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Abstract: The Greenhouse gases Monitoring Instrument on GaoFen-5 satellite-II (GMI-II) uses spatial
heterodyne spectroscopy (SHS) for quantitative monitoring of atmospheric greenhouse gases (GHG).
Unlike the traditional SHS, the interferometer component of the GMI-II was designed with zero
optical path difference offset, effectively improving spectral resolution while maintaining the same
detector specifications. The secondary imaging system with non-isometric scaling of spatial and
spectral dimensions was designed to decrease the integration time of a frame image or improve the
spectral signal-to-noise ratio (SNR) under the same integration time. This paper introduces the design,
manufacture, adjustment methods, and test results of the main performance indexes of the GMI-II
that indicate that the spectral resolution of the O, A-band detection channel is better than 0.6 cm ™!
and other channels are better than 0.27 cm~!. Under the typical radiance of other carbon monitors’
on-orbit statistics, the spectral SNR of the GMI-II is more than 300. These test results demonstrate
that the GMI-II can be well adapted to quantitative remote sensing monitoring of atmospheric GHG.

Keywords: spatial heterodyne spectroscopy; greenhouse gases; signal-to-noise ratio

1. Introduction

Since the Industrial Revolution, the massive use of fossil fuels such as coal, oil and
natural gas and the increase in human activities have altered the natural equilibrium
composed of the atmosphere, ocean and biosphere, resulting in the increasing concentration
of greenhouse gases (GHG) [1-3]. The latest Intergovernmental Panel on Climate Change
(IPCC) report states that the global average temperature rise target is to be kept within
1.5 °Cor 2 °C of pre-industrial by the end of the century [4]. According to the latest research
results, if current emission levels are maintained, the temperature rise targets of 1.5 °C
and 2 °C will be reached in 9.5 and 31 years, respectively [5]. Consequently, nations need
to conduct more aggressive mitigation activities. Currently, the calculation of national
GHG emissions is generally based on “down-up” statistical data such as activity level
and emission factors, which has great uncertainty. Especially at the regional scale, the
uncertainty is as high as 8-24%. In 2019, IPCC complemented the use of atmospheric
concentration observations, particularly GHG fluxes of “up-down” inversion from satellite
observations, to verify emissions inventories [6]. The primary detection means of GHG
are ground-based observations and spaceborne observations. Ground-based observations
are characterised by high detection accuracy and reliability but are subject to limited
stations and lack global large-scale observation capability [7,8]. Spaceborne remote sensing
technology with characteristics of large scale in space and continuous observation time can
observe the North Pole and the South Pole, oceans, deserts, and other areas that are difficult
for humans to reach. It is an essential means for the study of global changes in GHG [9].
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Main atmospheric GHG, such as carbon dioxide, are permanent trace gases in the
atmosphere. Due to atmospheric mixing, there is a tiny relatively concentration back-
ground in terms of concentration and concentration gradient. The research indicates
that the atmospheric column-averaged CO, dry-air mixing ratio (XCO,) at the regional
scale of global observation is only as accurate as 1% (~4 ppm) or superior to decrease
its uncertainty in climate research better [10]. It is difficult for GHG monitoring to en-
hance the detection accuracy of atmospheric CO; further and put higher demands on the
instrument’s performance.

GHG spaceborne remote sensing detection technology can be divided into active and
passive. On 16 April 2022, China launched the world’s first atmospheric environment
monitoring satellite equipped with active lidar for CO, monitoring, aiming to achieve all-
day, high-precision detection of atmospheric CO, [11]. Other CO, active detection payloads,
such as ESA’s A-Scope and NASA’s ASCENDS, are planned [12-14]. The development
of a combined active and passive payloads layout, with real-time calibration of passive
observation through active observation data to compensate for shortcomings of ground-
based observation sites, such as the insufficient number and differences in observation
paths, may be one of the more promising directions for the future.

Passive remote sensing detection payloads applied in orbit are classified into Michel-
son interferometry, grating spectroscopy and Fabry-Perot Interferometric imaging spec-
troscopy (FPI). The OCO-2 (Orbiting Carbon Observatory-2) and OCO-3 launched by the
United States in July 2014 and May 2019 [15-17], respectively, the ACGS (Atmospheric Car-
bon dioxide Grating Spectrometer) on China’s TanSat (Tan-Satellite) launched in December
2016 [18,19], and TROPOMI (TROPOspheric Monitoring Instrument) on board the ESA
Sentinel-5 Precursor launched in October 2017 are all GHG detection payloads based on
grating spectroscopy [20]. The GOSAT-FTS (Greenhouse gases Observing SATellite-Fourier
Transform Spectrometer) on the GOSAT and the GOSAT2-FTS on the GOSAT2 launched
by JAXA (Japan Aerospace Exploration Agency) in 2009 and 2019 [21,22], respectively,
and the GAS (Greenhouse-gases Absorption Spectrometer) on the Chinese meteorological
satellite FY-3D launched in 2017 [23] are all GHG detection payloads based on Michelson
interferometric spectroscopy. Canada has launched six GHGSat payloads based on FPI
in 2016, 2020, 2021 and 2022, respectively, and plans to launch a total constellation of
10 satellites by 2023 to monitor point-source emission fluxes at 25 m spatial resolution [24].

China launched GaoFen-5 Satellite-I (GF-5-I) and GF-5-1I on 9 May 2018 and 7 Septem-
ber 2021 [25-27], respectively, carrying the Greenhouse gases Monitoring Instrument-I
(GMI-I) and GMI-II, both developed by Anhui Institute of Optics and Precision Machinery,
Chinese Academy of Sciences, which are based on spatial heterodyne spectroscopy (SHS)
developed from Michelson interferometry. The GMI series of payloads are the first to
apply SHS to the quantitative remote sensing monitoring of the absorption spectrum of
GHG on board to obtain the global distribution of the concentration of CO, and CHy,
providing primary data for climate change research. GF-5-1I carry six payloads, among
which the DPC-II (Directional Polarization Camera-II) can detect optical and microphysical
parameters of global atmospheric aerosols and clouds and provide effective data support
for cloud discrimination and high-precision atmospheric radiation correction of the GMI-IL

In this paper, the interferometer assembly with Zero Optical Path Difference (ZOPD)
offset and the secondary imaging system with non-isometric scaling in spatial and spectral
dimensions are optimally designed according to the main technical specifications of the
GMI-II. The assembly process has been optimised to enhance each detection channel’s
spectral resolution and response under area array detectors with a limited number of pixels
through the secondary matching of the interferometer zero frequency and spectral filter
curves in the grating glueing process. The main performance indicators of the GMI-II have
been tested. This paper provides a basis and reference for the on-orbit observation and
data inversion of the GMI-II, thus ensuring that the CO, detection accuracy is better than
2~3 ppm. The GMI-II has completed testing and parameter optimisation on-orbit, and the
data products have been produced monthly.
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2. Detection Principle and Optimisation Design of the GMI-II
2.1. Detection Principle of the GMI

The GMI-II receives surface-reflected radiance, and the column concentration of GHG
can be retrieved through the absorption spectrum. Similar to other carbon monitors,
the GMI-II, designed with four spectral channels, selects visible and near-infrared (NIR)
spectral regions as remote sensing spectral bands [28-31]. The selection basis and functions
of each spectral channel are as follows.

1.  Band 1: O; auxiliary observation channel (759-769 nm) is used to constrain the total
atmospheric pressure of the surface, correct the systematic error of surface pressure,
and also be used for cloud judgment and estimation of multiple scattering effects of
aerosol under complex pollution conditions;

2. Band 4: CO;,-1 channel (1568-1583 nm), the CO, weak absorption spectrum sensitive
to concentration changes and fewer disturbing gases, used for inversion CO, column
concentration in near-surface and troposphere;

3. Band 3: CHy channel (1642-1658 nm), which is sensitive to CH4 concentration changes
and has fewer disturbing gases, is used to invert CH4 column concentration;

4. Band 2: CO,-2 channel (2043-2058 nm), the CO; strong absorption spectrum, is weakly
dependent on CO; concentration but sensitive to clouds and aerosols, synergistically
correcting for the influence of ice clouds and aerosol scattering features on XCO2 and
XCH4 in the NIR band during observations.

The detection principle of the GMI-II is illustrated in Figure 1. Firstly, the interfer-
ograms of four channels are directly obtained by the GMI-II, and the observed spectral
curves are obtained by interference data processing. Then combines auxiliary parameters
such as atmospheric conditions, surface characteristics and other information to produce
GHG column concentration data products and carry out error analysis. Finally, the GMI-II
produces GHG global flux data products after mapping and averaging [32].

~
Re cident T~

s Retoc e r Interferogram

€0, X | | mederomeer

—
LA lcn,
Bands
.
L Interference frnge
mmcy [
L I~ Detestor
% f o.
] 3
X U Bands
Z

- i 3 2ndRefiector

Nadir/Sunglint 3 Spectrum

Decction
(Nadir/Sunglint)

x10

w
w o

Radiance/ Wicm 2 s cm-1
~
@

@ e

6180 6200 6220 6240 6260

Wanenumber fom™

Figure 1. Schematic diagram of the GMI-II's detection principle.

The main specifications of the GMI-II are shown in Table 1. The observation mode
of the GMI-II is divided into the Nadir and Sun-glint modes. In the Nadir mode, the
instantaneous spatial resolution is 10.3 km, and the width is realised by the rail-crossing
point method of a two-dimensional tracking mirror. The four working modes are one point,
five points, seven points, and nine points. The default working mode is five points, and
the sampling point spacing is 100 km. In the Sun-glint mode, Sun-glint can be tracked
autonomously according to solar azimuth, satellite attitude and other parameters. Nadir
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pointing accuracy and Sun-glint tracking accuracy of the two-dimensional tracking mirror

are better than £ 0.1°.

Table 1. Main specifications of the GMI-II.

Values
Specifications
Band 1 Band 4 Band 3 Band 2
Detection gas () COy-1 CHy CO,-2
Band range (nm) 759-769 1568-1583 1642-1658 2043-2058
Spectral
resolution 0.6 0.27
(em™)
SNR (albedo =
0.3; sun 300 250
elevation = 30°)
Rad'lom(?trlc absolute accuracy: 5%; relative accuracy: 2%
calibration
FOV 14.6 mrad (10.3 km @ 705 km)
Scan cross track: + 35°; along track: + 20°
Obzs;:;ztslon nadir: 1, 5,7, 9 points (default mode is 5 points); sun-glint

According to the function and performance requirements in Table 1, the GMI-II con-
sists of the primary optics machine unit and calibration unit, as shown in Figure 2. The
calibration unit mainly includes the 2D tracking mirror, calibration gate, light trap, dif-
fuse reflector plate, and radiometer [33]. On the one hand, the 2D tracking mirror brings
the sunlight into the instrument via a calibrated optical path to monitor changes in the
instrument’s response in orbit. On the other hand, it enables wide-area spatial sampling
by scanning along the track and cross-track. The primary optics machine unit is divided
into five parts: telescope system, dichroic reflector module, collimation relay system, SHS,
and secondary imaging system. The incident light is reflected by the 2D tracking mirror
and enters the Gregory reflector telescope. Then the beam diameter is compressed and
enters the dichroic reflectors. It is divided into four bands, and the SHS modulates the
incident light of each band. The secondary imaging system images the interferogram to a
CCD detector (759~769 nm band), a HgCdTe (MCT) detector (2043~2058 nm band), and
two InGaAs detectors (1568~1583 nm, 1642~1658 nm band).

Calibration
unit

Telescope
Dichroic optics
Optical Spectrometers

unit

Figure 2. The schematic view of the GMI-II outline.
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2.2. Optical Design of Telescope System and Collimation Relay System

According to the performance of the application requirements (spatial resolution,
spectral resolution, spectral range, SNR, and others), specifications and performance of
the selected detector (pixel size, pixel number, sensitivity, spectral response, and others)
and constraints on resources provided by the satellite platform (volume, weight), the
optical system scheme and design parameters (aperture, field of view (FOV) angle, spectral
response) of the GMI-II are determined by a comprehensive engineering trade-off.

The primary optical system of the GMI-1I is divided into five parts, whose functions
are as follows.

1. The telescope system, composed of the Gregorian off-axis telescoping system, gathers
radiation information of surface reflection and atmospheric scattering of the spatial
resolution element. The FOV angle of the telescope system, which is 14.6 mrad, is
determined by the 708.45 km orbit altitude of the satellite, observation mode and
corresponding spatial resolution of 10.5 km. The telescope system compresses the
optical path with an aperture of 14.6 mrad small FOV and 105 mm large diameter in
the clear aperture to reduce the size and weight of subsequent optical paths.

2. The dichroic reflector component pre-distinguishes the effective spectral range of the
four channels.

3. The collimation relay system collimates the parallel light from the telescope system
for a second time to meet the effective clear aperture, FOV and interference wavefront
of the interferometer assembly and positions the exit pupil on the grating surface to
maximise the illumination uniformity and energy utilisation of the interferogram.

4. The SHS assembly, composed of ten optical components including a beamsplitter,
spacers, field-widened prisms and gratings, combines spatial interference and grating
diffraction to modulate light of different wavelengths into interference fringes of
different spatial frequencies at the interference localisation plane.

5. The secondary imaging system requires a specific scaling ratio in the grating disper-
sion direction, i.e., the image size of the interferometric localisation plane (determined
by the spectral resolution and grating groove density) to be scaled in a fixed propor-
tion to the focal plane and requires the energy to be focused on the focal plane as
much as possible in the grating groove direction [34].

The design of the optical system starts from the interferometer assembly, takes the SNR
requirement as the premise, and combines the grating groove density that can be obtained
and manufactured, spectral resolution, optional detector parameters, and other information
to determine the incident FOV and clear aperture of the interferometer assembly for each
channel. Then the incident pupil diameter and the zoom ratio of the telescope system are
computed, and the second imaging system is designed for each channel.

In the nadir observation mode, the SNR of the instrument is mainly related to the
detector performance and optical system design parameters. The SNR is calculated

as follows [35].
S S

Ceff /& +ex+S

where, ¢p is a dark scattering noise, a random noise generated by the detector’s dark
current, independent of the signal level and related to the integration time and detector’s
operating temperature; ¢ is a readout noise generated during the generation of an elec-
tronic signal, independent of both the signal level and detector’s operating temperature,
and caused by the detector’s drive design; S the number of photons on each pixel. In
addition to the above factors, the SNR of SHS in the spectral domain is also related to
the interferometric modulation efficiency, which is generally considered 0.75 or more for
monochromatic light [36].

Based on the SNR review and the engineering experience of the preliminary principle
prototype development, the interferometer components were pre-designed. Then the
detailed design of the front telescope system, four-channel colour separation components

SNR = 1)
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and corresponding collimation system optical path were completed, and the front optical
path layout is illustrated in Figure 3. Due to the wide detection band (757 nm to 2043 nm)
and small FOV (14.6 mrad), a reflective system was considered, with a Gregorian off-axis
telescope system consisting of parabolic and ellipsoidal mirrors without central blocking.
The light beam is reflected by each channel’s corresponding dichroic reflector component
into the corresponding collimation relay system to avoid achromatic aberrations. At the
same time, considering that there are only two surfaces in the reflective optical system,
we have used aspherical surfaces to control aberrations. In the design of the telescope
system, in order to reduce the machining difficulty of the 2D tracking mirror and consider
the necessary space required for the installation and movement of the 2D tracking mirror,
we selected the 2D tracking mirror as the instrument entrance pupil to design the front
function component of the optical system.
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Figure 3. The layout of the front telescope and collimation system.

According to the above requirements, the results of the design of the front telescope
system are as follows.

1. The telescopic system with a scaling ratio of 5:1 and an exit pupil diameter of 21 mm;

2. The spacing between the primary and secondary mirrors is 198 mm, and the off-axis
dimensions of the primary and secondary mirrors are 165 mm and 33 mm, respectively,
to provide effectively installed space for the field stop, aperture for eliminating stray
light and four-channel spectrometers;

3. The field stop is located at the real image plane of the primary mirror, and the FOV of
the four channels are unified through the field stop;

4. A polariser is installed at the telescope system’s exit pupil to decrease the residual
polarisation sensitivity of the GMI-II;

5. The interferometric localisation planes of the four channels are the conjugate plane
of the exit pupil of the telescope system to ensure uniformity of illumination at the
interference fringe;

6.  The root means square (RMS) of the exiting wavefront is better than 1/4 wavelength
for each channel.

Figure 4 illustrates the distribution of spectral curves of the dichroic reflectors of four
channels based on the reflection system’s spectral range (700~2100 nm). The GMI-II does
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not simply follow a wavelength sequence in its optical layout. First, the light below 1100 nm
is reflected by the O, channel; then, the 1550-1680 nm light is transmitted by the dichroic
reflector of the CO,-2 channel. The channel layout is to reduce the pressure of the dichroic
reflectors of the two adjacent spectral channels, CO,-1 and CHy, and to ensure the optical
system efficiency of the short-wave infrared (SWIR) CO,-2 channel as much as possible.

0.9+

0.8 — —Dichroic reflector of the O2 channel
—Dichroic reflector of the C02-2 channel

0.7 —

Dichroic reflector of the CH " channel
= Dichroic reflector of the COZ—I channel

I Effective spectral range of the B1
[ Effective spectral range of the B2
I E ffective spectral range of the B3
I Effective spectral range of the B4

Transmittance

s o o o

%) ES W N
I [

o
o

0.1+

800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

Figure 4. Dichroic reflectors of the four channels coating design requirements.

The spacing of the dichroic reflectors determines the installation space of the spectrom-
eters of each channel. It is necessary to consider the compact design of lens components, the
driving circuit size of focal plane components and the installation structure of the thermal
control module.

2.3. Optical Design of Asymmetric Interferometers

The interferometer assembly is the core module for the main technical specifications,
such as spectral range, resolution, and luminous flux, and is the primary starting point for
the optical design of the GMI-II. According to the technical index requirements described
in Table 1, the pixel number of available detectors for the three main observation channels
cannot simultaneously meet spectral resolution and range requirements. Consequently,
the interferometer design with ZOPD offset is carried out for the three main observation
channels to solve the difficulties of high spectral resolution, spectral range and sampling
ratio to satisfy the technical index requirements simultaneously under the restricted detector
pixel number [37].

The principle of traditional SHS is illustrated in Figure 5. The collimating lens trans-
forms the light source or target with a specific FOV into a parallel beam incident to the
beamsplitter and then becomes two coherent beams with approximately equal energy. The
beams are diffracted by gratings in two arms and are returned to the beamsplitter. Interfer-
ence fringes are formed on the grating surface, i.e., the localisation surface, finally scaled
by the secondary imaging system and received by the detector. A reference wavelength is
selected to effectively form measurable low-frequency spatial interference fringes, giving a
very high spectral resolution in narrow spectra.
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Figure 5. Schematic diagram of the basic SHS configuration.

The interferometer essentially follows the principle of two-beam interference. Con-
sidering only monochromatic light o in the dispersion direction, the interference intensity
I(x, fo) produced by the wave vectors of two arms can be expressed as:

I(x, fo) = h + I +2v/I1 hcos(2mtx fy), (2)

fo =4(0c —op)tanby, (3)

where, I, I, are the radiation intensity of the two beams; x denotes the coordinates of the
dispersion direction relative to the ZOPD position; f, represents the spatial frequency of
interference fringe corresponding to wavenumber ¢; 0y and 0y, are the reference wavenum-
ber and Littrow angle, respectively, and the interference frequency of the incident light
satisfying these two parameters is 0.

When the two arms are equal in length along the optical axis direction, as shown in
Figure 5, the optical axis (i.e., x = 0) is located at the ZOPD position, and the expression of
optical path difference (OPD) U and the coordinate x of relative ZOPD in the dispersion
direction is

U=4xx X tanfr. 4)

The value range of the coordinate x and OPD U is shown in Equation (5).
x e [—%WCOSGL, %WCOS@L} 5)
U € [-Wsinb;, Wsin]

where W is the grating illumination width. The spectral resolution interval o is determined
by the maximum OPD Uy, as shown in Equation (6). The actual spectral resolution is
determined by spectral resolution interval and sampling rate.

S0 = 1 (6)

Umax = 4xmuxtan9L = ZWSZ'TI()L
— 1 .
2Upmax — 4Wsinfp

The theoretical spectral range Ac is determined by the pixel number N of the detector
in spectral dimension and the spectral resolution interval, as shown in Equation (7).

N

1
Ao = =Noo = ——~ .
7= aNOO = Ssing,

@)

However, the effective spectral range of interferometric instruments is affected by
two aspects of spectral aliasing: (1) interference aliasing on the other side of the reference
wavelength at the low frequency; (2) interference aliasing beyond the detector sampling
frequency. The narrowband filter limits these two effects in the spectral range [38]. The
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better the rectangularity of the narrowband filter, the wider the effective spectral range of
the instrument can achieve. At the current coating levels, a narrowband filter’s full width
at half maximum (FWHM) cannot be less than 0.4% of the central wavelength.

Assuming that the narrow band filter’s FWHM is the effective spectral range Ao
of the instrument, the relationship with the theoretical spectral range Ac¢ is shown in
Equation (8), where k is the percentage of the spectral range occupied by the filter’'s FWHM.
Therefore, the narrowband filter and plane array detector are the critical devices that restrict
the effective spectral bandwidth in hyperspectral interferometry.

Aveg=k X Ao = gNX(SUZSV\];SiiZ\TIlf)L. 8)

To alleviate the conflict between the effective pixel number N and spectral range

Acege, the GMIHII introduces an asymmetric interferometric component design into the

conventional SHS. As shown in Figure 6, by adjusting the distance between the grating of

one arm and the beamsplitter from the original dy to Ad + dy, the ZOPD position is almost
shifted from the optical axis position to the left side of the optical axis.

w
Gratin P—
g -‘.77"""'-1
": P S d, Grating
: /
| . ,“L]
‘Beam /
splitter d, +Ad
:'_-—:::2},
x=0

Figure 6. Asymmetric interferometer configuration.

Compared to the conventional SHS, the range of the coordinates x’ concerning the ZOPD
and OPD U’ in the dispersion direction is changed from Equation (5) to Equation (9).
p= {—%WCOSQL + %, %WcosGL + %} ©)

U’ € [—Wsinby + Ad, Wsinb + Ad]

The expression for the maximum OPD U’ max and spectral resolution interval s0’ is
shown in Equation (10).

_ 1 __ 1 . (10)
00" = sy == A(WsinfL +Ad)

{ U’ max = 4x' axtan®; = 2Wsiny + 2Ad

The asymmetric SHS effectively increases the spectral resolution interval of the instru-
ment without changing the spectral range, as shown in Equation (11), while keeping the
effective pixel number of the detector constant.

_ 1 Wsinbp +Ad _ N

Ao’ = =
7 2 Wsin6p, 7 8Wsinby,

Ac. (11)

We can also expand the exit pupil diameter of the front system, increase the size
of the object surface of the secondary imaging mirror group, and obtain the asymmetric
interferogram only through the focal plane offset. Nevertheless, there are two problems
caused by this: (1) energy loss; (2) the size of the interferometer and secondary imaging
mirror group will expand. Based on the above considerations, we choose to change the
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centre thickness of the two arms’ field-widened prisms to carry out the bias design of ZOPD
in the interferometer component of the main observation channel.

Compared to the air spacing thickness deviation Ad, the thickness deviation of the
field-widened optical wedge prisms is Ad/n, where n is the refractive index of the field-
widened prisms. Figure 7 shows the model diagram of the integrated glued interferometer
assembly. The optical prisms and spacers with certain angles are glued together by optical
glue, which can crack under the influence of external forces. Consequently, in order to
enhance the spatial environmental adaptability of the integrated interferometer assembly,
we used epoxy structural glue to bond glass cover plates of the same material on both the
top and bottom of the interferometer assembly to prevent the loosening of the interferometer
component due to stress changes in environmental conditions.

_spacers | [ Vacuum veat |

Figure 7. Structure of the integrated interferometer (where the central thickness deviation of the field
widened prism is Ad/n; each spacer is arranged with a small vacuum bleed hole to accommodate
changes in the spatial environment).

At the same time, the offset design of SHS cannot be carried out without restrictions.
In addition to considering the spectral resolution requirements of the instrument, the ZOPD
offset design is limited by the minimum sampling points of the short side past the ZOPD
position of the interferogram. The instrument’s spectral resolution increases with offset,
which is beneficial for fine spectra detection and high-precision concentration inversion for
atmospheric GHG molecules. Nonetheless, phase errors, whose form factors are complex,
are bound to exist in interferometric spectrometers, and the fewer the number of the short-
side sampling points past the ZOPD position, the more difficult it is to correct the phase.
Therefore, it is necessary to design the offset value of ZOPD reasonably. The parameters of
the three main observation channels’ interferometers are shown in Table 2.

Table 2. The parameters of asymmetric interferometers.

Values
Specifications
CO,-1 CH, CO,-2
Band range (nm) 1568-1583 1642-1658 2043-2058
Littrow wavelength (nm) 1564 1638.5 2038.5
Groove of grating (gr/mm) 450 450 300
Spectral dlr.nen51.0n sampling 640 640 320
point (pixel)
Field-widened prism material F_SiLiCa H-ZF88 H-ZF88
Tllle:IIESS dlffe}‘ence of field 1.30 1.20 1.80
widened prism (mm)
Long side sampling point (pixel) 400 400 230
Proportion of §h0rt s.1de to total 37.5% 37.5% 28.1%
sampling points
30’ of asymmetric SHS (em™b) 0.218 0.217 0.220
Ratio of effective spectral 69.1% 67.7% 70.4%

bandwidth
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As can be seen from Table 2, we have chosen the sampling points of the short side
past the ZOPD position of not less than 20% to meet the needs of phase correction on the
one hand and to take into account the grating parameters, narrowband filters, primary
technical specifications for the main observation channels to match the design as well as.
The transmittance of the narrowband filters for the four channels is no more than 5% at
the fundamental and spatial frequency cut-off wavelengths, and the transmittance of the
effective spectral bandwidth should be as high as possible. It is worth noting that the
accuracy requirement of the centre wavelength of the narrowband filter is less significant
for the GMI-II than for conventional applications because each spectral absorption peak in
this band is equally important for the inversion.

The above design not only meets the main specifications of the GMI-II, such as spectral
resolution and effective spectral range, but also meets the constraints and limitations of the
processing technology level of core components, such as blazing grating and narrowband
filter. The final spectral resolution of the instrument is also related to the scaling ratio of the
imaging system in the direction of the grating dispersion, i.e., the spectral dimension, as the
scaling ratio is directly related to the size x’y,x at the localisation plane of the interference
fringe conjugate to the detector sensing plane.

2.4. Secondary Imaging System with Non-Isometric Scaling in the Meridian and Sagittal Planes

The role of the secondary imaging system is to scale the interference fringe in the
localisation domain plane and to image it on the plane array detector. According to
the parameters of the interferometer in Section 2.3 (the effective width of grating in the
dispersion direction, interferometer field of view angle, interferometer optical material and
size, etc.) and array detector parameters (spectral response curve, pixel number, pixel size,
etc.), the observation channel design parameters of the imaging system is obtained.

The design inputs include the following four requirements: (1) the object plane height,
i.e,, the exiting pupil position and the size of the collimating unit; (2) the object space NA
(Numerical Aperture), which contains the grating dispersion in the effective wavelength
range; (3) the object space telecentric system, i.e., the input to the collimating system is a
quasi-parallel beam; (4) a fixed scaling ratio in the dispersion direction. At the same time,
it is required that the length of the four channels’ imaging system should be the same as
possible because, in the thermal design scheme, the cooling and heat dissipation surface of
the detector with four channels is transmitted to the whole satellite +Y plane through the
same panel.

In the main observation channels, the low spectral response efficiency and the long
integration time of the detector lead to excessive dark current. The secondary imaging
system of the main observation channels was designed with energy compression along the
grating groove direction, i.e., perpendicular to the dispersion direction, which effectively
solves the problem that the signal energy is limited by the integration time, or the dark
current is too large for the effective signal to be swamped.

The imaging system of the O, channel has the same scaling in the meridian plane
(grating dispersion cross-section) and sagittal plane, both of which are —0.6208. At the
same time, the imaging system should be designed to minimise geometric distortion as
much as possible, which can generally be ignored at < 0.1%, and geometric distortion
correction is not required for the interferometric image pre-processing process.

The imaging systems of the CO,-2, CHy and CO,-1 channels simultaneously achieve
the effective sampling of the maximum OPD in the spectral dimension and energy compres-
sion in the spatial dimension. Figure 8a,b shows the CO,-2 channel’s optical path diagrams
of the grating and vertical dispersion direction, respectively. By using the curvature dif-
ference between the two mirrors of the middle image plane in the meridian plane and the
sagittal plane, namely, the concave cylindrical mirror and convex cylindrical mirror, the
different imaging ratios of spatial and spectral dimensions are realized, which are —0.5594
and —0.3108 respectively.
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Figure 8. The imaging system of the CO,-2 channel (Optical design software: ZEMAX): (a) Optical
path of the meridian plane (grating dispersion direction); (b) Optical path of the sagittal plane;
(c) MTF (Modulation Transfer Function) curve; (d) Spot diagram (airy spot radius 9.44 um).

Correspondingly, the diffraction limits of the meridian and sagittal planes are different,
as shown in Figure 8c at the detector Nyquist sampling frequency of 25.0 Ip/mm, where the
corresponding MTF in the meridian and sagittal planes reaches 0.65 and 0.80, respectively.
The Airy spot also exhibits an elliptical shape, as shown in Figure 8d. It should be noted
that the relative distortion of the spectral dimension is better than 0.1%, and that of the
spatial dimension is about 2% as far as possible. Therefore, the relative distortion of spatial
dimension needs to be corrected in the subsequent data processing. The design results of
imaging systems are shown in Table 3.

Table 3. Design results of the imaging systems.

Values
Specifications
0O, CO,-1 CHy CO,-2
Band range (nm) 759-769 1568-1583 1642-1658 2043-2058
Height of object space (mm) 34 35 35 34
Scaling ratio in the spectral 06208 05594 05519 —0.4430
dimension
Energy compression ratio in ~0.6208 05594 05519 04430
spatial dimensional 1.00 1.80 1L 1.90

Secondary imaging system 285 297 297 297

length (mm)

3. Fabrication and Alignment
3.1. Telescopic System Test

The telescope system was tested using the Shack-Hartmann wavefront sensor, and
the alignment layout is shown in Figure 9. The light emitted from the Shack-Hartmann
wavefront sensor is modulated by the primary mirror of the telescope system, the field
stop, and the secondary mirror into parallel light emitted to the observation window
at the end of the primary mirror. Then the parallel emitted light was reflected by the
reflector, returned along the original optical path, and finally received by the sensor, which
dynamically monitored the alignment state of the primary and secondary mirrors through
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the interference wavefront. As shown on Figure 10, the exiting wavefront of the axial light
of the telescope system after accurate alignment is better than 0.1 waves @ 632.8 nm, which
is equivalent to the design result.

+ Secondary mirror
« Field stop
+ Exit pupil

T~

-
pe
Reflector Test window | g

40

20 ] 0.2
0] e
] 0.4
Curve
=L AT —PV
]\ M M —RMS
E fAVald f\/ \/\/\/\j\\/ \ /\/\ \/W/\/\vf\\j\/
D3§0ff T 380 ' 3840 T 3860 T 380

Number of frame

Figure 10. The wavefront aberration of the telescope system (on-axis: PV 0.70/RMS 0.085).

3.2. Non-Isometric Compression Secondary Imaging System Test

Under the illumination in the specific field angle and spectral band, the standard plate
on the measured object plane can be clearly imaged in the effective spectral band using the
detector. Through data processing, the scaling ratio and limit resolution of the secondary
imaging system are calculated.

The test layout is shown in Figure 11, and the test process is as follows: (a) the inte-
grating sphere light source is selected, and the distance between the integrating sphere and
the secondary imaging system is adjusted so that the illumination meets the requirements
of the secondary imaging system object space NA; (b) adjust the consistency of the normal
direction of the discriminant plate, the optical axis of the measured secondary imaging sys-
tem (including the filter) and the normal direction of the detector’s photosensitive surface,
and the discriminant plate is located in the object distance as described in Table 4; (c) adjust
the position of the detector relative to the secondary imaging system on the optical axis
so that it can image the most clearly on the discriminator plate, collect the imaging data,
and record the dark current data at the corresponding integration time; (d) carry out data
processing, and calculate the scaling ratio and limit resolution of the secondary imaging
system listed in Table 5.
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Figure 11. The test layout (Left) and test result of the secondary imaging system (Right) of the CO,-1 channel.

Table 4. Requirements for the testing parameters of the secondary imaging systems of the four channels.

Index 02 C02-2 CH4 COz-l
Object distance (mm) 77.5 86.9 85.2 90.3
. . Spectral 0.6209 0.4436 0.5927 0.5595
Scaling ratio dimension
Spatial 0.6209 0.2361 0.3282 0.3131
dimension
Resolution Spectral 23.88 7.39 14.82 14.3
dimension
(Ip/mm) Spatial
~opatia 23.88 3.93 8.21 8.00
dimension
1024 x 1024 320 x 256 @
Detector parameters @13 um 30 um 640 x 512 @ 20 um

Table 5. List of measured results of the imaging systems of the four channels.

Index 02 C02-2 CH4 COz-l
Square nominal value (mm) 2.228
Measured
pixel number 106 (13 pum) 33.5 (30 um) 65.5 (20 pum) 63 (20 um)
"Spectr?l Measured 1 4511
dimension scaling ratio 0.6185 0.45 0.5880 0.5655
Ratio error 0.39% 1.69% 0.80% 1.08%
Resolution 254 7.13 143 16.0
(Ip/mm)
Measured 106 (13 um) 17530 um) 3820 um)  35.5 (20 um)
Spectral pixel number Hm ’ Hm Hm ’ Hm
pectra
dimension Measured 0.6185 0.2356 0.3411 0.3187
scaling ratio
Ratio error 0.39% 0.20% 3.93% 1.78%
Resolution 254 4.49 8.98 8.00
(Ip/mm)

During the test, the size and number of the test detector are consistent with the
parameters of the GMI-II photographic chip. The diameter D of the integrating sphere
and the distance L between the integrating sphere and the object surface of the imaging
system should satisfy the equivalent object space NA of the secondary imaging system. The
narrowband filter of each channel is located between the standard plate and the secondary
imaging system, and the USAF-1951 bar target on the object surface is installed in the test

fixture of each channel imaging system.
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3.3. Single-Channel Spectrometer Alignment and Assembly

After the collimation and imaging systems are assembled, the interferometer can
be glued and tested. The interferometer assembly comprises several optical prisms with
particular angles accuracy better than 2” and prism spacers. The surface accuracy of
individual optical elements should be better than 0.5 fringes, and the local irregularity
should be better than 0.2 fringes (@ 633 nm) to ensure the quality and angular accuracy of
the adhesive. Figure 12 shows the angular measurement process and face shape test result
of a field-widened prism. The angular measurement was performed with a multi-tooth
dividing turntable with 0.2” angular accuracy combined with an interferometer.

X : 148.80 mm

XDFT720A turntable

Figure 12. Field widened prism angle measurement and face shape test results.

Each channel interferometer uses semi-customised grating. We commission the fabrica-
tion of grating substrates of specific materials and sizes, and then the grating manufacturer
replicates it as required. To reduce the polarisation sensitivity of the GMI-II, we used a
beamsplitter prism with equal proportion and non-polarising, and gratings with similar
TE/TM diffraction efficiency.

During the glueing process, we only adjusted the grating tilt angle, used polychromatic
light illumination to obtain interferograms and recovered the spectrum to determine
whether the spectral response curve covered the effective spectral range, i.e., the number of
spectral sampling points for low and high-frequency aliasing was as equal as possible.

The focal plane of the single-channel spectrometer is adjusted after the grating has been
glued, including the optimum image plane adjustment in the direction of the optical axis,
the adjustment of the focal plane rows/columns with respect to the grating groove direction,
and the adjustment of the interferometric ZOPD position in the column position on the
focal plane. Considering a certain amount of defocusing in a vacuum environment, the
adjustment shims are selected in favour of the optimum shim thickness in the vacuum. The
spacers are made of polyimide or fibreglass and hollowed out to minimise heat exchange
between the imaging system and the focal plane assembly.

3.4. GMI-II Optical Unit Alignment

The alignment of the optics machine head is mainly the alignment of the optical unit,
including the following contents.

(1) The telescope system’s alignment includes field stop and field test alignment. The
optical axis reference plane of the GMI-II is located within the range of ¢200 mm near the
optical inlet, of which ¢110 mm is the through-optical aperture.

(2) The collimating and secondary imaging systems were centring aligned, and the sec-
ondary imaging systems were tested for MTF, scaling ratio and other major
performance indicators.

(3) Single-channel spectrometer alignment, including interferometer assembly grating
glueing, optimal image plane position alignment and consistency adjustment of image
plane row /column and grating groove direction, etc.
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(4) The four channels’” spectrometers and telescope systems can be effectively spliced
using dichroic reflectors. In the process of dichroic reflector adjustment, four channels are
needed to coordinate the adjustment. The lift of the optical axis caused by the angle and
thickness of the dichroic reflectors will affect the FOV and light-passing state of subsequent
optical paths. The optimal condition is when the dichroic reflectors are adjusted to the max-
imum average Digital Number (DN) value of the focal plane. In practice, we use average
DN and interference modulation to evaluate the alignment process comprehensively.

(5) After testing each of the above functional components, thermal control is imple-
mented, including the adhesion of the heating pad and thermistor.

(6) Finally, the optical and calibration units (including the 2D tracking mirror, diffuse
reflector plate, calibration gate, etc.) are assembled. The calibration of the sub-satellite
point of the 2D tracking mirror in the calibration unit is completed, i.e., the optical axis
of the optical unit is transferred to the X and Y axis motor fixed coding values of the 2D
tracking mirror.

4. Performance Parameter Test and Calibration

This section focuses on the spectral calibration results for spectral resolution, spectral
range, central wavelength, and other technical specifications of the GMI-II optics machine
head. The SNR of the GMI-II is evaluated and tested under the typical radiance of the
GMI-I statistics in orbit for two years. According to the observation data of the GMI-II in
orbit, the GHG inversion test was carried out.

4.1. Spectral Calibration

The spectral calibration test of the GMI mainly includes the detection of the payload’s
spectral resolution, spectral range, central wavelength and other indicators, which are
detected by utilising a tunable laser (£ 5 pm wavelength accuracy). The interferogram
obtained from the SHS is Fourier transformed to obtain the spectral data [39]. Assuming
that the bilinear spectra are A1, Ay (A1 > A;), respectively, the coordinates of the Fourier
transformed spectral point are x1, x7, respectively. According to the pixel number Ny,
of FWHM, the system parameters can be calculated. If there are more than two spectral
lines, the spectral lines can verify the system parameters with each other. The parameters
are calculated as follows.

Sampling resolution dAq: 6A; = (A — Az)/|x1 — x2;
Spectral resolution dAz: 6A2 = dA1 - Nrypm;

e  Spectral range AA: AN = Ayax — Ayin, Where Apax = Ap — x2:0A1 and Ayjy = A +
(1024 — x7)0A;.

A spectral resolution test set-up is constructed using a tunable laser (& 5 pm wave-
length accuracy), homogeneous integrating sphere, wavelength meter and power meter.
The laser emits a monochromatic spectrum, which is introduced into the integrating sphere
to form a uniform, quasi-Lambert surface light source at the exit. The wavelength and
power meters are used to monitor the wavelength and power of the laser output. By
collecting monochromatic interferograms of different wavelengths, spectral restoration
was performed to obtain the instrument’s linear shape (ILS) at different wavelengths,
and spectral resolution values were obtained after measuring FWHM values [40]. The
monochromatic light recovery spectra and spectral calibration fit results of the CO,-1 chan-
nel are shown in Figure 13. The spectral resolution of the CO;-1 channel varies from 0.260
t00.268 cm™ 1.
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Figure 13. The monochromatic light recovery spectra (Left) and spectral calibration fit results (Right)
for the CO;,-1 channel.

The CO;-2 channel test requires the detector to be heat-sink cooled to ensure that the
focal plane of the channel is stable at 185 K. Therefore, the channel is placed in a vacuum
tank with a fused quartz glass window, which the integrating sphere or monochromatic
light is incident on the instrument through. The angle of the scanning mirror is adjusted
so that the channel can be uniformly illuminated. The spectral calibration results for each
channel are shown in Table 6. The spectral calibration uncertainty in Table 6 is determined
by the following factors: (1) uncertainty in the output wavelength of the laser, quoting
product parameter data; (2) uncertainty in the regression analysis containing the spectral
recovery uncertainty and the peak localisation uncertainty, estimated using the standard
deviation of the residuals.

Table 6. Spectral calibration results for each channel.

Channel RequireillValue Measureii Value Uncertainty (cm~1)
(em~1) (em~1)
0O, <0.6 0.582 0.0083
CO,-1 <0.27 0.263 0.0089
CHy <0.27 0.262 0.0112
COy-2 <0.27 0.268 0.0044

As seen in Table 6, the spectral resolution of each channel meets the requirement
of technical indicators, and the spectral calibration uncertainty is better than 0.05 cm 1.
The spectral range is not listed in the table because the spectral range needs to meet the
requirement of the SNR. It will be described after the SNR test is completed.

4.2. Absolute Radiometric Calibration

Absolute radiometric calibration mainly establishes a quantitative relationship be-
tween the instrument’s output signal and the input spectral radiance. The GMI-II uses
an integrating sphere radiometric calibration system characterised by high output energy,
excellent surface uniformity and angular properties (Lambertianity). The integrating sphere
with a diameter of 3 m is used to simulate the brightness change of the incident pupil
by changing the current or lamp number in the integrating sphere, representing different
surface reflectance during earth observation. The GMI-II observes the radiation source of
the integrating sphere and acquires interferograms and dark background data.

The absolute radiometric calibration process is as follows. First of all, a standard
lamp with a known spectral radiance is needed to calibrate the radiance of the integrating
sphere. By transferring the spectral radiance of the standard lamp to the integrating sphere,
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6240

the spectral radiance at the opening of the integrating sphere is calibrated, and then the
integrating sphere is used to calibrate the radiance to the calibration payload.

The absolute radiometric calibration accuracy is determined by: (1) the absolute
radiometric uncertainty u(a) of the integrating sphere radiation source, quoting product

parameters; (2) non-stability u(b) of the payload and (3) spectral response non-linearity

u(l) of the payload. Multiple measurements of the integrating sphere radiation source
under the same conditions were used to perform spectral recovery of the interferogram and
to assess the stability and spectral response linearity of the spectral points. Figure 14 shows
the spectral data stability and spectral response of the CO;-1 channel. The calculation of
the non-stability u(b), and spectral response non-linearity u (1), at wavelength A is shown
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Figure 14. The CO,-1 channel measurement data for spectral non-stability (Left) and absolute

radiometric calibration at 1569 nm (Right).

The non-stability u(b) and spectral response non-linearity u(!) of the payload are the
mean value of u(b), and u(l), in the effective spectral range, respectively. The absolute
radiometric calibration accuracy for all four channels of the GMI-II is better than 5%, as

shown in Table 7.

Table 7. Absolute radiometric calibration accuracy for each channel of the GMI-II.

Uncertainty Factor O, CO,-1 CH,4 CO,-2
Integrating sphere radiometric 2.30% 2.74% 2.71% 3.90%
uncertainty u(a)
Non-stability 1 (b) 0.13% 0.26% 0.08% 0.18%
Spectral reSpO—;(sl'; non-linearity 0.38% 0.43% 0.62% 0.90%
Absolute radiometric 2.33% 2.79% 2.78% 4.01%

calibration accuracy

4.3. SNR Test

The GMI-II performed the vacuum tank’s performance test on 26 March 2020. The
radiance of two years’ on-orbit observation data of the same type of payloads in the world
was comprehensively analysed, as shown in Table 8. The required radiance is calculated
under the condition that albedo = 0.3 and sun elevation = 30°. Figure 15 shows the SNR
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test results of the GMI-II at statistical and required irradiance. The average SNR of the
GMIHII at the required radiance is better than the performance specifications in Table 1, as

shown in Table 9.

Table 8. Statistical radiance on-orbit observation and required radiance of the GMI-II.

Channel Statistical Radiance Required Radiance
O, 42 W/(m?2-sr-um) 60 W/ (m?-sr-pm)
CO,-1 10 W/ (m?2-sr-pum) 20 W/ (m?2-sr-um)
CH,4 10 W/ (m?-sr-um) 20 W/ (m?-sr-um)
CO,-2 3 W/(m?-sr-pm) 8 W/(m?-sr-um)
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Figure 15. Spectral SNR curve for each channel of the GMI-II: (a) O, channel; (b) CO;-1 channel;
(c) CH4 channel; (d) CO,-2 channel.

Wavelength (nm) Wavelength (nm)

Table 9. The average SNR test results of the GMI-II at the required radiance.

Channel Required Spectral Effective Spectral Average SNR
Range Range
0, 759-769 nm 758-770 nm 887
COy-1 1568-1583 nm 1569-1584 nm 1082
CHy 1642-1658 nm 1641-1659 nm 853
CO,-2 2043-2058 nm 2042.5-2059 nm 492

After the thermal vacuum and thermal equilibrium tests, the stability of the GMI-II
was tested using a dedicated ground-check light source, as shown in Table 10. The ZOPD
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position offset changes in a pixel before and after the test, which indicates that the micro-
stress state of the interferometer installation and glueing is good. The change in DN value
may be caused by repeated positioning errors of the ground-check light source installed
before and after the test because only two M6 screws are used for the light source and
GMI-II without the positioning pin structure. However, the change in DN value before and
after the test was still within 1%.

Table 10. Comparison of ground-checked light source results.

Time

B1 B4 B3

DN

Dark ZOPD DN Dark ZOPD DN Dark ZOPD

Pre-test 10,717

Post-test 10,669
Rate of 0.45%
change

1235 501 7945 714 236 5410 1132 406
1247 501 7871 721 237 5359 1135 406

—0.96% 0.0 0.94% —0.97% 1.0 0.95% —0.26% 0.0

4.4. In-Orbit Data Testing

The GMI-II observation data from 25 October to 2 November 2021 were used to carry
out the inversion tests for column-averaged dry-air mole fraction of CO, and CHy (XCO,
and XCHy). The inversion calculation method uses the best estimate method [41].

The XCO, inversion sites of the GMI-II have 869 sites on a global scale. The global
mean value of XCO, from the GMI-II is 413.41 ppm, corresponding to a regional mean
value of 413.38 ppm for the GOSAT XCO; product. The mean values of CO, concentrations
detected by the GMI-II and GOSAT are consistently high, and the trend in the global
distribution of CO; concentrations is consistent, as shown in Figure 16.
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Figure 16. Global distribution of XCO, for GMI (left) and GOSAT (right).

The XCH, inversion sites of the GMI-II have 886 sites on a global scale. The global
mean value of XCHy4 from the GMI-II is 1.8879 ppm, corresponding to a regional mean value
of 1.8946 ppm for the GOSAT XCHy product. The mean CHy concentrations detected by the
GMI-II are slightly higher than those detected by the GOSAT, and the global distribution of
CH,4 concentrations follows the same trend, as shown in Figure 17.

The global trends of XCO, and XCHy from the GMI-II observations are in good agree-
ment with the GOSAT. The average deviation of XCO, detected by the GMI-II compared to
the GOSAT was 0.16 ppm with a standard deviation of 0.52%, which is better than the 1%
accuracy requirement. The average deviation of XCHy detected by the GMI-II compared to
the GOSAT was 0.0022 ppm with a standard deviation of 1.16%, which is better than the
2% accuracy requirement.
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Figure 17. Global distribution of XCHy4 for GMI (left) and GOSAT (right).

5. Conclusions

The GMI-1II was designed and developed for quantitative remote sensing monitoring
of the main GHG in the atmosphere. The main performance parameters of the GMI-II have
been tested in the laboratory, which proves the effectiveness of quantitative monitoring
of GHG column concentrations. The interferometer assembly with ZOPD position offset
has been designed optimally to improve the spectral resolution by more than 20% while
keeping the number of the detector’s pixels in the spectral dimension unchanged. The
secondary imaging system is designed to compress the energy in the spatial dimension,
which can increase the energy of a single pixel and improve the spectral SNR of a single-
frame interferogram within a limited integration time.
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