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Abstract. This paper reviews the advances in water depth estimations from
satellite images. According to the sensor type, current satellite-based water
depth estimations are divided into two categories: optical-based and SAR-based
(synthetic aperture radar) methods. By analyzing and discussing on the
advantages and disadvantages of various methods. The following points can be
summarized: First, the accuracy of optical remote sensing water depth detection
method is higher than that of SAR-based models. Besides, optical-based method
is simpler and less restricted than the SAR-based methods. Second,
hyperspectral-based approach performed better than the multispectral optical
remote sensing approaches. Since hyperspectral images provide richer spectral
information than multispectral, which significantly matter in the water depth
detection. Third, remote sensing water depth detection method is the best way to
obtain the underwater topographic features of the inaccessible waters. Finally,
on the basis of summarizing the previous water depth estimation methods, the
development prospects of shallow seawater deep inversion technology are dis-
cussed and analyzed. For example, the establishment of an inversion model by
fusing multiple remote sensing data, and the use of artificial intelligence tech-
nology for water depth inversion.

Keywords: Water depth inversion � Synthetic aperture radar � Hyperspectral �
Multispectral remote sensing

1 Introduction

The water depth data is an important factor for obtaining and sensing the underwater
topography. It is also an important project construction reference data for the devel-
opment of the coastal marine economy [1, 2]. Traditional methods for measuring water
depth include sounding rods, sounding line hammers, sonar sounding, etc. [1–3].
Although the accuracy is high, manual intervention, repeated operations, and high
measurement cost are not met. Especially in the water depth measurement of some
disputed islands and reefs, is impossible to carry out by relying on traditional artificial
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measurements. The development of remote sensing technology has solved the problem
of traditional sounding surveying in large-area, all-weather, low-cost, disputed sea
areas [3, 4].

Satellite remote sensing technology has just emerged in the 1960s and remote
sensing water depth inversion has attracted attention. With the increasing types of
remote sensing satellite sensors, the model research of water depth inversion using
remote sensing images has been increasingly enriched. Water depth inversion based on
multispectral optical images is particularly prominent. including theoretical analytical
methods, semi-theoretical semi-empirical methods, and statistical methods [3–5]. There
are also water depth inversion methods based on hyperspectral imagery such as Arti-
ficial Neural Network (ANN), principal component analysis, Bierwirth algorithm,
linear unmixing method, look-up table method and spectral differential statistical
method [6–9]. In addition, marine satellites such as Synthetic Aperture Radar
(SAR) technology also play an important role in shallow water depth detection, such as
Wave Number Spectrum Balance Equation (WNSBE), direct water depth Method and
Bathymetry Assessment System (BAS) [10, 11]. Throughout the development process
of remote sensing water depth inversion. Water depth inversion methods can be
roughly divided into two categories: optical remote sensing inversion and Synthetic
Aperture Radar (SAR) inversion. But there are many types of optical remote sensing
sensors, rich data sources, and simple inversion methods, so they are the main methods
of remote sensing water depth inversion. Although SAR remote sensing can be free
from cloud and weather conditions, it needs to consider the influence of wind direction,
wind speed, ocean wave and underwater topography in the process of water depth
inversion. Therefore, these factors limit the wide range of applications of SAR water
depth inversion technology.

This article has compiled a large number of methods for water depth inversion.
A systematic review of the current theories and methods of water depth inversion from
two aspects: optical remote sensing and synthetic aperture radar (SAR) inversion.
What’s more, the development prospects of current remote sensing water depth
inversion methods are analyzed and prospected.

2 Water Depth Inversion of Optical Remote Sensing Imagery

2.1 Water Depth Inversion Method of Multispectral Imagery

The principle of optical remote sensing for detecting water depth is mainly based on the
ability of light to transmit to water, and the transmission ability of visible light is
particularly prominent in many spectral bands. The smaller the attenuation coefficient
of water to visible light, the better its penetration into water. The value of visible light
attenuation coefficient determines the measurable depth of multi-spectral remote
sensing in water detection. When remote sensing of water depth, electromagnetic
waves must be through the atmosphere and water. Because the electromagnetic wave in
the visible light band has the strongest atmospheric transmittance and the smallest
water body attenuation. So, it is the main relying band in optical water depth remote
sensing measurement [3, 12–14]. Optical remote sensing water depth inversion models
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can be divided into: theoretical analytical models, semi-theoretical semi-empirical
models and statistical models.

Theoretical Analytical Method. The theoretical analysis method establishes a
mathematical expression based on the amplitude value received by the satellite sensor,
the water body reflectance value and the water depth value. Obtain the water depth
value by solving the expression. The more common one is the simplified classical
radiation equation, which is based on the Two-Stream Approximation Model. The
Two-Stream Approximation Model divides the water depth into two part at any depth
D: Dup and Ddw, so that the radiance value can be divided into two values. The change
of radiance value is estimated by studying the relationship between radiance values of
different water depth. Therefore, the distribution of water depth can be obtained by the
water depth variable D of the analysis process [3, 15–17].

Radiative transfer equation:

dL D;u; hð Þ
dD

¼ �KL D;u; hð Þþ LP D;u; hð Þ ð1Þ

dL D;u; hð Þ is the plane radiance from the water surface D to the h angle and u azimuth
angle of the propagation direction; L D;u; hð Þ is the stroke function, representing the
scattering gain; KLD, u, h is the attenuation loss function.

Lyzenga et al. [18] simplified the radiative transfer equation using a two-layer flow
approximation model and abandons the reflection effect in the water to obtain the
mathematical expressions of water surface reflection and water depth D. The expres-
sion is as follows:

R0 ¼ Rb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� X2

p
cosh KDð Þþ X � Rbð Þsinh KDð Þ

Rb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� X2

p
cosh KDð Þþ 1� XRbð Þsinh KDð Þ ð2Þ

X ¼ bb
aþ bb

;K ¼ a2 þ 2abbð Þ12 is water body attenuation coefficient; R0 is effective

scattering of water; Rb is the bottom reflectance of the water body; a is absorption
coefficient; bb is backscatter coefficient of water; D is indicate the water depth value.

The theoretical analytical method mainly obtains the water depth value by solving
the physical parameters of each water body through the radiation transfer equation.
Zhongliang Ping [16] used MSS-4 photos in the Jiaozhou Bay to derive a physical
model of shallow sea water depth inversion based on the relationship between sea water
transmittance, backscatter coefficient, sea floor reflectance and sea surface reflectance.
Qidong Chen et al. [19] He derived a physical model of shallow sea depth inversion
based on the radiative transfer equation and the optical thickness of the water body. In
addition, he also considered the effects of chlorophyll and suspended sediment. Their
experiments were applied in the Feilaixia Reservoir area in Guangdong and achieved
good inversion results. Although this method has higher versatility, the calculation
process requires a lot of physical and optical parameters, which is cumbersome and
difficult to obtain. Therefore, it has not been widely promoted in practical applications.
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Semi-theoretical Semi-empirical Method. The theoretical basis of the semi-
theoretical semi-empirical method is the radiation attenuation of light in water. It is
a method to achieve water depth inversion based on a combination of theoretical
models and empirical parameters. This method mainly includes single-band linear
regression method, dual-band linear regression method, multi-band linear regression
method and logarithmic conversion ratio [3, 15–17].

1. Single-band linear regression method

The basis of the single-band linear regression method is the basement reflection water
depth inversion model. Polcyn et al. [20] and Tanis et al. [21, 22] first applied this
method:

Li ¼ Li1 þCiRB cð Þe�kifZ ð3Þ

Li is the amount of radiation in the i-band recorded by the satellite sensor; Ci is the
constant of solar irradiance, atmospheric transmittance, water surface transmittance,
and water surface refraction; Li1 is the amount of radiation in the deep-water area; f is
the length of the water path.

Although the theoretical inversion accuracy is high, the model relies on the con-
ditions that are difficult to satisfy in practical applications. Therefore, scholars have
improved the model to a certain extent to make it more suitable for water depth
inversion in different waters. A water depth inversion method based on water body
backscatter, as proposed by Wei [23]:

D ¼ � 1
k
ln 1� Li � Bð Þ=Cð Þ ð4Þ

B;C is the coefficient of the equation. Determined by the water depth value D and the
radiation value Li.

Qing Hang et al. [24] used the single-band model to perform water depth inversion
on the Dongjiang River channel in the Pearl River Delta region based on the Landsat
TM3 and TM2 bands and obtain the river topographic map. Based on the single-band
model, Shufang Tian et al. [25] used correlation analysis to make a quantitative
analysis of water depth and established a remote sensing model of salt-lake water
depth. Xiaolei Guo et al. [26] compared single-band, dual-band, and multi-band water
depth inversion methods at Longwan Port on Hainan Island using WorldView-2
images. They concluded that although the single-band linear regression method is
simple to calculate, has few parameters, and is easy to implement, the accuracy of the
obtained water depth value is poor (see Table 1).
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2. Dual-band linear regression method

The dual-band linear regression method is based on the single-band linear regression
method. Its purpose is to weaken the influence of the water body attenuation coefficient
and the absolute value of the water body bottom reflectivity in different water types and
water body sediments. It can suppress errors caused by surface fluctuations, satellite
scanning angles and solar elevation angles. The dual-band linear regression equation
can be expressed as follow:

Suppose there are any two bands that have a constant reflectivity on different
substrates:

Ra1ð Þc1
Ra2ð Þc2 ¼

Ra1ð Þc1
Ra2ð Þc2 ¼ C ð5Þ

D ¼ w1

2K1
lnRb1 þ lnk1 � X1ð Þþ w2

2k2
lnRb2 þ lnk2 � X2ð Þ ð6Þ

X1 ¼ ln RE1 � RW1½ �;X2 ¼ ln RE2 � RW2½ �;w1, w2 is dual-band weighting factor.
When w1 ¼ C1K1

C1K1 þC2K2
;w2 ¼ �C2K2

C1K1 þC2K2
; d ¼ w1

2K1
lnk1 � w2

2K2
lnk2, we can obtain the

final water depth expression D:

D ¼ aX1 þ bX2 þ c ð7Þ

Because the dual-band linear regression method can overcome the shortcomings of the
single-band linear regression method, it is more widely used. Qingjiu Tian et al. [27]
used the TM3 and TM4 bands, which are sensitive to water depth, to perform water
depth inversion in the offshore waters of Jiangsu. The predictions obtained from their
experiments fit well with the measured water depth. Dong Zhang et al. [28] used the
TM4 or TM2 band to establish a linear regression relationship to perform water depth
inversion in the Yangtze Estuary waters also obtained good results. Ming Chen et al.
[29] performed the ratio processing on the TM2 and TM4 band. What’s more, they
made 16 sections at 1 km intervals according to the size of the study area. They

Table 1. Accuracy analysis of water depth inversion in linear regression model [26]

Linear regression
model

R2 Fitting formula MAE/m MRE
(%)

RMSE/m

Single band 0.434 Z = −35.810 *
(XB3) + 218.361

2.20 88.46 2.66

Dual band ratio 0.669 Z = −56.552 *
(XB3/XB1) + 256.246

2.05 69.74 2.43

Multi-band 0.611 Z = −7.404 * (XB3) − 49.337 *
(XB4) + 12.113 * (XB5) + 12.542 *
(XB6) + 198.585

2.15 58.17 2.55
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compared according to the water depth of each section and got a good result with an
average agreement rate of 82%.

3. Multi-band linear regression method

The multi-band linear regression method is extended to N bands and the reflectivity of
N different water bodies based on the dual-band linear regression method. John et al.
[30] derived multi-band linear regression water depth inversion method based on e-
exponential decay optical mode:

D ¼ a1X1 þ a2X2 þ . . .þ c ð8Þ

Multi-band comprehensive consideration of all aspects of water depth information has
higher water depth inversion accuracy than single-band and dual-band. So it is more
widely used. Clark et al. [31] used multi-band linear regression and Landsat4 imagery
to perform water depth inversion on islands in the southeastern coast of Puerto Rico in
the Caribbean. They obtained the root mean square error between the predicted water
depth and the measured water depth is 1.86 m. Kaichang Di et al. [32] introduced
piecewise linear regression and data normalization techniques to improve the multi-
band linear regression method. Therefore, this method is more suitable for large-scale
sea water depth inversion with improved accuracy. Dianyuan Xu [33] uses the image
gray values of MSS4, 5, and 7 to establish a relationship with the measured water
depth. Then, based on this relationship, the predicted water depth distribution is
obtained and the Yellow River waters are interpreted.

4. Logarithmic conversion ratio method

When using the linear regression method for water depth inversion, the difference
between the radiance value received by the satellite sensor and the radiance value in the
deep water region may be negative. Therefore, it may not be used in complex sea areas
with large range and low radiance value. For this reason, Stumpf et al. [34] proposed a
log-transformation ratio method by correcting the linear model:

D ¼ m1
ln nRw kið Þð Þ
ln nRw kj

� �� �� m0 ð9Þ

D is the water depth; m1; n is a constant used to adjust the water depth ratio; m0 is used
to compensate for zero meter depth; Rw kið Þ, Rw kj

� �
is the reflectance of the corre-

sponding band.
In the study of later water depth inversion, Zhen Tian [8] changed the adjustment

factor of Stumpf model to two and compensated the water depth inversion results of
different water bodies to some extent. And the inversion accuracy obtained by studying
the waters around the East Island is higher than that of the Stumpf model. The
improved model is as follows:
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D ¼ m1
ln nRw kið Þð Þ
ln mRw kj

� �� � þm0 ð10Þ

Xiaolei Guo et al. [35] built a geo-adaptive model based on the log-ratio model to
perform water depth inversion in the eight ports of Hainan. This model improves the
problem of uneven substrate and water body in the global model inversion process.
Therefore, the accuracy of water depth inversion can be improved and the error can be
controlled within 1 m. Anna Chen et al. [36] based on GeoEye-1 multispectral imagery
used log-linear models, log-transformation ratio models, and improved log-
transformation ratio models to perform water depth inversion for Wuzhizhou Island
and Penang. They concluded that the improved logarithmic conversion ratio model has
the highest inversion accuracy and stability in different water quality and depth. but the
logarithmic conversion ratio model is not good, while the logarithmic linear model is
susceptible to seawater environment and not stable enough.

Statistical Methods. The statistical method is to obtain water depth data by analyzing
the correlation between the gray value of the multispectral remote sensing image and
the measured water depth value. Its mathematical expression is as follows:

D ¼ f X1;X2. . .Xnð Þ ð11Þ

D is the water depth value; Xi i ¼ 1; 2; . . .nð Þ is the band of the image.
Lyzenga et al. [18, 37] used principal component analysis to assume that the gray

value of the image is linearly related to the water depth value:

Xi ¼ ln Li � Lsið Þ ð12Þ

Generate new variables Yi by rotating the coordinate system on Xi;

Yi ¼
XN

j¼1
AijXj ð13Þ

If this is a pure rotation, then only Yi is a variable related to water depth, and the other
i� 1 variables are only related to the bottom reflectance; the water depth variable can
be expressed as:

YN ¼ Bm � Cz ð14Þ

Bm is the bottom composition function, Cz determined by the water attenuation coef-
ficient. This method provides a more accurate water depth value by selecting the
appropriate band in a clear ocean with a depth of no more than 15 m.

Artificial neural networks [38] is also a type of statistical method often used in
water depth inversion. Because of its self-learning, self-organizing, adaptive and
nonlinear dynamic processing, it has more powerful approximation ability than the
traditional statistical method in simulating nonlinear change systems. The network of
error reverse propagation algorithm, referred to as BP neural network [39]. It takes the
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spectral characteristic value of the image as input and the water depth value as the
desired output. The simplest structure is usually three layers of an input layer, an
intermediate layer (hidden layer) and an output layer (see Fig. 1).

BP network algorithm weight formula is as follows:

E ¼ 1
2

Xm

j¼1
Yj � Ŷj
� �2 ð15Þ

Yj is the target value, Ŷj is the expected output value, m is the number of neurons in the
output layer.

wij pþ 1ð Þ ¼ wij pð Þþ aDwij pþ 1ð Þ � l
#E pð Þ
#wij pð Þ ð16Þ

a is the momentum coefficient l is the learning coefficient and the range of values is
between 0 and 1.

Although BP neural network has powerful computing power, it is easy to cause
over-fitting, slow convergence and sensitivity to initial weight. What’s more, it requires
a large amount of known water depth data as a training sample, which limits its wide
application. Bin Cao et al. [40] based on the traditional BP neural network algorithm
and overcome its shortcomings proposed an improved algorithm for water depth
inversion. Cao used this algorithm to experiment on Ganquan Island in Sansha, Hainan.
The results show that the improved BP network algorithm has relatively high accuracy
and fast convergence speed. Yanjiao Wang et al. [3] used 3 layers of BP neural network
and 600 water depth samples as training samples to better invert the water depth of the
Nangang section of the Yangtze River estuary, with an average absolute error of 0.9 m.

Fig. 1. Schematic diagram of BP neural network structure [40]
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2.2 Water Depth Inversion Method of Hyperspectral

The resolution of hyperspectral spectrum reaches nm level, and the number of bands is
several dozen more than that of multi-spectrum. Therefore, there are many advantages
to using water depth detection in its image. Hyperspectral spectrum can provide
multiple bands for band combination. What’s more, Hyperspectral spectrum use its rich
image band information to identifies waterborne sediments and water types, reducing
the impact of other factors in water depth inversion [8].

The Artificial Neural Network Method. The mathematical model is the same as the
BP neural network in the statistical method. Yingni Shi [9] uses the principal com-
ponent analysis of the input variables and normalizes the peaks to improve the learning
speed of the neural network. And then, perform water depth inversion experiments in
the study area. They concluded that the water depth based on the inversion of
hyperspectral image neural network algorithm is better than the semi-analytical model.
Sandidge et al. [41] used the BP neural network algorithm to perform water depth
inversion in the waters around Florida based on the correlation established between the
hyperspectral image and the measured water depth. The results show that the artificial
neural network predicts the water depth is consistent with the measured water depth,
which is superior to the traditional statistical methods.

Semi-analytical Model Method. Hyperspectral Optimization Process Exemplar
(HOPE) is the main method for current water depth inversion of hyperspectral remote
sensing. The core of the algorithm is to establish the functional relationship between
remote sensing image reflectivity, water body, water body sediment and water depth.
This method was first proposed by Lee et al. [42, 43] and its expression is as follow:

Rrs kð Þ ¼ f a kð Þ; bb kð Þ; q kð Þ;H; hx; hv;u½ � ð17Þ

a kð Þ is the water absorption coefficient; bb kð Þ is the backscatter coefficient of water;
q kð Þ is the water body reflectivity; H is the water depth; hx is the lower surface solar
zenith angle; hv is the lower surface nadir angle of view; u is the field of view azimuth.

This model has introduced large number of water and physical parameters, so it’s
comprehensive calculation with small error has been widely used. Lee et al. [44] used
this model algorithms and AVIRIS hyperspectral images to perform experiments in
Tampa Bay, Florida has obtain better water depth inversion results. Mcintyre M L et al.
[45] used a semi-analytical model and hyperspectral imagery for water depth inversion
in the 10-15 m waters of Florida. Obtained the average deviation of the predicted water
depth is 4.9% and the RMS is 7.83%. Lee et al. [45] Based on the water depth inversion
model and use the NASA EO-1 hyperspectral image with a resolution of 30 m has
obtained an average error of only 11% compared to LIDAR. Zhen Liu et al. [7] used the
HOPE algorithm and semi-analytical model perform water depth and optical parameters
inversion of the South Island reef. Their experiment obtained a good result. For other
methods, Zhang et al. [46] used a lookup table approach to reverse the water depths of
the waters around Peter Island in the Virgin Islands. Zhishen Liu [47] inverted the water
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depth of the Smith Island Bay using Principal Component Analysis and obtained the
error in the deep-water area is 1 m and the shallow water zone error is 0.2 m.

3 The Method of Synthetic Aperture Radar (SAR) Water
Depth Inversion

3.1 The Principle of Synthetic Aperture Radar (SAR) Water Depth
Inversion

The working band of SAR does not directly penetrate seawater to detect underwater
terrain. It indirectly measures underwater terrain by receiving backscattering from the
sea surface, because the undulations of the underwater terrain change the backscat-
tering intensity of the sea surface as a change of bright and dark stripes on the radar
image.

3.2 The Inversion Method Water Depth Estimation System

The water depth estimation system [11, 48] is currently a highly accurate algorithm for
shallow seawater deep inversion using radar images. This algorithm was developed by
the Dutch company ARGOSS. It consists of a SAR image simulation model and a data
assimilation model. The schematic of the BAS system is as Fig. 2:

Calkoen et al. [49–51] used the BAS technique to conduct a water depth estimation
test at the tidal inlet between the small islands of Ameland and Schiermonnikoog in
Waddenzee, northern Netherlands. The mean square error of water depth obtained by
this work is 0.36 m. However, the shortcoming is that the method is more troublesome

Fig. 2. BAS water depth estimation system [49]
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to measure in shallow waters of 30 m and requires intensive measurement of water
depth sampling spacing.

3.3 The Inversion Method of Direct Water Depth

Direct water depth inversion is based on the interaction of three models of radar
underwater terrain imaging and reuse simulation model to obtain water depth data.
Among them, the simulation model includes the Nevi-Stokes equation, the continuity
equation, the spectral action balance equation, and the radar backscatter model [1, 2].
The specific calculation steps are as Fig. 3:

@Vx

@t
þVx

@Vx

@x
þVy

@Vx

@y
� FVy þ g

@n
@x

þ g
Vx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
x þV2

y

q
c2 hþ nð Þ � sx

q hþ nð Þ ¼ 0 ð18Þ

@Vy

@t
þVx

@Vy

@x
þVy

@Vy

@y
� FVx þ g

@n
@y

þ g
Vy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
x þV2

y

q
c2 hþ nð Þ � sy

q hþ nð Þ ¼ 0 ð19Þ

@n
@t

þ @ hþ nð ÞVx½ �
@x

þ @ hþ nð ÞVy
� �

@y
¼ 0 ð20Þ

The above Eq. (18) is the Nevi-Stokes equation and the (19) continuity equation. Vx, Vy

is the water flow velocity in the X and Y directions, n is the relative horizontal potential
height, h. The distance between the bottom of the sea and the horizontal potential
surface, F is the Coriolis parameter, c is XieCai parameter, sx, sy is the wind stress in

Fig. 3. Direct water depth inversion
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the X and Y directions, q is the wind stress in the X and Y directions, g is gravitational
acceleration [1, 2, 10].

dA ~r;~k; t
� �
dt

¼ @

@t
þ d~r

dt

@

@~r
þ d~k

dt

@

@~k

 !
A ~r;~k; t
� �

¼ Sr ~r;~k; t
� �

ð21Þ

The above formula (21) is the spectral action balance equation; A ~r;~k; t
� �

is the action

spectrum,~r ¼ x; yð Þ representing spatial variables,~k is the representative wave number,

Sr ~r;~k; t
� �

is the original function representing the wave composition wave.

The radar backscattering model [1, 2, 11] has a two-scale model, Bragg model and
Kirchoff scattering model. The two-scale model is mainly used for rough sea surfaces
that cannot clearly distinguish the undulating scale. The kirchhoff scattering model is
mainly used for large-scale undulating rough sea surface and the situation of 0°–20°
satellite incident angle. However, The Bragg model is mainly used for small-scale
undulating rough sea surface and the situation of 20°–70° satellite incident angle.
Because the incident angle of spaceborne synthetic aperture radar is mostly 20°–70°,
most researchers use this model as the radar backscattering model.

r0pq hð Þ ¼ 16pk4cos4 hð Þ Gpq hð Þ		 		2u kB; 0ð Þ ð22Þ

p, q related to polarization, wave number, angle of incidence, and function Gpq; kB ¼
2ksinh is the Bragg wave number, Gpq function expression is as follow:

GHH hð Þ ¼ er � 1

coshþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
er � sin2h

p� �2 ð23Þ

GVV hð Þ ¼ er � 1 er 1þ sin2hð Þ � sin2h½ �
ercoshþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
er � sin2h

p� �2 ð24Þ

er Representing the complex permittivity of seawater.
Bin Fu [1, 2] inversion of the Xiaoyinsha sea area in Keelung Island and Jiangsu

offshore by direct inversion method. The root mean square error of the retrieved water
depth value and chart water depth value in the Xiaoyinsha area is 0.42 m. Xiaolei Bi
[52] used the direct inversion method to carry out the water depth test in the Taiwan
Strait and classified according to radar polarization. Draw the best conclusion from the
results of the full-polarization SAR inversion.

3.4 The Inversion Method of Wavenumber Spectrum Balance Equation
(WSBE)

Based on the Bragg model, large-scale background flow field model, and two-
dimensional shallow water dynamics equations, the steepest descent method is used to
iteratively obtain the shallow sea depth [11]. The numerical model is as follows:

188 K. Wen et al.
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(25) is a first-order approximate analytical expression of the gradation value of the SAR
image; wherein, h1 is the sea surface wind direction.
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(26) (27) (28) is the two-dimensional shallow hydrodynamic equation.
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� �

dxdy ð29Þ

(29) is targeted function J Vx;Vy; h; n
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, wherein:
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Changshui Xia [53] used the wave number balance equation to invert the water depth in
the Tanggu sea area. They found that the inversion water depth and the actual water
depth are in good agreement. The average relative error of the two sections taken in the
image is 8.9% and 9.2%, respectively. Jungang Yang et al. [54] used WNSBE tech-
nology and two ERS-2 images imaged at different time to invert the water depth near
the Taiwan Strait. Experiments show that the smallest inversion error can reach 2.23 m
(Fig. 4).
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Zejun Li et al. [55] improved the method on the basis of Jungang Yang scholars. He
used this method and ERS-2 and ENVISAT data to conduct water depth inversion
experiments to obtain ideal inversion results (Table 2):

The method of retrieving the water depth based on the synthetic aperture radar
image is not directly obtained water depth information on image. So, the water depth
obtained by the interaction calculation of shallow sea topography, sea surface current,
wind speed and the like. The BAS method requires more measured water depth
information when calculating. The more accurate the water depth data is, the higher
accuracy the experimental results will be. Submarine depth inversion is required in
areas with complex underwater terrain or large height differences. Otherwise, the error
is large. The direct water depth inversion method has higher requirements on the
quality of SAR images. What’s more, the image noise contributes a lot to the water
depth error. The image gray scale simulation model of the wave number balance
equation has higher requirements on wind direction. So, it’s calculation of water depth
is more complicated than the former two.

Fig. 4. Water depth inversion comparison chart [54]

Table 2. Water depth inversion results [55]

Name Absolute variation error Relative variation error

ERS-2 data 3.8 m (8.9%) 1.18 m (27%)
ENVISAT data 4.5 m (10.8%) 2.94 m (69%)
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4 Prospect of Remote Sensing Water Depth Inversion
Technology

The remote sensing water depth inversion technology has formed a relatively complete
theoretical and practical basis from the 1960s to the present. This paper expounds the
research results of remote sensing water depth inversion from the aspects of optical
remote sensing and synthetic aperture radar remote sensing. Inductively analyze its
advantages and disadvantages in order to present a rich and comprehensive review
article for readers. As we all know, water depth inversion still has large uncertainties,
such as remote sensing image deformation caused by atmospheric and topographical
effects, low resolution of image, weak water permeability of water band, complex water
reflection mechanism, and uncertainties in water body. Therefore, improving the
accuracy of water depth inversion is a systematic problem. It is necessary to consider
not only the optimization of inversion methods, but also the means of obtaining data
and the method of improving data preprocessing.

From the previous review, we can see that the main problems of water depth
inversion technology are as follows:

1. Remote sensing image preprocessing

Since the imaging process of satellites is affected by sensors, atmosphere and terrain. If
we want to obtain a real image, it is necessary to perform atmospheric correction,
geometric correction, and noise filtering on the original image. The image cannot be
realistically restored in various pre-processing, and other errors may be introduced. For
example, atmospheric correction processing needs to use different models for different
remote sensing images to correct the effects of atmospheric molecules such as aerosols.
In addition, the image resolution and the measured water depth are not an exact match
relationship, which is a pixel value corresponding to a range of water depths. That is,
the water depth data we actually measured is the precise water depth of a certain point.
But the image such as a pixel of the Sentinel_2 green band corresponds to a range of
10 m � 10 m on land. What’s more, for complex seabed topography, this range of
water depth changes will be large, which undoubtedly affects the accuracy of water
depth inversion.

2. Nautical water depth

Water depth inversion is mainly applied to uninhabited sea areas. So, the measured
water depth often depends on the water depth data on the chart. The water depth data
on the chart is the reference surface depth at a certain point, but the instantaneous water
depth at a certain point is recorded during image imaging. Therefore, it is necessary to
change the chart water depth to the synchronized instantaneous water depth based on
the time of image formation and the tide data. This correction process will undoubtedly
introduce errors and lead to low accuracy of later water depth inversion.

3. Water depth division

The water depth inversion technology is not only regional, but also has different water
depth intervals. This is mainly because different wave bands penetrate water bodies at
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different depths and carry different amounts of water depth information. Therefore, for
the same inversion method, it is also necessary to perform inter-zone inversion of water
depth to ensure better inversion results.

4. Water quality

Most of the water depth inversion are clear Class I water bodies. These water sus-
pensions are less, not turbid, and have a homogeneous bottom material, so the water
depth inversion is not suitable for all water bodies. If the water bodies is not clear, the
sun’s light waves will be reflected and scattered by the suspended sediment in the water
after entering the water body, which weakens the emissivity of the water. On the other
hand, if the water contains a lot of impurities such as chlorophyll and plankton, these
impurities will also reflect and absorb sunlight. Only a small amount of light waves are
absorbed and reflected by the water bottom and then captured by the receiver. How-
ever, if the substrate is not uniform, the reflected light wave will be further weakened.
What’s more, The weakly reflected light received by the receiver will also contain
spectral information of impurities such as chlorophyll. If these problems are not dealt
with in later water depth inversion models, this will cause large errors in experimental
results.

5. Synthetic Aperture Radar Inversion Difficulties

Although Synthetic Aperture Radar has the advantage of being weather-free
throughout the day, the inversion method is computationally intensive. This method
is greatly affected by terrain slope, sea surface waves, and wind speed, so that its
inversion accuracy is poor. This is why it is difficult to be widely used.

Nevertheless, the water depth inversion technology is still an important water depth
detection technology for current sea chart sounding and marine engineering safety.
With the launch of high-resolution satellites, hyperspectral satellites, and ocean
sounding radars, researchers will explore more accurate water depth inversion tech-
niques in this area, such as:

• Combined inversion of multiple data sources: Hyperspectral satellite data combined
with Multi-spectral satellite data. Inversion of Airborne Lidar Data with Mul-
tispectral and Hyperspectral Data. Long-term sequence satellite data inversion.
Synthetic Aperture Radar combined with Optical image inversion.

• Classification of water quality parameters: Classification of suspended sediment,
chlorophyll, and bottom sediment in water. Then use it as an influence factor to
establish a relevant model for water depth inversion.

• Water body inversion by area and depth by depth: Proper partitioning of a wide
range of water bodies and then selecting a matching model for water depth inver-
sion. So, we can get more accurate water depth data. Different depths of depth are
also used for segmentation inversion. Selecting appropriate water depth inversion
models for different water depths makes the fitting effect better and reduces the
inversion error.

• Artificial intelligence technology water depth inversion: Autonomous training of
large amounts of water depth data and remote sensing data using algorithms of
machine learning and deep learning. Use its excellent computing power and fitting
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accuracy to obtain accurate inversion water depth and achieve automatic inversion.
Of course, this also needs to solve the problem of various data source fusion, time
series problems [3, 14, 17].

Remote sensing water depth inversion has the advantages of low cost, large range
and real-time. It complements traditional water depth measurement methods and has
broad development prospects. If we can make a major breakthrough in data acquisition
and inversion methods, there will be a wider range of practical applications.
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