a

remote sensing

Article

Synergistic Retrieval of Temperature and Humidity Profiles
from Space-Based and Ground-Based Infrared Sounders Using
an Optimal Estimation Method

Huijie Zhao 1**, Xiaohang Ma ', Guorui Jia »*, Zhiyuan Mi ! and Huanlin Ji!

Citation: Zhao, H.; Ma, X,; Jia, G.;
Mi, Z.; Ji, H. Synergistic Retrieval of
Temperature and Humidity Profiles
from Space-Based and
Ground-Based Infrared Sounders
Using an Optimal Estimation
Method. Remote Sens. 2022, 14, 5256.
https://doi.org/10.3390/rs14205256

Academic Editors: Filomena

Romano and Elisabetta Ricciardelli

Received: 9 September 2022
Accepted: 16 October 2022
Published: 20 October 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 School of Instrumentation and Optoelectronic Engineering, Key Laboratory of Precision Opto-Mechatronics
Technology, Ministry of Education, Beihang University, 37 Xueyuan Road, Haidian District,
Beijing 100191, China

2 Institute of Artificial Intelligence, Beihang University, 37 Xueyuan Road, Haidian District,

Beijing 100191, China

Correspondence: jiaguorui@buaa.edu.cn

* These authors contributed equally to this work.

Abstract: The atmospheric temperature and humidity profiles of the troposphere are generally
measured by radiosondes and satellites, which are essential for analyzing and predicting weather.
Nevertheless, the insufficient observation frequencies and low detection accuracy of the boundary
layer restricts the description of atmospheric state changes by the temperature and humidity pro-
files. Therefore, this work focus on retrieving the temperature and humidity profiles using obser-
vations of the FengYun-4 (FY-4) Geostationary Interferometric Infrared Sounder (GIIRS) combined
with ground-based infrared spectral observations from the Atmospheric Emitted Radiance Interfer-
ometer (AERI), which are more accurate than space-based individual retrieval results and have a
wider effective retrieval range than ground-based individual retrieval results. Based on the syner-
gistic observations, which are made by matching the space-based and ground-based data with those
of different spatial and temporal resolutions, a synergistic retrieval process is proposed to obtain
the temperature and humidity profiles at a high frequency under clear-sky conditions based on the
optimal estimation method. In this research, using the line-by-line radiative transfer model
(LBLRTM) as the forward model for observing simulations, a retrieval experiment was carried out
in Qingdao, China, where an AERI is situated. Taking radiosonde data as a reference for comparing
the retrieval results of the temperature and humidity profiles of the troposphere, the root-mean-
square error (RMSE) of the synergistic retrieval algorithm below 400 hPa is within 2 K for tempera-
ture and within 12% for relative humidity. Compared with the GIIRS individual retrieval, the RMSE
of temperature and relative humidity for the synergistic method is reduced by 0.13-1.5 K and 2.7-
4.4% at 500 hPa, and 0.13-2.1 K and 2.5-7.2% at 900 hPa. Moreover, the forecast index (FI) calculated
from the retrieval results shows reasonable consistency with the FIs calculated from the ERA5 rea-
nalysis and from radiosonde data. The synergistic retrieval results have higher temporal resolution
than space-based retrieval results and can reflect the changes in the atmospheric state more accu-
rately. Overall, the results demonstrated the promising potential of the synergistic retrieval of tem-
perature and humidity profiles at high accuracy and high temporal resolution under clear-sky con-
ditions from FY-4/GIIRS and AERI.
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estimation; hyperspectral data
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1. Introduction

Detecting and predicting severe convective weather activities has always been a fo-
cus and challenge in atmospheric research. Obtaining accurate atmospheric temperature
and humidity profiles under clear-sky conditions before convective storms can improve
the monitoring ability of mesoscale environmental characteristics such as atmospheric sta-
bility and boundary layer structure [1-3]. These data are essential for nowcasting and
short-term forecasting of severe storms [4,5]. Radiosondes are the most conventional
measurements, but radiosonde data with a temporal resolution of 8-12 h are insufficient
to support nowcasting of severe convection and other weather phenomena [6-9].

In 1956, King proposed using space-based infrared spectral measurement data to ob-
tain the vertical distribution of atmospheric temperature [10]. In 1959, Kaplan pointed out
that the information in different spectral bands has different sensitivities to the atmos-
phere at different altitudes, which laid a theoretical foundation for remote sensing atmos-
pheric temperature profiles [11]. The retrieval methods of atmospheric temperature and
humidity profiles mainly include the statistical retrieval method and physical retrieval
method. On the one hand, the statistical retrieval method does not consider the physical
process of atmospheric radiation transmission, but only uses the spectral data of various
bands to establish the regression relationship with the temperature and humidity param-
eter vector. Smith and Woolf proposed using the covariance matrix of eigenvectors to set
spectral measurements and atmospheric temperature and humidity parameters [12].
Malmgren-Hansen et al. used a convolutional neural network to establish a nonlinear re-
gression relationship [13]. On the other hand, the physical retrieval method uses the radi-
ation transfer model to simulate the radiation observation according to the initial esti-
mated atmospheric parameter profile, which is called the first guess, and compares the
output with the actual observation value to optimize the atmospheric parameter profile
iteratively [14,15]. In the early stage, for the Satellite Infrared Spectrometer’s (SIRS) mul-
tispectral observation data of Nimbus III and Nimbus IV, Smith used an iterative retrieval
method in the form of unconstrained solutions to obtain the temperature and humidity
profiles of the Earth’s atmosphere [16]. Based on the observation data of the High-Reso-
lution Infrared Sounder (HIRS)/3 onboard the Advanced Television and Infrared Obser-
vation Satellite Operational Vertical Sounder (ATOVS), Li and Wolf used a nonlinear it-
erative physical retrieval method to retrieve the atmospheric temperature and humidity
profile [17].

In recent years, the development of atmospheric detection technology has enabled
space-based infrared hyperspectral detectors to obtain the vertical structure of atmos-
pheric temperature and humidity [18]. The Atmospheric InfraRed Sounder (AIRS) can
observe most of the spectral range from 3.74-15.4 pm with the spectral resolution of 2.0-
0.5 cm™, while more observation channels and higher spectral resolution can improve the
accuracy of atmospheric parameter retrieval [19]. In the research of Wu et al.,, the RMSE
of the temperature profile and humidity profile above 850 hPa under a clear-sky condi-
tions was less than 1 K and 10%, respectively [20]. Zhou et al. developed a method based
on one-dimensional variational retrieval to retrieve atmospheric parameters, including
the temperature and humidity profiles, from the Infrared Atmospheric Sounding Interfer-
ometer (IASI) observation data. They compared the results of multiple observations, in-
cluding the AIRS and NPOESS Airborne Sounder Testbed —Interferometer (NAST-I),
with the results of IASI, showing that the standard deviation of the differences is less than
1 K for temperature and less than 10% above the ground boundary layer for humidity
[21]. Combined with the preliminary estimated atmospheric information provided by the
Numerical Weather Prediction (NWP), Zhu et al. used observations from the Fengyun-3D
Hyperspectral Infrared Radiation Atmospheric Sounding (HIRAS) to retrieve the atmos-
pheric temperature and humidity profiles by the 1D-Var method. The RMSE of retrieval
was less than 1 K and 10% for temperature and humidity, respectively [22]. The FY-
4/GIIRS, as the first infrared hyperspectral sounder onboard a geostationary weather sat-
ellite, has greatly enhanced weather observation capabilities [23]. Xue and Huang used
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GIIRS infrared hyperspectral data to conduct retrieval research on atmospheric tempera-
ture and humidity profiles, and the RMSE accuracy of retrieval was within 2 K and 2 g/kg
for the entire depth of the troposphere under clear-sky conditions, except for near the
surface [24].

In addition to spaceborne instruments, researchers have also developed ground-
based infrared spectrometers, and one of the widely used instruments is AERI [25,26].
Turner et al. retrieved high-temporal-resolution temperature and humidity profiles of the
boundary layer based on the optimal estimation method [27] from AERI, and the retrieval
accuracy was approximately 1 K and 5% for the temperature and humidity, respectively
[28].

In terms of the temporal resolution, both the ground-based and geostationary hyper-
spectral soundings are much higher than the radiosonde, while the geostationary hyper-
spectral sounding can also cover a wider observational range [29]. However, space-based
infrared hyperspectral atmospheric detection is seriously affected by surface radiation, so
it is difficult to accurately retrieve the temperature and humidity in the boundary layer.
The satellite retrieval RMSE of the lower atmospheric temperature is approximately 1.5—
3.5 K, and the RMSE of humidity retrieval can reach 20% [22]. At the same time, due to
the atmospheric emission radiation near the surface, the atmosphere that the ground-
based instruments can remotely sense is limited, and the high-precision retrieval part is
less than 5 km [30]. Therefore, synergistic retrieval with different observations has become
a new research direction. In 2002, Ho et al. combined an aircraft-based Scanning High-
resolution Interferometer Sounder (S-HIS) and AERI for synergistic retrieval based on a
nonlinear synergistic retrieval method. They found that synergistic retrieval combining S-
HIS with AERI can significantly improve the retrieval accuracy of the temperature and
humidity results in the boundary layer. The RMSE of the near-surface atmospheric water
vapor mixing ratio was improved from approximately 2.5 g/kg to about 1.5 g/kg [31]. In
2013, Ebell et al. studied the synergistic retrieval effect of various ground-based and space-
based remote sensors and analyzed the increase in the information content in the retrieval
of different instrument combinations. The results showed that compared with the IASI
individual retrieval, the IASI and AERI synergistic retrieval could improve the degrees of
freedom for temperature and humidity retrieval by 3.5 and 6.0, respectively [32]. Based
on regional reanalysis, Toporov and Lohnert proposed a synthetic retrieval neural net-
work that utilizes simulated measurements of IRS (future geostationary IR sounder of
EUMETSAT) and those of a ground-based microwave radiometer to retrieve the atmos-
pheric stability index. They proved that the synergistic retrieval results have better con-
sistency with the true values than the results calculated by a microwave radiometer or IRS
only [33]. Loveless et al. used space-based infrared hyperspectral instruments and
ground-based AERI to synergistically retrieve the atmospheric temperature and humidity
profiles and evaluated the improvement in the degrees of freedom, vertical resolution,
and uncertainty [34]. The above research shows that the ground-based and space-based
synergistic retrieval of atmospheric temperature and humidity profiles is a vibrant re-
search direction.

The current infrared hyperspectral payloads used in atmospheric profile retrieval,
such as AIRS, CrlS, and IASI, are carried on polar orbiting satellites. Their observation
positions change with the movement of the satellites, and they cannot observe the same
place for a long time. On the one hand, it is difficult to match the locations of space-based
and ground-based observation. On the other hand, it is difficult to analyze the influence
of the spatial and temporal resolutions on the error distribution of the observation data
due to the changing observation location and long revisit time.

Therefore, in the existing synergistic retrieval algorithms, the influence of spatial and
temporal resolutions is not considered when calculating the instrument observation error
covariance matrix. In the simulated retrieval experiment conducted by Ebell et al. and the
synergistic retrieval experiment by Loveless et al., the noise characteristics of the
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instrument are directly used to calculate the observation error covariance matrix [32,34].
Moreover, the current retrieval results are mostly checked with a single reference [35-37].

In this study, a FY-4/GIIRS and AERI synergistic retrieval model is proposed by con-
sidering the influence of the spatial and temporal resolutions of observations when calcu-
lating the covariance matrix of the observation errors based on the high temporal resolu-
tion of AERI and the regional observation characteristics of GIIRS. Then, we match the
observation scales of FY-4/GIIRS and AERI to retrieve the temperature and humidity pro-
files of the tropospheric atmosphere with a high temporal resolution and high accuracy
based on the optimal estimation method. Finally, we compare the synergistic retrieval re-
sults with radiosondes and ERA5 atmospheric reanalysis data and analyze the feasibility
of generating forecast indices with a high temporal resolution and accuracy from the re-
sults of the synergistic retrieval. The paper is organized as follows. In Section 2, the data
and the model are introduced. The synergistic retrieval method is introduced in Section
3. In Section 4, the results and analysis are reported. In Section 5, a discussion is provided.
Finally, in Section 6, the final conclusion is drawn.

2. Datasets and Model
2.1. Data
2.1.1. AERI

In the 1990s, the University of Wisconsin Space Science and Engineering Center (UW-
SSEC) designed the AERI for the Atmospheric Radiation Measurement (ARM) program
of the U.S. Department of Energy [38]. AERI is a ground-based passive remote sensing
instrument. Based on the principle of Fourier transform spectroscopy, The AERI uses two
different band detectors to measure the downwelling infrared radiation of the atmosphere
[25,26].

The AERI observation field angle is 45 mrad and its specific parameters are shown in
Table 1. The characteristic bands of carbon dioxide and water vapor covered by AERI can
be used to study the temperature and water vapor retrieval in the boundary layer [39]. As
shown in Figure 1, the AERI system has been installed in Qingdao City, Shandong Prov-
ince, China (36.53 degrees north latitude and 126.33 degrees east longitude). It has been in
operation since 2018 and continues to measure atmospheric downward infrared radiation.
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Figure 1. The AERI installed in the mobile container, it has been operating in Qingdao research
institute of Beihang University since 2018.

Table 1. Performance specifications for AERI.

Parameter Performance

Spectral coverage (wavenumber) 550-3000 cm™(3.3-18.2 um)
Spectral resolution 0.5 cm™!, unapodized
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Absolute accuracy: <1% of ambient blackbody ra-

Radiometric calibration diance
Reproducibility: <0.2% of ambient blackbody radi-
ance
Wavelength calibration Channel wavenumber lzrr;(ixl/vledge: better than 0.01
Temporal sampling Repeat cycle: = 10 min
Angular field of view <45 mrad

2.1.2. GIIRS

The FY-4A satellite, a second-generation geostationary earth orbiter meteorological
satellite in China, was successfully launched on 11 December 2016, carrying GIIRS [40].
As the world’s first infrared hyperspectral atmospheric detection load operating in geo-
stationary orbit, FY-4/GIIRS is capable of the three-dimensional detection of atmospheric
temperature and humidity with high spatial resolutions (16 km), which is crucial for nu-
merical weather prediction. The detailed features of the GIIRS instrument are listed in
Table 2. The primary radiance data for the study on FY-4A/GIIRS were obtained from the
Center for Earth System Modeling and Prediction of China Meteorological Administra-
tion [40,41].

Table 2. Performance specifications for FY4-A/GIIRS.

Parameter Performance

Long wave: 700-1130 cm™

Spectral coverage (wavenumber) Medium wave: 1650-2250 el

Spectral resolution 0.625 cm™
Spectral calibration accuracy 10 ppm
Radiometric calibration accuracy 15K
Spatial resolution 16 km (Nadir)
Time resolution <1 h (China regions)
Area of detection 5000 x 5000 km? (China regions)

2.1.3. Radiosonde and ERA5 Data

ERADJ reanalysis data were produced by the Integrated Forecast System (IFS) of the
European Centre for Medium-Range Weather Forecasts (ECMWF) which offers hourly
estimated values of atmospheric, land surface, and ocean related climate variables from
1950 to the present. The grid width of the horizontal data was 30 km. The atmosphere was
vertically divided into 137 layers from the earth’s surface to a height of 80 km [42]. ERA5
data were obtained from the Copernicus Climate Data Store (https://cds.climate.coperni-
cus.eu/cdsapp#!/home (accessed on 2 January 2022)). The radiosonde data was located at
the Qingdao observation station. It launches daily at 00 UTC and 12 UTC. The meteoro-
logical elements include temperature, dew point temperature, and air pressure. Sounding
data were acquired from the China Meteorological Administration.

2.2. Forward Model

To accurately simulate the AERI and FY-4A/GIIRS radiance measurement results, it
is recommended to adopt an appropriate radiative transfer model to simulate the transfer
process of atmospheric radiance. Hereby, we adopted the LBLRTM of Atmospheric and
Environmental Research Inc. derived from the FASCODE model that was developed by
the Air Force Research Laboratory (AFGL). LBLRTM is an internationally recognized al-
gorithm for accurate radiative transfer [43]. We adopted the same spectral resolution and
instrument spectral response function as AERI and FY-4A/GIIRS in the model, to simulate
the actual observation process.
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3. Method
3.1. Data Preprocessing
3.1.1. Spatial-Temporal Matching

Compared with the AERI that was placed in Qingdao and fixed to upward observa-
tion, The FY-4A/GIIRS has 128 fields of view (FOVs) arranged in a 32 x 4 array, and it
performs the spatial scanning observation on geosynchronous orbit. Both observations
should be matched to perform the synergistic retrieval, considering the imaging time and
coordinate position of the observations. The AERI is located 11 km from the coastline, and
the results revealed significant differences in radiance between the FY-4A/GIIRS sea and
land FOVs under clear-sky conditions. Therefore, the FOVs whose footprints only include
land were adopted in this paper.

Since the AERI data were obtained at a fixed location, the data may not completely
correspond to the footprints of the GIIRS. To ensure the consistency of atmospheric syn-
ergistic observation data, it is assumed that the atmospheric status around the synergistic
observation area is almost the same under local clear-sky conditions. As shown in Figure
2, the four nearest clear-sky FOVs of GIIRS are determined around the central AERI loca-
tion, and then the spatially interpolated GIIRS observation on the location of the AERI is
obtained with inverse-distance-weighted interpolation by the following form:

Y(GIIRS) = Z W; - 1(GIIRS); 1)
j=1
d 2
w; = @)
! l 1 dL Y, d?

where I(GIIRS); presents the original GIIRS FOV observation. W; is the inverse-dis-
tance-weighted coefficient in the position j, d; is denoted as the distance between the
AERI and GIIRS FOV in the position j, and Y (GIIRS) is the interpolated GIIRS data on

the position of AERI.

GIIRS / II
LWIR FOV
— ,‘ GIIRS \
R / MWIR FOV

AERI

d4

Figure 2. Observations of for GIIRS data: blue and red rectangles are medium-wave infrared
(MWIR) and long-wave infrared (LWIR) observations of GIIRS; pink point is the location of AERI.

The GIIRS takes 2 h to complete the exploration for the Asia region, which is also the
time interval for detection in the Qingdao area. AERI, however, can perform the measure-
ment every 8 min. The high temporal resolution of the AERI was significantly superior to
that of the GIIRS. Throughout the study, the observation time of the GIIRS data served as
the basis for matching observation times in the synergistic retrieval. Based on the interpo-
lation observation of GIIRS, registration was performed for the AERI data. Figure 3 illus-
trates the temporal matching process of GIIRS and AERI data. The AERI clear-sky data
were selected 1 h before and after the GIIRS observation time for registration; that is, one
GIIRS observation matches multiple AERI observations to obtain the matched synergistic
retrieval observation dataset.
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Figure 3. AERI and GIIRS data matching (the red vertical line is the GIIRS observation time, the
black is the AERI observation time, and the green wireframe is the synergistic retrieval dataset).

3.1.2. Cloud Screening

To reduce the interference of clouds and improve data quality, we preprocessed the
data and retained only clear-sky FOVs before the retrieval experiments in the actual at-
mospheric temperature profile retrieval experiment. We applied the Himawari-8 L2 cloud
parameter retrieval product (ftp:/ftp.ptree.jaxa.jp/pub/himawari/L2/CLP/ (accessed on 22
November 2021)) as the reference for identifying clear-sky regions and selected the obser-
vation data without the influence of clouds [44].

3.1.3. Sounding and ERA5 Data Processing

To generate the first guess profile from ERA5 data and conveniently compare radio-
sonde data with retrieval results, it is necessary to match the observation position and
height of ERAS reanalysis data and sounding data with the synergistic observation re-
gional center. The specific methods are as follows. Step 1 is to use bilinear interpolation to
interpolate the ERA5 data on the regular grid to the position of the AERI. Step 2 is the
interpolation of ERA5 data in the time dimension. The ERA5 data were interpolated for
one hour before and after each synergistic observation. Considering the vertical stratifica-
tion of the temperature and humidity profile, we finally adopted the linear interpolation
method to interpolate ERAS5 data to a unified height layer. Interpolation is only performed
on vertical sounding data when analyzing radiosonde data.

3.2. Synergistic Retrieval
3.2.1. Mathematical Background

To evaluate the distance between the atmospheric radiation observation vector Y
and the simulated results calculated by the radiation transfer model F using the atmos-
pheric state vector X, the cost function can be in the following form: J(X) = ||[Y — F(X)||2.

Through retrieval optimization, the atmospheric state vector X, which includes the
atmospheric temperature and humidity profile is gradually adjusted, so that the forward
radiative transfer model-simulated observation F(X) approaches the radiation observa-
tion vector Y, where Y includes the observation values of the instruments AERI and
GIIRS, and Y = [Y(GIIRS),Y (AERD]".

Assuming that the state vector X and observation vector Y conform to the Gaussian
distribution, and considering the priori distribution of the atmospheric state vector to con-
strain the cost function solution process, the cost function can be expressed as:

J0) = 5[ = XY K~ x)] 4 5[ - FO)s T (= Feo)] )

where S, and S, represent the observation error covariance matrix and background er-
ror covariance, respectively, and X, is a background atmospheric profile under local at-
mospheric conditions. S, is calculated from the sounding data over a month, while S, is
usually determined by instrument calibration and radiative transfer model errors. The
first and second terms of the cost function represent the background atmospheric state
information constraint and the deviation between the simulated radiance and the actual
observed, respectively. This study adopts the optimal estimation method to minimize the
cost function. By performing a simplification and substitution, we calculate the deriva-
tives of the cost function and obtain the iterative equation shown below [27]:
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X = X0+ (vSa ™ + KIS 'Kn) KIS KT (= X + (Y = F(X)] (&)
where n is the iterative index, and X, and X, represent the atmospheric state vector at
aF(X)

ax ’
that is, the sensitivity of the forward model results F(X) to the atmospheric state X, and
Yn is the damping coefficient, and its value is the n® value of the vector
[2000,1000,800,500,300,100,1,1,1,1 -+ ].
The convergence condition of the iteration can be expressed as:

stepsn and n + 1 in the iterative process, respectively. K is the Jacobian matrix

|xn - xn+1|2 <0.05 (5)

According to Masiello et al., the posterior covariance S, which is the error covariance
of solution [45], is calculated as:

S=mSat + KnSe K) T (1St + Kn Se K (rnSat + K Se HKn) ™ (6)

The averaging kernel A, which provides measurement of information content about
the retrieved solution, is given as:

A= (1pSat + KIS K) T (K S Ky, )

For retrieved profile, the diagonal elements of A represent the degrees of freedom
for signal (DFS), and the square root of the diagonal components of S quantifies uncer-
tainties [27].

3.2.2. Observation Scale Matching

In synergistic retrieval, the spatial and temporal resolutions of AERI and GIIRS are
quite different, so it is necessary to match the scale of the various observation data in the
retrieval process. In this study, the error caused by the observation scale is considered in
the observation error covariance matrix, and the observation error covariance is defined
as the matrix S,.

S€=SY+SF+SS+ST (8)

S, is divided into four parts: (1) instrument observation error Sy, (2) radiative trans-
fer process modeling error Sr, (3) spatial distribution error s of the observation data S,
and (4) time variation error of the observation data S;. For the convenience of calculation
and retrieval, a good compromise is to assume that Sr is zero and to expand Sy by four
times more than its original value [30].

For FY-4/GIIRS data, the temporal resolution is much lower than that of the AERI,
and there is only one practical observation in one synergistic observation. Thus, the
change in observation over time is negligible. Therefore, in addition to the instrument
observation error Sy, the spatial distribution error is the primary source for GIIRS in syn-
ergistic retrieval. The observation field of the AERI (approximately 200 m projected to 5
km altitude) is far smaller than the spatial resolution of the GIIRS (approximately 16 km).
In order to calculate the observation error covariance of matching FOV for the GIIRS, the
observations of the GIIRS FOVs within radius r are selected as once regional sample with
the AERI as the center of the circle for statistics. Then, the results are corrected according
to the statistical radius r and the spatial resolution R of the GIIRS to estimate the obser-
vation error covariance of the GIIRS FOV observation, expressed as:

YN Y2O(1(GIIRS),,, — I(GIIRS),)"
r-N-@(r)

where @(r) is the number of GIIRS FOVs in one regional sample when the statistical ra-

dius is 7, I represents the observed radiance, and N is the number of regional samples.

To select the optimal statistical radius 7,,, we define the total spatial statistical error
(TSSE) under statistical radius r as follows:

©)

Ss(Mirs =
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1
TSSE = Mtr[ss(r)GIIRS] (10)

For all channel variances under different statistical radii, tr[Ss(r)¢rs] is the trace of
the observation error matrix Sg(r)s;rs, M is the number of channels used for retrieval,
and the change in TSSE with statistical radius r is shown in the Figure 4:

=
0.075 (R7- A
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Figure 4. Total spatial statistical error with statistical results, (left) for longwave and (right) for me-
dium wave. The blue points are practical calculations, while the red line is the fitting curve of those
statistical errors.

When the local atmospheric environment is similar, it is evident that with the in-
crease in the statistical radius, the gradually increasing statistical samples reduce the ran-
dom error caused by the insufficient observation samples, making the TSSE close to the
local atmospheric observation error. After more than 100 km, the atmospheric environ-
ment within the statistical radius no longer conforms to the similarity assumption and
increases the TSSE. According to the principle of minimum variance, the optimal statisti-
calradius 7,, is approximately 100 km; that is, within this range, the Sg of the GIIRS FOV
in synergistic observation can be estimated according to the above formula. Therefore, the
observation error covariance of the GIIRS is expressed as:

Se(GHRS) = S(Top) s T S (11)

For AER], the observation method is fixed-location observation, there is no spatial
distribution error, and the observation error is Sy which caused by the change in atmos-
pheric state within the matching observation time:

1 —2
S.(AERI) = S;(0bs_t) aprs = NZ(I(AERI)L- — TCAERD)) (12)
ieT
N is the number of observationsin obs_t period, and obs_t is the time of synergistic
observations. Finally, the error covariance matrix of the synergistic observation vector Y
is:
¢ [se (AERI) 0 ]
e 0 S.(GIIRS)
The spectral channel variance and its components for GIIRS and AERI are shown in
Figure 5.

(13)
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Figure 5. Spectral channel variance. (a,b) are the long-wave and medium-wave channels of GIIRS
used in retrieval, (c,d) are the long-wave and medium-wave channels of AERI; the red line repre-
sents Sg, the blue line represents Sy, and the black line represents S,.

3.3. Retrieval Process Framework

The flow chart shown in Figure 6 summarizes the framework of the atmospheric tem-
perature and humidity profile retrievals in synergistic observations. The algorithm flow
includes screening GIIRS and AERI clear-sky observations combined with Himawari-8
cloud product data, calculating the observation error covariance matrix of space-based
and ground-based data, spatial and temporal matching for space-based and ground-based
observation data, and utilizing synergistic retrieval model based on the optimal estima-
tion method.

ERAS Reanalysis
Data

AERI Data GIIRS Data l
Temporal-Spatial Match with
GIIRS and AERI

‘ Cloud Screening ‘ l
l Generate First-Guess Profiles

Observed Data
Temporal-Spatial Match

LBLRTM Model

Simulated
Observation

Observation Error
Covariance

Temperature and
Humidity Profile

Figure 6. The general framework of the synergistic retrieval algorithm.

In the retrieval process, the cloud-screened data are input into the spatial and tem-
poral matching model to obtain the synergistic observation dataset of the radiance under
clear-sky conditions. At the same time, taking the monthly means of ERA5 reanalysis data
as the first guess profile, the radiative transfer forward model is run to calculate the sim-
ulated spectral observation and K matrix. Then, combined with the radiative transfer for-
ward model results and the observation error covariance matrix that is scale-matched, the
nonlinear iteration algorithm is executed, and the results are evaluated after each iteration.
If the retrieval process does not converge, the atmospheric profile is updated and run in
the radiative transfer mode until the final result is obtained or the maximum number of
iterations is reached.
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4. Results and Comparison

Qingdao was selected as the experimental research area, and the AERI was deployed
in the Qingdao Research Institute of Beihang University. The altitude of the position of
the AERI is 68 m, and the annual average pressure of Qingdao is approximately 1000 hPa.
Considering that our research target is the troposphere, the results are interpolated be-
tween 1000-100 hPa. The summer and winter observation data from 2020 to 2021 were
selected as research cases.

ERAS5 data were obtained by the data assimilation process and reflect the vertical
distribution of the atmospheric temperature and humidity at a fixed location in the regu-
lar grid. This process is similar to our retrieval algorithm, so the ERA5 and in situ radio-
sonde measurements are still different. In our analysis, the sounding results are taken as
the reference true values. We regard the RMSE and Mean Bias (MB) profiles of ERA5 as
the inherent error of the retrieval technology relative to the sounding measurements, tak-
ing cross verification. To facilitate the comparison of the temperature and humidity re-
trieval results, the humidity mixing ratio is converted into relative humidity, and the con-
version formula is as follows:

108 [ 17.269 T ”

€ = O EP (T ¥ 273.15) — 38 (14)
—p._ 1

¢=P G622+ q (15)

RH =< -100% (16)

€s
where e is the steam pressure, q is the water vapor mixing ratio, P is the air pressure,
T is the air temperature, e; is the saturated vapor pressure, and RH is the relative hu-
midity.
The MB and RMSE are used as statistical indicators to evaluate the accuracy of the
retrieval temperature and humidity profile results:

MB = T O = x) 17)
n
RMSE = \/—Zy:l(xr"l_ X" (18)

where n represents the number of samples, x; represents the radiosonde value, and x;
represents the retrieval result.

First, we show the advantages of the synergistic retrieval over GIIRS individual re-
trieval and then evaluate the accuracy of the synergistic retrieval results in different sea-
sons. Finally, the high-temporal-resolution atmospheric stability index calculated from
the synergistic retrieval results of GIIRS and AERI in the preconvective environment will
be introduced.

4.1. Case Study

To illustrate the difference between GIIRS individual retrievals and synergistic re-
trievals, we selected a case from 2021 to study. Figure 7 shows the temperature and hu-
midity profile (Figure 7a,d) obtained through retrieval, as well as the corresponding un-
certainty (Figure 7b,e) and the information content (Figure 7c,f). The black line and ma-
genta line represent sounding data and ERA5 reanalysis data, respectively; the orange line
represents the first guess; and the red and blue lines with error bars represent synergistic
retrieval (SG) results and GIIRS individual retrieval (GIIRS) results, respectively.
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Figure 7. Display of GIIRS individual retrieval (GIIRS) and synergistic retrieval (SG) results. (a,d)
are temperature and humidity profiles, (b,e) are uncertainties of retrieval results, (c,f) are degrees
of freedom for signal.

The individual retrieval and synergistic retrieval results reflect the changing trend of
temperature and humidity, but the individual retrieval results at the bottom are not as
good as the synergistic retrieval results, especially for the humidity results. Compared
with the ERA5 data, there is a relatively obvious retrieval error at 700 hPa for humidity.
In terms of uncertainty, the synergistic retrieval optimizes the uncertainty in the lower
atmosphere below 600 hPa, making it stable below 0.2 K and 0.2 g/kg, while the maximum
uncertainty of GIIRS is 0.4 K and 0.6 g/kg. Similarly, in terms of the DFS, the synergistic
retrieval performs better in humidity results than GIIRS alone. The DFS provided by
GIIRS in the lower atmosphere is less than that in the upper atmosphere. The synergistic
method adding ground-based observations complements the lack of information in the
boundary layer for space-based observations; thus, the accuracy and uncertainty of the
synergistic retrieval for the lower atmosphere are improved.

4.2. Statistical Results of Retrieval

Taking sounding data as a reference, we calculated the MB and RMSE of the retrieval
results and ERAS reanalysis data in different seasons and then analyzed the results objec-
tively. The number of retrieved samples is 98 for summer and 110 for winter.

The summer retrieval results are shown in Figure 8. For the temperature and humid-
ity results obtained through GIIRS, the MB of the temperature profile is between +0.7 be-
low 600 hPa, but it oscillates approximately 0 K from 1000-100 hPa. The MB of the humid-
ity results is approximately —-8% below 500 hPa and gradually decreases to 2% from 500
hPa to 200 hPa. Similarly, the RMSE results also reflect the problem of existing significant
deviations in the lower atmosphere for space-based retrieval. In Figure 8c, due to the small
nonlinearity of temperature retrieval, the temperature RMSE for the GIIRS remains at ap-
proximately 3 K below 200 hPa. In Figure 8d, the maximum deviation for humidity RMSE
is approximately 17.5% at 950 hPa and gradually decreases with increasing altitude.
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Figure 8. Statistical comparison of retrieval results in summer. (a,b) is the MB of temperature and
humidity results, (c,d) is the RMSE, the red line is synergistic retrieval results (S5G), blue line is GIIRS
individual retrieval results (GIIRS), black line is ERA5 reanalysis (ERA5).

For the synergistic retrieval results, although the temperature results in MB generally
tend to have a negative deviation of -0.5 K, the temperature results of ERA5 as a reference
maintain a negative deviation of about —0.4 K below 300 hPa, which is very close to the
MB profile of the synergistic retrieval. In the humidity deviation profile, the maximum
deviation of ERA5 and the synergistic retrieval results between sonder data are less than
+5%, which is approximately 4% smaller than those of the GIIRS results below 500 hPa.
The RMSE results clearly show the accuracy improvement of the synergistic retrieval in
the lower atmosphere. Below 500 hPa, the temperature RMSE of the synergistic retrieval
is less than 1.5 K, which is better than the RMSE of individual retrieval, which has a value
of approximately 2.7 K. Above 500 hPa, the RMSE of the synergistic retrieval results grad-
ually increases and is close to the RMSE of the GIIRS individual retrieval. For the humidity
RMSE results, the synergistic retrieval method has a stable point of approximately 8%
below 300 hPa, and the maximum error position appears at 600 hPa. The RMSE error of
atmospheric humidity below 500 hPa is effectively reduced compared with the GIIRS in-
dividual retrieval. For the humidity RMSE results, the synergistic retrieval is stable at ap-
proximately 8% below 300 hPa, and the maximum error position appears at 800 hPa. The
atmospheric humidity RMSE below 500 hPa is effectively reduced compared with the
GIIRS individual retrievals. For the humidity RMSE results, the synergistic retrieval is
stable at approximately 8% below 300 hPa, and the maximum error position appears at
800 hPa. The atmospheric humidity RMSE below 500 hPa is effectively reduced compared
with the GIIRS individual retrievals.

For the winter retrieval results shown in Figure 9, the temperature MB of the syner-
gistic retrieval results is basically less than +1 K, and it is disturbed around the median
value of 0 K. The temperature MB profile of the GIIRS individual retrieval is similar to
that of the synergistic retrieval results, but the deviation range is more extensive, within
#2 K. The GIIRS individual retrieval temperature RMSE profile is approximately 2 K be-
low 400 hPa and less than 3 K at 1000-100 hPa. Moreover, the humidity RMSE is less than
15%. The temperature RMSE of the synergistic retrieval is approximately below 2 K; the
humidity RMSE profile is less than 12%. Due to the high humidity and hot atmosphere in
summer, the intense radiation of water vapor will significantly reduce the retrieval effect
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[24,46]. Therefore, compared with the summer, the RMSEs of the synergistic and individ-
ual retrieval results are lower in winter.
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Figure 9. MB (a,b) and RMSE (c,d) of the retrieval results in winter.

The radiosonde does not fly vertically and has a horizontal motion component, which
causes a large drift at high altitudes. The sounding data at high altitudes are misaligned
with the synergistic retrieval (fixed position), which may lead to an increase in the syner-
gistic retrieval RMSE profile at high altitudes. However, ERA5 assimilates multisource
data, which include radiosonde data, so are closer to radiosonde data in the upper atmos-
phere. In general, the statistical error of synergistic retrieval is closer to the RMSE profile
and MB profile of ERAS than that of GIIRS individual retrieval.

The scatter plot of the temperature and humidity retrieval results take radiosonde
data as the reference. In the scatter plot, the average bias (AVG), root-mean-square error
(RMS), and correlation coefficient (COR) of the whole atmosphere are calculated to eval-
uate retrieval results. As shown in Figure 10, the temperature results of individual and
synergistic retrieval are highly correlated with sounding data, and the RMS of the GIIRS
individual retrieval method in summer is 3.52, which is an increase of 0.55 compared with
2.97 in winter. The RMS of the synergistic retrieval method in summer, however, is 2.06,
which is a decrease of 0.14 compared with 2.20 in winter. To show the retrieval accuracy
in the boundary layer, the retrieval results below 700 hPa and their statistical indicators
are colored in red. In boundary layer, the COR of the GIIRS individual retrieval results is
lower than 0.9, and the RMS of the synergistic retrieval results is 50% lower than that of
the GIIRS individual retrieval.
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Figure 10. Scatter plot of synergistic retrieval method (a,c) and GIIRS individual retrieval method
(b,d) temperature results with radiosonde observations in summer (a,b) and winter (c,d). Data be-
low 700 hPa (in boundary layer) are specifically marked red. The black text in the figure shows the
statistical results of all data, while the red text only counts data below 700 hPa.

Figure 11 shows that the COR of relative humidity between the synergistic retrieval
results and the radiosonde data is 0.94 in winter and 0.97 in summer, indicating high cor-
relation. For synergistic retrieval, the RMS in winter is 7.71 and AVG is -0.37, while in
summer, RMS is 6.29 and AVG is 0.38. For relative humidity results below 700 hPa in
summer, the COR and RMS of the synergistic retrieval method are 0.92 and 7.49, lower
than those of the GIIRS individual retrieval results, which are 0.79 and 15.07.
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Figure 11. Scatter plot of synergistic retrieval method (a,c) and GIIRS individual retrieval method
(b,d) humidity results with radiosonde observations in summer (a,b) and winter (c,d). Data below
700 hPa are specially marked red. The black text in the figure shows the statistical results of all data,
while the red text only counts data below 700 hPa.
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4.3. Calculation and Analysis of Forecast Index

As a standard forecast tool of nowcasting, the FIs provide objective and quantitative
indicators to help determine severe weather [1,4,47]. More details of the FIs considered in
this paper are provided in Appendix A. To evaluate the reliability and accuracy of the
synergistic retrieval algorithm in terms of FI calculation relative to the GIIRS individual
retrieval results, the FIs, which include K index (KI), Showalter Index (SI), total totals in-
dex (TT), and lifted index (LI), will be calculated in this section based on the temperature
and humidity profiles obtained from the retrieval and compared with the sounding data
calculation results. It is beyond the scope of this article to show the use and skills of Fls in
proximity predictions. The purpose of this section is to discuss the improvement of the
synergistic retrieval method in obtaining high-resolution and high-quality Fls, as well as
the consistency and correlation with the calculation results of sounding data.

To quantitatively illustrate the consistency of the Fls calculated from the profiles ob-
tained from the retrieval results, ERA5 data and radiosonde data, we selected the data in
2020 and 2021 summer to calculate the FIs and perform a statistical analysis. The consid-
ered statistics include RMSE, standard deviation (STD), and correlation coefficient (COR).

As shown in Figure 12, the KI index has an irregular discrete distribution, while the
LI index is in the high-value part greater than 10 degrees. All the profile data calculation
results and the sounding data results have a stronger linear relationship, and there is a
larger divergence trend in the low-value part. The ERA5 reanalysis and sounding data
have the best correlation and statistical error. The profile data obtained by synergistic re-
trieval have a good linear relationship with the sounding results, but the retrieval results
of GIIRS alone still have a large deviation. The COR of the synergistic retrieval method is
higher than 0.9 in both FIs, and the RMSE is lower than that of the GIIRS retrieval results
alone, which is close to the ERA5 data.
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Figure 12. Scatter plot of Fls calculated from different profile data (synergistic retrieval results in
red, GIIRS individual retrieval results in blue, ERA5 data in cyan). (a) is K index, (b) is Showalter
index, (c) is total totals index, (d) is lifted index.

According to the meteorological records, at 9:00 UTC on 17 May 2020, a thick cumu-
lonimbus cloud started to appear in Qingdao, and severe convective precipitation began.
Under the clear-sky condition of the preconvection environment, the synergistic retrieval
and GIIRS individual retrieval were carried out based on the observation data of AERI
and FY-4/GIIRS on 17 May 2020. Figure 13 shows the FIs calculated from the retrieved
temperature and humidity profile results. Among the four types of FIs calculated above,
the FIs based on the individual retrieval are consistent with the FIs calculated by ERA5
data, but their value differences are large. In Figure 13a, the GIIRS results do not reflect
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the sharp downward trend of the K index at 0-3 UTC. In contrast, the synergistic retrieval
results are similar to the ERAS results and reflect the downward trend of the K index with
high temporal resolutions. In Figure 13a—c, the synergistic retrieval results are close to the
ERAD results before 5 UTC. However, the deviation from the ERA5 results increases. The
possible reason for this is that from 5 UTC, clouds in the atmosphere began to increase, so
cloud radiation noise reduced the retrieval accuracy and caused the FIs to result in devi-
ations. However, the LI index in Figure 13d is close to the results of ERA5 before convec-
tion, showing the fine evolution process.
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Figure 13. The FIs of preconvection environment in 20200517. (a) is K index, (b) is Showalter in-
dex, (c) is total totals index, (d) is lifted index.

5. Discussion

Based on retrieval technology, infrared hyperspectral observation can obtain the ver-
tical distribution of atmospheric temperature and humidity profiles in the preconvection
environment and provide earlier warning information of severe convective weather. Im-
proving severe convection nowcasting ability requires the temperature and humidity pro-
files of the boundary layer with high accuracy and high temporal resolution, but the ex-
isting synergistic retrieval algorithms are still unable to meet these requirements. On the
one hand, the current infrared hyperspectral instruments are carried on polar orbiting
satellites and have a long revisit period, resulting in low temporal resolution. On the other
hand, the existing synergistic retrieval models do not consider the differences in spatial
resolution and temporal resolution of different instruments in actual observations.

In this study, we proposed a synergistic retrieval algorithm based on the optimal
estimation method with space-based and ground-based infrared spectral data. Through
observation scale matching, the atmospheric temperature and humidity profiles under
clear-sky conditions are retrieved, combined with the FY-4/GIIRS and ground-based AERI
infrared hyperspectral observations. In the retrieval experiment in Qingdao, China, the
accuracy of the synergistic retrieval was evaluated by taking the radiosonde data as the
benchmark and combining the ERA5 reanalysis data and the GIIRS individual retrieval
results as references.

The temperature and humidity retrieval results of the synergistic retrieval showed
reasonable consistency with the reanalysis data of ERA5. Under 100 hPa, the synergistic
retrieval MB is within +1 K for temperature and within +5% for humidity, and the RMSE
is within 3.5 K and 12% for temperature and humidity, respectively. Compared with the
ERADS data, the synergistic retrieval results showed a great consistency from 1000-100 hPa,
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and the accuracy was greatly improved in contrast to that of GIIRS individual retrieval,
especially at the boundary layer.

It is worth noting that the background error covariance and observation error covar-
iance used in the synergistic retrieval are based on local observations in Qingdao. For syn-
ergistic retrieval in other regions, the corresponding background error covariance and ob-
servation error covariance used in retrieval should be calculated with local observation
data.

6. Conclusions

Based on the infrared hyperspectral data of FY-4/GIIRS and the ground-based AERI,
the synergistic retrieval algorithm can obtain temperature and humidity profiles of the
whole troposphere atmosphere with high temporal resolution and high accuracy. In other
words, compared with space-based individual retrieval and ground-based individual re-
trieval, the synergistic method improves the accuracy and temporal resolution of temper-
ature and humidity profile results and extends the high-precision retrieval part to the
whole troposphere.

In addition, there may still be other problems that can be improved in the retrieval
process:

(1) Influence of cloud radiation. The current retrieval model is applied to clear-sky re-
gions without considering the cloud radiation transmission process. The cloud radi-
ation component in the observation will reduce the accuracy of the retrieval results.
However, it is difficult to find clear-sky condition FOVs in preconvection environ-
ment.

(2) Observation matching. The ground-based AERI is not necessarily located at the cen-
ter of the GIIRS FOV. In the coarse matching of observation data, the inverse-dis-
tance-weighted data cannot fully represent the actual observation directly above the
AERL

(3) Forward model simulation. Although the calculation accuracy of the radiation trans-
fer model used is very high, some simulation errors can still not be eliminated en-
tirely compared with the actual atmospheric radiation.

The current space-based FY-4/GIIRS and ground-based AERI synergistic retrieval
concentrate on the temperature and humidity profile of a single location. Future work of
synergistic retrieval will focus on expanding the spatial dimension of the retrieval results
to obtain the temperature and humidity profiles of multiple FOVs around the ground-
based instruments at the same time. These retrieved profile data can be used to analyze
the stability of the atmospheric structure and provide necessary information for the early
warning of severe convective weather.
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Appendix A. Interpretation of Forecast Indices

The definitions of the forecast indices are explained in this appendix. T(p) repre-
sents the atmospheric temperature at the altitude with p pressure (in hPa). T;(p) repre-
sents the dewpoint temperature at the altitude with p pressure [48,49].

Appendix A.1. K Index

The K index (KI) is used to indicate the probability of a thunderstorm occurring: the
higher the KI value, the higher the probability of thunderstorms.

KI = [T(850) + T,(850)] — T(500) — [T(700) — T4(700)]

Appendix A.2. Showalter Index

The Showalter index (SI) is an important indicator to evaluate the stability of atmos-
phere.

SI =T(500) — T,(500)
Ts is the temperature of the parcel at 500 hPa when lifted from 850 hPa.

Appendix A.3. Total Totals

The total totals (TT) index was developed for forecasting severe convective weather:
the higher the TT value, the higher the probability of thunderstorms.

TT = [T(850) + T,;(850)] — 2 x T(500)

Appendix A.4. Lifited Index

The lifted index (LI) is basically the same as the Showalter index, except for the de-
termination of the level from which the parcel is lifted.

LI = T(500) — T, (500)

Tt is the temperature of a parcel lifted from the surface to 500 hPa.
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