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Abstract: HY-2C is the third satellite in China’s ocean dynamic environment satellite series, and carries
a correction microwave radiometer (CMR) to correct the wet tropospheric path delay for the aligned
radar altimeter. To effectively use the brightness temperatures (Tg) of CMR to retrieve path delay, an
on-orbit calibration effort is required. In this study, an antenna pattern correction (APC) method and
aneural network method are used to perform an on-orbit calibration for CMR’s antenna temperatures
and a model based on the Whale Optimization Algorithm (WOA), Levenberg-Marquardt (LM)
algorithm, and Back-Propagation neural network (WOA-LM-BP) has been proposed to retrieve
the wet tropospheric correction (WTC) of CMR. The on-orbit calibration results, compared with the
simulated brightness temperatures calculated by the radiative transfer model (RTM), have shown
that compared with the APC method, the neural network method can almost eliminate the latitude
variation, and the total bias and standard deviation of the on-orbit calibrated Ty at all channels have
obviously decreased. The retrieved WTC results also have shown that the retrieved WTC of CMR has
a good agreement with the corresponding ones from the model-derived WTC and Jason-3.

Keywords: microwave radiometer; on-orbit calibration; wet tropospheric correction; Whale Optimization
Algorithm; Back-Propagation neural network

1. Introduction

Radar altimeter plays an indispensable role in the precision of Sea Surface Height
(SSH) measurements, which have a great impact on the global ocean and climate study.
The radar altimeter measures the SSH by the echo time between the satellite and the
ocean surface. However, due to the comprehensiveness and complexity of the ocean
dynamic environment, the spatial and temporal distribution of water vapor and cloud
liquid water content is uneven, which introduces the wet troposphere path delay for the
radar altimeter [1,2]. Generally, the wet troposphere path delay will lead to a 3~50 cm
uncertainty error for SSH measurements with radar altimetry, which is one of the major
error sources in radar altimetry applications.

In the past few decades, the passive microwave radiometers installed on the satellites
have been recognized as the most accurate mean to measure the wet tropospheric correc-
tion (WTC) in most altimetric missions [3], such as the microwave radiometers (MWR)
deployed on the Earth Remote Sensing (ERS) series satellites and Sentinel series satellites,
the Topex/Poseidon microwave radiometer (TMR), the Jason microwave radiometer (JMR),
the advanced microwave radiometer (AMR), and the calibration microwave radiometer
(CMR) of the HY series satellites [4]. HY-2C is the third ocean dynamic environment mon-
itoring satellite after HY-2A and HY-2B and was successfully launched by the Chinese
National Satellite Ocean Application Service (NSOAS), the Ministry of Natural Resources
(MNR) of China on 21 September 2020. A three-frequency nadir-viewing CMR, operating
at 18.7 GHz, 23.8 GHz, and 37 GHz, was designed to measure WTC for the aligned HY-2C
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radar altimeter. The three frequencies were chosen for their sensibility to sea surface rough-
ness or equivalence to wind speed (18.7 GHz), atmospheric water vapor (23.8 GHz), and
atmospheric liquid water (37 GHz) [5]. By combing the different measured brightness tem-
peratures (the on-orbit main-beam brightness temperatures of the microwave radiometer’s
antenna, also referred to as Tg) of CMR, the WTC of the radar altimeter can be determined
with a retrieval algorithm; therefore, the accuracy of the measured brightness temperatures
has been a matter of interest of several studies.

Generally, there are two main methods widely used for calculating or evaluating
the on-orbit Tp: simultaneous nadir overpass (SNOs) and observation minus background
simulation (OMB). Ideally, when identical radiometers deployed on different satellites
simultaneously observe the same Earth target, the observed Ty should be identical; any
difference would be caused by relative calibration discrepancies between the supposedly
identical radiometers. The SNO method aims to minimize the measured Ty differences
between a pair of radiometers by utilizing the same place at the same time of near-nadir
intersection observations [6]. The advantage of the SNO method is that it directly establishes
the function between the sensor of interest (SOI) and the sensor reference standard (SRS).
While this method has latitude limitation and needs to have relatively small time differences,
the calibration accuracy and stability of the SOl is easily affected by the SRS [7,8]. The OMB
method is a common metric used to quantify the difference between the observed Tp and
the background brightness temperature at a given frequency, time, and location. There
are many commonly adopted background brightness temperatures, such as the Amazon
forest whose surface target has relatively stable characteristics [9,10], and the simulated
brightness temperatures from the radiative transfer model (RTM) with various atmospheric
profiles and surface parameters [10,11]. Although the OMB method overlooks the real
characteristics of the radiometers to some extent, and the calibration results are affected by
the background field parameters and the accuracy of the RTM, this method can obtain a
large number of matching samples at a global scale and has good statistical stability; thus,
we adopted the OMB method to calibrate and evaluate CMR.

At present, the wet tropospheric path delay retrieval with microwave radiometers is
mainly conducted with statistical methods which mainly consist of two kinds of methods:
the semi-empirical method (physical method) and the purely empirical method [11]. The
physical basis for the semi-empirical statistical method is the RTM; for example, both
ERS-1, ERS-2, and Envisat microwave radiometers use the semi-empirical method. The
purely empirical method, like SARAL/ AltiKa, Sentinel-3A, and Sentinel-3B, establishes the
relationship between the measured Ty and wet tropospheric path delay directly. Compared
with the semi-empirical method, the purely empirical method has no bias nor errors
introduced by the RTM and transfer function, and therefore, in the scope of this study, the
purely empirical method is adopted to retrieve the WTC. The algorithms for establishing
the function for the semi-empirical method and the purely empirical method include the
multi-linear regression algorithm [12], log-linear regression algorithms [13,14], and the
Back-Propagation (BP) neural network [11,15,16]. With a strong ability to handle nonlinear
problems, the WTC from the BP neural network is more accurate than that obtained with
multi-linear and log-linear regression algorithms, and nowadays the BP neural networks
have been widely used to retrieve WIC and have achieved good performances.

However, there still exists some issues in the BP neural network application process.
For instance, the BP neural network randomly initializes the connection weights and biases
to values between 0 and 1, which often leads to a slower convergence rate of the network
and can make it easy to fall into a local minimum [17]. Generally, the BP neural network is
trained by the steepest gradient descent algorithm, in which the network’s parameters are
iteratively adjusted based on the calculated gradients of the loss function. However, there
exists a drawback known as the “vanishing gradient”, which will arise when the gradients
become very small, leading to slow convergence or getting stuck in poor local minima. And,
compared with the steepest gradient descent algorithm, although the Levenberg-Marquardt
(LM) algorithm has a good local search ability and can improve the convergence rate for the
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BP neural network, it has a strong dependence on the initial connection weights and biases
of the network. To solve this problem, swarm intelligence optimization algorithms with
global search ability are introduced to optimize the initial connection weights and biases of
the BP neural network. Typical swarm intelligent optimization algorithms include the Ant
Colony Optimization Algorithm [18], the Particle Swarm Optimization Algorithm [19], and
the Whale Optimization Algorithm [20]. Among them, WOA was proposed by Mirjalini
and Lewis in 2016 to imitate the predation behavior of humpback whales. Compared with
other optimization algorithms, the WOA has the advantage of a simple implementation
process, fewer parameters to be adjusted, a fast convergence rate, and a strong search
ability [21,22]. In this study, the WOA and LM algorithms are adopted to optimize the BP
neural network (WOA-LM -BP), which can not only find the optimal initial parameter
from the global aspect but also can better improve the convergence rate and the WTC
retrieve accuracy with microwave radiometers.

The rest of this paper is organized as follows: Section 2 describes the microwave
radiometer’s on-orbit calibration based on the antenna pattern correction (APC) method
and neural network first, and then describes the WTC theoretical principles of the WOA-
LM-BP neural network. Section 3 presents the experimental data and processing process
for on-orbit calibration and WTC of HY-2C CMR, respectively. Section 4 presents the
calibration results assessment and validation analysis of the two calibration methods first,
and then presents and discusses the retrieved WTC results. Finally, the summary and
conclusions are presented in Section 5.

2. Materials and Methods
2.1. On-Orbit Calibration Based on Antenna Pattern Correction

The antenna temperature (T4) is the brightness temperature of the surrounding envi-
ronment integrated over the gain pattern of the microwave radiometer parabolic reflector
and feed horn. To derive T, microwave radiometers typically adopt a two-point calibra-
tion scheme, with a “hot” and a “cold” point that cover the entire range of atmospheric
measurements, assuming the receiver behaves linearly. Cold sky (T,), with a known bright-
ness temperature of approximately 2.73 K, is generally regarded as the cold point for
calibration. As for the hot calibrator, the Jason microwave radiometer (JMR) was the first
one to use the noise diode as the hot calibrator in 2007 [23], and the subsequent microwave
radiometers in the Jason series, the Sentinel series, and the ERS series all use the noise
diode for calibration [10]. However, analyses of JMR over four years determined that the
long-term stability was between 0.2 and 3.0%, which correlated to a larger than desired
temperature drift of 0.6~6.0 K [23,24]. The internal matched loads are another option for
the hot calibrator [25]; compared with the noise diode, the stability and simplicity of a
matched load, which is less prone to drifting or aging over time and does not require any
other power supply or additional circuitry, makes it a more reliable and accurate option as
a hot calibrator. The T4 can be well approximated by the following equation [26]:

Ta = ErefTref + (1 - 8ref)TEurifh,scene 1)
= €ref Tref + (1- 8ref)(’7mTB + e Te + e Teotd + MsunTsun + 15 Tsate)

Based on the equation provided above, it is evident that T4 comprises two parts: the
antenna emissions and the reflected Earth scene, where the ¢, and T, are the antenna
parabolic reflector’s emissivity and physical temperature, and T scene i the reflected
Earth scene. Trg scene is the weighted average of the antenna beam efficiencies and the
corresponding brightness temperature in the pointing direction. Tgyp, scene cONsists of five
components: Tg, Te, Too1, Tsun, and Ty denote the brightness temperature of the main-
beam, the earth outside the main-beam, the cold space, the sun, and the satellite platform,
respectively, and %, He, ¢, fsun, and 75 are the corresponding antenna beam efficiencies.
Through inverting the above equation, the main-beam brightness temperature, in other
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words the measured brightness temperatures of the microwave radiometer, can be obtained.
This process is called the antenna pattern correction (APC), which is expressed as:

1 €
Tp — T,_ ref Tyor — ETE _ ﬂTcold _ MTSW _ %Tsate 2)
m

(1 - Sref)ﬂm 4 (1 - Sref)'?m Mm Nm Nm

The parabolic reflector is typically assumed to be a perfect one with an emissivity of 0.0,
but this may not always be the case. Some radiometers, like the Tropical Rainfall Measuring
Mission (TRMM) microwave radiometer imager (TMI), have emissivities for all channels,
that are constant, while some radiometers, such as the Special Sensor Microwave Imager
(SSMI), have an antenna emissivity that increases with frequency, changing from 0.5% to
3.5% [27]. In either case, the antenna emissivity is a constant value for a given frequency,
and the emissivity range of the antenna is estimated at 2.3% to 6.7%; by combing the
reflector’s physical temperature measured by thermometers, the corresponding brightness
temperature due to the antenna emission can be corrected [28]. Bernard [28] points out that
due to the vertical incidence of the observation, the effect of the sun is always below 0.1 K,
which can be neglected, both in direct view and sun glint, and in the on-orbit calibration
process of Sentinel-3, the sun contribution is also unconsidered as the associated efficiency
is set to zero [10].

Tsate signifies the total energy related to the satellite platform’s radiation and the
radiations reflected from the Earth and cold space. Tsan [28] points out that the Ty, is ap-
proximately a constant, and although it is difficult to select a concrete value to represent the
Tsate, the contribution originated from the satellite platform is negligibly small, particularly
when compared with other uncertainties [29]. Similar to Tsan [28], Sentinel-3 also considers
the contribution of T to be a constant and sets this value to 150 K [10].

The effective brightness temperature of the earth outside the main-beam T, is a com-
plicated contributor due to variations in the geophysical state of the surrounding scene.
The Topex/Poseidon microwave radiometer (TMR) adopted more than 4000 radiosondes
collected in five island sites distributed between 8°S and 52°N and a simple model with
latitude dependency to estimate the T, [30]. JMR calculates the effective T, at each measure-
ment location as a quadratic function of the antenna temperature itself with coefficients
dependent upon frequency and latitude [9], given by:

To(f) = do(f, lat) + d1(f, lat) To(f) + da(f, lat) T3 (f) €)

where dy, d1, and d, are constant for a given frequency. However, these approaches did
not account for the complicated temporal and geographical variations of water vapor, or
land and sea ice contamination. Obligis [26] utilizes the actual measurements of microwave
radiometers over several years to generate climatological maps for the T,, and Sentinel-3
inherited this process. The contribution of T, is also estimated by four representative
seasonal maps.

2.2. On-Orbit Calibration Based on Neural Network and OMB Method

Absolute calibration can provide accurate measurements; however, owing to a lack
of a reliable absolute standard, it is difficult to achieve such calibration currently. Some
researchers use the simulated Tp calculated from the RTM as an absolute reference (espe-
cially over rain-free ocean areas) and the determination of optimal physical quantities to
perform absolute calibration [7,31]. Therefore, this paper also uses the OMB difference to
correct the calibration errors. The OMB method in this paper is shown as follows:

OMB = Tg cmr — TBsimu 4)

where Tg cyr is the brightness temperature of CMR and Tj sy, is the simulated brightness
temperature from the RTM. This operation requires generating a simulated brightness tem-
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peratures dataset along the trajectory of CMR by using the R-TM with known atmospheric
and surface parameters.

From the analyses of Section 2.1, we know that in theory the main-beam brightness
temperatures can be calculated by deconvolving the measured antenna temperatures using
the antenna pattern, while in practice, the main-beam brightness temperatures obtained
through the APC algorithm are simplified as a linear weighted average function of the
antenna beam efficiency and the corresponding effective brightness temperatures. The last
three terms on the right-hand side of Equation (2) are either approximately a constant for a
given frequency or are neglected. And the contribution of T, varies significantly with the
satellite location and is a significant error source related to geography. Although Envisat
and Sentinel-3 account for global variations of brightness temperatures throughout the year,
and employ seasonal correction tables based on the mean brightness temperatures values
for each season, it assumes that the correction remains constant for the entire season, while
in reality, the variations of brightness temperatures may not follow a consistent pattern,
and the use of constant correction tables may introduce errors, particularly during seasons
with significant variations of brightness temperatures. Therefore, the use of simplified
global tables may not accurately represent the complex spatial distribution and variation
of the T,. Jason-1 adopts a specific form of T, causing an under-fitting with the standard
deviation value between the measured T3 of Jason-1 and the Tp g, within the range of
2 K~4 K [32].

Since the nonlinear relationship between the main-beam brightness temperature,
the antenna temperature, and the neural network can offer a good performance for the
nonlinear problem, this section addresses the use of the neural network to calibrate (referred
toas Tg_nyN). In this study, the T ¢, are regarded as the true values and the neural network
establishes the relationship between Tj g;,,,, and T4 by extracting the main features of the
samples and minimizing the difference between Tg g, and T4 to realize calibration.

The BP neural network is a network that transmits the input signals in a forward
direction and then propagates the error backward by minimizing the cost function, which
is generally defined as the mean square error between the actual values and the predicted
values, and ultimately obtains the optimal solutions [33]. The layer number of the network
and neuron number of the hidden layer are set according to the specific problem and goal.
Generally, a three-layer neural network can approach any nonlinear problem infinitely [34],
and based on the approach Jason-1 adopts, the neural network for calibration in this paper
is a three-layer network, which contains an input layer, a hidden layer, and an output
layer. The input layer comprises five features: Ty, T 42, Trefs Tc, and latitude; the neuron
number of the hidden layer is the same as that of the input layer, and the output layer is the
difference between the antenna temperature and the simulated Tg. A tan-sigmoid function
is used as the activation function of the network.

Due to the magnitude difference among the input and output variables, before training
the network a min—max normalization operation is performed on the input and output
variables according to the following equation:

2 = Xi — Xmin ®)

Xmax — X¥min

where x; is the input or output variables, and xmax and xpn are the maximum and minimum
values of x;, respectively. After min-max normalization, the normalized value is mapped
in [0, 1], which not only keeps all input features that have a similar scale and prevents
certain features with large values from dominating the learning process but also improves
the convergence during training. Note that the output variable needs an anti-normalized
process after training. By adjusting the network’s weights and biases to minimize the error
between the output and the simulated Tg, the optimal solutions can be obtained.
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2.3. Wet Tropospheric Correction Based on WOA-LM-BP

As mentioned in Section 1, the WTC retrieval based on the BP neural network has
excellent performance, and it contains a semi-empirical method and a purely empirical
method. The semi-empirical statistical method first establishes a function between the
model-derived WTC and the corresponding T g, at collocated positions and then estab-
lishes a valid transfer function between the Tp 4, and the measured Tp (on-orbit calibrated
Tg). Considering the uncertainty of the transfer function, the purely empirical method di-
rectly establishes the function between the measured T and the model-derived WTC. With
the establishment of the transfer function process omitted, biases and errors introduced by
the discrepancy between the measured T and the Tp g, are eliminated, and hence the
purely empirical method is adopted in this paper.

Although the BP neural network trained by the LM algorithm has a good local search
ability, it has a strong dependence on the initial connection weights and biases of the
network and gets trapped into local minima easily. The WOA aims to search for global
optimal solutions in a three-step process: exploration, exploitation, and updating. (1) The
exploration phase: through imitating the encircling prey behavior, the position of whales
is updated using a predefined equation that encourages exploration and diversification
within the search space. (2) The exploitation phase: the algorithm emulates the bubble-net
feeding behavior, which aims to locate and exploit promising regions in the search space.
(3) Updating phase: through adjusting the positions of whales by considering their current
positions, the best solution, and randomization factors, the positions of whales are updated
based on the current best solution found so far. This phase aims to balance exploration and
exploitation to converge efficiently toward optimal solutions. Through cooperation and
information sharing among individuals within the population, the leader position in the
WOA combines the global optimal solution and the individual optimal solution, meaning
it has the ability to jump out of the local minima and find the global optimal solutions.
In addition, the LM algorithm has a better local search ability and can improve the con-
vergence rate of the BP neural network. By combining these two optimization algorithms
together, the WOA-LM-BP neural network aims to provide a robust and efficient optimiza-
tion algorithm for WTC retrieval. The flow chart of the WOA-LM-BP network is shown in
Figure 1.

The WOA-LM-BP network starts by determining the network architecture; due to the
three-layer network it can approximate any nonlinear problem infinitely. Therefore, the
network for retrieval is also a three-layer network with three neurons in the input layer
and one neuron in the output layer; that is to say, three calibrated Tp are input each time
and one predictive retrieved WTC is the output. The neuron number of the hidden layer is
11, the activation function between the input layer and the hidden layer is the hyperbolic
tangent sigmoid (tansig), and the activation function between the hidden layer and output
layer is a linear function (purelin).

The WOA starts by initializing the popsize of candidates’ solutions and setting the
maximum iteration number. During each iteration, referred to as a generation, the WOA
assesses the fitness of each solution by computing the objective function value and then
utilizes the three strategies to improve the solution. The WOA process continues iterating
the three phases until a termination criterion is met, such as reaching the maximum number
of iterations or achieving a desired fitness level. The optimal output of WOA is used as
the new initial weights and bias for the network, and then the LM algorithm is adopted to
train the network until it outputs the optimal local minima.



Remote Sens. 2023, 15, 3633

7 of 18

Figure 1. Flow chart of the WOA-LM -BP model.

3. Experimental Data and Processing
3.1. On-Orbit Calibration Experimental Data Processing

The RTM is used to calculate the simulated radiance with known atmospheric con-
ditions, which can be adopted to compare with the actual antenna temperature of the
microwave radiometer for calibration or compare with calibrated Ty for assessing the
biases quantitatively. The inputs of the RTM are atmosphere profile, surface characteristics,
radiometer frequency, observation angle, etc.; among them, Numerical Weather Prediction
(NWP) models are important sources of information for providing atmospheric profile and
surface characteristic data. Therefore, in the scope of this study, the OMB analysis is deter-
mined by using the RTM with inputs from the NWP model to calculate the T g, regarded
as the ground truth [35]. In addition, the RTM adopted in this study is the Fast Microwave
Emissivity Model (FASTEM3), which is appropriate for various microwave frequencies
with incidence angles less than 60°, and atmospheric absorption model MPM93 [36,37].

ERA-5 is the fifth-generation global atmospheric reanalysis dataset produced by
Copernicus Climate Change Service (C3S) at the European Centre for Medium-Range
Weather Forecasts (ECMWF) [38]. ERA-5 reanalysis dataset is achieved by assimilation,
which combines satellite observations and weather station measurements [39]. This paper
adopts an hourly estimation of surface parameters and atmospheric parameters provided by
ERA-5 at a horizontal resolution of 31 km and 37 vertical model levels. The input variables
for the RTM include the three-dimensional atmospheric parameters, like atmospheric
temperature and specific cloud liquid water content, as well as the two-dimensional surface
parameters, like wind speed and wind direction. We experiment on a dataset constructed
by the CMR current antenna temperatures T4 and its along-tracked simulated Tp with the
time from 15 October 2020 to 24 October 2020, 21 January 2021 to 31 January 2021, 21 April
2021 to 30 April 2021, and from 19 July 2021 to 28 July 2021 (corresponding to cycle 003,
cycle 013, cycle 022, and cycle 031 of HY-2C CMR).



Remote Sens. 2023, 15, 3633

8 of 18

Considering the different temporal and spatial resolution of the ERA-5 reanalysis data
compared with the CMR observation data, and to reduce the generation time of matched
data, we first find out eight adjacent ERA-5 grid points in the period adjacent to the CMR
observation points at the hourly scale and then put these data into the RTM to obtain
the corresponding T gy, at each grid point. Subsequently, we apply interpolation on the
Tp simu Obtained before in the spatial and temporal dimensions, and take the time, latitude,
and longitude of the CMR observation point as the criterion to select the along-tracked
Tp simu by three linear interpolations.

In addition, due to the high temporal and spatial variation of water vapor and cloud
liquid water content, and to improve the consistency for comparison, the along-tracked
T simu need to be filtered: (1) To avoid sea ice contamination, the matched data are limited
to the zone between 60°S and 60°N, and the data covered with sea ice within this range are
also removed with an ice flag; (2) To reduce the impact of land, coast, and rainy situations,
the data classified as land, rain, and offshore distance smaller than 50 km are filtered;
(3) Although microwave radiation has the capability to penetrate certain non-precipitating
clouds, it cannot effectively penetrate thick precipitation clouds. Additionally, even in
penetrable clouds, microwave radiation can still be affected by various particles through
absorption, emission, and scattering [40,41]. Therefore, to avoid the uncertainty due to the
cloud liquid water, we intend to choose the observations in the clear sky where all cloud
data with a liquid water content larger than 0.1 kg/m? and the standard deviation between
adjacent observations greater than 1 K are removed. Figure 2 shows the OMB differences
between CMR T4 and Tj s, in the whole dataset.

HY-2C 18.7 GHz HY-2C 18.7 GHz

0-B(K)

0-B(K)
|

—20

(a)

2 4 6 —60  —40 —20 0 20 40
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o q [ ]

g 0
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Figure 2. Diagram of OMB differences before calibration of CMR for each channel. (a—c): over time;
(d—f): over latitude.

Figure 2a—c shows the OMB differences with time (sample points are arranged in
sequence) for each channel. It is evident that the OMB differences vary with the frequency,
with the highest magnitude observed at 37.0 GHz and the smallest at 18.7 GHz. The total
bias value is within —31~10 K, the total standard deviation is within 3~7 K, and it exhibits
no apparent seasonal variation. Figure 2d—f shows the OMB differences with latitude for
each channel where the OMB differences vary considerably over latitude. Therefore, an
on-orbit calibration effort is required. Two-thirds of the data are randomly selected from
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the above dataset as the training dataset to perform the calibration algorithm, and the
remaining one-third of the data is used as the test dataset (Test Dataset 1) to evaluate the
calibrated results.

3.2. Wet Tropospheric Correction Experimental Data Processing

With the global coverage and large quantities of meteorological reanalysis, the NWP
data also have been widely used to compute the model-derived WTC. In this paper, we use
the profile data from ERA-5 to calculate the model-derived WTC (hereafter, WTCppge1). At
each grid point, the ERA-5 profile data include 16 atmospheric parameters on 37 pressure
levels, from the surface at 1000 hPa to the altitude of around 45~50 km (1 hPa). Generally,
the WTC includes the contribution from two parts: water vapor-induced WTC and cloud
liquid water-induced WTC. Compared with water vapor-induced WTC, the cloud liquid
water-induced WTC is only a very small component (less than 1 mm), which is 1~2 orders
of magnitude smaller than the effect of water vapor under non-raining conditions [42-44].
In the scope of this study, the WTC refers to the water vapor-induced WTC, and the WTC
computation from these 3-D atmospheric variables is performed through the numerical inte-
gration of specific humidity and temperature along the vertical profiles, and the expression
is written as [45]:

Py Poyr
WTCppoqer = (1116454 x 103 / " qdp +17.66543928 / "9 4p) % (1+0.0026c052¢9)  (6)
PTOA pTOA T

where Pros and Py, are the top of the atmosphere and the surface pressure given in hPa.

Due to the fact that the specific humidity approaches zeros above 200 hPa (around 12 km),
making the corresponding WTC close to zero, for the computation efficiency we make
Pg,r be 1000 hPa and Proa be 200 hPa. g represents the specific humidity in kg/kg, which
means the mass of water vapour per kilogram of moist air. T is the temperature in Kelvin,
@ is the latitude, and WTCy,o4e] is in meter.

The time of the model-derived WTC used to compare is the same as the time mentioned
in Section 3.1 (cycle 003/013/022/031 of HY-2C). Since the model-derived WTC cannot
guarantee sufficient accuracy in rainy situations, the along-tracked points selected are
all from ocean clear sky field, where the cloud liquid water content is below 1 mm, the
latitude range is between 60°S and 60°N, and the observation points are away from the
coastline at a distance greater than 50 km, and without the ice coverage. Similar to the
calculations of the along-tracked simulated T g, we first calculate the model-derived
WTC of eight adjacent grid points and then apply three linear interpolations based on the
time and geographic location information of the CMR observation points. In total, there
are 1,561,324 geophysical situations in the final database, ensuring a good distribution in
time and geography. Two-thirds of the data are randomly selected as the training dataset
to perform the retrieval algorithm, and the other third of the data is used as the test dataset
to evaluate the retrieval results.

4. Results
4.1. On-Orbit Calibration Results and Analysis

Sections 2.1 and 2.2 present two calibrated methods: the APC method and the neural
network; this section assesses which performs well. The performance of the calibrated
Tp is evaluated with the Tp g, taking the results of the training dataset for examples.
Figure 3 illustrates the OMB difference of CMR for each channel over time, based on the
APC method (left panel) and based on the neural network (right panel). Notably, after
calibration the bias between the calibrated Tp and the T g, is obviously removed; in
particular, the neural network exhibits significant improvements both in mean deviation
and standard deviation of the OMB difference for all three channels when compared to the
APC method.



Remote Sens. 2023, 15, 3633

10 0of 18

HY-2C 18.7 GHz

HY-2C 18.7 GHz

0-B(K)

ot

0 1 2 3 4 5 0 1 2 3 4
(a)  Sample points (d)  Sample points
HY-2C 23.8 GHz HY-2C 23.8 GHz

20
< < N
el 0 el 0
S S o :
—20 L S NN CLE L —20 [~ [” - l
0 1 2 3 4 5 0 1 2 3 4 5]
(b)  Sample points (e) Sample points
20 HY-2C 37 GHz 20 HY-2C 37 GHz
< <
5 0 5 0
@} =}
—20 FET. ! ; : —20
0 1 2 3 4 H 0 1 2 3 4 5
(c)  Sample points (f)  Sample points

Figure 3. Diagram of OMB differences of CMR for each channel over time. (a—c): based on the APC

method; (d—f): based on the neural network.

As depicted in Figure 4, it displays the OMB difference of CMR for each channel over
latitude, based on the APC approach (left panel) and based on the neural network (right
panel). Remarkably, the neural network method can effectively reduce the OMB difference
fluctuation with latitude for the three channels.
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Figure 4. Diagram of OMB differences of CMR for each channel over latitude. (a—c): based on the
APC method; (d—f): based on the neural network.
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The OMB difference histograms (normalized with the total numbers of the training
dataset) of CMR in each channel are given in Figure 5, which can be approximately consid-
ered as the probability density distribution of the OMB differences for the APC method
(Figure 5a—c) and the neural network (Figure 5d—f). It can be seen that there are clear
distinctions between the two methods. For instance, although the OMB differences based
on the APC method are all close to the normal distribution, they are a combination of at
least two distinct states, especially for the 37 GHz channel, where two obvious peaks are ob-
served. These peaks can be attributed to the lower measurement for the high-temperature
targets. The OMB difference based on the neural network is normally distributed with a
total bias equal to zeros, which not only removes the inconsistency between the Tj 4, and
the calibrated Tp but also demonstrates the validity of this method.
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Figure 5. Histogram of OMB differences of CMR for each channel on training dataset. (a-c): based
on the APC method; (d—f): based on the neural network.

Figure 6 illustrates the OMB differences with respect to the calibrated Tp for the same
dataset. The color represents the number of points displayed in the colorbar, where the
warm color denotes more points and the cold color for fewer points. In the left panels,
we observe that at low Tps, a positive bias changes into a negative bias when moving to
high values of Tj, while this phenomenon disappears when utilizing the neural network
method, indicating that it can provide a more consistent agreement with the Ty g;,,,, values.
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Figure 6. Diagram of OMB differences of HY-2C for each channel with respect to the calibrated Ty on
training dataset. (a—c): based on the APC method; (d—f): based on the neural network (x representing
the calibrated Tp and y the simulated one). Color denotes the number of points displayed in the color
bar.

For further evaluating the performance and reliability of the two methods, the main
statistics characteristics, such as the mean deviation (MD), standard deviation (STD), root-
mean-square error (RMSE), and correlation coefficient, are calculated for the training dataset
and test dataset, respectively, and they are summarized in Table 1. For the calibration results,
the optimal algorithm is the one which can minimize the difference between the Tg g,
and the calibrated Ty both in training and test datasets. The mean deviation for each CMR
channel on the training dataset with the APC method is —0.87 K, —0.37 K, and —0.94 K,
while with the neural network, the mean deviation is reduced to 0 K. Compared with the
APC method, the calibrated T based on the neural network method has a smaller standard
deviation and RMSE value, which means a more enhanced agreement with the simulated
ones. The statistical results of the test dataset (Test Dataset 1) are similar to those in the
training dataset, and to further check the robustness and reliability of the CMR-calibrated
T, we perform another comparison on a dataset (Test Dataset 2) in which cloud liquid
water content is within the range of 0~0.1 kg/m? and the filter criteria of standard deviation
smaller than 1 K can be discarded. The calibrated results evaluation on the Test Dataset 2
also confirms that the neural network works well.
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Table 1. Statistical characteristics for the comparison between the calibrated Tg of CMR and the

TB,simu-
Channel
Dataset Method MD (K) STD (K) RMSE (K) Corr
(GHz)
APC —0.87 285 298 0.98
18.7 NN 0.00 1.88 1.88 0.98
Training . APC ~037 3.39 3.41 0.99
Dataset : NN 0.00 236 236 0.99
APC —0.94 6.65 6.72 0.94
37 NN 0.00 3.36 3.36 0.97
APC ~0.86 2.86 298 0.98
18.7 NN 0.00 1.88 1.88 0.98
Test . APC ~035 3.39 3.41 0.99
Dataset 1 : NN 0.01 235 235 0.99
APC ~091 6.65 6.71 0.94
37 NN 0.01 337 337 0.97
APC —0.77 294 3.04 0.97
18.7 NN 0.27 223 224 0.98
Test . APC ~0.16 3.55 3.55 0.99
Dataset 2 : NN 0.35 2.75 2.77 0.99
APC —0.68 6.71 6.74 0.91
37 NN 0.82 445 423 0.95

4.2. WTC Results and Analysis

Section 2.3 presents a WOA-LM-BP network for retrieving WTC. For investigating the
performance of the network, two different methods have been adopted to comprehensively
assess the retrieved WTC of CMR: (1) directly compare the WTC difference from the along-
tracked model-derived WTC; (2) directly compare the WTC difference from Jason-3 AMR-2
at crossover points.

4.2.1. Assessment with the Model-Derived WTC

The performance of the retrieved WTC of HY-2C is firstly evaluated with the model-
derived WTC with its global coverage to perform a rapid check globally. The left panels
of Figure 7 are scatter diagrams of HY-2C WTC with respect to the model-derived WTC
for the training dataset (top) and the test dataset (bottom), and the right panels are scatter
diagrams of HY-2C WTC with respect to the WTC differences between HY-2C and model-
derived WTC. Figure 8 shows the WTC difference histogram of the training dataset and test
dataset, which approximate the normal distribution with a total bias close to zero. Table 2
presents the statistical characteristics, except the main statistics characteristics mentioned in
Section 4.1. Another parameter, the coefficient of determination (R?), is added to quantify
the agreement degree between the HY-2C WTC and the model-derived one. The value of
R?is [0, 1], and a larger value of R? indicates a better performance of agreement.

Table 2. Statistical characteristics of comparison between HY-2C WTC and other WTC methods.

WTC Methods MD (cm) RMSE (cm) Corr R?
Model-derived (training dataset) 0.00 1.13 0.9932 0.9864
Model-derived (test dataset) 0.00 1.13 0.9932 0.9865
Jason-3 0.09 0.82 0.9959 0.9918

Taking the test dataset for illustration, the mean value of the WTC difference is 0.0 cm
with a 1.13 cm root-mean-square error. The WTC of HY-2C matches the model-derived
WTC well, with the correlation efficient and R? almost equal to 0.99. All the statistical
characteristics demonstrate a good agreement between the HY-2C WTC and the model-
derived one, which shows the effectiveness of the retrieval method.
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Figure 7. (a): HY-2C WTC versus model-derived WTC in training dataset; (b) HY-2C WTC versus
WTC difference between HY-2C and model-derived WTC in training dataset; (c): HY-2C WTC versus
model-derived WTC in test dataset; (d) HY-2C WTC versus WTC difference between HY-2C and
model-derived WTC in test dataset; Color indicates the number of points displayed in the colorbar.
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Figure 8. Histogram of WTC differences between HY-2C and model-derived WTC. (a): on training

dataset; (b): on test dataset.

4.2.2. Assessment with the Jason-3 AMR-2 WTC

To prove the reliability of the retrieval results, another independent data source
is adopted to examine the retrieval method. We use the SNOs approach to assess the
retrieved WTC, where the Jason-3 AMR-2 is chosen as the reference for its high accuracy
measurements [46]. Jason-3 is a follow-on satellite of OSTM/Jason-2, and its objective is to
provide continuous observation of global ocean circulation and SSH. The orbital altitude of
Jason-3 is 1336 km with an inclination of 66°, the revisit period is approximately 10 days
with 254 passes, and the latitude range spans from 66.15°S to 66.15°N. The time of Jason-3
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GDR-F data is the same as the CMR (cycle 001-cycle 041, from 1 October 2020 to 31 October
2021), and these data are available from the Archiving, Validation, and Interpretation of
Satellite Oceanographic (AVISO) data center.

To obtain high-quality comparison results, before performing the SNOs the crossover
points between the HY-2C and Jason-3 have to apply quality control by status flags and
threshold screening: (1) Considering the global coverage of CMR and Jason-3, the latitude

1/ 7

range is between 60°S and 60°N; (2) Using the “surface_type”, “rain_flag”, and “ice_flag”
to screen the open ocean areas without rain and ice coverage; (3) To reduce the land
contamination, crossover points at a distance less than 50 km are screened out; (4) The
crossover points within the time interval of 30 min and the distance interval of 30 km of
HY-2C and Jason-3 are selected. The final number of crossover points during one year is
14,518, which ensures a global distribution in time and geography. Figure 9 shows the
global distribution of crossover points.

60 e
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'sx _.5;

Crossover points distribution between HY-2C and Jason-3
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Figure 9. Crossover points distribution between HY-2C and Jason-3 over one year.

The left panel of Figure 10 is the scatter diagram of HY-2C WTC with respect to
Jason-3 WTC for HY-2C cycle 001-cycle 041 (in m), and the right panel is the scatter
diagram of HY-2C WTC with respect to the WTC differences between HY-2C and Jason-3.
Figure 11 presents the WTC difference histogram of the crossover points, and the statistical
characteristics are summarized in Table 2.
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Figure 10. (a): HY-2C WTC versus Jason-3 WTC. (b) HY-2C WTC versus WTC difference between
HY-2C and Jason-3.
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Figure 11. Histogram of WTC differences between CMR and Jason-3.

The mean deviation and the RMS between the HY-2C WTC and the Jason-3 WTC are
0.09 cm and 0.82 cm, respectively, and the correlation coefficient and R? are 0.9959 and
0.9918, respectively. They all demonstrate that the HY-2C WTC has a good agreement with
Jason-3.

5. Conclusions

The calibrated brightness temperatures of microwave radiometers can be used to
retrieve the WTC; with the HY-2C CMR operating in its designed orbit for more than
2 years, this study focuses on the on-orbit calibration algorithm and the WTC retrieval
algorithm of HY-2C CMR.

We first present the APC method and the neural method to calibrate the antenna
temperature, and then use the OMB method to assess the two methods, which compares
the calibrated brightness temperatures to the simulated brightness temperatures calculated
by the RTM using input from NWP. Taking the Test Dataset 1 for illustration, the comparison
results show that compared with the APC method, the mean deviation of the calibrated
brightness temperature derived by the neural network is clearly reduced by about 0.86, 0.34,
and 0.90 K in the three channels, respectively; the RMSE are reduced by about 1.10, 1.06, and
3.34 K, respectively. After broadening the along-tracked observations filter criterion, the
calibrated brightness temperature derived by the neural network still has better agreement
with the simulated ones than that derived from the APC method, which demonstrates the
effectiveness of the neural network calibration method.

The primary purpose of using the WOA-LM-BP model is to improve the retrieval
accuracy for HY-2C; the WOA is used to avoid falling into local minima and find the
optimal initial network parameters, and then the LM algorithm is used to find the optimal
local minima under the obtained network parameter, so as to improve the accuracy of the
retrieved WTC. The results of the retrieved HY-2C WTC are compared with the model-
derived WTC on the test dataset and the crossover points from Jason-3 over one year; all the
statistical characteristics indicate that the retrieved WTC of HY-2C has a good performance,
satisfying the mission requirements well.
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