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 Abstract—The derivation of microwave land surface emissivity
(MLSE) under various weather conditions from the microwave
radiometer plays a crucial role in acquiring land surface and
atmospheric parameters. Nevertheless, currently, most existing
studies mainly focus on the clear-sky scenarios owing to a lack of
cloudy-sky land surface temperature (LST) and uncertainties in
simulating the scattering and emission properties of atmospheric
hydrometeors. Under this background, with satellite observations
and the random forest (RF) model, this study proposes a method
to estimate the MLSE under cloudy skies. First, clear-sky MLSEs
with satisfactory accuracy are retrieved by using the brightness
temperatures (BTs) from the Advanced Microwave Scanning
Radiometer-Earth sensor, LSTs from the Moderate Resolution
Imaging Spectroradiometer, and atmospheric profiles from the
ERA5 reanalysis. Then, the relation among the clear-sky MLSE
and related impact factors is built with the RF and extended to
the cloudy-sky environment for generating all-weather MLSEs
with a 0.25° . The results show that the input datasets present a
considerable impact on the calculation of instantaneous MLSE,
and a 5.73 K bias of ERA5 LST may generate a 0.014-0.021 error
in the MLSE from 6.9 to 89 GHz horizontal polarization, while
the impacts of BT and profile uncertainties on the MLSE are
smaller. The retrieved clear-sky MLSE is coincident with the
existing MLSE for the spatiotemporal variations, and there is an
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average difference range from -0.035 to 0.035 in January 2008.
Meanwhile, the constructed RF model can successfully apply to
cloudy-sky status and recover the MLSE image gaps affected by
cloud contamination.

Index Terms—All-weather, AMSR-E product, error analysis,
microwave land surface emissivity, random forest.

I. INTRODUCTION

HE microwave land surface emissivity (MLSE) is a key
parameter many researchers use to investigate the physical

processes of earth-atmosphere interactions at the regional and
global scales [1-3]. It is defined as the ratio of the emitted
radiance of the surface material to that of a blackbody at the
same temperature level and changes with the frequencies due
to the difference in penetration depth of the microwave [1]. In
reality, the MLSE variable can be widely applied in many
research fields, such as the retrieval of atmospheric variables
such as water vapor content (WV), cloud liquid water (CLW),
and precipitating water [4-8]; the estimation of soil moisture
(SM) [9-11]; the research of vegetation phenology change
[12-14]; and the application of multi-source data assimilation
in the numerical weather prediction systems [15-18]. As a
result, a reliable and large range of estimation of MLSE
images under various weather status is of great significance
and is conducive to understanding and revealing the water and
energy exchange between the land and the atmosphere.

In contrast with the estimation of microwave emissivity on
the ocean, the derivation of MLSE is more difficult due to its
high temporal variability and spatial heterogeneity caused by
the complex surface geophysical characteristics and geometric
morphology, which include the SM, soil texture, land surface
roughness, land-cover type, and vegetation optical depth, etc.
[19, 20]. For a better understanding of surface parameters and
atmospheric properties over land regions, over the past three
decades, considerable progress has been made in estimating
the MLSE using three main methods: the physical modeling
calculation, one-dimensional variational retrieval, and satellite
observation-based retrieval [2, 3, 18, 19, 21-31]. Among them,
the physical model-based estimation primarily simulates the
MLSE data by modeling the interaction between land surface
components and the electromagnetic wave; but, these models
require abundant auxiliary parameters that are not readily
available or observable at continental or global scales, e.g., the
surface roughness, soil dielectric properties, forest structures,
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and snow grain sizes, etc. [20]. Representative models mainly
include the Advanced Integral Equation Model (AIEM)
proposed by Chen et al. [22], the LandEM embedded in the
Community Radiative Transfer Model (CRTM) proposed by
Weng et al. [19], and the Community Microwave Emission
Model (CMEM) developed by the European Centre for
Medium-Range Weather Forecasts (ECMWF) [16, 29]. The
one-dimensional variational retrieval method mainly uses the
Bayes principle to obtain an optimal estimation of MLSEs by
blending the observed background fields from various data
sources, whereas it is necessary to establish an accurate initial
guess of surface emissivity. For instance, the ECMWF used
the Special Sensor Microwave Imager (SSM/I) MLSE dataset
as the initial guess to propose a calculation tool, i.e., A Tool to
Estimate Land Surface Emissivities at Microwave Frequencies
(TELSEM) [18, 28]. Compared with the above two methods,
the satellite observation-based retrieval takes advantage of the
passive microwave (PMW) satellite data to obtain the spatially
continuous MLSEs over a large range. In general, this method
is based on the radiative transfer equation (RTE) and makes
full use of BTs at the top of the atmosphere (TOA), land
surface temperatures (LSTs), and atmospheric profiles. Thus,
this approach possesses a reliable physical meaning and has
become the mainstream for obtaining the MLSE nowadays.

More recently, many scholars have employed the satellite
retrieval method to conduct research on the inversion of
microwave emissivity and have developed a series of MLSE
products [2, 6, 26, 30-34]. For instance, by assuming that the
atmospheric conditions under a clear sky status are transparent,
Wilke and Mcfarland [35] estimated the MLSE with the ratio
of BTs and LSTs. Nevertheless, in consideration of the evident
contributions of atmospheric properties to the BTs at the TOA,
some more accurate retrieval approaches were proposed by
considering the atmospheric attenuation, radiation, and land
surface emissions. Prigent et al. [2] and Karbou et al. [26]
yielded MLSE products under clear skies using the BTs from
the SSM/I radiometer and the Advanced Microwave Sounding
Unit sensor, respectively. In addition, some other radiometers
onboard low-Earth orbiting satellites were also applied to
estimate MLSEs, such as the Advanced Microwave Scanning
Radiometer for Earth Observing System (AMSR-E) [33, 36],
the AMSR2 [31], the Tropical Rainfall Measuring Mission
Microwave Imager [6], the WindSat onboard the Coriolis
satellite [37], the Microwave Analysis and Detection of Rain
and Atmospheric Structures [38], and the Chinese Microwave
Radiation Imager onboard the FY-3B satellite [39]. With these
MLSE products, some relevant studies, like the error source
analysis of MLSE estimate [40, 41], the comparison among
various MLSE datasets [42, 43], and the satellite retrievals of
atmospheric and vegetation phenology parameters, have been
widely conducted [14, 44]. Despite this progress, the surface
emissivity retrieval based on the satellite observation is mostly
designed to operate under clear-sky conditions. Few studies
used this kind of approach to generate cloudy-sky MLSEs.
Generally, there are two key reasons to explain this issue. First,
it is relatively difficult to correct the atmospheric contributions
from cloudy-sky status due to the lack of cloud/rain properties

(e.g., the vertical profiles of cloud water, cloud ice, total rain,
total snow, effective cloud fraction) and the uncertainty of the
atmospheric radiation transmission simulation, which directly
controls the atmospheric correction in all-sky situation [30]. In
particular, for higher frequencies, the atmospheric absorption,
emission, and scattering of surface signals are stronger, and a
large amount of uncertainty will arise in this case. Second,
currently, the estimates of MLSEs mostly depend on clear-sky
LSTs derived from the thermal infrared (TIR) bands, like the
Moderate Resolution Imaging Spectroradiometer (MODIS)
LST because there are no adequate all-weather LST dataset.
Although some reanalysis datasets provided all-weather skin
temperatures, the accuracies of these data and their impacts on
MLSEs still remain problematic, especially at cloudy skies.

Recently, several researchers have estimated the cloudy-sky
MLSEs. By assuming that the difference between the MLSEs
under clear and cloudy skies can be ignored, Aires et al. [23]
used a neural network approach to retrieve surface emissivities
between 19 and 85 GHz from the SSM/I BTs and clear-sky
MLSE previously calculated. Using the microwave radiative
transfer model, Lin and Minnis [45] combined the SSM/I BTs
and the ground observation radiances at the southern Great
Plains to retrieve the MLSE in both clear and cloudy skies. In
addition, Baordo and Geer [46] retrieved all-sky MLSEs using
the BTs from the SSM/I and the effective cloud fraction
properties from the ECMWF by considering the impacts of
clear and cloudy skies on the BTs. Hu et al. [34] estimated the
MLSEs of China under both clear and cloudy skies using the
AMSR-E BTs, MODIS cloud-layer properties, and reanalysis
skin temperatures as well as atmospheric profiles from the
ERA-20C with the forward simulation. In spite of this, these
works still need to be further investigated. On the one hand,
the uncertainties of input datasets (i.e., LST and profiles of
temperature and humidity) play a crucial role in the MLSE
estimates. On the other hand, because the effects of clouds on
the microwave radiation are relatively complicated, using the
radiative transfer model to correct the atmospheric effect in
the presence of clouds/rain is difficult due to its limitations [47,
48]. Thus, it remains necessary to develop a new scheme to
obtain the MLSEs under various weather circumstances.

According to the above statement, the main objective of this
study is to construct a method by integrating the advantages of
remote sensing retrieval and a machine learning algorithm for
acquiring MLSE datasets under clear and cloudy skies. Then,
applying this method to the China region in 2008 to reveal the
spatiotemporal characteristics of MLSE. Likewise, given that
the difference of MLSEs between clear and cloudy skies is not
significant [23] and the MLSE sensitivity to the atmospheric
properties is less [34], we assume that the relations between
the clear-sky MLSEs and related variables could be extended
to cloudy-sky conditions. Then, we use the random forest (RF)
model to construct the nonlinear relations between the MLSE
and related impact factors under clear sky status to produce
cloudy-sky MLSEs. We believe that the proposed method can
help us to estimate MLSE better and contribute to providing
all-weather MLSEs, allowing us to understand the physical
processes of Earth-atmosphere interactions.
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The structure of this paper is organized as follows: Section
II describes the study area and the used datasets. Section III
summarizes the MLSE estimation method in clear and cloudy
skies. Section IV presents the impacts of input data sources on
clear-sky MLSE retrieval and displays the performances of
clear and cloudy skies MLSE estimates. Section V discusses
the possible factors impacting MLSE change, the sensitivity of
cloud characteristics to the MLSE, the difference between the
TIR-derived emissivity and MLSE, and the limitations of the
proposed method. Section VI provides the overall conclusions.

II. STUDY AREA AND DATASET USED

A. Study Area
A wide range of cloud and rain coverage in China hinders

the acquisition of cloudy-sky MLSEs in this region, especially
in southern China. Thus, this paper selected China as the study
area to implement the estimation of MLSEs under clear and
cloudy skies. China is situated in the eastern part of Eurasia
and the western part of the Pacific Ocean. The study region
includes diverse land-cover types. The topography mainly
contains plateaus, mountains, hills, basins, and plains, and
there is a pronounced terrain change trend, i.e., high in the
west and low in the east. Obviously, the unique geographical
location and topographical features contribute to the diversity
of China's climate, resulting in a particular distribution of high
precipitation in the southeast and a low precipitation rate in
the northwest. Fig. 1 presents the land-cover types and terrain
of the study area.

B. Data Collection Used
The data collections used in this study mainly contain: 1)

the input datasets used for clear-sky MLSE retrieval, 2) the
input datasets used for cloudy-sky MLSE calculation, 3) the
datasets used for error analysis of MLSE, and 4) the data used
for comparison of MLSE results. The overall characteristics of
the datasets used in this study are shown in Table I.

1) Input datasets used for clear-sky MLSE calculation

In order to retrieve clear-sky MLSE with the microwave
RTE, it is necessary to acquire the microwave BTs at the TOA,
LSTs, and atmospheric profiles of air temperature, humidity,
geopotential height, etc. As the AMSR-E and MODIS sensors
are onboard the Aqua satellite with good temporal consistency
between the obtained datasets in revealing the atmospheric
and terrestrial conditions, this study used the AMSR-E/Aqua
L2A Global Swath Spatially Resampled BT product and
MODIS/Aqua MYD11A1 LST product as main inputs. The
Aqua is a scientific research satellite in orbit around the Earth
that studies the atmospheric precipitation, surface evaporation,
and cycling of water. It probes the Earth twice per day, and the
transit times are at approximately 1:30 a.m. (descending orbit)
and 1:30 p.m. (ascending orbit) local time at the equator.

TABLE I
THE DATA COLLECTIONS USED IN THIS STUDY

Data collection Parameter Spatial
resolution

Temporal
resolution

Dataset used
for clear-sky

MLSE
calculation

AMSR-E/Aqua
L2A

Brightness temperature
(BT) 0.25° Daily

MODIS/Aqua
MYD11_A1

Land skin temperature
(LST) 1-km Daily

ERA5 hourly
data on pressure

levels

Geopotential height,
pressure,

air temperature,
relative humidity,
skin temperature

0.25° Hourly

Dataset used
for

cloudy-sky
MLSE

estimation

ERA5 hourly
data on single

levels

Leaf area index (LAI),
soil moisture (SM) 0.25° Hourly

SRTM DEM Elevation, slope,
surface roughness 30-m Statical

Soil texture Sand, silt, clay 1-km Statical

AMSR-E/Aqua
L2A PR, MPDI 0.25° Daily

Dataset used
for error

analysis of
MLSE

UWYO
sounding profile

Geopotential height,
pressure,

air temperature,
relative humidity

－ Daily

ERA-Interim
reanalysis

Geopotential height,
pressure,

air temperature,
relative humidity,
skin temperature

0.75° 6 hourly

JRA-55
reanalysis 1.25° 6 hourly

MERRA2
reanalysis 0.25° 3 hourly

NCEP/FNL
reanalysis 1.0° 6 hourly

NCEP/GFS
reanalysis 0.5° 6 hourly

Dataset used
for MLSE

comparison

Qiu_MLSE Clear-sky MLSE 0.25° Daily

MODIS/Aqua
MYD11_A1

Clear-sky TIR-derived
emissivity 1-km Daily

Fig. 1. The land-cover types and terrain of the study area. The land-cover
types are derived from the MODIS land-cover product (the classification
standard belongs to the international geosphere-biosphere programme,
IGBP) and altitude is acquired from the Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM).
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The AMSR-E L2A BT product contains six channels at 6.9,
10.6, 18.7, 23.8, 36.5, and 89.0 GHz, with the horizontal (H)
polarization and vertical (V) polarization at each channel. Its
instantaneous field of view varies from 5.4 km at 89.0 GHz to
56 km at 6.9 GHz, and the Earth's incidence angle is 55° [49].
To match the resolutions of the higher frequency observations
to those of the lower frequencies, we employed the resampled
datasets having the closest location to the original satellite
detection footprint and reprojected them to a 0.25° grid that is
equidistant at the equator [50]. The AMSR-E/Aqua L2A data
can be freely obtained from the National Snow and Ice Data
Center (NSIDC) (https://nsidc.org/data).

The MYD11A1 LST is derived from channels 31 and 32 of
MODIS imagery using the generalized split-window algorithm
and is of the spatial resolution of 1 km [51]. A previous study
has demonstrated that the estimated LSTs have good accuracy
of less than 1 K for most homogeneous surfaces and have been
widely applied in LST-associated studies [52]. In this study,
MYD11A1 LSTs are downloaded from the NASA EARTH
DATA website (https://search.earthdata.nasa.gov/).

Meanwhile, we used the clear-sky profiles from the ERA5
reanalysis as input of the atmospheric radiation transfer model
(i.e., Monochromatic Radiative Transfer Model, MonoRTM
5.4) for calculating the transmittance (τ), atmospheric upward
radiance (Tu), and downward radiance (Td) values [48]. The
ERA5 data has good accuracy in revealing actual atmospheric
status [53], and it fuses vast amounts of historical observation
records into global estimates with advanced modeling and data
assimilation systems. This dataset is generally organized with
a regular latitude-longitude grid at a 0.25°×0.25° resolution in
GRIB or NetCDF format and has 37 pressure levels within an
hourly temporal resolution [54]. Here, the ERA5 profile fields
used at clear-sky conditions include the geopotential height,
pressure, air temperature, and relative humidity (RH). These
data can be derived from the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/cdsapp#!/home).

2) Input datasets used for cloudy-sky MLSE estimate

Since the spatiotemporal change of MLSE greatly depends
on the characteristics of vegetation, soil water content, soil
structure, and terrain factors, the datasets used for cloudy-sky
MLSE estimate in this paper mainly used the leaf area index
(LAI), SM, soil texture, surface roughness, elevation, slope,
and BT indexes that can be applied in the RF training and
input. In this study, LAI and SM datasets are provided by the
ERA5-Land hourly data, with a 0.25° grid resolution. The LAI
refers to one-half of the total green leaf area per unit
horizontal ground surface area for the high vegetation type,
and the SM belongs to the volume of water in soil layer 1 (0-7
cm) of the ECMWF Integrated Forecasting System. The soil
texture data is acquired from the Data Center for Resources
and Environmental Sciences, Chinese Academy of Sciences
(http://www.resdc.cn) and has a spatial resolution of 1 km.
The soil texture is defined by the composition of particle size,
namely, sand, silt, and clay. Elevation, slope, and roughness
data are calculated by using the digital elevation model (DEM)
derived from the Shuttle Radar Topography Mission (SRTM)

dataset, with a 30-m resolution [55].
In addition to the abovementioned datasets, since the heavy

precipitation, snow particle, and water body present evident
scattering effects on the estimation accuracy of MLSE [56],
we also adopted the total column rainwater, snow cover, and
land-sea mask datasets derived from the ERA5 hourly data on
single levels to filter these regions. They all have a 0.25° grid
resolution.

3) Datasets used for error analysis of MLSE estimate

In order to perform the error analysis of MLSE estimation,
the corresponding reanalysis profiles and skin temperatures
derived from five types of datasets, including the ERA-Interim,
the Japanese 55-year Reanalysis Data (JRA-55), the
Modern-Era Retrospective analysis for Research and
Application versions2 (MERRA2), the National Centers for
Environmental Prediction (NCEP)/Final Operational Global
Analysis (FNL), and the NCEP/Global Forecasting System
(GFS), are also employed to calculate AMSR-E MLSEs under
clear skies. After, the clear-sky MLSEs retrieved with the true
air-sounding profiles derived from the University of Wyoming
(hereafter UWYO profile), AMSR-E BTs, and MODIS LSTs
are used as the reference values to reveal the impacts of
different input data sources on MLSE calculation.

The introduction of each type of reanalysis data is presented
in detail in Table I. The UWYO profile is acquired at 0 and 12
Universal Time Coordinated (UTC) time, and the atmospheric
fields include geopotential heights, pressures, air temperatures,
and RH. As the Aqua overpass is at local times of 1:30 a.m.
and 1:30 p.m every day, all datasets in this section were
extracted on UTC 12 at 23 sounding stations (with longitudes
ranging from 15°E to 30°E) to guarantee the spatiotemporal
correspondence between UWYO profiles and AMSR-E BTs.
Detailed station information can refer to [53]. However, it is
worth mentioning that all the reanalysis datasets have various
atmospheric fields. For comparison purposes, we adopted the
same field information as the UWYO profile and processed
them in the same way as the ERA5 profile.

4) Datasets used for comparison of MLSE result

Due to the lack of actual in-situ MLSE observations, the
clear-sky MLSEs estimated in this study are evaluated using
the existing MLSE product. With the microwave BTs from the
AMSR-E/Aqua L2A, versions 2, the MYD11_L2 LSTs from
the MODIS/Aqua, and the MYD07_L2 atmospheric profiles
(20 pressure levels) from the MODIS/Aqua, Qiu et al. [36]
calculated the daily instantaneous MLSEs from 2002 to 2011
under clear-sky conditions over the global scale (hereafter
Qiu_MLSE). This dataset has been compared and tested with
the MLSE product of Karbou et al. [26] and can reveal actual
microwave radiance conditions from the surface. In this paper,
Qiu_MLSE can be freely acquired from the National Tibetan
Plateau Data Center of the Institute of Tibetan Plateau
Research, Chinese Academy of Sciences.

In addition, for further comparing the difference between
the TIR emissivity and MLSE in terms of spatial distribution,
we also used the MYD11A1 emissivity product in the MODIS

http://www.resdc.cn
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bands 31 and 32. These surface emissivity datasets are mainly
produced with the classification-based look-up table method,
which is derived from the land-cover type and its dynamic and
seasonal factors [57].

III. METHODOLOGY

The implementation flowchart of the proposed method is
depicted in Fig. 2. The overall structure can be divided into
three sections: the retrieval of clear-sky MLSE, the estimation
of cloudy-sky MLSE, and the result comparison.

A. Retrieval of Clear-sky MLSE
In general, the satellite observation-based MLSE retrieval is

mainly performed using the microwave RTE. Regarding the
non-scattering, plane-parallel atmosphere circumstances, the
BTs received by the radiometer for nonblack body boundaries
can be expressed as three processes from the PMW sensor to
the land surface: (i) radiation information emitted from the
land surface and attenuated by the atmosphere; (ii) upward
radiation emitted by the atmosphere; and (iii) downward
radiation from atmosphere component and cosmic background
reflected by the land surface and attenuated by the atmosphere
[58]. Based on the Rayleigh-Jean approximation, the MLSE at
a specific frequency range can be calculated from satellite
observations through the RTE [3]:

where MLSE(f, θ) is the surface emissivity at frequency f

and zenith angle θ; Tb(f, θ) is the BTs observed by the PMW
radiometer at frequency f and zenith angle θ (unit is K); and Ts

is the skin temperature, i.e., the effective radiating temperature
of the surface at the relevant frequency (unit is K); Tsky is the
cosmic background radiation (2.75 K).
Γ(f, θ) is the atmospheric optical thickness at frequency f

and zenith angle θ, and it is a mathematical function of the
atmospheric transmittance τ:

),(),(  fefΓ  (2)

Tu(f, θ) and Td(f, θ) represent the atmospheric upwelling and
downwelling radiations emitted by the atmosphere (unit is K),
respectively. For an isothermal atmosphere, Tu and Td can be
regarded as approximately equal and are calculated as follows:

where H is the atmospheric height (unit is km); T(z) is the
average temperatures of atmospheric components (unit is K);
and κ(f, z) is the atmospheric attenuation coefficient at the
frequency f and height z.

From Eq. (1), we can see the estimation of all-sky MLSE
requires an accurate characterization of air temperature, RH,
cloud property, and CLW values under all-weather conditions.
Another crucial input parameter is all-weather LST. However,
currently, it is relatively difficult to acquire all-weather LST
and cloud/rain profiles accurately. Thus, the direct retrieval of
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Fig. 2. The overall flowchart of the proposed method.
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MLSE under cloudy skies status is still troublesome. Here, we
derived the clear-sky MLSE as the sample dataset of the RF
model with Eq. (1) for acquiring cloudy-sky MLSE in the
subsequent step. The BTs, LSTs, and atmospheric profiles are
obtained from the AMSR-E BTs, MODIS LSTs, and ERA5
reanalysis data, respectively.

Before the MLSE under clear-sky conditions is retrieved,
the pre-processing has been implemented. All image pixels are
determined to be cloud-free status using collocated MODIS
1-km resolution cloud mask information and the QC file of
MYD11A1. Pixels are designated clear skies only when the
MODIS algorithm determines "Confident Clear" over the full
extent of the largest AMSR-E footprint size. Additionally, to
match the resolution between AMSR-E and MODIS datasets,
the MODIS LSTs were spatially aggregated to a 0.25° grid by
using an average aggregation algorithm. Since τ, Tu, and Td are
not directly available, the MonoRTM 5.4 model developed by
Atmospheric & Environmental Research (AER) is used to
calculate these three parameters [48] after the transit time and
land surface elevation of the ERA5 profile were interpolated
using the data processing method proposed by Zhu et al. [53].

B. Prediction of Cloudy-sky MLSEs
Although it is currently knotty to estimate the cloudy-sky

MLSE using the satellite observation-based MLSE retrieval
method, we can still implement this work by assuming the
relation between clear-sky MLSE and related impact variables
can be extended to cloudy-sky regions. The main cause is the
MLSE, as a unique parameter of the land surface, is primarily
influenced by surface properties and rarely by the atmosphere
status (in addition to the precipitation) [34, 59, 60]. In addition,
there is no significant difference in the MLSE between clear
and cloudy skies, according to the research of Aires et al. [23].
Since the RF model has relatively high performance and can
automatically settle the nonlinear relationships between the
independent variable and dependent variables in the data sets
compared with the traditional regressions [61, 62], it is applied
here to perform the training and result predictions of MLSE.
The basic component of RF regression is the decision tree, and
it mainly drives the data by constructing and averaging a large
number of randomized and decorrelated trees [61]. This
algorithm is insensitive to multiple collinearities of data sets
and can effectively avoid the overfitting of a regression model
by comprising multiple independent decision trees in the
learning procedure [61]. Finally, the RF-based predictions are
calculated for each regression tree separately, and then an
arithmetic average of the trees as the final forecast result is
performed.

The basic equation used for describing the RF prediction for
regression results based on the constructed trees is presented
as follows [61]:

where N represents the number of decision trees; Tj denotes
each tree; F is a prediction at a new point x as an averaged
prediction based on the constructed decision trees.

Before the RF estimation model is created, the selection of

the independent factor combination is crucial for the physical
parameter prediction [63]. We initially selected the following
variables as auxiliary factors to perform the training of RF
model due to their interactions with the MLSE: LAI, SM, sand,
silt, clay, surface elevation, slope, and land surface roughness.
Meanwhile, two AMSR-E BT indices, i.e., the microwave
polarization difference index (MPDI, (BTV-BTH)/(BTV-BTH))
and the polarization ratio (PR, BTH/BTV) at the corresponding
frequencies, were used as two key predictors because of their
strong correlation with the MLSE and insensitivity to cloudy
skies [64, 65]. However, it is worth noting that we did not
consider the land-cover types in the RF model training work,
even if it also impacts the change of MLSE. This is since the
above-selected impact variables more and less contain some
information of land-cover types. To prevent the model from
being too complex, thus leading to a overfitting issue during
the model construction, we adopted the variable importance
score of each variable to select the optimal MLSE predictors.
Here, the mean decrease in impurity (MDI) is used as the
variable importance measure index because it possesses high
efficiency and reliability [66]. Via the incessant training, the
variables with a low MDI value were removed until the RF
model residual reached the minimum. Fig. 3 presents MDI%
of ten critical variables at six AMSR-E frequencies with the
RF. After the feature selection, the final MLSE estimation
model with the RF can be expressed as MLSE=f(MPDI, PR,
elevation, sand, roughness, silt).

Cloudy-sky MLSE can be estimated using the constructed
model above. However, given that the RF requires sufficient
observation samples for training complex machine learning
model and has poor spatiotemporal migration capability since
it cannot extrapolate target values outside the range of the
training data [61], we selected clear-sky MLSEs on specific
date t and its adjacent time-series data before and after 1 day
(date t-1 day to t+1 day) as a suite of the datasets to train the
model and then predict the cloudy-sky MLSE on t day using
the above-selected optimal impact variables. There are two
main reasons for choosing three days as the time window for
the data training: 1) the MLSE is time-dependent and changes
obviously over larger temporal windows; and 2) the selected
time size can guarantee the data training volume and save
training time to a certain degree. However, it should be noted
that each model is trained based on the clear-sky MLSE
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j
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Fig. 3. The MDI% of ten variables at six AMSR-E frequencies.
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obtained on a specific day; thus, all generated RF models are
specific to the date to be analyzed. The specific process of
training and predicting the cloudy-sky MLSEs using the RF
model is given in Fig. 4. After the cloudy-sky MLSEs were
estimated, we performed quality control and checked the
instantaneous microwave emissivity datasets by masking the
rain-covered, snow-covered, and water bodies-covered regions
and excluding the emissivity greater than 1 and less than 0 in
the end.

C. Accuracy Evaluation
Due to the lack of MLSE field measurements, Qiu_MLSE

is used as a reference dataset to verify our MLSE dataset
under clear-sky conditions. For convenient comparison, three
widely used metrics are used to quantify its accuracy,
including the root-mean-square error (RMSE), relative RMSE
(RRMSE), and coefficient of determination (R2). The RMSE
and RRMSE are adopted to evaluate the consistency between
the predicted MLSE (MLSEpre) and Qiu_MLSE (MLSEref), and
R2 is used to characterize the similarity between the predicted
MLSE (MLSEpre) and Qiu_MLSE (MLSEref). In general, in an
ideal circumstance, an RMSE close to 0 indicates the
predicted value is close to the actual situation. Additionally, an
RRMSE well below 0.5 denotes that the used method is more
reliable, and an R2 close to 1 indicates the predicted image
detail is more similar to the actual image. Three indices are
calculated as follows, respectively:

where n is the number of pixels in MLSE image; MLSEpre is
the predicted MLSE image; MLSEref refers to the referenced
Qiu_MLSE product; preMLSE is the mean of predicted MLSE;

refMLSE is the mean of Qiu_MLSE.

IV. RESULTS

A. Impacts of Input Datasets on Clear-sky MLSE Inversion
The retrieval accuracy of clear-sky MLSE plays a key role

in cloudy-sky MLSE estimation because the proposed method
requires accurate clear-sky MLSE data as training samples to
construct the estimated model. From Eq. (1), we perceive that
the deviation of input datasets such as BTs and LSTs acquired
by the sensors and atmospheric profiles would produce large
errors for the MLSE calculation. Thus, it is essential to point
out the impacts of input data on clear-sky MLSE estimates.
Because the radiometric noise in the AMSR-E BT is less than
1.1 K [50] and induces small uncertainties in the retrieved
surface emissivity [2], the MLSE retrieval errors caused by the
uncertainties of LSTs and atmospheric profiles are merely
discussed in this section.

The uncertainty in the LST is a leading source of MLSE
error, especially at the microwave frequencies below 19 GHz,
since the microwave radiation is more sensitive to the surface
than to the atmosphere [40]. As we used the MODIS LST,
which is of better accuracy, to calculate the MLSE under clear
skies, the produced MLSE errors due to it are not discussed
here. However, in previous studies, some MLSE estimations
used the reanalysis skin temperatures as the LST to calculate
the MLSEs [34, 39]. Hence, we mainly investigated the
impacts of multiple reanalysis skin temperatures on MLSE
estimates. In this study, the selected reanalysis skin
temperatures derive from the ERA5, ERA-Interim, JRA-55,
MERRA2, FNL, and GFS. Taking the MODIS LST as true
values, Table II first compares the differences among the six
types of reanalysis skin temperatures under clear skies at 23
sounding stations in 2008. As shown in Table II, the RMSE
differences between six reanalysis skin temperatures and
MODIS LST are all greater than 5.73 K and the RRMSE
differences are all greater than 0.5 K, indicating they all have
relatively poor accuracies. In contrast, the ERA5 data has the
optimal performance, followed by the ERA-Interim product,
MERRA2, NCEP/GFS, JRA55, and NCEP/FNL. Moreover,
using the clear-sky MLSEs retrieved with the UWYO profiles,
AMSR-E BTs, and MODIS LSTs at 23 sounding stations as
true MLSE values, Fig. 5 also investigates the impacts of six
reanalysis skin temperature products on the clear-sky MLSE
retrieval. The impact analysis in Fig. 5 shows that the LST
uncertainty is a pivotal factor impacting the estimate accuracy
of MLSE. Regarding the H polarization, the RMSEs of
clear-sky MLSE calculated caused by the ERA5 skin
temperature vary from 0.0137 at 6.9 GHz to 0.0212 at 89 GHz,
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TABLE II
SPATIAL RESOLUTIONS AND ACCURACIES OF SIX REANALYSIS SKIN

TEMPERATURES

ERA5 ERA-Interim JRA55 MERRA2 FNL GFS

Resolution 0.25° 0.75° 1.25° 0.25° 1.0° 0.5°

RMSE 5.73 5.85 16.83 7.12 10.88 10.48
RRMSE 0.55 0.56 1.61 0.68 1.04 1.01

R2 0.88 0.88 0.49 0.80 0.82 0.74

Fig. 4. The training and prediction of cloudy-sky MLSE with RF model.
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and its RRMSEs vary from 0.442 at 6.9 GHz to 0.607 at 23.8
GHz. Obviously, the RMSEs in the emissivity retrieval may
be as high as 0.0137 or more for a 5.73 K error of ERA5 skin
temperature. Therefore, it can be seen that the previous studies
that used some reanalysis skin temperatures to perform the
acquisition of MLSEs are flawed.

In addition to the impact of LST uncertainty, the uncertainty
in atmospheric profiles is another key factor causing MLSE
error. Fig. 6 presents the assessment results of six reanalysis
atmospheric profiles (i.e., the ERA5, ERA-Interim, JRA-55,
MERRA2, NCEP/FNL, and NCEP/GFS) in estimating MLSE
under clear skies. The clear-sky MLSEs retrieved with the
UWYO profiles, AMSR-E BTs, and MODIS LSTs at the same

stations are still used as references. Based on the RMSE,
RRMSE, and R2 statistics of the six reanalysis profile products
in calculating clear-sky MLSEs (see Fig. 6), we discover that
the retrieved MLSEs with six reanalysis profiles at frequencies
with higher atmospheric attenuation present the larger errors
(e.g., 23.8 and 89 GHz). In particular, RMSEs of retrieved
MLSEs using six reanalysis profiles are quite large at 89 GHz
(the RMSEs of all profiles are greater than 0.009 at this
frequency). The specific reasons for the poor performance can
be attributed to two aspects. First, these two frequencies tend
to have a strong sensitivity to WV or CLW parameters.
Second, as compared with the UWYO profile, all reanalysis
profiles have lesser pressure levels, so the calculated three

Fig. 5. Impacts of six reanalysis skin temperatures on the calculation of clear-sky MLSE for six AMSR-E frequencies. (a) RMSE change at H polarization; (b)
RRMSE change at H polarization; (c) R2 change at H polarization; (d) RMSE change at V polarization; (e) RRMSE change at V polarization; (f) R2 change at
V polarization.

Fig. 6. Impacts of six reanalysis profiles on the calculation of clear-sky MLSE for six AMSR-E frequencies. (a) RMSE change at H polarization; (b) RRMSE
change at H polarization; (c) R2 change at H polarization; (d) RMSE change at V polarization; (e) RRMSE change at V polarization; (f) R2 change at V
polarization.
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atmospheric parameters (Tu, Td, and τ) perform poorly for all
profile types. In a physical sense the high air attenuation
obscures the surface from view, which makes it more difficult
to measure surface emissivity accurately. However, as a whole,
the ERA5 profile generates the best performance. For the H
polarization, its RMSEs vary from 0.0003 at 6.9 GHz to 0.012
at 89 GHz, and the RRMSEs vary from 0.002 at 6.9 GHz to
0.097 at 89 GHz. The uncertainties produced by the errors of
the ERA-Interim, MERRA2, JRA-55, GFS, and FNL products
all present gradually increasing trends. This indicates that the
ERA5 has a desirable potential in terms of revealing actual
atmospheric conditions and greatly improving the accuracies
of clear-sky MLSEs estimates. This has been demonstrated in
our previous research [53]. However, we observe that the
impacts of the errors from profiles on the MLSE estimates are
lower. An RMSE of 12.87 K in the Td of NCEP/FNL produces
an RMSE of 0.027 for the MLSE at 89 GHz. Similar results
were also explored by Hu et al. [34], who found that the

MLSEs presented a 1-2% error to 10% bias of the temperature
profile. Some scholars also indicated that a 25% change in the
water vapor would lead to a global mean change in the MLSE
of 0.0016 at 6.9 GHz and 0.03 at 89.0 GHz [59, 60].

B. Performance of Clear-skies MLSE Retrieval
Because the estimated clear-sky MLSEs lack ground-truth

measurements that can be validated, we indirectly compared
the clear-sky MLSE estimated by us with the existing MLSE
product, i.e., Qiu_MLSE, from the spatiotemporal distribution.
Qiu_MLSE is mainly calculated under clear skies and applies
the same BT and similar LST product as the clear-sky MLSE
retrieved in this paper; thus, it is meaningful to perform the
contrast with this product.

The AMSR-E BTs have some missing values due to their
scanning swath. For convenient comparison, we calculated the
monthly average MLSE maps with the valid pixels by filtering
the cloudy and empty pixels. Fig. 7 presents the distribution

Fig. 7. The spatial distributions of monthly average clear-sky MLSEs derived from us and Qiu et al. in January 2008 for four AMSR-E frequencies. The
corresponding difference maps between two datasets are also given.
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maps of monthly average MLSEs in January 2008 at four
AMSR-E frequencies (i.e., 6.9, 18.7, 23.8, and 89 GHz). From
Fig. 7, we see the spatial distributions of monthly average
MLSEs are highly consistent between the two MLSE datasets
over China. They all display expected spatial structures that
are closely associated with changes in frequencies, land-cover
types, and topography. This further confirms the conclusion
that the atmospheric profile has little influence on surface
emissivity estimates. In addition, we note that the calculated
monthly average MLSEs obviously increase with increasing
frequency overall, but the high-latitude areas have some low
MLSEs at 89 GHz in Fig. 7. This is since the continuous
snowfall event in the winter presents a pronounced scattering
impact on the MLSE calculations at higher frequencies. In
terms of spatial distribution, the higher MLSEs are mainly
concentrated in the Loess Plateau, the Qinling mountainous
regions, the YunGui Plateau, and the southeast regions of the
study area, in which the surfaces are covered mostly by forests,
having a positive response to the MLSE at this frequency. In
contrast, low MLSE values are mostly found in the northern
Qinghai-Tibet Plateau and the northern Inner Mongolian
Plateau, where the land surfaces are covered mostly by sparse
vegetation and deserts. In addition, some rivers and coastal
regions also exhibit low to moderate MLSEs mainly due to the
prominent scattering derived from the water body and river.
Based on the distribution maps of differences between these
two MLSE datasets, we further validate that the retrieved
MLSEs are in line with Qiu_MLSE, with differences ranging
between -0.035−0.035 in January 2008 for the four selected
frequencies. However, the clear-sky MLSEs estimated have
underestimates in some mountainous regions (in particular, the
Qinghai-Tibet Plateau ) at 6.9, 18.7, and 23.8 GHz and present
an overestimate at 89 GHz as a whole. This maybe is
associated with the vertical stratification features of
atmospheric profile and microwave scattering. On the whole,
the clear-sky MLSEs estimated in this study have a
respectable precision and good spatial distribution
performance.

According to the statistical analysis of the monthly average
MLSEs from January to December 2008 at four land-cover
types: alpine meadow, desert, forest, and cropland, Fig. 8

further compares the time-series changes of the retrieved
MLSE in this paper and Qiu_MLSE at different months and
sites. These four kinds of land-cover types present different
sensitivities to MLSE changes, which can reflect the overall
trend of MLSE changes under actual natural conditions. From
the MLSE temporal changes, we discover that the retrieved
MLSEs under clear skies are accordant with Qiu_MLSE each
month. There is a small MLSE change over a short period of
time, and the possible impact of cloud covers on MLSEs is
mild. Especially for the forest and croplands, the two datasets
in these regions are more coincident, even if the water vapor
emission and heat energy transmission from the vegetation
canopy or the transpiration accelerate the formation of clouds
and rain. Since the SM and vegetation cover status in the Gobi
deserts and forests do not have obvious changes, the MLSEs
in these regions are more stable with little seasonal variations.
However, an abnormal phenomenon is perceived in the desert
region in which its MLSE values at all frequencies increased
suddenly in January and February 2008. This result is likely
because the snow cover in the Takla Makan Desert at that time
generated a typical scattering effect, and its MLSEs increased
with the decreasing frequency. Nevertheless, for the alpine
meadow and croplands, due to the growth change of grassland
and the irrigation period of crops, an evident seasonal change
trend is observed on the MLSE. Based on the above analysis,
it is not difficult to imagine that these anomalous MLSEs are
relevant to underlying surface variation and human activity.

C. Performance of the Cloudy-sky MLSE Estimates
It is essential to perform a systematic assessment of the RF

model before the cloudy-sky MLSEs are estimated for further
determining the applicability of the RF model. In this section,
approximately two-thirds of clear-sky MLSEs and predicted
factors from 31 December 2007 to 2 January 2008 were
randomly selected for training and tuning the RF model, and
the remaining one-third of the data pairs were used to evaluate
the performance of the MLSE estimation model. Taking the
estimated MLSE at 18.7 GHz as a sample, Fig. 9 exhibits the
performances of the RF models in predicting clear-sky MLSEs
at H polarization, V polarization, and polarization difference
(V-H). As shown in Fig. 9, in these three RF models, most

Fig. 8. The time-series differences between the retrieved MLSE and Qiu_MLSE at different months and sites. (a) 6.9 GHz, (b) 18.7 GHz, (c) 23.8 GHz, (d) 89
GHz.
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scatter points are concentrated near the 1:1 line, suggesting
that these prediction models can obtain satisfactory accuracies
in estimating instantaneous clear-sky MLSEs. In addition, they
display better validation statistic results, with the R2, RMSE,
and MAE ranging from 0.981 to 0.992, 0.0028 to 0.0053, and
0.0018 to 0.0034, respectively. Nevertheless, we also perceive

that the estimated clear-sky MLSEs at the H polarization are
poorer than the MLSEs at the V polarization and polarization
difference (V-H). This suggests that the relationship between
the clear-sky MLSEs and selected auxiliary variables for the V
polarization is stronger. In addition, a similar finding is also
presented in other AMSR-E frequencies, where the RMSEs of

Fig. 9. Scatterplots of the predicted clear-sky MLSE against the retrieved clear-sky MLSE at (a) H polarization, (b) V polarization, and (c) polarization
difference V-H.

Fig. 10. The estimated all-weather MLSEs and the retrieved clear-sky MLSEs in China on 1 January 2008. The corresponding all-weather MLSE statistic are
also given.
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the estimated MLSEs at the V polarization are all less than
0.005. This is likely because the MLSE at the H polarization is
more sensitive to surface variables such as the soil roughness,
SM, and vegetation water content. However, as a whole, the
estimated clear-sky MLSEs with the RF model have higher
consistency with the retrieved clear-sky MLSEs, and there are
few differences. This finding demonstrates the selected factors
could better estimate MLSEs, and the RF has a good potential
to estimate cloudy-sky MLSE datasets over a wide range of
spatiotemporal scales.

After extending the relationship between clear-sky MLSEs
and related impact variables to cloudy conditions, Fig. 10 also
displays a case for the prediction of all-weather MLSEs on 1
January 2008. For comparison purposes, the clear-sky MLSEs
derived from the actual satellite instantaneous observations are
displayed. From Fig. 10, except for the impact of the AMSR-E
running orbit, 46.5% of the China region is covered by clouds,
and our strategy effectively predicts all-weather MLSE values
covering 97.3% of the total study area. This suggests that the
proposed method can successfully recover the image gaps
affected by cloud contamination as compared to the clear-sky
MLSEs. There is a relatively clear image texture even if the
MLSEs transition from the edge regions of the cloud cluster to
the neighboring cloud-free regions. The spatial distributions of
estimated MLSEs in cloudless areas are more consistent with

the actual MLSEs. However, due to the impacts of snowfall or
water bodies, some obvious image gaps are also observed in
lakes and rivers. Moreover, the cloudy-sky MLSE estimation
results present a good distribution that is closely associated
with land cover status. In the vegetated regions, the surface
emissivity reacts to the vegetation water content with a high
MLSE value; however, in the semiarid regions, the emissivity
polarization difference is relatively sensitive to the variability
in SM, and the emissivity is smaller. Meanwhile, from Fig
10(g)-(i), we note that the cloudy-sky MLSEs estimated at the
V polarization are generally greater than the cloudy-sky
MLSEs estimated at the H polarization. There are some more
concentrated MLSEs with a standard deviation (STD) of 0.027.
This result is in line with the MLSE change in the actual
situation and further demonstrates the dependability of the RF
model used in this study.

However, it is worth noting that, in this study, we merely
presented the spatial distribution of cloudy-sky MLSEs and
did not validate its accuracy because of the unavailability of
real surface emissivity products under cloudy-sky conditions.
In future research, for further verifying the performance of the
estimated cloudy-sky MLSE, using some auxiliary parameters
related to the MLSE changes (e.g., SM, vegetation phenology)
to analyze the spatiotemporal correlation is an indirect way.

Fig. 11. Time-series of AMSR-E derived horizontally polarized MLSEs, MPDI, and PR at four AMSR-E frequencies at four sites: (a) alpine meadow (b)
cropland. The corresponding curves of snow cover (black line), total precipitation value (Orange line), skin temperature (red line), and volumetric soil water
(blue line) observed at four land-cover types in China for 2008 are also shown.
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V. DISCUSSION

To provide more information regarding the estimates of
MLSEs, there are still some points that need to be discussed,
such as the potential impact factors of MLSE changes, the
sensitivity of cloud properties to the MLSE, the comparison
between the TIR-derived emissivity with clear-sky MLSE, and
the limitations of this method. This section will discuss them.

A. The Possible Impact Factors of MLSE Retrieval
Previous surface experiments have shown that the MLSE

varies considerably with changes in the SM and temperature
[41, 67]. Precipitation and snow cover also greatly influence
the MLSE since they can alter the land surface water potential
and its dielectric properties [58]. Hence, in this section, taking
the skin temperature, SM, snow cover, and total precipitation
derived from the ERA5-Land hourly data as four key impact
factors, we investigated the predominant factors affecting the
MLSE at various times and regions. To reduce the differences
among impact factors and MLSE in spatiotemporal resolutions,
all impact factors have been adjusted to a 0.25° resolution.
And then, the annual change curves of ERA5 skin temperature,
volumetric soil water, snow cover, and total precipitation are
respectively extracted at four sites with various land-cover
types. Meanwhile, the corresponding time series of AMSR-E
MLSEs at frequencies of 6.9, 18.7, 23.8, and 89 GHz and their
PR and MPDI indices for 2008 are also given.

As shown in Fig. 11(a)-(d), the estimated MLSEs present
significant variability with fluctuations in these four impacting
factors at the four specific sites in the given year. The MLSEs
exhibit apparent sensitivities to four selected parameters, and
the PR index is negatively correlated with the MPDI and has a
positive relationship with the MLSEs at the corresponding
frequencies. However, it is noted that skin temperature does
not display a strong response to the MLSE. These emissivity
variations are not correlated with the fluctuations of soil skin
temperatures, even if the skin temperature plays an essential
role in controlling the land surface heat and evapotranspiration
of soil/vegetation water content. Moreover, we observe that
the predominant factors influencing the changes in MLSE are
obviously different among the four land-cover types, and the
contribution intensity of different components of the surface to
the MLSE is highly frequency dependent. For the meadow and
cropland, the MLSEs at 6.9 GHz respond significantly to soil
water content due to a strong correlation between the MLSE
and change in the SM. In particular, in the cropland site, the
MLSEs and soil water display relatively consistent seasonal
change trends due to the on-farm irrigation during the crop
growing seasons (early spring, summer, and mid-autumn). The
alpine meadow site also presents a sudden change from June
to September 2008 because of the regular rainy season on the
Qinghai-Tibet Plateau. Meanwhile, the MLSEs at the selected
four frequencies become very low due to the unstoppable
snowfall in early spring and winter, suggesting that the snow

Fig. 11. Time-series of AMSR-E derived horizontally polarized MLSEs, MPDI, and PR at four AMSR-E frequencies at four sites: (c) forest (d) desert. The
corresponding curves of snow cover (black line), total precipitation value (Orange line), skin temperature (red line), and volumetric soil water (blue line)
observed at four land-cover types in China for 2008 are also shown.
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accumulation event acts as a perturbation factor affecting the
seasonal variation in the MLSE. However, for the remaining
two sites, their MLSE amplitudes are relatively stable for four
AMSR-E frequencies throughout the year. A slight fluctuation
trend is observed in the woodlands in the spring when the
vegetation canopy is relatively sparse, and the rainfall ratio is
increasingly frequent. However, a peculiar phenomenon of
MLSE in the desert site was found in January 2008 when an
evident trend of a sudden increase and then a decrease in the
MLSE was observed. This pattern is likely because, in the
transition season from winter to spring, when the snow begins
to melt and bare soil becomes wet, the MLSE is affected by
the SM and disturbed by the snowfall, and its fluctuation is
relatively large. As a consequence, comparing the MLSE
retrieval result with previous snowfall events is also an
indirect way to show the MLSE on rainfall-affected surfaces.

B. The Sensibility of Cloud Property to MLSE Estimation
Aires et al. [23] employed the neural network approach to

retrieve surface emissivity simultaneously based on the less

difference in MLSE between clear and cloudy skies. Hu et al.
[34] noted that the CLW had a negligible impact on MLSE
calculation. Thus, the estimation of cloudy-sky MLSE in this
study is mainly based on the hypothesis that the relationships
between clear-sky MLSE and related impact variables could
be extended to cloudy-sky conditions. Nevertheless, to further
verify this hypothesis, we discussed the sensitivity of cloud
cover status to the MLSE. To obtain information on the cloud
properties that are consistent with AMSR-E observations in
both space and time, the total cloud cover dataset derived from
the ERA5 hourly data on single levels is used in this section.

Fig. 12 first compares the yearly average MLSE distribution
maps under clear sky weather (total cloud cover < 10%) and
heavy cloudy sky weather (total cloud cover > 90%) during
2008. We found that the distribution of MLSE in China and
the mean values under these two weather conditions do not
change significantly for specific microwave frequencies. This
indicates that the possible impact of clouds on MLSE is mild.
From the point of view of contrastive analysis, it further
demonstrates that the cloudy-sky MLSE retrieval is feasible.

Fig. 12. The yearly average distributions of MLSEs under clear skies (total cloud cover < 10%) and heavy cloudy skies (total cloud cover > 90%) in 2008 for
four AMSR-E frequencies. The maps of differences between the two MLSEs are also given.
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Nevertheless, for 6.9 and 89 GHz frequencies, some apparent
MLSE changes are displayed in the Northeast China Plain, the
Taklimakan Desert, the Qinghai-Tibet Plateau, the Sichuan
Basin, and the middle and lower reaches of the Yangtze River
(see the right column in Fig. 12). This result may be due to the
unique sensitivity of the MLSE to certain frequencies and the
specific response of surface properties of these regions to the
MLSE [68]. At the same time, their vulnerable landscape
characteristics and particular climatic types are two important
causes driving these findings. As we mentioned previously,
the seasonal change in land-cover types and rainy seasons will
obviously alter the vegetation's biological property and soil
water-holding capacity on the land surface and further impact
the spatiotemporal variations in the MLSE, leading to some
abnormal values in the end.

Taking the MLSE map at 6.9 GHz as a case study, Fig. 13
further presents the scatter diagrams between the cloudy-sky
MLSEs and clear-sky MLSEs in the four seasons of 2008 to
explain the impacts of cloud cover on the MLSE. Meanwhile,
the difference value statistics between both are also given in
the probability distribution figure (see the bottom column of
Fig. 13). As we have seen from scatter diagrams, there is a
good correlation between cloudy-sky MLSEs and clear-sky
MLSEs for the four seasons of 2008 (R2 values are all greater
than 0.9), whereas their correlation in the summer is poorer
than that in the other seasons owing to the frequent heavy
cloud cover. Despite this, from the probability distribution
figure, we found that the differences between cloudy-sky
MLSEs and clear-sky MLSEs are generally smaller and
concentrate in a range from -0.05 to 0.05. The differences in
the mean values are less than 0.005, and the STDs are less
than 0.017 for the four seasons. In general, the possible impact
of clouds on the MLSE is also weak in different seasons.

C. Comparison between Thermal Infrared Emissivity with the
MLSE

Similar to the MLSE, land-surface emissivity derived from
the TIR band is also an important input variable for estimating
surface biophysical parameters, such as LST, land-cover types,
evapotranspiration, and PWV for a variety of research projects.
However, owing to the obvious difference between the two in
the physical mechanisms, there are different distributions and
change trends. Thus, in this section, we will further reveal the
changes of MLSE and compare the spatiotemporal difference
between TIR-derived emissivity and PMW-derived emissivity.
In consideration of the excellent temporal collocation between
AMSR-E and MODIS on the Aqua, the TIR emissivity from
the MODIS bands 31 and 32 are used.

By averaging the clear-sky TIR emissivities and microwave
surface emissivities for each day in 2008, Fig. 14 displays the
yearly average distribution maps of surface emissivities in
2008 for two MODIS bands and four AMSR-E frequencies.
Because of much higher variations in the emissivities in the
microwave range and the dependence of microwave BTs on
surface roughness and structures, yearly average MLSEs at
four AMSR-E frequencies all exhibit a larger variation range
from 0.70 to 0.98, and their spatial distributions closely
respond to vegetation coverage degree. Whereas the spectral
emissivity characteristics of the MODIS TIR bands 31 and 32
(wavelength range is 10.5-12.5µm) are very high compared to
MLSE. There is a smaller change range from 0.965 to 0.993
for these two MODIS TIR bands at various terrestrial land
cover backgrounds. Meanwhile, their spatial distributions are
closely related to land-cover types.

In addition, by making a statistic for the yearly average
emissivities at 15 land-cover types, we further observe from
Fig. 15 that the MLSEs at four frequencies dramatically vary

Fig. 13. The scatter diagrams between cloudy-sky MLSEs and clear-sky MLSEs and the difference value statistics of both in the four seasons of 2008.
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by land-covers, while the TIR-derived emissivities have a
steady trend. Taking 89 GHz as a case, for 15 surface types,
the vegetation-covered regions (IGBP code 1, 3, 4, 5, and 6)
display high emissivity values, followed by the grassland or
cropland (IGBP code 10, 11, 12, and 14), and the urban area
or barren regions (IGBP code 13 and 16). Under various
land-cover types, there is a relatively steady emissivity change
curve for the MODIS TIR bands 31 and 32. This finding has
been proved by the existing spectral emissivity measurements
of actual terrestrial materials, which indicate that the band
average emissivities in MODIS bands 31 and 32 are relatively
stable and known within about 0.01 for some land cover types,
such as dense evergreen canopies, lake, snow surface, and
most soils [69, 70]. Nevertheless, in the microwave frequency
range, different from the TIR spectrum range, soil emissivities
can rapidly vary from 0.6 for wet soil (about 30% volumetric
soil moisture) to 0.9 for dry bare soil (about 8%) [71]. The

emissivity of vegetation-covered surfaces varies obviously
with the frequency and depends on the vegetation growth
characteristics [72].

D. Limitations
Remotely sensed physical retrieval based on the RTE could

simulate relatively accurate microwave surface emissivities,
providing considerable convenience for building MLSE data.
The RF has some good advantages over traditional regression
methods for the accurate estimations of various atmospheric
and geophysical parameters. As a result, combining satellite
retrieval and machine learning model to realize the cloudy-sky
MLSE retrieval has considerable superiority. In this paper,
using each advantage of satellite observations and the RF
algorithm, the proposed MLSE estimation method can derive
cloudy-sky MLSEs at large spatiotemporal scales and present
significant application potential for vegetation phenology
monitoring, SM retrieval, atmospheric parameters derivation,
and snow characteristic detection. However, some limitations
are worth mentioning.

First, after the clear-sky MLSE is estimated, this study used
the RF algorithm to generate cloudy-sky MLSEs. This process
requires sufficient observation samples for the training model
and will waste time. To increase the model training speed, we
selected clear-sky MLSE datasets on date t and its adjacent
time-series data before and after one day (date t-1 to t+1) as a
suite of the data sets to train the model and then predicted the
cloudy-sky MLSEs on t with the selected variables. This will
lead to the generated RF models being specific to the day
being analyzed. Moreover, the accuracy of the RF model is
directly related to the regional distribution of training samples.

Fig. 15. The yearly average change trends of land surface emissivities at 15
land-cover types in 2008 for two MODIS bands and four AMSR-E
frequencies.

Fig. 14. The yearly average distributions of surface emissivities in 2008 for two MODIS bands and four AMSR-E frequencies.
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Therefore, the impact of the regional distribution of training
samples on the RF model also needs to be considered.

Second, in addition to the effect of input data on the MLSE
estimate, the quality of the method depends on other factors,
including the frequency, polarization, sensor overpass time,
incident angle, footprint, etc. [73]. Many previous studies also
have indicated that the MLSEs generated by different sensors
possess larger discrepancies, which are mainly caused by
systematic errors and random errors in the retrieval process
[20, 41]. At the same time, the systematic errors of MLSEs
significantly vary in different regions. Therefore, if this new
method can be applied to other sensor images and regions still
requires additional research.

Third, a comprehensive assessment of the uncertainty in the
MLSE estimate is a critical task for its wider applicability.
However, the lack of ground truth measurements at a large
scale makes validation difficult. In this study, we overcame
this lack of ground truth data by investigating the consistency
among the available microwave emissivity product from Qiu
et al. since this product used similar input datasets. However,
this comparison process was performed only under cloudless
skies. For further evaluation, investigating its relations with
some biophysical parameters, such as soil water content and
vegetation phenology, both spatially and temporally, is
another thinking that should be used in the future.

In addition, we should note that the derived MLSEs in this
study only represent the effective surface emissivity due to the
inconsistent physics‒volume-averaged temperature from the
PMW remote sensing versus skin temperature from the TIR
data. In addition, in the field of view of AMSR-E detection,
the pixel information is composed of different land-cover
backgrounds. These key problems are inevitable because of
the inherent nature of microwaves. Despite this, the acquired
MLSE still presents good scientific significance for revealing
the spatiotemporal changes in biogeochemistry, climatology,
hydrology, and ecology sciences.

VI. CONCLUSION

The rapid development of remote sensing technology has
produced a large number of algorithms for extracting MLSE
from PMW observations. Nevertheless, to our knowledge,
there has been limited research on estimating microwave
emissivity under various weather conditions. In this study, a
new method is proposed to estimate cloudy-sky MLSEs in
China by combining each advantage of satellite observation
and machine learning algorithm. The main conclusions are as
follows.

(1) The accurate calculation of clear-sky MLSE plays a vital
role in deriving the cloudy-sky MLSEs, which is subject to the
precision of input datasets. This study selected the ERA5
reanalysis profile and MODIS LST to perform the acquisition
of clear-sky MLSE, which is of more significant meaning. The
LST accuracy has evident impacts on the uncertainty of the
MLSE retrieval compared to that of atmospheric profiles. The
calculated atmospheric parameters derived from the ERA5 are
better than those output by the rest of the reanalysis profiles,
and the estimated MLSE RMSEs obviously vary from 0.0003

at 6.9 GHz to 0.012 at 89 GHz.
(2) Overall, the spatiotemporal distributions of clear-sky

MLSEs retrieved in this study are consistent with the product
developed by Qiu et al. The MLSE distribution is closely
associated with the changes in frequencies, surface types, and
topography. The differences between the estimated monthly
average MLSEs and Qiu_MLSE range from -0.035 to 0.035,
and the error distributions present an obvious underestimate as
a whole. Moreover, the seasonal cycle of clear-sky MLSEs
estimated is also coincident with the Qiu_MLSE product at
four kinds of land-cover backgrounds.

(3) The constructed RF model exhibits a desirable accuracy
in predicting the clear-sky MLSE, along with an RMSE of
0.0028 in the 18.7 GHz H polarization. These models can be
extended to the cloudy-sky status and successfully obtain an
MLSE of over 97.3% for the satellite-detected land area on a
typical cloudy day with a cloud fraction of 46.5%. Meanwhile,
after filling image gaps affected by cloud-cover contamination,
the proposed method generates a relatively clear and abundant
MLSE distribution pattern compared to the clear-sky MLSE
maps.

(4) Impact factor discussion of MLSE change, sensitivity
analysis of cloud-cover properties on MLSE estimates, and the
comparison between the TIR emissivity and MLSE suggest
that the MLSE is modulated by many surface parameters, such
as the LAI, SM, precipitation, snow cover, and land-cover
types. However, it is less impacted by cloud cover conditions.
This finding demonstrates that the proposed method is of
evident potential in deriving cloudy-sky MLSEs over a global
scale. However, some uncertainties still exist in this method,
such as the error source, method applicability, and verification
in different regions and sensors. Further research on the
cloudy-sky MLSE estimation is still needed.
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