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Abstract: Total precipitable water (TPW) is an important key factor in the global water cycle and
climate change. The knowledge of TPW characteristics at spatial and temporal scales could help us to
better understand our changing environment. Currently, many algorithms are available to retrieve
TPW from optical and microwave sensors. There are still no available TPW data over land from FY-3D
MWRI, which was launched by China in 2017. However, the TPW product over land is a key element
for the retrieval of many ecological environment parameters. In this paper, an improved algorithm
was developed to retrieve TPW over land from the brightness temperature of FY-3D MWRI. The major
improvement is that surface emissivity, which is a key parameter in the retrieval of TPW in all-weather
conditions, was developed and based on an improved algorithm according to the characteristics of
FY-3D MWRI. The improvement includes two aspects, one is selection of appropriate ancillary data
in estimating surface emissivity parameter Aeqg7/Aes3 g in clear sky conditions, and the other is an
improvement of the Aejg7/Aeps g estimation function in cloudy conditions according to the band
configuration of FY-3D MWRI. Finally, TPW retrieved was validated using TPW observation from the
SuomilNet GPS and global distributed Radiosonde Observations (RAOB) networks. According to
the validation, TPW retrieved using observations from FY-3D MWRI and ancillary data from Aqua
MODIS had the best quality. The root mean square error (RMSE) and correlation coefficient between
the retrieved TPW and observed TPW from RAOB were 5.47 and 0.94 mm, respectively.

Keywords: FY-3D/MWRI; total precipitable water; lookup table method; microwave remote sensing

1. Introduction

Total precipitable water (TPW),known as total column water vapor in the atmosphere, is a key
meteorological parameter often used by weather forecasting experts to predict heavy precipitation [1,2].
At the same time, water vapor is also a key parameter in the global water cycle. Water vapor is
a key parameter in the formation of clouds and precipitation. Water vapor enters the atmosphere
via evaporation by absorbing heat from the surrounding environment, and is further transported
through the stratosphere and troposphere to form clouds [3], finally forming precipitation during the
process of condensation and latent heat release. If there is no water vapor, there will be no circulation
of water between the atmosphere and the earth surface. Water vapor also plays an important role
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in the energy cycle [4,5]. Weather phenomenon change is mostly caused by the change of water
vapor in the atmosphere. Water vapor absorbs and releases a large amount of latent heat in the
phase change of water. The phase change of water vapor will directly affect the air temperature, and
further influences vertical stability of the atmosphere and the evolution of convective weather systems.
Knowing accurate total precipitation water distribution will help us to improve precipitation forecasting
and better understand the global water cycle and energy cycle. At present, most research mainly uses
ground-based observation and remote sensing to obtain TPW [6]. Ground-based observation methods
mainly include radiosonde, GPS, solar spectrophotometer, and ground-based microwave radiometer.
Ground-based TPW observation usually has high accuracy but is limited in spatial coverage. Satellite
remote sensing has the advantage to provide large spatial coverage. Remote sensing can be divided
into two categories: optical remote sensing and microwave remote sensing. The optical remote sensing
of TPW mainly includes the near-infrared method, thermal infrared split window method, and the
infrared profile method [7,8]. These methods are widely used and have better accuracy, but they
also have some limitations. For example, near-infrared remote sensing cannot obtain TPW at night,
and is seriously affected by clouds. Although thermal infrared and infrared remote sensing of total
precipitable water can obtain data at night, it is greatly affected by clouds, and the accuracy of retrieved
TPW is lower than that retrieved from near-infrared remote sensing [9].

Microwave remote sensing can obtain observations at both day and night, and is seldomly affected
by clouds due to the long wavelength of microwaves [10,11]. In microwave bands, the water vapor
absorption channel at frequency 23.8 GHz and a window channel at 18.7 GHz are usually used in
the retrieval of TPW. Currently, it is more difficult to retrieve TPW over land areas than ocean areas
using observations from 23.8 GHz and related window channels of microwave radiometers, because
the land surface usually has a higher surface emissivity (usually greater than 0.9) than the ocean
surface (~0.5) at microwave bands. The high value of land surface emissivity will greatly suppress
the atmospheric information received by satellite, which makes it difficult to retrieve TPW over land
areas. In order to retrieve TPW over land areas using microwave radiometers, several methods were
developed. Aires et al. retrieved total precipitable water, cloud liquid water, surface temperature,
and surface emissivity based on SSM/I data over land using the artificial neural network method [12].
The error of retrieved total precipitable water was 3.8 mm in clear sky and 4.9 mm in cloudy sky.
However, this method needs to collect a large amount of training data and has poor portability, so it
cannot be directly applied to other sensors. Liu and Weng [13] established a one-dimensional dynamic
change radiation transfer model to develop a simulation method to retrieve total precipitable water
using observations from Advance Microwave Sounding Unit (AMSU) and related atmospheric profiles.
Deeter proposed a parametric method to retrieve atmospheric water vapor [14]. In the algorithm,
the ratio of the brightness temperature polarization difference between 18.7 GHz and 23.8 GHz of
the Advanced Microwave Scanning Radiometer for EOS (AMSR-E) was mainly used to retrieve
atmospheric water vapor because of their sensitivity to water vapor. Due to errors in spatial scale
between ground observation data and inversion data in the verification process, tRMSE reached 6.4 mm
after removing 29% of the worst matching verification data. The advantage of this method is that it
does not depend on the surface emissivity, especially over land. However, the method relies too much
on the measured data on the ground. Wang [15] proposed a parameterized method on the basis of
Deeter’s research. The parameterized method established a simulated database using a microwave
radiative transfer model based on atmospheric profile and simulated surface emissivity from the
advanced integral equation model (AIEM). By analyzing the data in the simulated database, it was
found that the polarization ratio of the 18.7 and 23.8 GHz bands had good linear correlation with the
atmospheric water vapor. The advantage of this method is that the surface emissivity in the simulation
database is obtained by AIEM model. Thus, the parameterized method is free from regional limitations
and can be used globally. However, the disadvantage is that the AIEM model is only a bare soil surface
reflectivity model, it is only applicable to bare soil surface on the global scale. The verification result
shows that the error of this method is 8.8 mm over land. In order to reduce the influence of land
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surface during the retrieval of TPW, the two algorithms mentioned above usually set the land surface
emissivity parameter Aeqg7/A€3 g as a constant. However, in the actual verification, it was found that
land surface emissivity parameter changes with different land surface types and seasons. Therefore,
setting the land surface emissivity parameter as a constant in the inversion process will introduce great
errors [16].

Accurate land surface condition is very important to the retrieval of TPW over land. However,
it is difficult to directly obtain accurate land surface emissivity, especially over cloud-covered areas.
Currently, the uncertainty of the land surface emissivity parameter makes it difficult to retrieve total
precipitable water over land areas using passive microwave radiometers such as AMSR-E, AMSR2,
and FY-3D MWRIL. Ji et al. [17] developed an algorithm to retrieve total precipitable water over
land based on AMSR-E by developing a new land surface emissivity parameter estimation method.
The RMSE of the retrieved total precipitable water in the algorithm can reach up to 3.5 mm. It was
an obvious improvement in the retrieval of total precipitable water over land based on observations
from AMSR-E. However, the algorithm developed by Ji et al. was only designed for AMSR-E, and it is
still a large challenge to adapt the algorithm to other microwave radiometers due to the configuration
difference of sensors on different satellites.

FY-3D is the latest polar orbit meteorological satellite of China, launched in 2017. The satellites of
the FY-3 series form an observation network and improve the ability of FY series satellites in atmosphere
and environment observations [18]. At present, only total precipitable water over ocean areas retrieved
from FY-3D Microwave Radiation Imager (MWRI) is provided to the public due to the influence of
high surface emissivity in the retrieval of total precipitable water over land. In order to obtain total
precipitable water over land, an improved total precipitable water retrieval algorithm over land for
FY-3D MWRI is developed in this study, based on a previous study [17]. The major improvement of
the retrieval algorithm for FY-3D MWRI still focuses on estimating the ratio of polarization difference
of surface emissivity at two frequencies (Ae1g7/A€r3 ) accurately according to configuration of FY-3D
MWRI. One important step in the estimation of Aejg7/Aey3 g in all-weather conditions is to estimate
Aeqg7/Aey3 g in a clear sky condition first by using pre-estimated water vapor products. The quality
of water vapor products will affect the estimation of Aeyg7/Aeps g directly. The water vapor product
from MODIS usually has good quality. However, there is an obvious time interval between MODIS
and FY-3D MWRI observations. Water vapor product from FY-3D MERSI almost has simultaneous
observation time with FY-3D MWRI, but the quality of water vapor product from FY-3D MERSI is not
as good as that from MODIS. Thus, the two water vapor products from FY-3D MERSI and MODIS are
used and compared in the estimation of Ae1g7/Aes3 g in a clear sky condition. For the estimation of
Aeqg7/Aer3 g in a cloudy sky condition, the estimation function is also improved to adapt the FY-3D
MWRI due to the difference of the band configuration between FY-3D MWRI and AMSR-E.

Section 2 mainly describes the datasets used in this study. Section 3 discusses the retrieval
algorithm for FY-3D MWRI and Section 4 compares the retrieved TPW results. Finally, Section 5
concludes this study.

2. Data Used in the Study

The data used in this study mainly include brightness temperature from FY-3D MWRI, water
vapor, and land surface temperature products from FY-3D MERSI and Aqua MODIS, SuomiNet GPS
TPW observations from Global Network, and atmospheric profiles from global distributed radiosonde
observations (RAOB). The details are described as follows.

Brightness temperature from FY-3D MWRI. FY-3D is the second generation of polar orbit
operational weather satellite of China, which is equipped with 10 advanced remote sensing
sensors [19-21]. FY-3D MWRI receives horizontal and vertical polarization of electromagnetic radiation
from the earth’s surface and atmosphere at frequencies 10.65 GHz, 18.7 GHz, 23.8 GHz, 36.5 GHz,
and 89 GHz. The observations can be used to monitor environmental information such as spatial
and temporal distributions of precipitation, clouds, water vapor content in the atmosphere, surface
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vegetation, soil moisture, sea ice, and snow cover [22,23]. The FY-3D MWRI L1 brightness temperature
can be accessed on the website of the national satellite meteorological center. Table 1 shows detail
of FY-3D MWRI. In this study, the ratio of brightness temperature polarization difference between
18.7 and 23.8 GHz was used as a key parameter to retrieve TPW over land. Meanwhile, the vertical
and horizontal polarized brightness temperature at 10.65 and 18.7 GHz was used as auxiliary data to
estimate other key parameters in the process of retrieving TPW. At the same time, surface elevation is a
key factor that should not be ignored when using land surface brightness temperature to retrieve TPW.
FY-3D MWRI L1 brightness temperature science datasets provide a kind of 25 km spatial resolution
daily digital elevation model (DEM) data file. As we know, ground surface elevation will not change
much in a short time. Therefore, this paper used the maximum value composition method to generate
a global DEM in 2018 as generic data for the retrieval model. Figure 1 shows spatial distribution map
of the DEM from FY-3D MWRI in 2018.

Table 1. The parameters of FY-3D MWRL

Polarization Spatial Calibration e . .
Frequency (V: Vertical Resrc))lution Accurac Sensitivity Band Width
(GHz) e ¥ (K) (MHz)
H: Horizontal) (km X km) (K)

10.65 VH 51 x 85 2.0 0.5 180
18.7 VH 30 x 50 2.0 0.5 200
23.8 VH 27 x 45 2.0 0.5 400
36.5 VH 18 x 30 2.0 0.5 900

89 VH 9x15 2.0 0.5 3000
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Figure 1. Spatial distribution of the Digital Elevation Model from level 1 brightness temperature
product of FY-3D Microwave Radiation Imager in 2018. Ground elevation increases from 0 to 6.5 km as
shown by the color bar changes from blue to red.

Water vapor from FY-3D MERSI. The water vapor product retrieved from the thermal infrared
bands of FY-3D MERSI was mainly used to retrieve the surface emissivity parameter Aeqg7/Aeps g in
a clear sky condition. The spatial resolution of the water vapor product is 5 km. The advantage of
using the water vapor product from FY-3D MERSI is that MERSI almost has simultaneous observations
with MWRI. However, the quality of the water vapor product of MERSI might be the major limitation
for estimating the surface emissivity parameter Ae1g7/Aer3 3. The water vapor product of MERSI is
available on the website of NSMC (http://www.nsmc.org.cn/NewSite/NSMC/Home/Index.html).
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Water vapor from Aqua-MODIS. As an alternative, the water vapor product retrieved from
the thermal infrared bands of Aqua MODIS was also used in the estimation of surface emissivity
parameter Aejg7/Aersz g in a clear sky condition. The Aqua-MODIS level 2 TPW product produced
using infrared algorithm has a spatial resolution of 5 X 5 km and is available at both day and night.
The advantage of the water vapor product from MODIS is that it has a higher quality than that from
MERSI. The disadvantage is that the time difference of observations between Aqua-MODIS and FY-3D
MWRI is larger than the time difference of observations between FY-3D MERSI and FY-3D MWRI.
However, the positive aspect is that the satellites Aqua and FY-3D have similar postmeridian satellite
orbits. Equator crossing time of FY-3D is at 2 p.m., which is half an hour later than Aqua in local
time zones [24,25]. The small observation time interval between Aqua and FY-3D makes it possible to
estimate the surface emissivity parameter Aeig7/Aey3 g in a clear sky condition using the water vapor
product from MODIS and brightness temperature from FY-3D MWRI. The water vapor product from
Aqua MODIS can be accessed at website (https://ladsweb.modaps.eosdis.nasa.gov/).

Land surface temperature is another parameter mainly used in the estimation of Ae1g7/Aens g
in a clear sky condition. FY-3D MERSI LST product was used together with FY-3D MERSI TPW in
the estimation of Aejg7/Aeys3g. As an alternative, the Aqua MODS LST product was used together
with Aqua MODIS TPW in the estimation of Ae1g7/Aey38.The LST from FY-3D MERSI can be accessed
at website (http://www.nsmc.org.cn/NSMC/Home/). The LST from Aqua MODIS can be accessed at
website (https://ladsweb.modaps.eosdis.nasa.gov/).

Atmospheric profiles from radiosonde observations. Atmospheric profiles from the global
distributed radiosonde observations (RAOB) were used to build lookup tables for estimating
Aeq1g7/Aerzg and TPW. The profile data used to build the lookup table included height, relative
humidity, temperature, and pressure profiles. There are more than 800 observation points, and every
observation point provides two observations per day. The observations can be accessed in website
(http://www.esrl.noaa.gov/raobs/).

TPW obtained from SuomiNet GPS. The total precipitable water retrieved from the SuomiNET
GPS network was used to validate the retrieved TPW from FY-3D MWRI. SuomiNET is an international
network of GPS receivers. The goal of SuomiNET is to make large amounts of spatially and temporally
dense GPS-sensed PW vapor data widely available in real time for academic research and education [26].
TPW measured by SuomiNET GPS is the product of zenith delay and conversion factor, and the error
of TPW retrieved by this method is better than 2 mm [27]. Figure 2 shows the distribution map of TPW
observation sites from the Global SuomiNET GPS network.
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Figure 2. Distribution map of total precipitable water (TPW) observation sites from the Global
SuomiNET GPS network.
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3. Retrieval Algorithm

3.1. Basic Theory for Retrieval of Total Precipitable Water (TPW)

The retrieval of TPW is mainly based on the water vapor absorption channel at frequency 23.8 GHz.
In order to further enhance the sensitivity to water vapor, a window channel at frequency 18.7 GHz was
used to create a water vapor sensitivity parameter ATb1g7/ATb,3 8. The sensitivity of the parameter
ATbqg7/ATbys g to water vapor was verified in previous studies [14-17]. According to previous studies,
the parameter ATbyg7/ATb,3 8 can greatly enhance sensitivity to water vapor compared to a single
channel at frequency 23.8 GHz, and at the same time, the parameter is also able to greatly reduce its
sensitivity to clouds.

The basic theory for TPW retrieval in this study was discussed by previous studies [16,17];
it will be presented here again for clarity. The theoretical basis of retrieving TPW is the atmospheric
radiative transfer equation. According to the integrated radiative transfer equation for a nonscattering,
plane-parallel atmosphere with a nonblackbody surface boundary condition, the brightness temperature
received by a sensor at the top of the atmosphere can be expressed by Equation (1) [16,17]:

Tb(O); = eVTStV(pS, )—&—fpo a( )dp
(1= e)[t(p ) ]ﬁ e M
+(1- q)[tv(ps/ )] Tspace

where Tb(O); represents upward brightness temperature received by satellite at pressure level p =0
and frequency v; q is vertical (V) or horizontal (H) polarization state; ey represents surface emissivity
at frequency v and polarization state q; Ts represents surface temperature where the subscript “s”
denotes surface value; t(p, 0) represents atmospheric transmittance for a layer between pressure level
p and p = 0; and Tspace represents cosmic background temperature, 2.7 K. Based on Equation (1),
the polarization difference of brightness temperature at any frequency can be deduced. The equation
for the polarization difference of brightness temperature is shown in Equation (2) [16,17]:

ATby = Tby —Tby; = (ey, ~ &) Ts t<psr )
—(£¥—£§I)[tV(PSI )] fps " 5/0 zatvago)dp @)
_(£% - Eﬁ)[tv(}’s/ )] Tspace

where Tby, and Tby, represent brightness temperatures at frequency v for vertical and horizontal
polarlzatlons, respectlvely, and &y, and ¢}, represent surface emissivity at frequency v for vertical and
horizontal polarizations, respectlvely Accordmg to Equation (2), the basic TPW retrieval equation
based on the TPW sensitive parameter ATbqg7/ATbys g is shown in Equation (3) [16,17]:

0 _Tp) g7 (p0) 2
ATb1g 7 Aeigy Tstis7 Sy Ps 2. (p0)" P dptis ; Tspace
ATbys A£23:8 0 (P) Ity3g(P) ;o
. T5t238 t238 e tz 8(p 0) op dp t23 8T5pace (3)
— €187
= Rems £(Ts, Surf_elev, TPW)
where Aeig7 = &%]8'7 - s%{w and Aerzg = 8%/3'8 - 5%13'8 are differences between vertical (V) and horizontal

(H) polarizations of 18.7 and 23.8 GHz microwave remote data; when ignoring the presence of clouds,
f(Ts, Surf_elev, TPW) is a function of surface temperature, surface elevation, and TPW. According to
the Equation (3), ATb1g 7;/ATbys ¢ and surface elevation are from observations of FY-3D. If Ae1g7/Aen3 8
and the surface temperature Ts are known, then TPW can be retrieved. According to Equation (3),
a key parameter in the retrieval of TPW is the surface emissivity parameter Ae1g7/Aey3 8. The accuracy
of Aejg7/Aeys g directly determines the precision of retrieved TPW. Due to complexity of land surface,
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it is challenging to estimate Ae1g7/Aep3 g accurately. In this study, the surface emissivity Aeqg7/Aers g in
a clear sky condition was first estimated, and then the surface emissivity Aeqg7/Aeps ¢ in a cloudy sky
condition was estimated based on Aejg7/Aey3 g for the clear sky condition and an estimation function.

3.2. Estimation of Land Surface Emissivity Parameter in Clear Sky

The basic equation for estimating Aeqg7/A€ps g in clear sky is shown in Equation (4), which is
an inverse function of Equation (3). Considering the complexity of function f(Ts, Surf_elev, TPW),
a lookup table method was used to estimate Aeqg7/Aeps g in a clear sky condition. The building of
the lookup table was based on the method mentioned in [17]. The lookup table was built based on
1-Dimensional Microwave Radiative Transfer Model (IDMWRTM) [28-31] and atmospheric profiles
from RAOB. The temperature, humidity, pressure, and height profiles were used to build the lookup
table. The atmospheric profiles were selected according to surface temperature, TPW of each profile,
and the elevation of RAOB sites. The steps for surface temperature and TPW in the lookup table are 1 K
and 0.1 mm, respectively. The step for elevation is 50 m between 0 and 500 m, 100 m between 500 and
1000 m, 200 m between 1000 and 1600 m, 400 m between 1600 and 2000 m, and 500 m between 2000
and 6500 m; the profiles with a site elevation greater than 6500 m are classified into the last category.
The range of Aeqg7/Aepsg is 0.4 to 1.6 with a step of 0.01. When ATb;g7/ATby3 g, surface elevation,
surface temperature, and TPW in a clear sky condition are given, then the parameter Aeig7/Aersg
can be obtained. In the estimation of Aeqg7/Aepsg, the parameters ATbqg7/ATbysg and Surf_elev
can be obtained from the FY-3D level 1 brightness temperature product. The major improvements
in the estimation of Aeqg7/Agps g in a clear sky condition are selecting the appropriate water vapor
product and Land Surface Temperature (LST) product for a clear condition. For the parameter T in the
Equation (4), it was obtained through an empirical LST estimation equation in previous study [16,17].
However, the empirical equation designed for AMSR-E is not suitable for the brightness temperature
from FY-3D MWRI due to the difference of band configuration. Therefore, in this study, two kinds of
LST products were used and compared in the estimation of Aejg7/Aey3 8. One is the Aqua MODIS LST
product (MYD11), and the other is the FY-3D MERSI LST product. Table 2 shows the comparison of

the two LST products.
Ae1gy;  ATbygy

Aeyss  ATbosg

/{(Ts, Surf_elev, TPW) (4)

Table 2. Comparison table of land surface temperature (LST) data.

Sensor Satellite Data Set Temporal Resolution Spatial Resolution
Aqua Modis MYD11-A2 8 Day 1km
FY-3D MERSI LST Daily 25 km

In order to choose an appropriate LST for the estimation of Aejg7/Aey3 g and TPW, the two LST
products were compared with LST observations from RAOB separately. Figure 3 shows the comparison
results of the two products. Figure 3a shows the scatter diagram between Aqua MODIS LST and LST
from RAOB. Figure 3b shows the scatter diagram between FY-3D MERSI LST and LST from RAOB.
The dashed line is diagonal and the solid line is the regression line of the two comparison datasets.
In comparison, both Aqua MODIS LST and FY-3D MERSI LST were validated on instantaneous and
quarter-degree scale. It can be concluded from the Figure 3 that Aqua MODIS LST is better than FY-3D
MERSI LST in both linear correlation coefficient (R) and root mean square error (RMSE). In Figure 3a,
the linear correlation coefficient and root mean square error between Aqua MODIS LST and RAOB
LST are 0.93 and 5.64 K, respectively. In Figure 3b, the linear correlation coefficient and root mean
square error between FY-3D MERSI LST and RAOB LST are 0.90 and 7.38 K, respectively. According to
the previous study [17], an error of 10 K in LST will cause a 0.07 mm error of TPW. Thus, the error of
LST from Aqua MODIS and FY-3D MERSI is acceptable.
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Figure 3. Scatter diagram of Land Surface Temperature (LST) from global distributed radiosonde
observations versus (a) Aqua MODIS LST and (b) FY-3D MERSI LST, respectively, in 2018. The dashed
lines are diagonals and the solid lines are regression lines of the two comparison datasets.

TPW in a clear sky condition is another important parameter in the estimation of Ae1g7/Aes3 8
for a clear sky condition. The accuracy of TPW in a clear sky condition directly affects the precision
of the estimated Aeqg7/Aeps3 g in a clear sky condition, and then affects the accuracy of Aejgy/Aersg
in an all-weather condition. As the land surface emissivity parameter Aeqgy/A€ps g in an all-weather
condition is a key parameter for the retrieval of TPW in an all-weather condition, according to
Equation (3), the accuracy of the TPW in a clear sky condition is important to the retrieval of TPW in
an all-weather condition using FY-3D MWRI. In order to choose an appropriate TPW dataset in the
estimation of Ae1g7/Aey3 8, two TPW products were considered and compared. One is TPW from the
Aqua MODIS water vapor product, the other is TPW from the FY-3D MERSI water vapor product.
In comparison, the two TPW products were compared with TPW from RAOB on instantaneous and
quarter-degree scale. Figure 4 shows the comparison results of the two products. In Figure 4a, the linear
correlation coefficient and root mean square error between TPW from Aqua MODIS and TPW from
RAOB are 0.88 and 5.15 mm, respectively. In Figure 4b, the linear correlation coefficient and root
mean square error between TPW from FY-3D MERSI and TPW from RAOB are 0.85 and 7.27 mm,
respectively. According to the comparison, the accuracy of TPW from Aqua MODIS is better than the
accuracy of TPW from FY-3D MERSI.

From the above-mentioned comparison, there are two kinds of methods to estimate surface
emissivity Aejgy/Aezsg. The first is Method A, based on Aqua MODIS LST and Aqua MODIS
TPW. The second is Method B, based on FY-3D MERSI LST and FY-3D MERSI TPW. It is difficult
to tell which method is better in estimating Ae1g7/A¢y3 8, because it is hard to validate the accuracy
of Aejg7/Aersg directly. The purpose of estimating Aeqg7/Aeps g is to provide a surface boundary
condition in the process of retrieving TPW. Thus, further comparison of the two retrieval methods
appropriate for retrieving TPW based on observations from FY-3D MWRI is discussed in the following
TPW comparison section.
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Figure 4. Scatter diagram of RAOB TPW versus (a) Aqua MODIS TPW and (b) FY-3D MERSI
TPW in 2018. The dashed lines are diagonals, and the solid lines are regression lines of the two
comparison datasets.

A lookup table was used in retrieval of Aeqg7/Aeps . There are five key parameters in the lookup
table for retrieving Aeqgy/A€ps g in a clear sky condition. The five parameters include land surface
elevation, land surface temperature, TPW in a clear sky condition, Ae1g7/Aer3 8, and ATbqg7/ATbys g.
The ATb1g7/ATby3 g parameter and land surface elevation can be obtained from the FY-3D MWRI level
1 brightness temperature product. Global land surface temperature can be obtained from the Aqua
Modis LST product (MYD11) or FY-3D MERSI LST product. TPW in a clear sky condition is from Aqua
Modis TPW product (MYDO05) or FY-3D MERSI TPW product, which were produced based on thermal
infrared observations. When all the four parameters are given, the surface emissivity Aejg7/Aeyzgina
clear sky condition can be estimated using the lookup table.

3.3. Estimation of Land Surface Emissivity Parameter in Cloudy Sky

The land surface emissivity parameter Aeqg7/Aeps g in a cloudy sky condition is a key parameter
for TPW retrieval in an all-weather condition. A multiple linear regression equation of Ae1g7/Aens g
under a cloudy sky condition, Aejg 7/Aeys g in the clear sky condition, and brightness temperature of low
frequencies were developed in previous studies [16]. However, the multiple linear regression equation
developed in the previous study is only suitable for AMSR-E, and it is difficult to directly apply the
regression equation to FY-3D MWRI due to the difference of band configuration. Thus, an improved
estimation equation for Aejg7/Aey3 8 in a cloudy sky was developed to suit the band configuration
of FY-3D MWRI. The improved multiple linear regression equation for estimating Ae1g7/Aez3g in a
cloudy sky is shown in Equation (5):
m:a*ﬂO—l—b*rlS—b—c (5)
Agxsg
where a, b, and c are regression coefficients that are estimated by the multiple linear regression method
using the Aejg7/Aeps g in clear sky, r10 in clear sky, and r18 in clear sky. Variables r10 and r18 are ratio
of vertical and horizontal polarized brightness temperatures of FY-3D MWRI at 10.65 and 18.7 GHz.
As a verification of Equation (5), two random 15 X 15 pixel research areas in a clear sky condition from
ascending and descending orbits were selected. A scatter plot between the original Ae1g7/Aey3 g and
the estimated Aejg7/Aey3 g using Equation (5) in a clear sky condition is shown in Figure 5. According
to the figure, there is a linear relationship between original Aeqg7/A€r3 g and the estimated Aeqgy/Aeps g.
The linear relationship between the two Ae1g7/A¢€y3 g datasets proves that Equation (5) can be used to
do an initial estimate of the real Aeyg7/A¢erzs.



Remote Sens. 2020, 12, 1508 10 of 17

114 ¥ T T T T T T T T T T T
y=0.67x+0.36, R = 0.604 |

112+

=T

=

=
T

-
[
o

——

-
o
=

—

Original Ag|g 7/Aep3 g
S P

N (=23

T T

1.00

1 L 1 L 1 L 1

n Il n n 1
090 095 100 105 110 115 1.20

Estimated Ag| 8.7/A£23.8

Figure 5. Scatter diagram between the estimated Aeig7/Aeps g and original Aejg7/Aeps g in a clear
sky condition.

The results of surface emissivity polarization difference ratio (Aejgy/Aersg) in a cloudy sky
condition calculated using Equation (5) is still a preliminary result for retrieval of TPW [16]. A great
uncertainty might be caused if the preliminary result of Aeqg7/A€y3 g was directly used to retrieve TPW.
Therefore, a calibration equation mentioned in [16,17] was used in this study to further improve the
accuracy of the estimated Aeyg7/A€r3 5. The calibration equation is shown in Equation (6):

(ATbyg7/ATbyss); .
(A518.7/A£23.8)i = (A"[’b /ATD )15:_15 * (A£18.7/A523.8>3r?e51u§ (6)
18.7 23.8 )mean

where (Ae1g7/Aenss); is the value of Aejgy/Agrs g in the pixel; (A€18.7/A523.8)11§;;i is mean value of

15x15 pixels whose center pixel is (Ae1g7/Ae238);; (ATb1g7/ATbys g); is the value of ATbyg7/ATbys g
in the pixel that has the same location as (Ae137/A€38);; and (ATbig7/ Aszg,g)ggii is the mean value
of 15 x 15 pixels whose center pixel is (ATb1g7/ATbysg);. On the basis of Equation (6), the calibrated
results of surface emissivity polarization difference ratio (Aejg7/Aepsg) in clear and cloudy sky can be

used to retrieve global TPW.

4. TPW Retrieval and Results Comparison

The retrieval of TPW is based on the water vapor sensitivity parameter ATb1g7/ATby35. As a
preprocess, all remote sensing datasets were reprojected into a 0.25° x 0.25° grid image. In the
reprojection, a mean value was used to fill the grid when multiple pixels were located in the same
grid. In order to distinguish between clear and cloudy sky conditions, the cloud mask obtained from
Aqua MODIS cloud product was used. The grid was defined as a cloudy grid if the number of cloud
pixels in the grid was greater than 60%. One of the key steps in the retrieval of TPW is to estimate
surface emissivity parameter Aejg7/Aep3 g in a clear sky condition. The estimation was based on water
vapor products from Aqua MODIS and FY-3D MERS], and brightness temperature from FY-3D MWRI
using a Aegqgy/Aey3 g retrieval lookup table. Then the emissivity parameter Aeqg7/Aer3 g in a cloudy
sky condition was estimated based on the emissivity parameter Aejg7/Aey3 8 in a clear sky condition
and an improved multiple linear regression function that was created to suit the band configuration of
FY-3D MWRL. Finally, the TPW was retrieved based on the pre-estimated land surface parameters and
ATb1g7/ATbys g using a TPW retrieval lookup table. Figure 6 shows a flowchart of the TPW retrieval
process. Detailed description of the TPW retrieval algorithm is described in the following sections.
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Figure 6. Flowchart of total precipitable water retrieval used for this study.

According to the discussion in Section 3.1, Equation (2) is the basic equation in the retrieval
of TPW. However, it is hard to directly calculate the TPW from Equation (2) due to the complexity
of the equation. In view of the convenience of the retrieval algorithm, a lookup table method was
used in the retrieval of TPW. The TPW retrieval lookup table was built using the same model and
input datasets that were used to build the lookup table for the estimation of Aeg7/Aepsg. However,
the structure of the TPW retrieval lookup table is different from the lookup table for estimating
Aeqg7/Aepsg. There are also five fields in the TPW retrieval lookup table, including surface elevation,
surface temperature, Ae1g7/Aeys g, total precipitable water, and ATbqg 7/ATbys g. If the surface elevation,
land surface temperature, Aejg7/Aen3 g, and ATbg7/ATbys g are known, then the TPW is retrieved by
searching the lookup table. Land surface elevation can be obtained from the DEM of the FY3D MWRI
level 1 brightness temperature product. ATb1g7/ATby38 comes from 18.7 and 23.8 GHz brightness
temperature of the FY3D MWRI level 1 brightness temperature product. The estimation of LST and
Aeq1g7/Aers g were discussed in Section 3. When all these input parameters are ready, the TPW is
retrieved according to the lookup table. As there are two methods to estimate Aeqg7/A€p3 g, which were
mentioned in Section 3.2 and 3.3, both Aejg7/A¢r3 g datasets in an all-weather condition were used
in the retrieval of TPW for FY-3D MWRI. Based on the TPW retrieval method mentioned above, two
TPW datasets over land with a spatial resolution of 0.25° X 0.25° in an all-weather condition in the year
2018 were retrieved using brightness temperature from FY-3D MWRL. In the retrieval of the two TPW
datasets, one of the TPW datasets was retrieved based on the surface emissivity parameter Aeig7/Aens g
that was estimated using Method A (Aqua MODIS LST and TPW products were used in the retrieval
of Aejg7/Aer3 g in a clear sky condition). The other TPW dataset was retrieved based on Ae1g7/Aens g
that was estimated using Method B (FY-3D MERSI LST and TPW products were used in the retrieval of
Aeqg7/Aegs g ina clear sky condition). As a validation, the two retrieved TPW datasets in an all-weather
condition (except for a precipitation condition) were validated using TPW observations from RAOB.
The validation of the two TPW datasets is shown in Figure 7. Figure 7a shows the comparison between
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TPW datasets retrieved using Method A and TPW observed from RAOB. According to the figure,
the correlation coefficient, RMSE, and relative RMSE (RRMSE) of the two TPW datasets are 0.94,
5.47 mm, and 25.13%, respectively. Figure 7b shows the comparison between TPW datasets retrieved
using Method B and TPW observed from RAOB. From the figure, the correlation coefficient, RMSE,
and RRMSE of the two TPW datasets are 0.85, 10.67 mm, and 56.4%, respectively. According to the
comparison of the two plots in Figure 7, the TPW retrieved using Method A is better than the TPW
retrieved using Method B, the reason is that the quality of LST and TPW from Aqua MODIS is better
than the quality of LST and TPW from FY-3D MERSI. Thus, LST and TPW in a clear sky condition from
Aqua MODIS are more suitable ancillary datasets in the TPW retrieval algorithm for FY-3D MWRI.
For convenience, only the retrieved TPW using Method A that is from FY-3D MWRI is used in the
following validation and comparison part.
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Figure 7. Validation of retrieved TPW datasets using RAOB observations. (a) FY-3D MWRI TPW
retrieved using Method A and (b) FY-3D MWRI TPW retrieved using Method B.

As another validation, TPW derived from the SuomiNET GPS global network was used to further
validate the precision of retrieved TPW from FY-3D MWRI using Method A. Figure 8 presents the
validation of the retrieved TPW in the year 2018 using TPW observations from the global SuomiNET
GPS network. According to the validation, the correlation coefficient, RMSE, and RRMSE are 0.87,
5.69 mm, and 21.21%, respectively.
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Figure 8. Comparison between TPW retrieved from FY-3D MWRI using Method A and TPW derived
from the global SuomiNET GPS network in the year 2018.
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Besides quantitative validation using observation from the ground network, comparison in spatial
distribution is also a good way to qualitatively validate the retrieved TPW from FY-3D MWRI. Figure 9
shows a comparison between daily global quarter-degree gridded TPW retrieved from FY-3D over
land and TPW derived from Aqua MODIS. Figure 9a presents a daily global TPW retrieved from
FY-3D MWRI in descending orbit on 9 July 2018. As a comparison, Figure 9b shows a daily global
TPW derived from Aqua MODIS on the same day in descending orbit. Figure 9¢,d present the same
comparison between TPW from FY-3D MWRI and Aqua MODIS on 6 December 2018 in ascending
orbit. According to the comparison of the four maps in Figure 9, TPW datasets derived from FY-3D
MWRI and Aqua MODIS have similar spatial distribution characteristics in the areas where the two
TPW datasets are both available. In addition, the TPW from FY-3D MWRI has a better spatial coverage
than TPW from Aqua MODIS, because the radiometer FY-3D MWRI has an advantage to retrieve TPW
in an all-weather condition.
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Figure 9. Comparison of daily global quarter-degree gridded TPW over land between FY-3D MWRI
and Aqua MODIS. (a) TPW retrieved from FY-3D MWRI in descending orbit on 9 July 2018, (b) TPW
derived from Aqua MODIS in descending orbit on 9 July 2018, (c) TPW retrieved from FY-3D MWRI in
ascending orbit on 6 December 2018, and (d) TPW derived from Aqua MODIS in ascending orbit on
6 December 2018.

Monthly average of TPW is also an important parameter in long-term trend analysis of changing
climate. Therefore, it is necessary to validate TPW on a monthly average scale. Figure 10 presents
validation of TPW from FY-3D MWRI and Aqua MODIS using observations from RAOB on a monthly
average scale at the spatial resolution of 0.25° x 0.25°. When calculating monthly average TPW for each
pixel, not all of the pixels have enough valid TPWs in a month due to the influence of clouds or lack of
observations. Therefore, the monthly average TPW is only calculated on the pixels which have valid
values on at least 16 days in a month. Figure 10a shows validation of monthly average TPW from FY-3D
MWRI using observations from RAOB and Figure 10b shows validation of monthly average TPW
from Aqua MODIS using observations from RAOB. According to Figure 10, the correlation coefficient,
RMSE, and RRMSE of the monthly average TPW from FY-3D MWRI are 0.92, 3.72 mm, and 21.79%,
respectively. As a comparison, the correlation coefficient, RMSE, and RRMSE of the monthly average
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TPW from Aqua MODIS are 0.94, 3.23 mm, and 17.05%, respectively. According to the comparison in
Figure 10, the accuracy of monthly average TPW from Aqua MODIS is slightly better than that from
FY-3D MWRI. However, the monthly average TPW from Aqua MOIDS is not available when a month
is too cloudy. As is shown in Figure 11b,d, there are many missing values in the monthly average TPW
from Aqua MODIS in tropical regions and high latitudes of the north hemisphere due to the influence
of clouds. As a contrast, Figure 11a,c presents the distribution of monthly average TPW from FY-3D
MWRI. According to the two figures, the monthly average TPW from FY-3D MWRI covers almost all
land areas except Antarctica, which is an advantage of FY-3D MWRI compared to Aqua MODIS in
calculating monthly average TPW.
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Figure 10. Validation of monthly average TPW using TPW observations from RAOB. (a) Validation
of monthly average TPW from FY-3D MWRI and (b) validation of monthly average TPW from

Aqua MODIS.
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Figure 11. Comparison of monthly average TPW between FY3D MWRI and Aqua Modis in spatial
scale. The monthly average TPW from FY-3D MWRI are shown for July 2018 (a) and December 2018 (c);
(b,d) show the monthly average TPW from Aqua MODIS for July 2018 and December 2018, respectively.
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5. Conclusions

FY-3D is the second-generation environmental satellite of China. FY-3D has provided lots of
products to the public. However, the TPW product in an all-weather condition over land is not available
for FY-3D currently. Therefore, an improved TPW retrieval algorithm was developed according to
the characteristics of FY-3D MWRI to create TPW in all-weather conditions (except for a precipitation
condition) over land.

The major improvements in the TPW retrieval algorithm for FY-3D MWRI include two aspects.
One is the comparison of a different source for TPW and LST products on the retrieval of surface
emissivity parameter Ae1g7/Aey3 g in a clear sky condition in order to find the best ancillary datasets for
retrieval of TPW using FY-3D MWRI. The other is the improvement of the surface emissivity parameter
Aeqg7/Aeps g estimation function in cloudy conditions according to the band configuration of FY-3D
MWRI. Based on these improvements, the TPW in an all-weather condition was retrieved using two
schemes. In one scheme, the data used in the retrieval include brightness temperatures from FY-3D
MWRI and TPW and LST products in a clear sky condition from Aqua MODIS. In the other scheme,
the data used in the retrieval include brightness temperature from FY-3D MWRI and TPW and LST
products in a clear sky condition from FY-3D MERSI. Finally, ground observations from RAOB and
SuomiNet GPS were used to validate the retrieved TPW.

According to the comparison between observations from the global RAOB network and the
TPW retrieved using observations from FY-3D MWRI and Aqua MODIS, the correlation coefficient,
RMSE, and RRMSE of the two TPW dataset are 0.94, 5.47 mm, and 25.13%, respectively. As a contrast,
when the observations from global RAOB network were used to validate the TPW retrieved using
observations from FY-3D MWRI and FY-3D MERS], the correlation coefficient, RMSE, and RRMSE of
the two TPW datasets are 0.85, 10.67 mm, and 56.4%, respectively. By testing the accuracy of the two
schemes, the quality of TPW retrieved using observations from FY-3D MWRI and Aqua MODIS is
better than the TPW retrieved using observations from FY-3D MWRI and FY-3D MERSI. Therefore,
the observations from FY-3D MWRI and Aqua MODIS are the most appropriate data sources that are
used to retrieve TPW in an all-weather condition over land using the algorithm developed in this study.
In order to further validate the TPW retrieved using the combination of observations from FY-3D
MWRI and Aqua MODIS, the TPW derived from the global SuomiNet GPS network was used in the
validation. According to the validation, the correlation coefficient, RMSE, and RRMSE of the retrieved
TPW are 0.87, 5.69 mm, and 21.21%, respectively. Besides the validation in an instantaneous scale,
the TPW retrieved using a combination of observations from FY-3D MWRI and Aqua MODIS was also
validated in monthly average scale using TPW derived from the RAOB network. According to the
validation, the correlation coefficient, RMSE, and RRMSE are 0.92, 3.72 mm, and 21.79% respectively.
As a comparison, monthly average TPW calculated from Aqua MODIS water vapor product was also
validated using the same observations from RAOB network. From the validation, the correlation
coefficient, RMSE, and RRMSE are 0.94, 3.23 mm, and 17.05%, respectively. Although the monthly
average TPW from Aqua MODIS water vapor product shows slightly better accuracy than the monthly
average TPW retrieved from FY-3D MWRI, the monthly average TPW from Aqua MODIS water vapor
product is greatly affected by clouds and presents many missing values in tropical regions and high
latitudes of the north hemisphere over land. However, the monthly average TPW retrieved from FY-3D
MWRI is seldomly affected by clouds and presents good spatial coverage at global scale. This is an
advantage of FY-3D MWRI compared to the optical sensor Aqua MODIS in retrieval of TPW.
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