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Abstract: The Chinese carbon dioxide measurement satellite (TanSat) has collected a large number
of measurements in the solar calibration mode. To improve the accuracy of XCO?2 retrieval, the
Instrument Line Shape (ILS, also known as the slit function) must be accurately determined. In
this study, we characterized the on-orbit ILS of TanSat by fitting measured solar irradiance from
2017 to 2018 with a well-calibrated high-spectral-resolution solar reference spectrum. We used
various advanced analytical functions and the stretch/sharpen of the tabulated preflight ILS to
represent the ILS for each wavelength window, footprint, and band. Using super Gaussian+P7 and
the stretch/sharpen functions substantially reduced the fitting residual in Op A-band and weak CO,
band compared with using the preflight ILS. We found that the difference between the derived ILS
width and on-ground preflight ILS was up to —-3.5% in the weak CO, band, depending on footprint
and wavelength. The large amplitude of the ILS wings, depending on the wavelength, footprint,
and bands, indicated possible uncorrected stray light. Broadening ILS wings will cause additive
offset (filling-in) on the deep absorption lines of the spectra, which we confirmed using offline bias
correction of the solar-induced fluorescence retrieval. We estimated errors due to the imperfect
ILS using simulated TanSat spectra. The results of the simulations showed that XCO2 retrieval is
sensitive to errors in the ILS, and 4% uncertainty in the full width of half maximum (FWHM) or 20%
uncertainty in the ILS wings can induce an error of up to 1 ppm in the XCO2 retrieval.

Keywords: TanSat; instrument line shape; retrieval

1. Introduction

The Chinese carbon dioxide measurement satellite (TanSat) is the first Chinese hyper-
spectral satellite dedicated to observing the column-averaged CO, dry-air mole fraction
(XCO2) and constraining the regional carbon flux inversion [1]. TanSat was launched
in December 2016 into a 700-km sun-synchronous orbit with an equator crossing time
of 13:30 h. It carries two instruments, the Carbon Dioxide Sensor (CDS) and Cloud and
Aerosol Polarization Imager (CAPI). The CDS, similar to the OCO-2 instrument [2], incorpo-
rates three grating spectrometers operating in the O, A-band (758-778 nm), weak CO, band
(1594-1624 nm), and strong CO; band (2042-2082 nm) [3]. The CDS measures reflected
sunlight off the Earth for measurements of atmospheric constituents and direct sunlight
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for calibration purposes. The CAPI is a five-band imager with two polarization chan-
nels providing information on aerosol optical properties [4]. The radiometric calibration
(dark current response, gain coefficients, and signal-to-noise ratio), spectral registration,
and instrument line shape (ILS) of the TanSat CDS instrument were characterized and
experimentally determined on the ground [5,6].

To improve the retrieval accuracy, the spectral calibration (e.g., ILS and wavelength
calibration) must be accurately determined, and the contribution of their uncertainties
to the total error budget must be understood. The results of simulations showed that
methane retrieval is sensitive to errors in ILS, and an accuracy of 1% of ILS is required [7]
to meet the retrieval accuracy of the TROPOspheric Monitoring Instrument (TROPOMI).
The knowledge of the ILS, or slit function, is required, in the forward model, to convolve
the reference spectrum and simulate the radiance spectrum from high spectral resolution
to the resolution of the instrument, which is the common practice for current trace gas
retrieval algorithms. For grating instruments, such as TanSat and OCO-2, the ILS and
the spectral dispersion for each spectral pixel, footprint, and band was characterized by
scanning tunable diode lasers experiment [6,8]. However, simple functions are unable to
represent these ILSs. Instead, a lookup table was calculated to describe the ILS. This is in
contrast to TROPOMI, which models the ILS by a function of eight parameters describing
the peak and tails [9].

TanSat is dedicated to retrieving the XCO2 with a precision of 1-4 ppm [3]. Retrieval
algorithms based on optimal estimation [10,11] and the IMAP-DOAS algorithm [12] have
been developed. These algorithms perform additional spectral and radiometric calibration
prior to the spectral fitting. Validation against ground-based FTIR measurements from
TCCON showed good agreements between TanSat and TCCON, with standard deviations
ranging from 1.47 to 2.45 ppm for different algorithms. These algorithms use the preflight
tabulated ILS [10] or a super-Gaussian function derived through a cross-correlation of the
measured solar spectrum to a high-resolution solar reference spectrum [12]. However, the
precalibrated ILS could be changed due to the vibration during launch, orbital movement,
thermal variation and instrument degradation; fitting a different ILS function form may
induce artificial error due to the undersampling effect [13]. Therefore, the post-launch ILS
of TanSat must be characterized.

This paper is organized as follows: We describe the TanSat instrument and measure-
ments we used for ILS characterization in Section 2. The ILS functions used for fitting and
the fitting algorithm are also presented in this section. The on-orbit spectral and temporal
variations of ILS are presented in Section 3. Section 4 describes the evaluation of the effect
of ILS on SIF and XCO2 retrievals. Finally, Section 5 summarizes this study.

2. Data and Method
2.1. TanSat Instrument and Data

The Carbon Dioxide Sensor (CDS) onboard TanSat measures sunlight in the near-
infrared band that is back-scattered and reflected off the Earth’s surface on top of the
atmosphere. The satellite can operate in three Earth observation modes: nadir (ND) over
land, glint (GL) over the ocean, and target (TG) over calibration sites. The CDS instrument
includes three push-blooming grating spectrometers, which cover the 0.76 pm band (O2A),
two COy bands at 1.61 and 2.06 pym (WCO2 and SCO2) with resolving powers of 19,000,
12,800 and 12,250, respectively. The swath of footprint is about 20 km and the spatial
resolution is 2 x 2 km2. A pointing mirror made of aluminum was designed to reflect
incident light to the telescope by the front side, and the back side was used as a reflected
diffuser for onboard solar calibration. Preflight radiometric calibration (e.g., dark current,
gain, signal-to-noise ratio) was performed [5].

The spectrometer of the O2A band uses a 1252 x 1152 array detector. In the spectral
dimension, 1242 out of 1252 pixels are used. In the spatial dimension, 288 out of 1152 pixels
are used, and 32 pixels are coadded into one pixel. Thus, 9 spatial footprints are taken
across the track. For the spectrometer of two CO, bands, 500 x 256 array mercury cadmium
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telluride (MCT) detectors are used, with 500 pixels in the spectral dimension and 216 pixels
in the spatial dimension. A total of 24 pixels are coadded in the spatial direction; thus, two
CO; bands had 9 spatial footprints.

TanSat measures solar spectra in Sun-observation mode once per day at the terminator
in the Northern Hemisphere when the satellite flies at the end of ascending for each orbit. A
regular solar observation lasts for approximately 7 min (1260 frames). The solar calibration
starts before the Sun is fully in the field-of-view of the diffuser and ends after the Sun
has moved into the shadow of the Earth. As a consequence, limb measurements of the
upper atmosphere are recorded during the Solar calibration. In the calculation of each
solar mean spectrum, only those measurements with a solar zenith angle within 90 + 1.5
(170 frames) are used to avoid Earthshine contamination. Note that the boresight zenith
angles are rotated by 5 degrees to avoid damaging another CAPI instrument. Unlike
OCO-2, no solar calibration measurements of the entire dayside of an orbit are recorded;
thus, no oversampled solar Doppler measurements for TanSat. The Doppler effect causes
the spectral features in the observed solar spectrum to be red-shifted because the satellite is
moving away from the Sun, which is corrected using the relative speed of the satellite and
Sun. Figure 1 shows an example of a TanSat solar mean spectrum. Note that we simply
scaled the reference solar spectrum to the TanSat measurements. Below you will also see the
fitting residuals for each band. Observations with OCO-2’s onboard solar measurements
have indicated a degradation in the sensitivity of the oxygen spectrometer, which is mainly
attributed to the contamination of the detector. Similar contamination-induced degradation
was also found in the GOME and GOME-2 instruments [14,15]. The daily mean solar
spectra of TanSat are normalized to the Sun-Earth distance and solar measurements at the
beginning of the mission for degradation analysis (not shown here). The O2A and WCO2
bands degrade little over time after one year of operation (the signal had varied less than
0.5%), while in SCO2 band, the signal degrades by less than 2.5%.
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Figure 1. TanSat mean solar spectrum at (a) O24A, (b) WCO2, and (c) SCO2 bands, and comparison
with the reference solar spectra convolved with TanSat ILS. TanSat solar measurements were from
footprint 4 on 1 March 2017.
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A slightly curved entrance slit is used for each spectrometer to correct the smile effect.
The preflight ILS and spectral dispersion are determined by fitting the measurements
obtained by the three tunable diode lasers that scan the three bands. The spectral ranges
covered by lasers were approximately 758.2-777.2, 1592.8-1624 and 2040.3-2076.7 nm, with
step sizes of 0.005, 0.015, and 0.02 nm, respectively. A fifth-order polynomial is used for
wavelength registration, with coefficients varying with footprints. Tabular ILS functions for
each band are given in the level 1B data, with cut-off wavelengths of 0.235, 0.7 and 0.925 nm,
respectively. The FWHM values of the spectral pixels are in the range of 0.0392-0.0424,
0.123-0.128 and 0.157-0.168 nm for O2A, WCO2, and SCO2 bands, respectively [6]. The
precalibrated ILS is used in the XCO2 and SIF retrieval algorithm, and wavelength regis-
tration is calibrated using the solar Fraunhofer lines of the measured solar spectra [10,16].
Figure 2 shows examples of TanSat ILSs of nine footprints for three bands. The TanSat
preflight ILSs of the O2A band behave similarly to those of OCO-2 ILS. Asymmetry was
found in all three bands, in particular, in the ILS wings of the SCO2 band.
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Figure 2. Examples of tabulated preflight ILS of TanSat for the O2A band (pixel 620 in spectral
direction, ~768.6 nm), WCO2 band (pixel 240, ~1608.8 nm), and SCO2 band (pixel 240, ~2060.3 nm)
(upper panel). The lower panel depicts the same but in log y scale. Nine footprints are shown in
different colors.

2.2. ILS Functions and Fitting Algorithm

Several types of analytical functions have been tested to model the ILS of OCO-2 [13,17],
for example, hybrid Gaussian, super Gaussian, and their asymmetric forms; please refer
to Sun et al. [13] for more details on these formulas. However, the wings cannot be fully
represented by these analytical functions. The TROPOMI SWIR ILS is modeled by the
weighted sum of a skew-normal-convolved-with-uniform function and a Pearson type-
VII distribution, with the former capturing the peak and the latter capturing the tail that
relates to the spectral stray light [9]. In this study, for TanSat ILS, we tested an ILS function
similar to TROPOMI but using a super Gaussian for the peak (hereafter referred to as super
Gaussian+P7; the blue lines in Figure 3 provide examples of the shape of this function for
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three bands) because it is easier to implement and interpret. The peak, tail, and ILS formulas
are given by:

SG= -k ad ‘ 1

- 2wI(1/k) exp _‘w(l +axsgn(x)| | @
_ I'(m) 2\

S(x,w,k,a,m,v,n) = (1—4)SG(x,w,k,a)+nP7(m,7), (3)

where w controls the width of peak and, largely, the FWHM of the entire ILS; k controls
the flatness of the peak; a controls the asymmetry of the peak; # controls the relative
contribution between the peak and the tail; m controls the steepness of the tail; -y is the
FWHM of the tail.

We also tested the stretch/sharpen approach [8,13], which refines the preflight ILS by
two parameters, y and «. The stretch term 7 scales the ILS in the AA axis, then FWHM is
scaled as a consequence. The sharpen term a determines the shape of the entire ILS with
power &, which raises the relative amplitude of the wings and keeps the FWHM unchanged

(see Figure 3 for illustrations):
X o
Slxe) = (S”’e(v» ’ @

These parameters of ILS functions can be determined through a nonlinear least squares
(NLLS,) fitting of the observed and simulated solar spectra. The simulated solar spectrum is
modeled by convolving the high-resolution solar reference spectrum with ILS functions:

ISim ()\) _ I(’)’ef ® [LS(A — 6)\) x ScalePoly, ®)

where I(r)ef denotes the high-resolution solar reference; ILS(A — dA) denotes the ILS function
defined at calibrated wavelengths A — éA. The ScalePoly is a fourth-order polynomial that
scales reference to the measurements. Zero-order wavelength shift and squeeze are also
fitted.

The high-resolution solar reference spectrum is obtained from the solar reference
spectrum generated from version 2016 of the disk-integrated solar pseudo-transmittance
spectrum [18] and a solar continuum spectrum [19]. The current TanSat L2 retrieval
algorithm also uses the solar line list and solar continuum spectrum scaled to the observed
solar spectrum [10]. We also tested the version 2020 solar line list and TSIS-1 Hybrid
spectrum, which covers 202-2730 nm at 0.01-0.001 nm spectral resolution with uncertainties
of 0.3% between 460 and 2365 nm [20]. The 2020 version of the solar line list does not
improve the fitting. Using the TSIS spectrum only slightly improves the fitting residual
in the O2A band, and the difference between using TSIS and the version 2016 line list is
negligible for SCO2 and WCO2 bands. The number of solar Fraunhofer lines is limited in
TanSat windows, so each band is divided into several subwindows for fitting, following the
previously described method Sun et al. [13] (the wavelength range of each sub-window
is shown below). The sparseness of solar lines in O2A and SCO2 bands makes it more
difficult to derive super Gaussian+P7 parameters. Not all of the five parameters can
be retrieved at the same time when only a few lines exist in a sub-window because the
asymmetry term, wavelength shift, -y, and m are competing for the information. v and m
make it more complicated in that the fitting sometimes cannot converge due to the small
signal of the tails. To overcome this problem, two-step fitting, similar to that previously
reported [9], is performed. First, v and m are derived using the full band, assuming that
they are wavelength-independent. Second, the convergence of the sub-window fitting can
be achieved by fixing v and m, and the tail fraction # and other parameters are fitted.

Figure 3 compares the retrieved ILS using three different ILS functions with preflight
ILS for O2A, WCO2, and SCO2 bands. Both the stretch/sharpen and super Gaussian+P7
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function show raised wings compared to the preflight ILS (for example, « are derived as
0.83,0.82, and 0.9, respectively), indicating a possible stray-light effect and will increase the
effectiveness of the ILS far-wing response. ILS is sensitive to this signal. The asymmetric
super Gaussian function can not capture the tails.
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Figure 3. (a) Preflight ILS, retrieved ILS using stretch/sharpen, super Gaussian+P7, and asymmetric
super Gaussian function at 758 nm for footprint 1; (b) the same as for (a) but at 1596 nm and (c) at
2066 nm. FWHM (w) for each type of ILS function is shown.

3. ILS Calibration
3.1. Spectral Variation in ILS

The ILS functions are derived for each footprint and each day with acquired solar
calibration measurements. Figure 4 shows an example of the fitting results at footprint 1 on 1
March 2017. Figure 4a—c shows the FWHM of four ILS functions at the median wavelengths
of each fitting window. The FWHMs derived using stretch/sharpen and super Gaussian+P7
function show wavelength-dependent structures similar to the preflight ILS, and they agree
well in the O2A band. The asymmetric super Gaussian function behaves differently due
to the shape mismatch. For the O2A and WCO2 bands, the derived FWHM s are generally
smaller than those of the preflight ones, particularly in the WCO2 band. The middle panel
(Figure 4d—f) shows the average fitting residuals at each fitting window when using four ILS
functions. The fitting residual using four ILS functions shows similar spectral variations.

There is a noticeable improvement in the fitting residuals in both the O2A and WCO2
bands by adjusting ILS using stretch/sharpen and super Gaussian+P7 function. Adjusting
the ILS and wavelength shift reduces the average residuals to 0.17% for the O2A band and
0.15% for the WCO2 band, particularly at the lower and upper wavelength ends of the
WCO2 band. The fitting residual using the super Gaussian+P7 function generally agrees
well with or slightly better than that obtained using the stretch/sharpen function. Using
the derived ILS function only slightly reduces the fitting residual in the SCO2 band. Using
an asymmetric super Gaussian function does not improve the fitting residual for any of the
three bands, indicating the necessity of including tails. Similar to Figure 4d—f, Figure 4g—i
shows the fitting residual at each wavelength. Substantial improvements at specific solar
lines can be achieved by using the derived stretch/sharpen or super Gaussian+P7 function
at O2A and WCO2 bands. The oscillating structure remains in the spectrally resolved
fitting residual. Yang et al. [10] apply a Fourier decomposition approach to capture and
correct these structures in solar spectral calibration, cloud screening and XCO2 retrieval
and attribute these wave-like patterns to the radiance response calibration. These structures
behave as a shift of wave-like patterns on different footprints. The Fourier decomposition
approach does not improve fitting residuals at solar lines by using the preflight ILS. The
reason for the visible CO, absorption structures in the fitting residual at WCO2 and SCO2
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bands is still unknown. A smaller solar zenith angle threshold (described in Section 2.1)
cannot eliminate this structure, indicating possible contamination of the light scattered by
the atmosphere.
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Figure 4. (a—c) FWHM of retrieved ILS as a function of wavelength for three TanSat bands at footprint
1 on 1 March 2017. The black line denotes preflight ILS FWHM. (d-f) Average fitting residual of each
fitting window using four different ILS functions. (g-i) Similar to (d—f) but for the fitting residual at
each wavelength.

3.2. Temporal Variation in On-Orbit TanSat ILS

TanSat retrieval over land is based on a two-band retrieval (only the O2A band and
WCO2 band are used) [10]. The inclusion of the strong CO; band still needs to be investi-
gated. Thus, we focused on the O2A and the WCO2 bands for temporal variation analysis.
A sampling rate (FWHM/JA) greater than 3.0 was suggested for array detector-based
instruments such as GOME, OMI, and GOME-2 to avoid the undersampling effect [21].
Undersampling causes at least two types of problems: (1) solar spectrum resample error;
(2) alias higher-frequency spectral information into lower-frequency information. The
former is essentially an interpolation error produced by assigning the measured solar
irradiance from the original wavelength grid to the shifted Earthshine radiance wave-
length grid. Current retrieval algorithms generally use a high-resolution solar reference
spectrum instead of the measured solar spectrum [10], so the interpolation error can be
avoided. However, using the measured solar spectrum is still valuable for canceling the
radiometric calibration errors that are common in radiance and irradiance [10]. Figure 5
shows an example of the time series of FWHMSs and fitting residuals for the O2A band
at fitting window 1 and 6 of footprint 1. In the O2A band (Figure 5a), the large temporal
variation in the derived FWHMSs using the asymmetric super Gaussian function, as has
been demonstrated by [13], is due to the insufficient spectral sampling (FWHM/JA < 3.0).
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This occurs because the super Gaussian function is sensitive to the positioning of the
sampling points at the solar lines. These time-dependent biases are much smaller for the
super Gaussian+P7 function and the stretch/sharpen function in the O2A band. The super
Gaussian+P7 function is a combination of the super Gaussian and tail functions, which
suffer less from the effects of spectral undersampling because the tail function can mitigate
the effects of ILS edges on solar lines. The spectral sampling rate of the O2A band varies
from 2.19 to 2.93 from 757 to 778 nm; as a result, the periodical biases are much smaller for
longer wavelengths (Figure 5¢ for window 6). Similar to OCO-2 [13], this pattern is different
for each footprint. For the WCO2 band (Figure 6), the spectral sampling rates vary from
2.0 to 2.27, but no periodical biases for any ILS functions were found, probably because
the much lower spectral resolution (0.125 nm) mitigates the effect of ILS edges on Solar
lines. The average fitting residuals show less variation overtime, particularly in the WCO2
band, indicating the instrument is quite stable during the operation. Similar to Figure 4,
the derived ILS functions improve the fitting residual compared with the preflight ILS in
0O2A and WCQO2 bands over time. The shifts in FWHM and RMS in May 2017 occurred due
to the update of the instrument calibration data after half a year of operation. The gaps
were due to the unavailability of solar measurements.
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Figure 6. (a) FWHM and (b) average fitting residual of retrieved ILS using four ILS functions for
the WCO2 band at footprint 1 and fitting window 1 over time. (c,d) Similar to (a,b) but for fitting
window 6, respectively.
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The temporal variations in the relative differences between the derived FWHMs
(stretch/sharpen fitting only) and preflight FWHMSs are shown in Figure 7 for the O2A band
and Figure 8 for the WCO2 band. The temporal variations in the FWHM are smaller over
time and similar for different footprints and wavelengths. The inter-footprint differences
depend on the fitting windows. In the O2A band, squeezing or broadening of the ILS
occurs for different footprints. The relative differences vary from —2.5% at the lower-end of
the wavelength range to 5% at the upper end of the wavelength range. The recalibration of
TanSat L1B data in May 2017 reduced the relative differences in the O2A band (Figure 7c—f).
In the WCO2 band, the stretch term v is less than one, indicating a squeezing of the ILS.
The derived FWHMs are generally smaller than preflight FWHM, with relative differences
up to —3.5%. These differences depend on the footprint and wavelength.
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Figure 7. Variation in relative difference between FWHM derived using stretch/sharpen function
and preflight FWHM in fitting windows at the O2A band for all footprints. Dotted line represents 0%.

Figure 9 shows an example of the temporal variation in the sharpen term for the O2A
and WCO2 bands. The sharpen term is generally less than 1, with values of 0.7-0.92 for
the O2A band and 0.78-0.9 for the WCO2 band, indicating the widening wings of the
derived ILS. The physical cause of the broadening wings may be related to the uncorrected
stray light.



Remote Sens. 2022, 14, 3334

10 of 14

| (a) Fitting window 1 (1593.9—1598 nm) Footprints: 1 4 67809

| S ety Sme | sememy  f IS RNSNESMnvegee s AT

| (b) Fitting window 2 (1598—1603.5 nm)

| e s sy G | NI [ S 8 oSS s i o

Y

| (c) Fitting window 3 (1603.5—1608.5 nm)

e it Ran mpnESTAnabale NS MR

s —————— e

|_ (d) Fitting window 4 (1608.5—1614.5 nm)

0 oy S s oy s e | e ey B e e AR

Y

FWHM Change (%)

| (e) Fitting window 5 (1614.5—1619.5 nm)

| o e - ) B n i mnESEERENIEME e s s

vy -

| (f) Fitting window 6 (1619.5—1623.8 nm)

| i o o i e W | VTR Nt i e e

1 1 1 1 1 |
Apr-2017 Jul-2017 Oct-2017 Jan-2018 Apr-2018 Jul-2018

Figure 8. Similar to Figure 7 but for 6 fitting windows at the WCO2 band.
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Figure 9. Sharpen term over time for window 6 in the O2A band and window 5 in the WCO2 band.

4. Effects of ILS on SIF and XCO2 Retrieval

The broadening wings of ILS in the O2A and WCO2 bands of TanSat indicate that
both bands are affected by stray light. The changing on-orbit ILS may affect TanSat SIF and
COy retrievals.

The TanSat SIF product was retrieved from solar lines around 757 nm [16], using a
fluorescence retrieval principle similar to that in a previously reported study [22]. The
SIF signal is retrieved as a filling-in of deep solar lines, where the effect of atmospheric
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scattering and reflection by the surface can be removed by a lower-order polynomial in
the fitting. Offset correction derived in vegetation-free areas is applied to correct the bias
that depends on the SIF energy level, footprint, and time, as shown in Figure 10a. An
offset in vegetation-free areas indicates potential instrumental artifacts, such as stray light,
in the retrieval. OCO-2 detected a stray light (zero-level offset (ZLO)) in the O2A band.
Sun et al. [13] found that the time-dependency of SIF correction factors closely relates
to the widening of on-orbit ILS. We applied the same method as that proposed by Sun
et al. [13] to derive a filling-in of the solar line at 757 nm (an offset added to the solar line)
to account for the offset in the measured solar spectrum. Figure 10b shows the temporal
variation in the derived filling-in offsets for all footprints. These solar filling-in offsets
show similar temporal patterns to the SIF correction factors. The time- and footprint-
dependent solar filling-in offsets are substantially reduced by using the retrieved ILS
(stretch/sharpen function) (Figure 10c), revealing that ILS correction may be needed to
reduce the dependence of SIF on bias correction.

The additive wavelength-dependent zero-offset and Fourier-series correction in both
the O2A and WCO2 bands are fitted in the TanSat XCO2 retrieval algorithm [10]. Both
correction approaches considerably reduce the residual error in radiometric calibration and
improve the fitting residual; they may also account for the effects of uncorrected stray light.
However, the FWHM in the WCO2 band is several percentage points lower. The effect of
error in FWHM on XCO2 retrieval still needs to be verified. We explored the retrieval impact
of on-orbit ILS calibration error and uncertainties using a linear error analysis approach by
including the ILS in the forward model. Synthetic TanSat spectra were modeled by a vector
discrete ordinate radiative transfer model (VLIDORT) [23], with an interface optimized
for TanSat. The XCO2 errors due to any of these ILS parameters can be readily calculated
using the forward model parameter error. We focused on the FWHM and wing of ILS.
Figure 11 shows the linear error analysis of the relative uncertainty of XCO2 due to the
relative uncertainty in ILS width; the ILS is modeled by the stretch/sharpen function. To
ensure the ILS-induced error is comparable to that of the XCO2 retrieval (1 ppm), the ILS
width should be known to be within about 4%. The effect of wings is considerable when
large uncertainty exists, as indicated by the forward model error induced by the sharpen
term. For example, in Figure 9, the sharpen term in the WCO2 band varies from about
0.8 to 0.9. We obtain similar results using the super Gaussian+P7 function. However, the
interference error due to ILS is negligible (not shown here) when the ILS width is retrieved
as part of the state vector. Therefore, it is possible to constrain the ILS without jeopardizing
XCO2 and account for the temporal variation in ILS as has been applied for OMI ozone
profile retrieval [24]. However, ILS uncertainty may interact with other parameters beyond
current error analysis, and ILS change is complicated (the shape may not be exactly the
same as the ILS stretching and sharpening).
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Figure 10. Time series of (a) SIF offset correction derived at 145 W m 2sr~lum~1. Filling-in offset
derived using (b) preflight ILS and (c) stretch/sharpen ILS.
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Figure 11. Estimation of XCO2 retrieval error due to FWHM and sharpen term uncertainties using
synthetic TanSat measurements. Reflectance was modeled with: surface albedo = 0.05, solar zenith

angle = 30, and viewing zenith angle = 0.1.

5. Conclusions

In this study, we characterized the on-orbit post-launch ILS for individual fitting
windows, footprints, and bands of the TanSat instrument by fitting the measured solar
spectrum with a high-resolution solar reference spectrum. We used different ILS functions
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to parameterize the ILS. Using the stretch/sharpen and super Gaussian+P7 functions
remarkably improves the fitting residuals of the solar spectrum in both the O2A band
and WCO2 bands. Using an asymmetric super Gaussian function does not improve the
fitting residual compared with using the preflight ILS. Using a theoretical function could
induce artificial temporal variation in the FWHM due to the spectral undersampling. The
temporal variation in the derived on-orbit ILS functions shows considerable wavelength
and footprint dependence. In the WCO2 band, the derived FHWM s are smaller than the
preflight FWHM by up to -3.5%. We use the sharpen term and the P7 function to describe
the ILS wings. The sharpen term was found to vary between 0.7 and 0.92, indicating
uncorrected stray light depending on the wavelength, footprint and band. The derived ILS
is sensitive to the stray light signals, and it should be well-characterized through on-ground
calibration experiments.

The broadening of ILS wings in OCO-2 was demonstrated by the SIF signal [13].
TanSat behaves similarly to OCO-2 but derives larger-amplitude of the ILS wings. An
ILS correction may also be needed to reduce the dependence of TanSat SIF retrieval on
the offline bias correction. We estimated the effects of on-orbit changes in FWHM and
amplitude of the tails on XCO2 retrieval by using a linear error analysis approach. A 4%
uncertainty in the FWHM or a 20% uncertainty in the wings of the ILS can induce an error
of up to 1 ppm in the XCO2 retrieval. However, differences in stray light between radiance
and irradiance and scene heterogeneity may induce different errors in Earth-viewing
radiance and solar irradiance. Future research is needed to implement the derived on-orbit
ILS in the IAPCAS retrieval algorithm [10] and attempt to retrieve the ILS parameters
simultaneously with XCO2, as the simulations show that the interference error in XCO2
due to simultaneous ILS fitting is negligible.

Future missions, such as TanSat-2, should account for the error in ILS. On-ground
characterization of ILS shape and stray light is critical for greenhouse gas retrievals. Long-
term in-flight monitoring of ILS shape is more useful [9] because the change in ILS shape
cannot be represented by fitting theoretical functions when the number of solar lines is
limited in the O2A, WCO2 and SCO2 bands. Increasing the spectral sample rate will also
be helpful.
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