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Abstract: This study utilized an infrared spotlight Hyperspectral infrared Atmospheric Sounder
(HIRAS) and the Medium Resolution Spectral Imager (MERSI) mounted on FY3D cloud products
from the National Satellite Meteorological Center of China to obtain methane profile information.
Methane inversion channels near 7.7 pm were selected based on the different distribution of methane
weighting functions across different seasons and latitudes, and the selected retrieval channels had a
great sensitivity to methane but not to other parameters. The optimization method was employed to
retrieve methane profiles using these channels. The ozone profiles, temperature, and water vapor of
the European Centre for Medium-Range Weather Forecasts (ECMWEF) fifth-generation reanalysis data
(ERAS) were applied to the retrieval process. After validating the methane profile concentrations
retrieved by HIRAS, the following conclusions were drawn: (1) compared with Civil Aircraft for
the Regular Investigation of the Atmosphere Based on an Instrument Container (CARIBIC) flight
data, the average correlation coefficient, relative difference, and root mean square error were 0.73,
0.0491, and 18.9 ppbv, respectively, with lower relative differences and root mean square errors in
low-latitude regions than in mid-latitude regions. (2) The methane profiles retrieved from May 2019
to September 2021 showed an average error within 60 ppbv compared with the Fourier transform
infrared spectrometer (FTIR) station observations of the Infrared Working Group (IRWG) of the
Network for the Detection of Atmospheric Composition Change (NDACC). The errors between the a
priori and retrieved values, as well as between the retrieved and smoothed values, were larger by
around 400-500 hPa. Apart from Toronto and Alzomoni, which had larger peak values in autumn
and spring respectively, the mean column averaging kernels typically has a larger peak in summer.

Keywords: hyperspectral infrared atmospheric sounder; FY3D; CHy profile; channel selection

1. Introduction

As one of the most abundant greenhouse gases in the atmosphere, the emissions of
methane (CHy) account for about one-fifth of global emissions [1]. Methane’s heat-trapping
capability is more than 25 times greater than that of carbon dioxide in the atmosphere and
contributes 4-9% to the greenhouse effect (9—26% for carbon dioxide (CO,)). The global
average mole fraction of CHy in 2022 was 1923 + 2 ppb, an increase of 16 ppb over the
previous year (1908 % 2) and 264% of the pre-industrial level of 722 ppb [2]. Although
the increase in CHy from 2021 to 2022 (16 ppb) was slightly lower than the increase from
2020 to 2021 (18 ppb), it still marked a significant increase from the annual growth rate
over past years. In addition, CHy is one of the most long-lived atmospheric gases, and
makes up approximately sixteen percent of the total radiative forcing. Less than one-half of
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CHy in the atmosphere comes from natural emissions [3], while the remaining is caused by
emissions from human sources (such as ruminant animals, fossil fuel extraction, landfill
sites, and biomass burning) [4,5]. The significant increase in greenhouse gases caused by
human activities is the main factor contributing to global warming, which has become one
of the most critical and far-reaching global environmental issues. Countries need to enact
related policies based on scientifically reliable information in order to reduce greenhouse
gas emissions and avoid the negative consequences of climate change. In this context, there
is an increasing demand for existing and reliable greenhouse gas data to meet the needs of
scientific research and provide information for decision-makers.

At present, the observation methods used to monitor atmospheric CHy vertical pro-
file mainly include in situ sampling and ground and satellite remote sensing technology.
The Infrared Working Group (IRWG) of the Network for the Detection of Atmospheric
Composition Change (NDACC) manages twenty solar viewing Fourier transform infrared
spectrometers (FTIR) [6]. The ground-based FTIR stations can provide vertical profile
data for CHy [7], carbon monoxide (CO) [8], nitrous oxide (N,O) [9], ozone (O3) [10], and
other atmospheric constituents for all continents. Aircraft/balloons and other platforms
are mostly used for fixed-point directional experimental observation in order to obtain
atmospheric CHy vertical information. Civil Aircraft for the Regular Investigation of the
Atmosphere Based on an Instrument Container (CARIBIC) has been studying important
chemical and physical characteristics of CHy, CO, N,O, CO, and aerosol in the upper
troposphere and lower stratosphere of the Earth’s atmosphere [11]. Since the CARIBIC
program was implemented in 2005, the program has typically measured flights once a
month for two to four consecutive days with a time resolution of 1 s and calibrated every
25 min. CARIBIC flew mostly in the northern hemisphere, with only a small number of
flights exploring the southern hemisphere. The advantages of traditional ground moni-
toring are its high reliability, its ease of use and its instantaneous results. However, the
disadvantages are the way in which it is limited in the number and distribution of stations
and its large consumption of manpower and material resources. In addition, due to the
climate environment and the aging of instruments and equipment, long-term continuous
observation data are often not available. Most sites are concentrated in the mainland,
and marine data are scarce, which makes it impossible to accurately assess the exchange
characteristics of CHy concentration in the atmosphere, sea, and land under the dynamic
cycle of the natural ecosystem. Airborne platforms are expensive and can only obtain
vertical CHy concentration information.

Compared with ground monitoring, satellite remote sensing provides a means to
detect greenhouse gases in the global atmosphere. Especially with the rise of satellite
detection technology in the past three decades, high space coverage and high-precision
greenhouse gas detection is conducive to the study of global greenhouse effects. The
thermal infrared (TIR) observations capable of observing CH, include the infrared at-
mospheric sounding interferometer (LASI) on the METOP satellite [12], the atmospheric
infrared sounder (AIRS) [13] on AQUA, the spectral infrared detector cross-track infrared
sounder (CrIS) [14] carried by the national polar-orbiting environmental satellite system,
Suomi-NPP and NOAA-20 of the US Earth observation satellite, and the infrared spotlight
hyperspectral infrared atmospheric sounder (HIRAS) carried by the FY3D/FY3E launched
by the National Satellite Meteorological Center of China [15]. The near-infrared (NIR)
satellite sensors capable of observing CHy include the atmospheric absorption spectral
scanning imager (SCTAMACHY) on the European Space Agency’s ENVISAT satellite [16];
TanSat [17], a carbon satellite developed by China; the greenhouse gases observing satellite
(GOSAT) launched by Japan [18]; the orbiting carbon observatory-2 (OCO-2) satellite [19]
developed by the National Aeronautics and Space Administration (NASA); and the tro-
pospheric monitoring instrument (TROPOMI) launched on the Sentinel-5 precursor (S5P)
satellite [20]. Near-infrared satellite sensors primarily utilize the 1.647 um absorption band
to detect the column-averaged dry-air mole fractions of CH, (XCHy). Nevertheless, this
band depends on sunlight reflection and only performs well under clear-sky daytime and
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land conditions. Additionally, the accuracy of near-infrared CHj retrieval is strongly de-
pendent on aerosols, as it affects the near-infrared photon path in the atmosphere, which is
a challenging task to estimate [21]. Thermal infrared satellite sensors mainly depend on the
7.7 um absorption band to obtain CHy profile information [22]. Xiong et al. presented the
characteristics and verification of inverted CHy profiles of AIRS. AIRS channels near 7.6 pm
were applied to CHy retrieval, and these channels showed the higher sensitivity to the
upper and middle layers of the troposphere (approximately 250 hPa in tropical regions and
450 hPa in polar regions) [23]. Crevoisier et al. [24] employed a neural network approach
with a multilayer perceptron to retrieve the global distribution of methane under clear-sky
conditions for a period of 16 months. This incorporated IASI channels that partially covered
the methane v3 absorption band into the methane profile retrieval, which improved the
accuracy of methane retrieval near the surface and increased the degrees of freedom in
CHy retrieval. Nalli et al. have provided an overview of the verification of the atmospheric
greenhouse gases profile which was obtained from CrIS. CHy product accuracies were
within +1%, with precisions of ~1.5% [25]. The band settings of HIRAS are similar to CrIS,
which can also detect temperature, humidity, and greenhouse gases. Li et.al. [26] utilized
the data of HIRAS sensors on FY-3E to obtain atmospheric profiles of O3, CO, and CHy
using the convolutional neural network model (CNN) and the U-shaped network model
(UNET). When comparing Medium-Range Weather Forecasts Atmospheric Composition
Reanalysis v4 (EAC4) data with the CHy profiles retrieval results, the research findings
indicate that the mean percentage error across all layers for data from CNN and UNET was
below 0.7% [26]. At present, the research on CHy gas retrieval based on thermal infrared
satellite sensors such as AIRS, IASI and CrIS has been very mature, and there are even
official satellite products. However, the research on atmospheric CHy profiles based on
HIRAS is still lacking, especially in the case of FY3D-HIRAS, and there is no official CHy
profile product available. In this paper, we performed CH, retrieval based on FY3D-HIRAS.

The methane profile retrieval algorithms for TIR sensors can be broadly categorized
into two types. The first type comprises statistical methods, such as regression statistical
methods based on empirical orthogonal functions [22] and neural network algorithms [27].
Statistical methods, which do not directly solve equations, have certain advantages in terms
of computational efficiency and solution stability. However, these methods rely heavily on
the profiles of training samples and may not capture the physical significance of radiative
transfer, making them unsuitable for data-scarce regions. The second type comprises
physical inversion algorithms, which involve optimization algorithms that consider the
forward atmospheric model. The theoretical framework of physical inversion algorithms
was proposed by Rodgers [28]. This method utilizes the prior information to constrain the
model solution and simulates the atmospheric parameters based on the forward radiative
transfer model. It approximates the true solution using methods like Newton iteration.
Currently, optimization estimation methods are widely used for atmospheric CHy retrieval.
Through the comparison between AIRS retrieved CH,4 profiles based on physical retrieval
methods [29] and aircraft CHy profiles, Xiong et al. [23] concluded that the accuracy was
0.5-1.6%. Moreover, the information content in the tropics was greater than that in high
latitudes. Nicholas et al. analyzed the global performance of the NUCAPS carbon gas
profile EDR, and found that the CrIS CH, profiles product had an accuracy of £1% and
a precisions of ~1.5% throughout the tropospheric column [25]. Xiong et al. adopted the
physical retrieval algorithm to retrieve IASI CHy vertical profiles. Their findings reveal that
the degrees of freedom were mostly below 1.5, with the maximum sensitivity occurring in
the pressure of 100-600 hPa and 200-750 hPa in the tropics and in the mid-to-high latitudes,
respectively [30]. Li et al. [26] applied CNN to obtain CH4 and other atmospheric profile
components based on the HIRAS that is on board the Fengyun-3E. For CH, profile retrieval,
mean percentage error, and root-mean-square error of the whole layer, the results in relation
to Medium-Range Weather Forecasts Atmospheric Composition Reanalysis v4 (EAC4) data
were less than 0.7% and 1.5 x 1078 kg/kg, respectively. Currently, CH, inversion studies
based on TIR sensors such as AIRS, IASI and CrIS have reached a mature stage, with
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official satellite products available. However, research on atmospheric CH, profiles using
FY3D-HIRAS is still lacking. In this paper, we realize CHy profile retrieval based on the TIR
sensor HIRAS aboard the FY3D, the retrieval method, its validation, and the uncertainty
analysis. The article contains the following sections: Section 2 introduces the HIRAS and
MERSI detectors, as well as the validation data used in Section 4. Section 3 explains key
steps of the methane profile inversion algorithm. The retrieval results and verification
are detailed in Section 4. Finally, Sections 5 and 6 respectively give the final discussion
and conclusion.

2. Data
2.1. HIRAS and MERSI

The Fengyun-3 D satellite (FY3D) was launched in November 2017. The infrared
hyperspectral atmospheric sounding instrument (HIRAS) is the first interferometric infrared
hyperspectral sounding equipment on a polar-orbiting satellite platform in China. It has
2275 channels with a spectral resolution of 0.625 cm ™! in the spectral range of 3.92 um to
15.38 um. During earth observation, the scanning mirror performs cross-orbit transverse
scanning, and a total of 29 resident fields of view are observed. Each field of view includes
4 pixels (2 x 2 probe array), and the spatial resolution of nadir points is 16 km. The infrared
band was divided into long, medium, and short wave bands, among which the long wave
infrared had 777 channels and a spectral range of 650~1135 cm ! (15.38~8.8 um). There are
865 mid-wave infrared channels, and their spectral range is 1210~1750 cm ™! (8.26~5.7 um).
There are 633 short-wave infrared channels, and their spectral range is 2155~2550 cm ™!
(4.64~3.92 um). This paper utilized the national satellite meteorological center which
provided FY3D HIRAS level 1 Data (http:/ /satellite.nsmc.org.cn/portalsite /default.aspx,
accessed on 15 June 2023). HIRAS L1 data are generated after multi-step preprocessing and
spectral radiometric calibration. This can be directly applied in satellite data assimilation;
in climate model study, which is also widely used in the atmospheric vertical profiling; and
in the detection of cloud, atmospheric components, and outgoing longwave radiation.

The medium resolution spectral imager type II (MERSI-II) mounted on FY3D integrates
the functions of the original two imaging instruments (MERSI and a visible infrared
scanning radiometer (VIRR)) of the Fengyun-3 satellite, and the spectral channels have
been expanded from the original 20 channels to 25 channels [31]. Among these, there are
6 visible bands, 10 visible infrared bands, 3 short-wave infrared bands and 6 medium-to-
long-wave infrared bands, the spectral coverage range is 470~12,000 nm, and the spatial
resolution is 250 m to 1 km [32]. This is the first imaging instrument in the world that
can obtain data regarding the global 250 m resolution infrared split window region. It
can obtain global true color images, with 250 m resolution every day without gaps, and
the retrieval results for atmospheric, terrestrial and oceanic parameters, such as clouds,
aerosols [31], water vapor, surface characteristics [33] and ocean water color, achieved
a high accuracy. It provides scientific support for China’s ecological management and
restoration, environmental monitoring, and protection. It also provides China’s observation
program for global ecological environment, disaster monitoring and climate assessment.
This study obtained FY3D/MERSI-II cloud data (the global cloud cover (CLA) product data)
of the satellite remote sensing data from the National Satellite Meteorological Center service
network (http:/ /satellite. nsmc.org.cn/portalsite /default.aspx, accessed on 15 June 2023).
The CLA products include global daily total cloud cover and high-level cloud cover. Total
cloud cover refers to the radiation ratio between all cloud pixels and clear pixels within a
given area, with valid values ranging from 0% to 100%, where 0% represents clear sky and
100% represents cloudy sky. These products are projected onto a global latitude-longitude
grid of 180° x 360° with a resolution of 0.05°. In the article, we consider pixels with a total
cloud cover of less than 30% to be “clear sky”, in order to ensure a sufficient amount of
data for analysis and to maintain the accuracy of the retrieval.
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2.2. ERA5

Reanalysis v5 (ERAS5) [34] is a reanalysis dataset from the European Union. The data
are developed by the Copernicus Climate Change Service (C3S), and operated by the
European Centre for Medium-Range Weather Forecasts (ECMWEF). ERA5 reanalysis data
have improved upon that of its predecessor, ERA-Interim. After the upgrade, the spatial
and temporal resolution of the data have been greatly improved. Users can obtain the
atmospheric composition information from the official website with a horizontal resolution
of 31 km and about 80 km from the surface to the ground above (pressure 0.01 hPa). The
temporal resolution of the data is one hour. The atmospheric composition is divided into
137 layers. In contrast with the ERA5, its predecessor only has an 80 km spatial resolution
and the temporal resolution is not hourly, providing data every six hours that is divided
vertically from the surface up to 60 layers. In addition, for the first time, the ERA5 re-
analysis data consist of a 10-member ensemble reanalysis product. The spatial resolution
of ERA5 increased to 62 km, and the temporal resolution of 1 h could be used to assess
atmospheric uncertainties. The unique advantage of the above ERA5 data is that they are
based on the data assimilation ensemble system developed by the ECMWFE, which can
detect differences in actual observations and forecasts and provide users with more infor-
mation about atmospheric parameters at different times and places. By introducing a large
amount of historical data and satellite monitoring data into the data assimilation and model
system, the ERA5 dataset can provide users with relatively accurate real-time atmospheric
information. The acquisition and use of the above data and other relevant information
will also be disclosed to users. ERA5 provides 140 more variables than its predecessor,
including wave height, wave direction, etc., enabling users to analyze atmospheric and
oceanic historical information more conveniently and accurately. Temperature, humidity,
and ozone profile data used as inputs in radiative transfer for TOVS (RTTOV) [35] are
from ERAS.

2.3. Validation Data

CARIBIC (http:/ /www.caribic-atmospheric.com/, accessed on 28 November 2022)
researches and monitors important chemical and physical processes of trace gases and
aerosol particles in the upper troposphere and lower stratosphere [11]. Since the CARIBIC
program was implemented in 2005, it has typically measured flights once a month for
two to four consecutive days with a time resolution of 1 s and a calibration every 25 min.
CARIBIC planes flew mostly in the northern hemisphere, with only a small number of
flights in the southern hemisphere. In this paper, after May 2019, data from only four
flights were available for comparison and validation, and the obtained CARIBIC data were
synthesized into time intervals of 10 s and 2 min. The four flights were collected at various
locations within a narrow range of altitudes. These flights cover a wide area, and most
measurements were made at cruising altitudes of around 9-12 km, such as mid-tropical
tropospheric air or mid-high latitude upper tropospheric air and lower tropospheric air.
Gas sampling is generally executed at cruising altitude, and most of the CH, data selected
in this part are concentrated in the range of pressure 230 & 60 hPa. Figure 1 depicts the
tracks, dates, and sampling locations of the selected four flights.

The Infrared Working Group (IRWG) manages twenty solar observation Fourier
transform infrared spectrometers (FTIR) located on all continents at latitudes of 80°S to 80°N
and records mid-infrared solar transmission spectra at high spectral resolution. The spectra
contain characteristics of vibration—rotation transitions of many gases in surface when they
absorb the solar radiation. The spectra are analyzed to measure the concentrations of these
trace gases in the atmosphere using the best estimation method. The main gases are O3,
HCI, HF, CIO, NO,, HNO3, N,O, CHy, CO, C,Hg and HCN. The detailed information of
the FTIR sites used for CHy4 retrieval verification is shown in Table 1.
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Figure 1. Data from four flights of the Civil Aircraft for the Regular Investigation of the Atmosphere
Based on an Instrument Container (CARIBIC). The light blue line is flight 569 (1 May 2019), the light
green line is flight 575 (14 August 2019), the red line is flight 586 (9 January 2020), and the light pink
line is flight 587 (10 January 2020).

Table 1. Detailed information of the selected Fourier transform infrared spectrometer (FTIR) stations
used for CHy retrieval validation.

Sites Latitude Longitude Altitude (m) Days Start Date End Date
St. Petersburg 59.88 29.83 20 109 1 May 2019 29 August 2021
(Russia)
Bremen 53.1 8.8 27 81 1 May 2019 27 November 2020
(Germany)
Toronto 43.66 79.36 174 238 5 May 2019 29 November 2020
(Canada)
Rikubetsu 43.46 143.77 370 344 2 May 2019 29 September 2021
(Japan)
Altzomoni 19.1187 —98.6552 3985 328 28 June 2019 30 May 2021
(Mexico)
Wollongong —34.41 150.88 30 225 8 June 2020 9 August 2021
(Australia)

3. Retrieval Algorithm
3.1. Channels Selection

In the thermal infrared spectrum, the CHy absorption band is located around 7.7 pm.
Satellite observations in the spectral band are significantly affected by other atmospheric
and surface parameters. In this section, the impact of variations in temperature, humidity
profiles and in O3, CO,, CHy, N7O, and other gases on HIRAS radiance is calculated
within 1200-1700 cm~!. The temperature and humidity profiles, ozone profiles, carbon
dioxide, methane, nitrous oxide, and other gas profiles used in this study are derived from
80 globally representative thermodynamic initial guess retrieval (TIGR) [36] atmospheric
profiles. The used data samples cover profile data from different seasons and latitudes.
The radiance (or brightness temperature (BT)) is obtained by calculating these profiles
in the sample set through the forward fast radiative transfer model, RTTOV. Figure 2
illustrates the average variations in HIRAS BT corresponding with the changes of 10% CHy,
10% CO, 10% N>O, 10% O3, 10% HyO, 1 K T, and 1% CO;. From Figure 2, it can be
concluded that the variation in HIRAS BT at the methane absorption band of 7.7 pm
(approximately 1299 cm~!) is influenced not only by changes in methane but also by
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variations in temperature and humidity profiles and N,O. The changes in other gases have
minimal impact on HIRAS BT in this spectral region. Therefore, the key issue is how to
extract more methane information from these bands while avoiding interference from N,O
and temperature/humidity variations.

0.6 : : : | : : : : :
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Figure 2. Sensitivities of HIRAS channels located in 1200—1750 cm ! to variations of 1 K temperature
(blue), 10% H,O (grey), 1% CO; (yellow),10% CH, (red), 10% N,O (pink), 10% O3 (dark red) and
10% CO (light blue).

The key purpose of channel selection is to maximize the retrieval accuracy. Currently,
those employed methods, for example the Jacobian method, and information entropy
iterative method are used to study suitable numerical methods for selecting channels that
are sensitive to atmospheric parameter inversion. These methods consider the channel’s
sensitivity to atmospheric parameters, channel noise, background covariance matrix, and
other factors. The selection criteria vary depending on the specific focus. The methane
absorption bands are affected by gases such as water vapor and N,O. To avoid selecting
channels with significant water vapor information for retrieval, this study adopts the
Jacobian matrix peak method for channel selection.

The sensitivity of each channel to atmospheric components at corresponding altitude
levels can be expressed by Jacobian matrix. This is defined as follows:

oF(x)
= aeens)” g
where xcp4 represents the CHy, and F(x) represents the forward radiative transfer model
RTTOV with respect to state vector x. In this study, the Jacobian for CHy is calculated
by RTTOV.

The Jacobian matrix peak method was used to select CHy profile retrieval channels.
For each pressure level, the channel with the maximum ratio of peak value to width in
the Jacobian matrix was chosen. The width of the Jacobian matrix was defined as the
square root of the sum of the absolute values of all elements in the corresponding column
vector [37].

The Jacobian for CHy was calculated using the 80 globally representative atmospheric
profiles from the TIGR database. The selected atmospheric profile samples were from
TIGR, The geographical extent ranges from 70°S to 70°N. In the text, these profiles are
classified into four categories: high latitude between 90°5-30°S and 30-90°N in autumn
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and winter (HW), high latitude between 90°5-30°S and 30-90°N in spring and summer
(HS), low latitude (30°S-30°N) in autumn and winter (LW), and low latitude (30°S-30°N)
in spring and summer (LS). Figure 3 illustrates the average Jacobian of CHy absorption
spectral bands (1210 to 1370 cm~!) calculated by RTTOV for the four scenarios mentioned
above. It can be observed that the sensitivity of CHy peaks occurred in the middle-to-upper
troposphere, and that the distribution of CH, Jacobian matrices varied among the four
scenarios. This discrepancy is attributed to significant differences across different regions
and seasons of temperature and H,O.

(a)HS CH4 Jacobian (b)HW CH, Jacobian

10'

Pressure(hPa)

-0.12

dBT/dCH(K/ppm)

1
-0.04 0.04 -0.08

dBT/dCH (K/ppm)

(¢)LS CH, Jacobian (d)LW CH, Jacobian

10!

Pressure(hPa)

-0.04
dBT/dCH,(K/ppm)

-0.04
dBT/dCH,(K/ppm)

Figure 3. CHy Jacobians (K/ppmv) from 1210 to 1400 cm~! with a spectral resolution of 0.625 cm ™!
for (a) high latitude between 90°S-30°S and 30-90°N in spring and summer (HS), (b) high latitude
between 90°5-30°S and 30-90°N in spring and summer (HS), (c) low latitude (30°S-30°N) in spring
and summer (LS) and (d) low latitude (30°S-30°N) in autumn and winter (LW). The different colors
of the lines in the figure represent different channels (1210 to 1400 cm™1).

Considering the Jacobian matrix for methane, the impact on simulated satellite radi-
ance and the redundancy information near 7.7 pm, the CHy retrieval channels were selected
which exhibited high sensitivity to CH4 but maintained relative insensitivity to other dis-
turbances. In LS, a set of 36 channels was designated for CH, profile inversion, where the
greatest values of the CHy Jacobian matrix were observed at the range of 100-200 hPa. In
HS, 26 channels were selected for CHy inversion, and the greatest value of the CHy Jacobian
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SBT(K)

SBT(K)

matrix occurred from 300 to 400 hPa. In LW, 36 channels were selected for CHy inversion,
and the greatest value of the CHy Jacobian matrix occurred from 300 to 400 hPa. In HW,
34 channels were selected for CH, inversion, and the greatest value of the CHy Jacobian
matrix occurred from 400 to 500 hPa. Figure 4 shows the retrieved channels in different
scenarios near the CHy absorption bands.
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Figure 4. CH, retrieval channels in (a) HS, (b) HW (light blue line), (c) LS and (d) LW.

3.2. Retrieval Algorithm

In this paper, the optimization method was adopted to retrieve the CH, profile. The
cost function can be expressed in Equation (2). The optimization method was used to
minimize the cost function. The singular value decomposition (SVD) algorithm [29] is
adopted to acquire the optimal estimation X,;.4,,.. The simplified formula can be expressed
in Equation (3) [37]:

](X) = min{(y - P(X, b))TRil (y - F(Xrb)) + (X - Xpriori)TBil(X - Xpriori)}/ (2)

Xonethane = Xpriori + CE?lCT]TRilQ/ - F(Xpriori))r @)

where y is the satellite observed radiance with a total cloud cover of less than 30%, F(X,b) is
the radiance calculated by RTTOV, X is the retrieved parameter, Xpriori 18 the CHy first-guess
profile, R is the error covariance matrix of satellite observation, B~! is the inverse covari-
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ance of the a priori Xpriori, C represents the conversion matrix, E represents the eigenvalue
diagonal matrix, ] is the Jacobian matrix, and X, is the CHy first-guess profile [37]. In
this work, the clear-sky radiance of HIRAS y was derived using the cloud product from
MERSI, and F(Xpioi) is the simulated radiance which was computed by RTTOV.

The empirical orthogonal functions (EOF) algorithm was applied to compute CHy
a priori state vector X,;,;. The method involved two steps: training and application.
Firstly, the atmospheric parameter vertical profiles and corresponding satellite radiances
were simultaneously represented as linear combinations of empirical orthogonal functions,
calculating regression coefficients. Then, the inversion was performed using the obtained
regression coefficients [37]. The atmospheric vertical profile samples applied in the method
were obtained from ECMWF observational samples based on radio sounding data. Ap-
proximately 80 atmospheric profiles samples were used from the entire dataset, covering
various seasons, latitudes, and geographical locations between 70°N and 70°S. These CHy
samples were extracted from experiments conducted by the ECMWF as part of the global
and regional earth-system monitoring using satellite and in-situ data (GEMS) project [38].
The parameters P and R in Equation (3) represent the atmospheric composition profiles and
the simulated radiance (or brightness temperature), respectively. R was calculated through
the RTTOV model based on the band response functions of HIRAS and the profiles. Finally,
based on representative atmospheric constituent profiles and corresponding simulated
observational data, we obtained a training set for statistical regression. The variation in
the observation zenith angle is also affected due to the longer path for the channels on
the absorption bands. To avoid errors in the inversion process due to solar angles, R was
computed at various observation zenith angles and incident zenith angles ranging from 0°
to 70° with a 5° interval.

During the calculation process, regression coefficient matrices S were generated for
different viewing angles [22]. The a priori CHy profile can be expressed in Equation (4).

Xpriori =P + 85 x ARobsr (4)

where P represents the average of selected profile samples; meanwhile, AR is the dif-
ference matrix computed through the observed radiance and the averaged simulated
radiance samples.

In the inversion process, the atmospheric temperature, humidity, and ozone profiles
data input to the RTTOV model were derived from European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-analysis v5 (ERA5) data. The high-precision reanalysis
ERADS data were characterized by an hourly temporal resolution and a spatial resolution
of 0.25° x 0.25° (https:/ /www.ecmwf.int/, accessed on 5 June 2023). In this paper, the
simulated radiancesrrToV Or BTRTTOV Were obtained by inputting the relevant data of ERAS5,
HIRAS, solar geographic information, and the first-guess profile of CH, into RTTOV model.

4. Results
4.1. Validation with CARIBIC

To validate the accuracy of the HIRAS CHy retrieval, the retrieved HIRAS CH, profiles
are compared with CARIBIC observational profiles. As HIRAS data became available
as of January 2019, we selected CARIBIC flight data from 2019 onwards for comparison.
Based on the data provided on the official CARIBIC website, we selected four days of 10 s
averaged flight data that met our requirements (as described in Section 2.3). The selected
flights data covered a pressure range of 200 to 700 hPa. To align the spatial resolution of
CARIBIC with satellite data, the CARIBIC CHj4 profiles were averaged along the flight track
at 0.25° intervals. Considering the differences in the CH, weighting function distribution
of HIRAS, the comparison was divided into two parts: mid latitudes from 30°N to 60°N
and high latitudes from 60°N to 90°N. It is important to consider the diverse vertical
resolutions when making significant comparisons with the retrieved CHy profiles, so an
averaging kernel (AK) matrix was applied to smooth the CHy profiles of CARIBIC [37,39].
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The smoothed CH4 measurements were then compared with the HIRAS profiles. The
smoothed CARIBIC CHy profiles can be obtained through the following procedure:

A
X = AkXobserved + (I - Ak)Xa/ (5)

where X, pserveq Tepresents the CH, observation profiles from CARIBIC.

It can be concluded that the correlation coefficients between the HIRAS CHy4 profiles
and the smoothed CARIBIC observational profiles were greater than 0.6 in Figure 5. Table 2
provides detailed information on the correlation coefficient (r), root mean square error
(RMSE), and relative difference (RD) between the HIRAS CHy profiles and the smoothed
CARIBIC CHy profiles. The relative difference is defined as follows:

|CARIBIC — HIRAS|

RD = x 100 6
CARIBIC ! ©)
1.92 T T T T 1.92 T T T T T T
—— Whole flight 569 Fo.75‘ —— Whole flight 575 1=0.6
X 190 L ¥7X i
1.90 |-
- E1.88 -
g g
{=%
o L szl £6 4
< 5
E B1.84 -
g 186 Fy =
~ ~ 82 .
1.84 |
1.80 i
182 X 1 1 L 1.78 | 1 | 1 1 1
’ 1.82 1.84 1.86 1.88 1.90 1.92 1.78 1.80 1.8 1.84 1.86 1.88 190 1.92
CARIBIC CH,(ppm) CARIBIC CH,(ppm)
(a) (b)
1.96 T ' T T T 1.96 . . : : :
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IZ I ——. - 1o [ ¥7X J
~1.92 - —_192 b i
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° ]
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Figure 5. CHy comparison between HIRAS retrievals and smoothed CARIBIC with a 0.5° x 0.5°
spatial resolution. (a) Flight no. 569, (b) flight no. 575, (c) flight no. 586, and (d) flight no. 587.
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Table 2. CH, comparisons between HIRAS and CARIBIC observations. The mean of the root
mean square error (RMSE), relative difference (RD), correlation coefficient (r), and the number of
grid cells (N).

Date Latitude RMSE (ppbv) RD (%) r N

1 May 2019 30°N-60°N 19 0.036 0.75 23
14 August 2019 30°N-60°N 30 0.066 0.7 19
30°5-60°N 15.1 0.015 0.84 40

30°N-60°N 19.2 0.08 0.2 10

9 January 2020 0°N=-30°N 16.7 0.04 0.63 15
30°5-0°N 89 0.03 0.74 15

0°N=60°N 209 0.029 0.75 31

10 January 2020 30°N-60°N 19.3 0.108 0.66 8
0°N=-30°N 212 0.0382 0.76 23

As shown in Table 2, the correlation coefficients (r) between the HIRAS CHy4 profiles
and the CARIBIC observational profiles were slightly higher in low-latitude regions than
in mid-latitude regions, with slightly smaller relative difference (RD) and root mean square
error (RMSE) values. The RD values were 0.03-0.04% and less than 0.11% in low-latitude
and mid-latitude regions, respectively. The maximum and minimum RMSE values in the
low-latitude region were 21.2 ppbv and 8.9 ppbv, respectively. In the mid-latitude region,
the maximum and minimum RMSE values were 30 ppbv and 19 ppbv, respectively. This
could be attributed to the relatively lower CH4 concentrations in high-latitude regions, and
the influence of temperature and water vapor.

4.2. Validation with FTIR

In this section, we compare the CHy profiles measured by FTIR and HIRAS. Table 1
provides detailed information on FTIR sites, including the geographic coordinates, time
ranges, and the altitude of the sites. To keep enough data and ensure consistency in dimen-
sion, the HIRAS L1 data that matched to the FTIR sites were resampled using a 0.25° x 0.25°
grid resolution. Because FTIR and HIRAS measurement results have different vertical res-
olutions, comparing measurements directly from different data sources was an unsound
practice. In this section, we used the retrieved Aks to obtain the smoothed FTIR CHy
profiles. The smoothed FTIR CH, profiles can be obtained through Formula (4), in which
Xobserved Tepresents the FTIR observation profile. The CHy profile of FTIR was processed
into 101 layers, which was the same number as with the retrieved CHy profiles’ layers.

Figure 6 shows the CHy profiles (a priori, retrieved, and smoothed) and error distribu-
tion. The pink solid line, light green solid line, and light blue solid line represent the mean
a priori, smoothed, and inverted profiles, respectively, while the shaded areas represent
the standard deviation of each item. It can be observed that the CHy inverted profiles
exhibited larger standard deviations between 10-100 hPa compared with 100-1000 hPa,
particularly at the St. Petersburg, Toronto, Rikubutsu, Altzomoni, and Wollongong sites.
The errors between the a priori and retrieved values, as well as between the retrieved
and smoothed values, were larger around 400-500 hPa. However, the errors between the
retrieved and smoothed values were smaller compared with the errors between the a priori
and smoothed values. Specifically, the errors between the retrieved and smoothed CHy4
profiles were <100 ppbv at the St. Petersburg site, <50 ppbv at the Bremen site, <120 ppbv
at the Toronto site, <62 ppbv at the Rikubutsu site, <52 ppbv at the Altzomoni site, and
<45 ppbv at the Wollongong site.
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Figure 6. CHy4 profile comparisons between a priori (pink line), smoothing Fourier transform infrared
spectrometer (FTIR) (light green line) observation products, and HIRAS retrieval (light blue line), in

FTIR sites.

Figure 7 shows the average column Aks (The sum of each AK column is referred
to as the “area of AK” or “verticality.”) corresponding with the retrieved CH,4 profiles
at FTIR sites in different seasons. To calculate the inversion results of AKs for different
seasons, sample sizes for each season were only counted if they exceeded five days. It can
be observed that the maximum sensitivity often took place during the summer months
(e.g., the peaks of Aks for St. Petersburg, Bremen, Rikubetsu, and Wollongong are in
summer), while the peak sensitivity for the Toronto and Altzomoni sites occurred in
autumn and spring, respectively. It can also be concluded that the majority of the greatest
values of the average column averaging kernels exceed 1.5, except for the Altzomoni site,
where they were almost all below 1.5. This could be influenced by the latitude and the
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temperature and humidity profiles, with a greater impact of temperature and humidity
resulting in higher peak values of the average column averaging kernels. In the case of
mid-latitude regions between 30°N and 60°N, the layer exhibiting peak sensitivity was
approximately at 300-400 hPa, while for the low latitudes spanning from 0°N to 30°N,
this sensitive layer tended to be at 200-300 hPa. The vertical sensitivity of CHy4 inversion
exhibited geographical and seasonal variations. Additionally, the distributions of CH4 AKs
indicate how the a priori profile affected the inverted profile. The higher sensitivity in the
mid-to-upper troposphere indicates that HIRAS can better retrieve CHy4 within this range,
while the lower sensitivity at the surface suggests that the CHy profiles at these altitudes
from HIRAS primarily rely on a priori information.
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Figure 7. The mean column averaging kernels of CHy retrievals in FTIR stations. The blue, green,
red, and black lines refer to spring, summer, autumn, and winter, respectively.



Remote Sens. 2024, 16, 1414

15 of 19

4.3. Uncertainty Analysis

From Figure 2, it is evident that, near the methane absorption band, the retrieval is
influenced by temperature and humidity profiles as well as by variations in N,O. To avoid
the influence of N,O, when selecting methane retrieval channels, N,O absorption channels
are avoided. Therefore, the main sources of error in methane retrieval include the impacts
of the temperature and H,O profiles input into the RTTOV model. The temperature and
humidity profiles used in this study were sourced from ERA5 data. In the troposphere and
lower stratosphere, from 1000 hPa to 10 hPa, the temperature errors are less than 0.2 K,
but the errors are larger in 10 hPa to 1 hPa, where they are typically around ~2 K. The
percentage errors of ERA5 humidity are around ~5%. Therefore, considering the precision
of ERA5 temperature and H,O profiles, this section conducted an uncertainty analysis of
the methane retrieval accuracy using temperature and H,O profiles from one mid-latitude
and one low-latitude FTIR site (Rikubetsu and Altzomoni sites, respectively), coupled with
a 5% variability in the H,O profile. In these sites, the temperature profile changed by 0.2 K
from 1000 to 10 hPa, and a 2 K difference from 10 to 1 hPa.

Figure 8 illustrates the variations in retrieved CH, profiles with respect to the smoothed
profiles at the Altzomoni and Rikubetsu sites due to changes in temperature and water
vapor. The red color (“origin”) represents the error between the methane retrieval results
and the smoothed profile when temperature and humidity profiles remain unchanged,
while the black color (“H20”) represents the error when the water vapor profile changes by
5%. The blue color (“T”) indicates the error when the temperature profile changes by 0.2 K
from 1000 to 10 hPa and a 2 K difference from 10 to 1 hPa. The green color (“H20 + T”)
represents the error when both the water vapor profile changes by 5% and the temperature
profile changes as described above. The results show that the error in methane profile
changes due to a 5% variation in water vapor profile was slightly higher than the error
caused by temperature profile changes at the Altzomoni and Rikubetsu sites. The error
in methane profile changes due to simultaneous variations in temperature and humidity
profiles (“H20 + T”) was as follows: the maximum error is around 79 ppbv at around
500 hPa, with an average error of 32.2 ppbv and a standard deviation of 43.6 ppbv for the
entire profile at Altzomoni site, and the maximum error is around 95.4 ppbv at around
470 hPa, with an average error of 33.3 ppbv and a standard deviation of 27.3 ppbv for the
entire profile at Rikubetsu site.
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Figure 8. Means of variations of CHy induced by variations of T (1-10 hPa: 2 K; 10-1000 hPa: 0.2 K)
and H,O (5%) in Altzomoni and Rikubetsu.
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5. Discussion

This paper selected different methane retrieval channels based on CHy Jacobians for
different latitudes and seasons, as outlined in Section 3.1. In this subsection, we respectively
changed the retrieval channels at Altzomoni and Rikubetsu sites, and then compared
the retrieval results with the unchanged channels’ results, described in Section 4.2. The
Altzomoni site is located at a low-latitude region, and channels from high-latitude regions
were used for Altzomoni retrieval. The retrieval channels at Rikubetsu were exchanged
according to the season, with channels from autumn and winter used in spring and summer,
and channels from spring and summer used in autumn and winter (as shown in Figure 9).
It can be observed that, after changing the inversion channels, the errors between the
retrieval results and the observed values from smoothed FTIR measurements significantly
increased at Altzomoni. The methane retrieval errors at Altzomoni, without changing the
channels, were 19.2, 30.8, 23.3, and 15.9 ppbv for spring, summer, autumn, and winter,
respectively. After changing the channels, the methane retrieval errors were 38.2, 54.1,
35.9, and 41 ppbv, respectively. Similarly, the errors between the retrieval results and
the observed values from smoothed FTIR measurements also increased significantly at
Rikubetsu. The methane retrieval errors at Rikubetsu, without changing the channels, were
73.2,23, and 12 ppbv for spring, summer, and autumn, respectively. After changing the
channels, the methane retrieval errors were 66.2, 34.8, and 19.8 ppbv, respectively. Finally,
it is revealed that the retrieval accuracy can be improved by using latitude and seasonal
retrieval channels selection.

(a)AItzpmoni (b)Rikubetsu

10" pprmw

= Spring
Summer
= Autumn
= Winter
== == channels changed in Spring
channels changed in Summer
== = channels changed in Autumn
== = channels changed in Winter

m— Spring
Summer
= Autumn
== == channels changed in Spring
channels changed in Summer
== == channels changed in Autumn

— —
© ©
o o
= <
o g
7 ' 3
o RS o
a 82 a
A2
-—/
/.
g3 i i
80 100 120 140 180 60 80 100 120 140 160 180 200
CH, Error(ppb) CH, Error(ppb)

Figure 9. Comparison of Altzomoni and Rikubetsu observations with inversion results (a) and
inversion results using changed channels. (a) Channels in opposite seasons in Altzomoni and
(b) channels in high latitudes in Rikubetsu.

6. Conclusions

The paper utilized the FY3D HIRAS L1 radiance product from the China National
Satellite Meteorological Center, and employed cloud products from FY3D MERSI for
cloud screening, to retrieve methane profiles. Section 3 introduced the retrieval method
of methane profile in detail and the selection of methane retrieval channels. The paper
obtained the methane retrieval channels under four different scenarios of HS, HW, LS
and LW, based on the distribution of a methane Jacobian matrix at different latitudes and
seasons. CHy Jacobians showed that the sensitivity reached a peak in higher altitudes for
LS and lower altitudes for HW. Then, we compared the retrieved HIRAS CHy profiles
with CARIBIC and FTIR observational profiles to validate the accuracy of the HIRAS CHy
profile inversion. Compared with CARIBIC, the results show that the averaged correlation
coefficients, relative difference and root mean square error were 0.73, 0.0491 and 18.9 ppbyv,
respectively, and that the relative differences and root mean square errors in the low-latitude



Remote Sens. 2024, 16, 1414 17 of 19

region were lower than those in the mid-latitude region. It can be observed that the CHy
inverted profiles in FTIR stations exhibited larger standard deviations between 10-100 hPa
compared with 100-1000 hPa. The errors between the a priori and retrieved values, as well
as between the retrieved and smoothed values, were larger around 400-500 hPa. Sensitivity
peaks were mainly observed during the summer season. However, Toronto experienced its
peak in the fall, and Altzomoni experienced its peak in the spring. It is observed that the
greatest values of the average column-averaged kernels typically surpass 1.5. Overall, the
methane profile retrieval results based on the HIRAS L1 product can serve as a reference
for the distribution of atmospheric methane.
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