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Abstract: The estimation of lake depth and water storage is crucial for water resource management
in inland waters. In previous studies, lake water storage estimation required in situ bathymetry data;
however, the high cost of fieldwork prevented the extension of this method to all lakes. This study
aims to solve this problem by studying how to estimate lake water storage without using bathymetric
data. According to the similarity between the topography surrounding the lake and the underwater
topography, we present an approach to estimate the lake water storage. The principle of the method
is to extend the surrounding terrain into the underwater area to establish an underwater model. In
this study, six lakes of the Tibetan Plateau were selected, and the results showed that the average R2

between the estimated and measured water depths of the six lakes was about 0.76. Among them, the
estimated water depth of Taiyang Lake (maximum depth of 61.57 m) had the largest deviation from
the measured water depth, with an RMSE (root mean square error) of 19.77 m, while the estimated
water depth of Bangda Co (maximum depth of 41.04 m) had the best result, with an RMSE of 7.83 m.
The relative errors of all water storage estimations were less than 20%. The lake with the best accuracy
was Zigetang Co (measured water storage of 39.6 Gt), and the estimated water storage was 42.2 Gt,
with a relative error of 6.57%. The lake with the worst accuracy was Taiyang Lake (measured water
storage of 31.94 Gt), and the estimated water storage was 36.47 Gt, with a relative error of 14.18%.
This study provides an effective method for lake depth estimation and improves the ability to monitor
changes in lake storage, especially for lakes with harsh environments or in remote areas.

Keywords: water storage; SRTM; Tibetan Plateau; bathymetric data

1. Introduction

Lakes account for 87% of the world’s fresh water and are an important water resource,
as well as part of the water cycle [1,2]. As sentinels of climate change, lakes have the
function of regulating river runoff, providing water, and improving the regional ecological
environment [3,4]. As components of the hydrosphere, lakes can respond to changing
regional climate conditions [5]. Since 2000, the global lake has shown obvious spatial
heterogeneity, with more than 70% of lake levels rising [6]. Large-scale rising water levels
were exhibited in the Tibetan Plateau, the Amazon River basin, and high-latitude regions
of the northern hemisphere. At the same time, large-scale water levels in California,
Southeast Asia, and eastern South America have declined [7]. One area where lakes have
experienced rapid changes in recent decades is the Tibetan Plateau [8]. Due to glacier
melting, precipitation enhancement, and the rise in global temperatures, the total area
of lakes in the Tibetan Plateau was 4.1 × 104 km2 in 2000 to 5.0 × 104 km2 in 2018. The
total lake area has increased by about 23% [8,9]. Accurate estimation of lake bathymetry
and water storage can provide an understanding of the balance between rainfall and
evaporation, as well as the interaction between surface water and groundwater [10,11],
and can provide an important basis for hydrodynamic modeling [12] and water quality
assessment [13].
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As the main parameter of lake morphometry, lake depth determines the water storage
capacity of a lake [14,15]. The traditional method of measuring the underwater topography
of lakes is to use sonar sensors installed on board for bathymetry, but this method is so
costly that it is impossible to cover all lakes [16]. The Tibetan Plateau region has many lakes,
but their remote location and harsh climate make large-scale lake bathymetry difficult
to achieve [17]. Airborne lidar is a method that uses a laser to penetrate water bodies
for bathymetry [18]. Still, the disadvantage of this method is that the limitation of water
turbidity makes the maximum measured depth only two to three times the Secchi depth [19],
making airborne lidar measurements only possible in medium-depth lakes and shallow
waters such as rivers [20]. Recently, a study has been proposed that would combine remote
sensing images and altimetric satellite data to estimate lake depth [21,22]. This method
corresponds to the water area extracted from a long time series of remote sensing images
to the elevation measured by elevation satellites. Lake depth can be deduced from the
relationship between area and elevation [23,24]. However, this method is more applicable
to medium depth lakes, and it is difficult to obtain satisfactory results for deeper lakes.

Some modeling approaches have been proposed to overcome this difficulty by esti-
mating the lake’s water depth based on the exposed topography around the lake [25,26].
The similarity of the volume–area relationship was exploited to simulate the rise and fall of
lake levels by selecting river valleys similar to lakes as virtual reservoirs [27]. However,
lake morphology varies, and it is nearly impossible to identify similar river valleys for all
lakes. Other studies calculated the average depth of the lake by analyzing the relationship
between lake depth and topographic information (slope, slope direction, etc.). Global
lakes with a surface area of at least 10 ha were estimated based on the average depth and
area [27]. This method is suitable for large-scale bathymetry estimation, but the model
results are poorly suited to ensuring good continuity, and fail to consider the possible
local deviations for individual lakes. To deal with the shortcomings of this method, Zhu
et al. developed a water recession method (WRM) to overcome the problem of complex
topographic discontinuities at lake boundaries [28]. As for a single lake, the linear ex-
trapolation of the slope of the surrounding terrain follows a simple method, where the
underwater topography is determined by the intersection of all extrapolation lines of the
lake, and then the accuracy is improved by combining the altimetric data with water level
and area data [29,30]. However, this method has not been proven to be suitable for all
lakes and cannot provide an estimated lake depth [31]. Recent studies have developed
two methods, the skeleton-based interpolation method and the machine learning method,
to estimate lake bathymetry using a small amount of measured data combined with the
topography around the lake [32], which can effectively estimate the lake bathymetry results.
In summary, most methods require a large amount of satellite data or measured data when
predicting lake bathymetry using the topography around the lake [33,34], and few methods
can estimate lake bathymetry without measured data or using only a small amount of
data. In general, most bathymetric estimation methods require large amounts of satellite
data or measured data, while for the remaining methods that do not use measured data,
it is difficult to provide accurate bathymetric estimates. Therefore, a new method for
estimating lake bathymetry needs to be proposed that enables the modeling of underwater
lake topography, even without measurement data.

In this study, we aim to propose a method for estimating lake depth and water storage
using only topographic data around the lake instead of measured data. The advantage
of this method over other methods is that it can provide a complete underwater terrain
model. This method can reduce the cost of field survey lakes, especially in remote areas
and harsh environments such as the Tibetan Plateau. In this study, six lakes on the Tibetan
Plateau for which measured data were available were selected to evaluate the performance
of our developed method. The accuracy of water depth and water storage predictions
was evaluated, and the influence of different model parameters on the prediction accuracy
was analyzed.
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2. Study Sites and Datasets
2.1. Study Sites

There are about 1600 lakes larger than 1 km2 on the Tibetan Plateau, covering a
total area of about 5 × 104 km2 [35]. Due to the region’s sparsely populated and harsh
environment, bathymetric data for most lakes are lacking, making it difficult to obtain
information on the water storage of lakes on a large scale. In this study, six lakes with
available bathymetric data on the Tibetan Plateau were selected, and bathymetric data
were obtained from field measurements by shipborne bathymetric instruments. Basic
information about the six lakes is shown in Table 1. The areas of these lakes ranged from
78.77 km2 to 479.63 km2, and the maximum water depths ranged from 41.04 m to 151.35 m.

Table 1. The basic information about the selected lakes.

Lake Name Latitude Longitude Area
(km2)

Elevation
(m)

Maximum Depth
(m)

Longmu Co 34.61 80.46 107.96 5004.5 67.89
Geren Co 31.12 88.34 479.63 4650.43 78.53

Guozha Co 35.02 81.07 246.27 5082.53 151.35
Zigetang Co 32.08 90.86 238.32 4568.27 44.02
Taiyang Lake 35.93 90.63 100.22 4881.41 61.57

Bangda Co 34.94 81.56 154.73 4914.13 41.04

2.2. Data Source

In this study, in situ bathymetry data were applied to verify the accuracy of this
method. Considering that the method is applicable to lakes with regular shapes, six lakes
with regular shapes and in situ bathymetry data were selected as the subjects of this study.
Bathymetric data were converted into contour lines to obtain underwater topographic maps
of the lakes. Figure 1 shows the approximate locations and basic shapes of the six lakes,
which were mainly located in the northwestern and southern regions of the Tibetan Plateau
and varied in shape from gourd-shaped and elliptical to long, narrow, and irregular.
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In addition to the measured bathymetry data, DEM (Digital Elevation Model) data
on the exposed topography surrounding the lake were deployed to extract lake level data
and spatial prediction. Among all the open-access DEMs, SRTM DEM (Shuttle Radar
Topography Mission Digital Elevation Model) was chosen owing to its two advantages [36].
Firstly, most of the Tibetan Plateau lakes expanded rapidly after 2000, and the SRTM DEM
produced in February 2000 shows more of the area around the lakes. Secondly, SRTM
DEM has been proven to have a low error rate and few cavity areas in the Tibetan Plateau
region [37,38].

3. Methodology
3.1. Basic Principle

The developed method for estimating the lake bathymetry in this study was based on
the assumption that the underwater topography of a lake is an extension of the surrounding
topography [39]. When the lake level rises, the exposed areas around the lake’s shoreline
are transformed into underwater areas; conversely, when the lake level decreases, the
underwater areas around the lake’s shoreline are transformed into exposed areas. Therefore,
the topographic parameters of the exposed areas around the lake can be used to predict the
underwater topography of the lake. However, modern lakes have accumulated sediment at
the bottom of the lake due to years of sedimentation, which gives most modern lakes a bowl
structure [40], and the uncertainty of the sediment layer’s thickness makes it very difficult
to estimate the water depth. The question of how to solve the influence of sediment layers
on lake depth estimation still poses a challenge, especially for deep lakes. In this study, for
the sake of model simplicity, we have assumed a low importance of sedimentation in the
considered lakes compared to general morphometry, so sedimentation was neglected as a
factor for lake depth.

This study aims to determine the underwater topography without using bathymetric
data. A method was designed to estimate the lake water depth and storage using the
surrounding topography. The principle of this method is to estimate the lake depth based
on the continuity between the underwater areas of the lake and the surrounding exposed
areas. The detailed steps of this method are described below.

3.2. Specific Steps

The underwater topography modeling approach is based on extending the topographic
information of the area around the lake to the underwater areas of the lake. In previous
studies, lake interpolation and extrapolation have been used to estimate lake depth [41].
The method consists of the following three steps.

3.2.1. Step 1: Estimate the Maximum Water Depth of the Lake

The first step is to estimate the maximum water depth of the lake to provide constraints
for predicting the depth of the lake. The principle of this step is to assume that the
underwater area of the lake is a regular lake basin, such as a conical lake basin or a cup-
shaped lake basin, where the underwater topography of the lake could be considered as
a continuation of the topography above the lake surface. Therefore, by constructing a
functional relationship between the elevation above the water surface and the area of the
lake, the functional relationship between the water depth below the water surface and the
corresponding water surface area can be deduced. Firstly, SRTM DEM was used to extract
lake level data for the year 2000, as well as to calculate the plane elevation corresponding
to each 1 m of elevation between the 2000 water surface elevation and 5 m above the
water level. Then, the function equation of area versus elevation was deduced. Only two
cases, a conical lake basin and a cup-shaped lake basin, were considered in this study,
and the maximum depth was calculated by substituting the area as zero into the equation.
According to the calculation results for the six lakes, the relevance between the plane area
and the elevation gradually decreases in the area of 5 m above the lake surface, which
leads to the estimated maximum depth of the lake being smaller than the measured value
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(R2 < 0.8), so an area of 5 m above the lake’s surface was selected as the limit in this study.
The following equation is the functional relationship between the elevation above the lake
surface and the area, using Longmu Co as an example, and the relationship is strongly
linear (R2 = 0.999).

A = 1.2314H − 6066.51 (1)

where A is the area in km2 and H is the elevation in m. The results of the maximum water
depth estimation of the six lakes are shown in Table 2. The results show that this method
could roughly estimate the maximum depth of the lake. The relative error between the
estimated maximum and measured water depth is about 10%.

Table 2. Results of estimated and measured maximum water depths of the six lakes (m).

Longmu Co Geren Co Guozha Co Zigetang Co Taiyang Lake Bangda Co

Estimated 67.89 78.53 151.35 44.02 61.57 41.04
Measured 76.85 87.23 138.72 40.05 64.48 36.87

Relative Error 11.66% 9.97% 9.10% 9.91% 4.51% 11.31%

3.2.2. Step 2: Selection of Underwater Interpolation Routes for Lakes

The second step is to determine the underwater interpolation route based on the
geometric features of the lake. Firstly, a centerline was established across the lake’s main
axis according to the lake’s shape, and the endpoints of the centerline were used to locate
the initial position of the interpolation route. From the initial point, the interpolation
route was extended at an angle towards the lakeshore until it intersected it, then reversed
to continue in a zigzag pattern, repeating until it could no longer continue. Finally, all
interpolation routes were extended to both sides until they intersected the buffer boundary.
Compared to the dense survey routes used in previous studies, this method relies on the
continuity between the shore area and the underwater area to estimate the depth of the
survey routes, so there is no need to use instruments in the field to obtain bathymetric data,
which results in significant cost savings. This method involves two parameters: the fixed
inclination angle and the buffer size. The fixed inclination was initially set to 40◦, and the
buffer size was set to 500 m in this study. The initial points, centerlines, interpolation route
locations, and measured bathymetry data for the six lake interpolation routes are shown in
Figure 2.



Water 2023, 15, 1015 6 of 14Water 2023, 15, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 2. Interpolation routes, centerlines, initial points, and measured bathymetry data for the six 
lakes. (a) Geren Co. (b) Longmu Co. (c) Zigetang Co. (d) Bangda Co. (e) Taiyang Lake. (f) Guozha 
Co. 

3.2.3. Step 3: Estimation of the Water Depth at the underwater Interpolation Route Pixel 
Point 

The third step is to estimate the depth of the pixel points within the lake area. We 
assumed that the underwater topography of the lake consists of a conical lake basin or a 
cup-shaped lake basin, so the polynomial of the pixels was established to calculate the 
depth of the pixel points within the lake area based on the elevation of the pixel within 
the buffer zone. Due to the interpolation line being tilted at a certain angle from the cen-
terline, the number of pixels on the extension line in the buffer zone on either side of the 
lake could not be made consistent. To solve this problem, the extra pixels were removed 
until the number of pixels on either side was equal. However, this method is easily af-
fected by the slope of the surrounding area, and the slope discontinuity may cause the 
estimated pixel depth to be much higher than the measured depth. The predicted values 
exceeding the maximum water depth of the lake were truncated when estimating the 

Figure 2. Interpolation routes, centerlines, initial points, and measured bathymetry data for the six
lakes. (a) Geren Co. (b) Longmu Co. (c) Zigetang Co. (d) Bangda Co. (e) Taiyang Lake. (f) Guozha Co.

3.2.3. Step 3: Estimation of the Water Depth at the Underwater Interpolation Route Pixel Point

The third step is to estimate the depth of the pixel points within the lake area. We
assumed that the underwater topography of the lake consists of a conical lake basin or
a cup-shaped lake basin, so the polynomial of the pixels was established to calculate the
depth of the pixel points within the lake area based on the elevation of the pixel within the
buffer zone. Due to the interpolation line being tilted at a certain angle from the centerline,
the number of pixels on the extension line in the buffer zone on either side of the lake could
not be made consistent. To solve this problem, the extra pixels were removed until the
number of pixels on either side was equal. However, this method is easily affected by the
slope of the surrounding area, and the slope discontinuity may cause the estimated pixel
depth to be much higher than the measured depth. The predicted values exceeding the
maximum water depth of the lake were truncated when estimating the water depth of pixel
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points in the inundation area. Meanwhile, the error was reduced by eliminating the pixel
points more than 100 m above the lake surface.

3.3. Evaluation Indicators

After obtaining the elevations of all underwater interpolated pixel points, the under-
water DEM of the lake was constructed by a topography-to-raster interpolation method in
combination with the elevations of the lake boundary points. The measured bathymetry
data were used to verify the accuracy of the method in estimating the lake bathymetry, and
1000 bathymetry points were randomly selected as the validation data. The mean absolute
error (MAE) and root mean square error (RMSE) were selected to assess the accuracy of
the bathymetry estimation. In addition to assessing the bathymetry estimation, the relative
percentage error was also selected as an indicator to assess the estimated total lake storage
accuracy, which was defined as the bias between the storage obtained from the measured
and estimated water depths.

MAE =
∑n

i=1|(xi − yi)|
n

(2)

RMSE =

√
∑n

i=1(xi − yi)
2

n
(3)

where n is the number of sampling points, x is the estimated bathymetry value, and y is the
measured elevation value.

4. Results and Discussions
4.1. Evaluate the Accuracy of Lake Bathymetry and Storage Estimation

The accuracies of the estimated lake bathymetry were evaluated by our developed
method in this section. We selected Longmu Co and Taiyang Lake, which are representative
of the six lakes, to analyze the differences between the estimated water depth data and the
measured water depth data (Figure 3). As this method predicted the depth of the underwa-
ter pixels using polynomials, the underwater terrain constructed from the estimated water
depth data was smoother than the measured terrain, and the estimated underwater terrain
lacked some details. Between the two lakes, the estimated underwater terrain of Longmu
Co was closer to the measured terrain, and most of the estimated bathymetry results of
other lakes were similar to Longmu Co. Two lakes, however, were exceptions: Taiyang Lake
and Zigetang Co. Their estimated underwater topographies differed significantly from the
measured topography. This can be mainly attributed to the fact that the polynomial fitting
used in this method was unable to fully consider the complexity of the measured terrain.
The choice of interpolation route for this study was determined by the inclination and did
not consider the influence of the surrounding topography on the estimation.

Linear regression was used to further analyze the deviation between the measured
and estimated water depth. The formula in the lower right corner of the figure is the linear
regression equation of the in situ elevation and the predicted elevation (Figure 4). In this
study, 1000 sample points were randomly selected for analysis of the linear relationship
between the measured water depth and the estimated water depth in order to judge the
accuracy of prediction results. Due to the influence of excessive slope near the lakeshore,
the estimated water depth of Taiyang Lake deviated greatly from the prediction; the R2

values of the other five lakes were all greater than 0.8; and the R2 of Guozha Co, with the
highest correlation, even reached 0.93. The measured water depth showed a correlation
with the estimated water depth. The deviation between the two is mainly reflected in the
fact that the estimated water depth was, at some points, greater than the measured depth,
especially near the deepest part of the lake.
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The MAE and RMSE values of the estimated water depth of the six lakes were cal-
culated to evaluate the accuracy of the predicted results (Table 3). Generally speaking,
regarding water depth estimation, the MAE and RMSE values of Taiyang Lake reached
16.17 m and 19.77 m, which were the worst among the six lakes. The estimated water depths
of the other five lakes were in good agreement with the measured water depths, among
which the MAE and RMSE values of Longmu Co, Zigetang Co, and Bangda Co were all
less than 10 m. The MAE and RMSE values of the other two lakes, Geren Co and Guozha
Co, fell between 10 and 16 m. By comparing the maximum water depth, MAE, and RMSE
values of the lakes, it was found that the accuracy of water depth estimation of the lakes
was inversely proportional to the maximum water depth of the lakes. This may be due to
the slope of the underwater terrain gradually becoming less correlated with the slope of
the area around the lake as the depth increases. For example, the maximum water depth of
Guozha Co is more than 140 m, the deepest among the six lakes; its MAE and RMSE values
are the highest; and the water depth estimation results were the worst, except for Taiyang
Lake. The complex configuration of the underwater terrain and years of sedimentation
have caused the estimated water depths in the deeper areas to vary considerably from
the measured water depths. In contrast, for other lakes, such as Longmu Co and Bangda
Co, the water depth estimation accuracy for the two lakes was relatively high, with MAE
and RMSE values both within 10 m. The measured water depth method based on the
underwater route proposed in this paper is more applicable to naturally occurring lakes
with smooth slopes and regular shapes. The applicability is difficult to judge for other
specially formed lakes, such as glacial lakes.
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In addition, the accuracy and applicability of this method in the estimation of lake
water storage were evaluated by using the relative error between the estimated and mea-
sured water storage. As shown in Table 3, the relative errors in estimated water storage
of the six lakes were all less than 20%, among which the relative error of Zigetang Co
was the minimum of 6.57%, and that of Taiyang Lake was the maximum of 14.18%. The
estimation accuracy of lakes with small water storage capacities was generally higher. The
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relative error of Geren Co and Guozha Co, which have greater overall water storage, can
also be kept within 15%. Through the analysis of the relationship between the measured
water storage and the relative error, it can be seen that the relative error increases with the
increase in the measured water storage; this is consistent with the results of the estimated
bathymetry. In contrast to the previous conclusions, despite the increase in the relative
error, the relative error of the estimation of Geren Co, which has the largest measured water
storage, remained within 15%. This indicates that even for some lakes with high water
storage, this method can provide acceptable underwater topography models. This method
is suitable for medium-depth lakes with regular shapes, das the underwater topography of
medium-depth lakes has better continuity with the surrounding terrain, and the estimated
depth is in better agreement with the measured depth.

Table 3. MAE and RMSE values of water depth and water storage estimation results of six lakes.

Lake Name MAE/m RMSE/m Measured Storage/Gt Estimated Storage/Gt Relative Error

Longmu Co 6.62 9.63 28.13 25.63 8.89%
Geren Co 10.59 13.57 133.15 150.21 12.81%

Guozha Co 10.49 15.76 149.04 134.39 9.83%
Zigetang Co 6.94 8.48 39.60 42.20 6.57%
Taiyang Lake 16.07 19.77 31.94 36.47 14.18%

Bangda Co 5.36 7.83 26.44 24.55 7.15%

4.2. Influence of Different Parameters on the Accuracy of Bathymetry Estimation

As described above, the interpolation process of the method contains two parameters:
the buffer distance and the fixed inclination of the interpolated route to the centerline. The
buffer distance determines the scope of the terrain around the lake used for depth interpo-
lation, while the fixed inclination determines the sparsity of the underwater route [32]. The
previous results of this study were obtained with a 500 m buffer zone and a parameter of
40◦ fixed inclination. The influence of the parameters on the simulation of the underwater
topography was evaluated based on the generation of estimated water depths with different
combinations of parameters. The buffer zone was chosen to range from 300 m to 1 km. The
inclination angle was fixed from 30◦ to 60◦ to analyze the influences of different parameters
on the results of the estimated water storage (Figure 5).

The results show that this method depends on the topography around the lakes; the
buffer sizes significantly impact the depth estimation (Table 4). When the 1000 m buffer
zone was selected for water storage estimation, the accuracy of the results for three lakes
(Zigetang Co, Bangda Co, and Geren Co) were improved, while that of the results for the
other three lakes were unsatisfactory, and the relative error of Longmu Co was much higher
than 20%, reaching 28.87%. On the contrary, when a 500 m buffer zone was selected for
estimation, the accuracy of the estimation for Taiyang Lake was greatly improved to 8.14%
due to a reduction in the influence of the higher slope on the area far from the lakeshore,
but the deviation of the estimated water storage from the measured water storage in several
other lakes became larger. This may be because the depth of some lakes is estimated to be
influenced by the topography of nearby high mountains and alluvial fans. The complexity
of the underwater topography and the topography around the lakeshore make it difficult
to improve the accuracy of water estimation using the size of the buffer zone. The relative
error of this method is close to that of other methods, within 20%. The advantage of this
method is that it can provide full coverage underwater terrain models [42,43].
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Table 4. The relative errors of water storage under different buffer zones in 6 lakes.

300 m 500 m 1000 m

Longmu Co 25.16 (10.56%) 25.63 (8.89%) 36.25 (28.87%)
Geren Co 158.80 (19.26%) 150.21 (12.81%) 144.35 (8.41%)

Guozha Co 137.28 (7.89%) 134.39 (9.83%) 125.91 (15.52%)
Zigetang Co 45.39 (14.62%) 43.15 (8.98%) 41.40 (4.55%)
Taiyang Lake 29.34 (8.14%) 36.47 (14.18%) 37.50 (17.41%)

Bangda Co 21.97 (16.91%) 24.55 (8.49%) 27.37 (3.52%)

The estimation results of different fixed angles are shown in Table 5. Most lakes
showed a significant improvement in estimated storage at a 30◦ fixed inclination, which
may be due to the increase in the number of interpolation points at smaller dip angles,
resulting in a more accurate simulated underwater terrain. However, due to the narrow
and long shape of the lake in Geren Co and the fact that a section of the lake’s bank is
close to a cliff, the underwater interpolation route was denser when the inclination was
small, which made the estimation of the water depth more susceptible to the influence
of the excessive slope. The relative error of the water storage estimates increased from
12.81% to 18.01% when the inclination angle was reduced from 60◦ to 30◦. However, at 60◦

inclination, errors in the water quantity estimation of most lakes increased. The relative
error of the Geren Co water quantity estimation remained unchanged, but the accuracy
was severely reduced. The relative error of other lakes also increased by about 2–10%,
and the relative error in the water storage estimation of Longmu Co increased from 8.89%
to 17.06%, nearly doubling. Unlike other methods that do not use measured data, this
method can provide acceptable estimates of water depth (R2 > 0.7) and water reserves
(relative error < 20%) [44,45]. In general, except for individual lakes, increasing the number
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of pixel points can improve the accuracy of lake depth estimation, including increasing
the buffer area and decreasing the dip size, but it does not mean that the accuracy can
be improved indefinitely. As the inclination decreases, the interpolation routes become
denser, which may lead to more susceptibility to topographic undulations and bring about
more uncertainty regarding the bathymetry estimation. Since this method overestimates
compared to the bathymetry estimation, decreasing the inclination angle could effectively
reduce the predicted bathymetry and improve the accuracy.

Table 5. Relative error of water storage in 6 lakes at different inclination angles.

30◦ 40◦ 60◦

Longmu Co 25.06 (10.91%) 25.63 (8.89%) 23.33 (17.06)
Geren Co 157.13 (18.01%) 150.21 (12.81%) 116.65 (12.39%)

Guozha Co 156.53 (5.03%) 134.39 (9.83%) 130.81 (12.23%)
Zigetang Co 35.60 (10.10%) 43.15 (8.98%) 31.24 (21.11%)
Taiyang Lake 29.51 (7.61%) 36.47 (14.18%) 38.79 (21.45%)

Bangda Co 25.71 (2.76%) 24.55 (8.49%) 23.70 (10.36%)

5. Conclusions

In this study, we propose a method to estimate lake depth that does not require
estimated data. The basic principle of this method is to assume that the surrounding area
above the lake’s surface has similar topographic features to the area below the lake’s surface.
This method estimates the water depth by extending the topography around the lake to
that below the water.

Six typical lakes located on the Tibetan Plateau were selected for use in this study to
evaluate the accuracy of the method. The method’s estimations of the storage and depth
of the lakes were, in general, consistent with the measured data. The results showed that
the method was able to provide an acceptable underwater topography model of the lake
with an average R2 of 0.8. In terms of water estimation, the deviation of the estimated
water storage in all six lakes was less than 20%, confirming the usability of the method for
bathymetry estimation. Since this method relies entirely on the topography around the lake
for bathymetry estimation, it is more suitable for naturally occurring and smooth-slope
lakes rather than specially formed lakes, such as glacial lakes. This study provides an
effective method for lake depth estimation, especially in remote areas similar to the Tibetan
Plateau. Lakes in remote areas are subject to minimal human intervention and can visually
reflect local climate change [46,47].

In subsequent research, we will develop more aspects of the study to explore the effect
of different DEM resolutions on the estimation results, as well as to analyze the applicability
of the method to lakes with different topographical features.
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