be generated.

As some parts of the lake bottom are covered by water all the year round, the proposed
method in this paper can only map the bottom topography of a lake’s dynamic inundation
area, and the elevations of lake bottom covered by permanent water (locations with the
water occurrence frequency of 100%) are still undetermined. In addition, the proposed
method is mainly applicable to large lakes, whose inundation area varies greatly and whose
water level changes rapidly in a year. For lakes with minor water level variations, this
proposed method may not work well.

The method in this paper consists of four parts. The lake boundary extraction module
(LBEM) is used to extract the maximum extent of the lake, namely, the inundation area
when the lake reached its highest water level. The water occurrence frequency calculation
module (WOFCM) retrieves the GSW dataset to obtain the water occurrence frequency of
each pixel within the lake’s maximum inundation area. The water level frequency curve
generation module (WLFCGM) is intended to generate a reasonable water level frequency
curve of all the measured water level data using the P-III distribution function, which is a
commonly used mathematical distribution in hydrologic statistics [39,40]. The lake bottom
topographic map generating module (LBTMGM) is used to assign the elevation value to
each pixel and generate the lake bottom topographic map by integrating the elevation
value and coordinates of each pixel. A flowchart of this method is illustrated in Figure 2.


http://xxfb.mwr.cn/

Remote Sens. 2022, 14, 1423

6 of 21

3. Water level
frequency curve
generation module

2. Water occurrence

L. Lak(.e ek --;  |frequency calculation|--,
extraction module | | module i

Landsat image at the Measured water level

highest water level P data
i Water occurrence map | |
! in the GSW dataset !
A N H v
NDWI Calculation P-II frequency curve
I drawing
. Water occurrence :
3 i |i | frequency of each pixel | | v
Extraction of lake L : Obtaining water level at

maximum extent different frequencies

_.|4. Lake bottom topographic| |
: | map generation module '

Elevation of each pixel

Measured lake | Bottom topography
topographic data verification
Mapping lake bottom
topography

Figure 2. Flowchart of the proposed method to estimate bottom topography of lakes: the method
consists of four modules.

1.  Lake boundary extraction module

Firstly, the Landsat image (Row = 121, Path = 40) acquired on the day when the
lake reached its highest water level between 1984 and 2020 is downloaded from the U.S.
Geological Survey (http://glovis.usgs.gov/ accessed on 1 June 2021). Then, the normalized
difference water index (NDWI) method [41] is used to extract the boundary as the lake’s
maximum extent. The NDWI proposed by McFeeters in 1996 aims at detecting surface
waters in wetland environments [41]. It has been widely used to extract water from remote
sensing images in recent years [42—44]. The NDWI can be calculated as follows:

NDWI _ Green — NIR

= 2
Green + NIR @)

where Green is the TOA reflectance value of the Green band (Band 2 for Landsat TM &
ETM+ data, Band 3 for Landsat OLI data) and NIR is the TOA reflectance value of the
near-infrared band (Band 4 for Landsat TM & ETM+ data, Band 5 for Landsat OLI data).
The range of the NDWI is from —1 to 1. The threshold value of the lake water boundary
is 0; the area with an NDWI greater than 0 is water surfaces; and the area with an NDWI
less than or equal to 0 is non-water surfaces [41]. Finally, visual examination and manual
modification were conducted on the extracted boundary.

2. Water occurrence frequency calculation module

According to the lake’s maximum extent, the water occurrence frequency of pixels
within the extent can be extracted from the water occurrence map in the GSW dataset,
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which represents the frequency with which water was present on the surface from 1984 to
2020 [33].

3. Water level frequency curve generation module

In the WLFCGM, the historical measured water levels of the lake are firstly obtained,
then the empirical frequency of each water level value is calculated, and the empirical
points are generated. The P-III distribution function is utilized to draw the theoretical
frequency curve. The theoretical frequency curve is adjusted according to the fitting degree
between the empirical points and the theoretical frequency curve, and the final adjusted
theoretical frequency curve is taken as the water level frequency curve of the lake.

(1) Empirical frequency calculation

All of the lake’s measured water level values are arranged and numbered in a sequence
in order from large to small (x; > xp > ... x; > ... > x;), where x1 and x,, represent the
highest and lowest water level values of all the measured water level data (m), respectively;
Xm € {xn, x1} represents a certain water level value in the sequence (m), n represents the
total number of the measured water level data, and m € {1, n} represents the sequence
number of a certain water level value.

For a certain water level x;,, the empirical frequency P, (%) can be calculated by

Equation (3):
m

n+1 ©)
where the empirical points are obtained by taking the empirical frequency P, as the x-axis
and the water level value x;,; as the y-axis on the Hazen probability paper.

(2) P-III distribution function

Pm:

The frequency density function of the P-III distribution curve is as follows:

f(x) =rfi> (x—ag)* e PO (x > ag, & > 0,8 > 0) @)

where gy represents location parameters (m) and § and « are scale parameters and shape
parameters, respectively. They can be calculated as follows:

ag = x(l — ZCC”) 5)
" :éz ©)

2
p= TC,C. (7)

where X represents the mean of the water level sequence (m) and C, and C; represent the
variation coefficient and skewness coefficient of the water level sequence, respectively.

(3) Parameter estimation

The method of moments is used to estimate the three parameters of the P-III distribu-
tion function. The mean (x), variation coefficient (C;), and skewness coefficient (Cs) can be
calculated as follows:

Y:%in (8)
1 X 2
Co = n—lX:(?_l) ©)
()’
= (n— 3)C§] {10

where x; (i € {1, n}) represents each water level value in the sequence (m).
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(4) Curve fitting

The deviation coefficient (®) values corresponding to different frequencies (P), C,, and
Cs can be found from the @ table of the P-1II distribution function. The x values, namely
the water level values to derive (m), corresponding to each frequency (P) under a certain
Cy can be calculated according to Equation (11).

x =%(1+ Cy®) (11)

Draw the points (P, x) on the Hazen probability paper, and then connect these points
with a smooth curve as the theoretical frequency curve. Adjust the values of C, and C;
according to the fitting between the theoretical frequency curve and the empirical points
until the curve fits well with the empirical points.

4. Lake bottom topographic map generating module

The water level values in the water level frequency curve are stored in a frequency-
elevation table. From 1% to 100%, each frequency value corresponds to an elevation (water
level) value. The water cccurrence map is used as the base map. For each pixel in the
water occurrence map, use the frequency value of the pixel to retrieve from the frequency-
elevation table and receive the corresponding elevation value. Then, assign the derived
elevation value to the pixel. Loop until all the pixels in the map are assigned; then, the lake
bottom topographic map can be generated automatically in TIF format. These procedures
are implemented automatically by coding with the Geospatial Data Abstraction Library
(GDAL) in Python 2.7.

Based on the derived bottom topographic map, lake water volume can be estimated
with a corresponding water level value using the “Surface Volume” function of the 3D
Analyst Tool in ArcMap 10.8, and the lake inundation range can be extracted with a
corresponding water level value using the “Reclass” function of the Spatial Analyst Tool in
ArcMap 10.8.

The mean relative error (MRE) and the root mean square error (RMSE) are used to
verify the derived results of lake bottom topography. The MRE (%) and RMSE (m) can be
calculated as follows:

_ YLy abs(x;—y,) /y;

MRE
N

(12)

ZzNzl(xi—yi)z
N

where x; is the calculated value (m), y; is the true value (m), and 7 is the number of samples.

RMSE = (13)

3. Results
3.1. Water Occurrence Frequency of Poyang Lake

The highest water level of Poyang Lake from 1993 to 2020 occurred on 12 July 2020.
The boundary of Poyang Lake on this day was extracted as the maximum extent of Poyang
Lake. The water occurrence frequency of Poyang Lake was extracted from the water
occurrence map of the GSW dataset, as shown in Figure 3. Percentages of each interval
were counted, as shown in Figure 4. On the whole, the water occurrence frequency in the
northern part of Poyang Lake is higher than that in the southern part. By adding up the
area of all the pixels with a frequency equal to or greater than 1%, we can calculate that the
maximum area of Poyang Lake is 4187.79 km?. Similarly, the lake area varied from 575.76
to 4187.79 km? from 1984 to 2020. The area with a water occurrence frequency greater than
or equal to 95% is 734.9 km?, which accounts for 17.5% of the total area of Poyang Lake,
indicating that 17.5% of the lake is almost covered by water all the year round. The area
with a water occurrence frequency of 91~100% is 1351.43 km?, which accounts for 32.3% of
the total area of Poyang Lake. The area with a water occurrence frequency of 51~100% is
3104.95 km?, which accounts for 74.1% of the total area of Poyang Lake. The area with a
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water occurrence frequency less than 50% is 1082.84 km?, which accounts for 25.9% of the
total area of Poyang Lake, indicating that 25.9% of the lake bed is dry for half of the time.
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Figure 4. Distribution of Poyang Lake’s water occurrence frequency: the black boxes are the percent-
ages for each interval, and the red line is the cumulative percentage.

3.2. Water Level Frequency Curve of Poyang Lake

A comparison of water level records in the Hukou station and the Duchang station
from 2007 to 2020 is shown in Figure 5. The lowest water levels of Poyang Lake ever
recorded in the Duchang station and the Hukou Station were 7.47 m and 7.15 m, respectively,
occurring on 1 February 2014 and 21 December 2007, respectively, and the highest water
levels ever recorded in these two stations were 22.42 m and 22.49 m, respectively, both
occurring on 12 July 2020. As can be seen in Figure 5, the seasonal variations in Poyang
Lake’s water level during a year are significant. From January to February, the water
level rises gradually; the annual highest water level mostly occurs between June and July,
and the water level gradually decreases from July to January of the next year. In the dry
season, the water level of the Duchang station is higher than that of the Hukou station,
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and the maximum height difference is 2.73 m, while there is little difference between the
water level of the Duchang station and the Hukou station in the flood season. Under
normal circumstances, Poyang Lake flows into the Yangtze River from south to north, and,
therefore, the water level in the south is higher than that in the north. However, in the flood
season, due to the backwater of the Yangtze River [45], the water flow reverses from north
to south, and the water level of the whole lake is almost the same.

25

——Duchang ——Hukou

= N
ol o
T T

Water level (m)
=
—

O 1 1 1 1 1 1 1 1 1 1 1 1 1
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Figure 5. Comparison of water level between the Hukou station and the Duchang station from 2007
to 2020: the red line represents water level of the Hukou station, and the blue line represents water
level of the Duchang station.

The P-III distribution function was used to generate a reasonable water level frequency
distribution curve. The mean value, variation coefficient, and skewness coefficient of the
water level series calculated by the method of moments were used as the initial values, and
then, these statistical parameters were continuously adjusted by the curve fitting method
until the theoretical frequency curve fits well with the empirical points. The adjusted water
level frequency curves of the Hukou station and the Duchang station are shown in Figure 6.
The water levels corresponding to the water level frequency, ranging from 1% to 100%,
were calculated, as shown in Figure 7. It can be seen that a higher water level frequency
corresponds to a lower water level, whereas a lower water level frequency corresponds
to a higher water level. When the frequency is greater than 30%, the water levels of the
Duchang station are greater than those of the Hukou station. When the frequency is less
than 30%, there are small differences between the water levels of the Hukou station and the
Duchang station.
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Figure 6. P-III water level frequency curves of (a) Hukou station and (b) Duchang station: the purple
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Figure 7. Comparison of water level frequency between the Hukou station and the Duchang station:
the red line represents the water level frequency curve of the Hukou station, and the blue line

represents the water level frequency curve of the Duchang station.
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3.3. Bottom Topographic Map of Poyang Lake

The water level frequency in the northern part of Poyang Lake was determined
according to the water level sequence of the Hukou station, and the water level frequency
in the southern part of the lake was determined according to the water level sequence
of the Duchang Station. Based on the water occurrence frequency and the water level
frequency curve of Poyang Lake, the elevation of each pixel within the water occurrence
map was assigned according to elevation values in the water level frequency curve, and
the bottom topographic map of Poyang Lake was drawn, as shown in Figure 8. The spatial
resolution of the derived bottom topographic map is 30 m, and the bottom elevation is
against the elevation reference of W.H.Z. The entire bottom elevation of Poyang Lake is
lower than 23.5 m, showing a decreasing trend from south to north. At the northern outlet
and the center of the lake, the elevation is mostly lower than 10 m, while the elevation of
the southern lake area is mostly 10~23.5 m. As can be seen from the elevation distribution
histogram in Figure 9, the area with bottom elevations lower than 13 m accounts for 81.5%
of the total area of Poyang Lake, among which the area with elevations between 8~9 m
accounts for 59.0%. The area with bottom elevations higher than 15 m accounts for only
6.83% of the total area. It should be pointed out that the method in this paper can only
map the lake bottom topography with an elevation higher than the lowest water level ever
recorded. For the part of the lake which is covered by water all the year round, namely
the pixels with a water occurrence frequency of 100%, we can not determine accurate
elevation values.

Elevation (m)
T 23.5

_

AN

N

Figure 8. Bottom topographic map of Poyang Lake derived from the proposed method.
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Figure 9. The distribution histogram of Poyang Lake’s bottom topography: the black boxes are the
percentages for each interval, and the red line is the cumulative percentage.

3.4. Verification of the Proposed Method

The accuracy of the derived topographic data was verified according to the measured
elevation data of four sections of the Poyang Lake. Based on the longitude and latitude of
the measured points, these points were added as a layer in ArcMap 10.8 using the WGS
1984 Geographic Coordinate System and overlapped on the derived bottom topographic
map. Then, the measured elevations and the elevations in the derived topographic map can
be compared. The comparison of the measured and derived elevation values of Sections I
to IV is shown in Figures 10 and 11. It can be seen that the derived elevation values fit well
with the measured values. The absolute error is mostly less than 0.5 m, and the MRE and
RMSE of all the four sections are 7.4% and 0.99 m, respectively, indicating that the method
proposed in this paper has high accuracy and can be used to reflect the bottom topography
of the lake. However, large relative differences can be observed in Section I and Section
III, which are located in the northern outlet, as shown in Table 1. The MRE and RMSE of
Section I are 17.24% and 1.37 m, respectively, and the MRE and RMSE of Section III are
7.14% and 1.27 m, respectively. Since the water occurrence frequency used in this paper
covers 37 years of data, it may indicate changes in lake bottom topography at the northern
outlet caused by sedimentation, scouring, and human activities between 1984 and 2020.

17
o
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RMSE=0.99 m
13 F N=72 o
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Eqq L o o
= 11 o
> 2 -
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o , ® Section 11
% @ Section 111
5t ® Section 1V
3 1 l’ 1 1 1 1
3 5 7 9 11 13 15 17

Measured (m)

Figure 10. Comparisons between the measured and derived topographic data of Sections I to IV: The
black line is the 1:1 line. N is the total number of the measured points.
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Table 1. The MRE and RMSE of the four sections.

Section Number of Points MRE (%) RMSE (m)
Section I 14 17.24 1.37
Section II 25 3.41 0.49

Section III 18 7.14 1.27
Section IV 15 5.20 0.80

4. Discussion
4.1. The Spatiotemporal Variations of Poyang Lake Based on the Derived Bottom Topography

Based on the bottom topographic map drawn in this paper and the water level data,
the corresponding inundation range and water volume of the lake can be obtained effi-
ciently with fewer procedures. Based on the annual average water levels from 1993 to 2020,
the inter-annual variations of Poyang Lake’s water volume were calculated, as shown in
Figure 12. It can be seen that the water volume of Poyang Lake shows a significant decreas-
ing trend during the past 28 years, with an average decreasing rate of 1.78 x 10® m3/yr.
The average annual water volume before the TGP (1993~2002) was 123.08 x 108 m3, and
the average annual water volume after the TGP (2003~2020) was 87.61 x 108 m3, 28.8%,
which is lower than that before the TGP.
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Figure 12. The inter-annual variations of Poyang Lake’s water volume from 1993 to 2020: the blue
line is the water volume, and the black dotted line is the linear regression line.

Based on the monthly average water levels from 1993 to 2020, the monthly variations
of Poyang Lake’s inundated area before and after the TGP are exhibited in Figure 13.
The area of Poyang Lake varied significantly during different seasons within a year. The
monthly average maximum area is 4070.1 km? in July, and the monthly average minimum
area is 1149.1 km? in January, as shown in Figure 14. Compared with the area before the
TGP, the area decreased every month after the TGP. The monthly differences in area are
more obvious in the dry season, during which the area decreased by 921.3 km? in February.
In the flood season, there were little differences in Poyang Lake’s area before and after the
TGP.

The spatiotemporal dynamics of Poyang Lake were influenced by many factors, in-
cluding climate changes, the TGP regulation, human activities, etc. In recent years, a
decrease in precipitation directly affected runoff into the lake, which resulted in a reduction
in the water volume and shrinkage of the area [46]. In addition, the impoundment of the
TGP, in June 2003, changed the hydrological relationship between the Yangtze River and
Poyang Lake, resulting in a decline in both the flow and water level in the lower reaches of
the river [17]. Besides, human activities, such as heavy sand mining and water withdrawal,
have also contributed to the reduction in lake water volume [47]. However, the main
driving forces of Poyang Lake’s spatiotemporal variations are still unclear, and quantitative
analysis of the contribution of each factor is still insufficient, thus requiring further research
in the future.

4.2. Advantages of the Proposed Method

Lake bottom topography is a fundamental parameter for characterizing lakes and is
also highly associated with variations in water levels and volumes [18]. Consequently, it is
necessary to obtain accurate and timely information on lake bottom topography. However,
the scarcity of publicly available datasets on lake bottom topography makes it difficult
for us to carry out research relevant to lakes or have a further understanding of the lake
dynamics and the hydrologic cycle [25]. Traditional methods rely on large measuring
instruments and are of high-cost and intensive labor, which limits their use at a larger scale.
Our study provides an advanced and feasible approach to map the lake bottom topography
without in situ survey. By taking advantage of the rapid change in water level in the lake’s
dynamic inundation area, the water level frequency curve was drawn, the relationship
between the lake bottom elevation and the water occurrence frequency was established,
and finally the bottom topographic map was generated.

Mapping lake bottom topography with remote sensed data has gained much attention
over the past few years. Some publications focused on bottom topography estimation
by combining satellite altimetry data with satellite image data. Compared with these
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approaches, the proposed method has the advantages of less computation, higher accuracy,
and easier data acquisition. The GSW dataset maps and offers statistics on the spatiotempo-
ral dynamics of global surface water over the past 37 years with a spatial resolution of 30 m,
which covers 99.95% of the landmass [33]. This means that with sufficient water level data
available, we can obtain the bottom topographic data of lakes with significant variations
in different regions of the world. In addition, the classifier of the GSW dataset has been
proven robust and accurate, with less than 1% of false water detections and less than 5%
omissions [33]. Therefore, we can infer that the influence of classification errors in the GSW

dataset on the final bottom topography is very limited.

(a) January

(b) February

(c) March

(g) July

(i) September

(j) October
B Before TGP

(k) November
B After TGP

(1) December

Figure 13. The spatiotemporal variations of Poyang Lake before (red) and after (blue) the TGP.
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Figure 14. The monthly area variations of Poyang Lake before (red) and after (blue) the TGP.

4.3. Limitations of the Proposed Method

Some limitations exist in the proposed method.

Firstly, the proposed method does not fully apply to all kinds of lakes. This method
takes advantage of the feature that the rapid change in water level in a lake’s dynamic
inundation area leads to a different water occurrence frequency. Therefore, this method is
mainly applicable to large lakes with periodically significant water level changes. For lakes
with minor spatiotemporal variations, e.g., lakes whose area changes a little and whose
water level fluctuates within a small range during a year, it seems that this method does
not make much sense, as a large part of these lake bottoms are covered by permanent water.
The derived bottom topography using this method may only cover a tiny fraction of the
whole lake bottom.

Secondly, the proposed method cannot map the bottom topography of an entire lake.
It can only map the bottom topography within a lake’s dynamic inundation area. The
measured water level values are used to represent the lake bottom elevations in this study.
As some parts of the lake bottom are covered by water throughout the year, we cannot
obtain the specific elevation value of the bottoms covered by permanent water, and we can
only determine that the elevation of these bottoms is lower than the lowest water level ever
recorded. From this perspective, the method in this paper may be more helpful for shallow
lakes.

Thirdly, we established the relationship between the lake bottom topographic elevation
and water occurrence frequency from 1984 to 2020 based on the assumption that the lake
bottom elevation was constant over time, which could inevitably lead to errors if the lake
bottom topography changes significantly. Previous studies [17,48,49] have shown that
significant inter-annual variabilities have been found in part of Poyang Lake’s bottom
topography in recent decades due to the combined influence of climate change and human
activities (sand dredging, the TGD, etc.). This may explain the large errors between the
derived elevation and the measured elevation at Sections I and III in the case study.

4.4. Application Prospect

It has been proven that the novel method proposed in this paper enriches the mapping
means of lake bottom topography and provides strong technical support for the analysis
of lake hydrological features. This study demonstrates the effectiveness of combining the
GSW dataset and the measured water level data on lake bottom topography estimation,
which is conducive to the application of remote sensing in the field of hydrology. Good
agreements in the verification indicate that our method has the potential to become a useful
tool with broad application prospect and can be further applied to monitor and analyze the
long-term dynamic changes in water depth and lake water volume.

In some remote areas, such as the Tibetan Plateau, there are only a few hydrologic
stations. The scarcity and discontinuity of measured water levels makes it difficult for
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the extension and application of the lake bottom topography mapping method proposed
in this paper. Fortunately, the development of satellite altimetry technology provides
a fast and effective evaluation method for monitoring and analyzing lake water level
variations [50-53]. For lakes with incomplete water level data, we can make full use of the
state-of-the-art altimetry missions, including ICESat-2, Sentinel-3 & 6, and SWOT (targeted
for launch later this year), in order to obtain water level observation results with high
accuracy. Then, we can achieve a long-term water level series based on the empirical
relationship between the area and water level [54] or by interpolating between the derived
water levels [55].

With the development of remote sensing technology and the improvement of the
spatial and temporal resolutions of remote sensed data, a series of surface water data sets
have been generated and updated, including the Global Lakes and Wetlands Database
(GLWD) [56], the Hydroweb Database (HD) [57], the Database for Hydrological Time Series
of Inland Waters (DAHITI) [58], the Global Reservoir and Dam Database (GRanD) [59], etc.
These data sets provide the basic attributes of surface water, including geographical location,
range, area, water level, etc. However, few of them include lake bottom topography. The
method proposed in this paper can be widely used to map the bottom topography of lakes,
especially the unmeasured areas, and can enrich regional and even global lake bottom
topography data sets.

5. Conclusions

In this paper, we proposed a novel method to map lake bottom topography using
the GSW dataset and measured water level data. Concretely, this method consists of four
parts. First, the lake’s maximum inundation area, corresponding to the highest water
level, is extracted from the Landsat image using the NDWI method. Second, the water
occurrence frequency of each pixel within the lake’s maximum inundation area is extracted
from the GSW dataset. Then, the P-III distribution function is used to draw the water
level frequency curve of all the measured water levels. Finally, elevation values from the
water level frequency curve are assigned to pixels with the same frequency in the water
occurrence map, and the bottom topographic map of the lake is generated.

As Poyang Lake is the largest freshwater lake in China and is a typical lake with
great seasonal variations, we established a test case for bottom topography mapping over
Poyang Lake. The derived lake bottom topography was verified by four measured sections
of Poyang Lake, and the results demonstrated that the proposed method was feasible and
could well reflect the bottom topography of Poyang Lake. Most of the absolute errors were
less than 0.5 m, and the MRE and RMSE of all the four sections were 7.4% and 0.99 m,
respectively.

The proposed method provides a reliable alternative for mapping lake bottom to-
pography, with the advantages of simple calculation, convenient data acquisition, and
high efficiency. However, the proposed method also has some limitations. The method in
this paper is more suitable for large lakes with seasonal inundation area variations and
significant water level changes. Besides, the method cannot map the bottom elevation of
the whole lake as permanent water exists in the lake bottom. In summary, through the
combination of long-term remote sensed data and measured data, the proposed method
with good robustness and high accuracy has a promising application prospect and can
provide strong technical support for the analysis of lake hydrological features.
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