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In support of the Copernicus Anthropogenic Carbon Dioxide Monitoring (CO2M) mission, this
study evaluates the performance of the Remote sensing of Trace gas and Aerosol Product
(RemoTAP) algorithm based on synthetic orbit measurements of realistic atmospheric and
geophysical scenes over land. To make use of the added value of the multi-angle polarimeter
(MAP) aboard the CO2M mission, the RemoTAP algorithm is developed to perform
simultaneous retrieval of trace gas and aerosol properties from both MAP and CO, imager
(CO2l) measurements. At the same time, it has the capability to perform the retrieval of trace gas
from only CO2l measurements. To set up the baseline tests, we apply a simple filter based on
non-scattering retrievals in different CO2I bands which is able to fitter out 80% of the cirrus-
contaminated pixels, and after posterior filtering based on goodness of fit, 95% of the cirrus-
contaminated cases are screened out. The MAP-CO2I retrieval method is able to reduce the
aerosol-induced retrieval error in column-averaged dry-air mole fraction of CO, (XCO,) in terms
of RMSE and bias by more than a factor of 2, compared to CO2I-only retrievals on the filtered
pixels. A strong correlation between XCO, error and surface albedo in CO2I-only retrievals is
significantly reduced for MAP-CO2I retrievals. Moreover, XCO. biases in CO2I-only retrievals
exhibit a significant spatiotemporal variability caused by a strong dependence on aerosol load.
The biases can be up to 2 ppm over some regions, which are much larger than for the global
case. It shows that only by the inclusion of MAP measurements, the large aerosol-induced
biases can be mitigated, resulting in the retrievals that mest the mission requirement (precision
< 0.7 ppmand bias < 0.5 ppm). The error estimates for XCO2 retrievals cover the uncertainties
related to the instrument, aerosol, and cirrus, although other error sources, for example, in
temperature and pressure profiles, may increase the overall error somewhat. The impact of
cirrus on the retrieval, which can be significant, is also investigated. When not accounted for in
the retrieval, the presence of a thin layer of cirrus with an optical thickness at 550 nm smaller
than 0.3 can increase XCO, errors by a factor of about 3 for MAP-CO2] retrievals, leading to an
RMSE of 2.3 ppm for cirrus-contaminated scenes. When fitting cirrus properties, this can be
reduced to 1.27 ppm for cirrus-contaminated cases. For CO, retrievals using the proxy
method, in a highly idealized situation where it is assumed that a perfect CH, prior is
available, an RMSE of 0.93 ppm and a bias of 0.3 ppm are achieved. These retrievals are
hardly influenced by cirrus but depend linearly on the accuracy of the CH, prior.
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1 INTRODUCTION

Carbon dioxide (CO,) is the most important contributor to
greenhouse gas (GHG) emission, where fossil CO, emission is
the largest source (Olivier et al., 2017). An operational capacity
for monitoring anthropogenic CO, emissions is being developed
under the European Commission’s (EC) Copernicus program
(Janssens-Maenhout et al., 2020). Space-borne measurement is a
key component of such an observing system to provide evidence
of the emission trend and to detect point sources. Therefore, the
European Space Agency (ESA), in collaboration with the EC and
the European Organization for the Exploitation of Meteorological
Satellites (EUMETSAT), will implement the CO, Monitoring
(CO2M) satellite mission as part of the Copernicus program. In
order to monitor trends and the effectiveness of the efforts to
reduce CO, emissions, the mission aims to provide observations
of column-averaged dry-air mole fraction of CO, (XCO,), at high
spatial resolution (2 x 2 km?) with high precision (< 0.7 ppm)
and low systematic bias (< 0.5 ppm) (Meijer et al., 2020; Sierk
et al., 2021).

Based on the heritage from existing space-borne GHG
observing systems, such as GOSAT-2 and OCO-2, the CO,
imager (CO2I) instrument aboard the CO2M mission observes
the Earth reflected radiance in three spectral bands with the
spectral ranges of NIR (747-773 nm), SWIR-1 (1595-1675 nm),
and SWIR-2 (1990-2095 nm). However, the XCO, retrievals
from CO2I-like spectrometer measurements suffer from
significant  aerosol-induced errors depending on the
atmospheric aerosol load (Mao and Kawa, 2004; Butz et al,
2009; Guerlet et al., 2013; Rusli et al, 2021). To mitigate the
aerosol-induced error, a multi-angle polarimeter (MAP) is
included in the CO2M mission to provide measurements of
aerosol parameters for light path correction and to ensure the
required accuracy of XCO, retrievals is met (Frankenberg et al.,
2012; Meijer et al., 2020).

The Remote sensing of Trace gas and Aerosol Product
(RemoTAP) algorithm developed by SRON can simultaneously
retrieve aerosol and trace gases by including measurements from
both CO2I and MAP. RemoTAP algorithm finds its origin in the
SRON aerosol retrieval algorithm (or SRON-MAP algorithm)
using MAP measurements (Hasekamp et al., 2011; Fu and
Hasekamp, 2018; Hasekamp OP. et al., 2019; Fu et al., 2020).
The algorithm was recently extended to include spectroscopic
measurements and the ability to retrieve trace gas columns (Rusli
et al, 2021). This extension is largely based on the RemoTeC
algorithm which infers trace gas from spectrometer
measurements. RemoTeC was also developed at SRON and is
used for GHG retrieval from GOSAT (Butz et al., 2011; Guerlet
et al, 2013) as part of ESA’s Climate Change Initiative (CCI)
(Buchwitz et al., 2017). It is also applied for XCO, retrieval from
OCO-2 (Wu et al., 2018; Wu et al., 2019; Wu et al., 2020) and
methane retrieval from TROPOMI (Hu et al., 2018; Lorente et al.,
2021). By combining the capabilities of SRON-MAP and
RemoTeC, RemoTAP is flexible to achieve multiple purposes,

for example, 1) aerosol retrieval from MAP-only measurements,
2) trace gas retrieval from spectrometer-only measurements, and
3) simultaneous aerosol and trace gas retrieval using MAP and
spectrometer measurements. Only the last two processing lines
are of interest in this study for GHG retrieval.

The RemoTAP MAP-CO?2I retrieval method was tested by
Rusli et al. (2021) on an ensemble of 500 pixels using synthetic
measurements with randomized atmospheric and geophysical
input parameters and retrieval with consistent assumptions
between the synthetic measurement simulation and the
retrieval algorithm. It shows that the MAP-CO2I retrieval can
significantly reduce the error in the XCO2 retrievals compared to
the retrievals using measurements from only the CO2I
instrument, and there is virtually no dependence of the error
on aerosol load.

The present article provides an extension to the study of Rusli
et al. (2021) in different ways: 1) we extend the evaluation of the
MAP-CO2I and CO2I-only retrievals to an extended and more
realistic set of synthetic measurements, where the synthetic
measurements are based on a complex and realistic
description on aerosol properties and use realistic viewing and
solar geometries from an orbit simulator. Performance is
evaluated at both global and regional scales. 2) We also
include cirrus clouds for the creation of synthetic
measurements, and we investigate the capability of CO2M to
filter for cirrus-contaminated scenes or to explicitly include cirrus
properties in the retrieval state vector. For the latter purpose,
RemoTAP was extended to include cirrus in the forward model
and inversion. 3) We evaluate the performance of a so-called
proxy retrieval (Frankenberg et al., 2006; Schepers et al., 2012;
Krings et al., 2013) where the total column of a target species is
inferred using a proxy species with its abundance in the
atmosphere known from prior sources at high accuracy, by
assuming that the light path modifications in the spectral
windows of the two species are the same.

The article is organized as follows. Section 3 describes the
methodology for both full-physics and non-scattering/proxy
retrievals. Section 4 presents the simulation of synthetic
measurements. Section 5 gives an extensive analysis of the
performance of the CO2I-only, MAP-CO2I, and proxy
retrievals. Finally, Section 6 summarizes the results, and
conclusions are made.

2 CO2M MISSION AND INSTRUMENT
DESCRIPTION

The CO2M mission comprises a constellation of low Earth orbit
satellites in a Sun-synchronous orbit (altitude 740 km, LTDN 11:
30), which is planned to be operated over at least 7 years with a
target launch date in 2025. The observing system aims to provide
policymakers with accurate global mapping of carbon dioxide
and methane at various spatial scales. To achieve sufficiently high
spatial resolution, the mission combines a swath of 250 km with
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TABLE 1 | Orbits of CO2M satellite and observation geometries for its
instruments.

Parameters Setup
Orbits type Sun-synchronous
Inclination 98.356°
Orbits per day 14 + 5/11
Cycle length 159 orbits
Altitude 740.723 km
Local time in descending node 11:30 h
Number of across-track pixels 125
Swath 250 km
Field of view 23.22°
Pixel size 2 x 2km?
Along-track sampling time 0.286 s

continuous spatial sampling (2km x 2 km) which can realize
global coverage in 2-3 days with 3 satellites in orbit at the same
time (see Table 1).

The mission objective of very accurate XCO, and XCH, data
products requires the use of co-located measurements from
multiple instruments. Trace gases can be inferred from
measurements of a push-broom imaging spectrometer, which
consists of a NIR band, two SWIR bands, and a VIS band. CO2I
comprising the first three bands measures CO, and CH,. The VIS
channel, denoted as NO2I, measures NO,, which can serve as a
tracer to assist the identification and mapping of high CO,
concentration plumes resulting from fossil-fuel emissions
(Kuhlmann et al., 2021). Measurements from MAP will be
used for light path correction to ensure an XCO, data product
for scenes with medium to high aerosol load which may occur
over cities and areas affected by biomass burning and dust storms.
Finally, observations of a 3-band cloud imager (CLIM) can be
used as a first cloud clearing step by identifying pixels with a cloud
fraction > 0.05 (excluding subvisual cirrus).

This study focuses on the synergistic use of CO2I and MAP
for a full-physics XCO, retrieval. CO2I measures top-of-
atmosphere spectral radiance and solar irradiance in
3 spectral windows, that is, one NIR band and two SWIR
bands. The NIR band, covering the oxygen (O2) A-band, has a
spectral range of 747-773nm at a spectral resolution of
0.12 nm. The two SWIR bands, covering two CO, and one
CH, absorption bands, have the range of 1,595-1,675 nm at a
resolution of 0.3 nm (SWIR-1) and 1,990-2,095 nm at 0.35 nm
(SWIR-2). The spectral resolution is defined as the full width at
half maximum (FWHM) of the instrument spectral response,
and each FWHM is over-sampled by a factor of 3. The
precision in the spectrometer measurements, in terms of
signal-to-noise ratio (SNR), is determined by

SNR = anoisel/ (anoisel + bnoise)’ (1)

where a,ise and by are the spectrometer-specific constants
given for each spectral window (Landgraf et al, 2020). The
spectral properties and noise parameters are given in Table 2
according to the CO2M instrument specification (Meijer et al.,
2020). The average value of SNR for the NIR band is 569, for
SWIR-1 is 1,117, and for SWIR-2 is 469.

Simultaneous Retrieval Using RemoTAP

MAP measures radiance and degree of linear polarization
(DoLP) at 6 wavelengths, 410, 443, 490, 555, 670, and 865 nm,
and at 43 viewing angles ranging from —60° to 60° on the ground
(Meijer et al., 2020). In this study, we use a simplified MAP error
model that assumes the total error for radiance and DoLP is given
as a random error of 3% and 0.003, respectively, in accordance
with the accuracy requirements. The main MAP instrument
characteristics are given in Table 3.

3 METHODOLOGY

Any retrieval algorithm aims at inferring an atmospheric state
vector x from a measurement vector y. The state vector is linked
to the measurement vector through a forward model F(x, b) that
depends on the state vector x and a vector b containing ancillary
parameters that are not retrieved.

y=F(xb)+e, (2)

where e, represents the measurement error vector. In our case,
the measurement vector may consist of multi-spectral, multi-
angle measurements of intensity and DoLP performed by the
MAP instrument and CO2I spectrometer. In the following, we
will omit the dependence of F on b.

For the retrieval procedure, it is needed that the nonlinear
forward model is linearized so that the retrieval problem can be
solved iteratively. For iteration step #, the forward model is
approximated by

F(x) =~ F(x,) + K [x - x,], 3)

where x,, is the state vector for the current iteration step, and K is
the Jacobian matrix with elements

Kij =

OF;
ox, (Xn)- (4)

3.1 Forward Model, Model Atmosphere, and
Optical Properties

The radiance and state of polarization of light at a given
wavelength can be described by an intensity vector I which
has the Stokes parameters I, Q, U, and V as its components
(Chandrasekhar, 1960):

1=[QU,V]. (5)

Here, T indicates the transposed vector, and the Stokes
parameters are defined with respect to a certain reference
plane. We will use the local meridian plane as reference plane.

The DoLP can be computed from the Stokes parameters as:

+/02 + U2
poLp = Y&V T (6)

So, in general, the forward model should simulate the Stokes
parameters I, Q, and U for different spectral bands/pixels and
viewing angles. The Stokes parameters are calculated from the
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TABLE 2 | Characteristics of the CO2I spectrometer with a spectral sampling ratio of 3.

Band ID Spectral range Spectral resolution Internal Ibl Anoise bnoise Telluric absorption
sampling

Unit nm nm nm photons™ cm? s nm sr 1

NIR T47-773 0.12 0.003 2.0x10°® 19,600 0,

SWIR1 1,590-1,675 0.3 0.01 1.32 x 1077 202,500 H-O, CO,, and CH,

SWIR2 1,990-2,095 0.35 0.01 154 x 1077 202,500 H-O and CO,

TABLE 3 | Characteristics of the MAP.

Features Setup
Number of VZAs 41
Viewing angles (on the ground) [degree] [-60, 60]

Wavelengths [nm] 410, 443, 490, 555, 670, 865

Number of radiance measurements 246
Number of DoLP measurements 246
Total number of measurements 492
Radiance uncertainty 3%

DoLP uncertainty 0.003

optical properties by the SRON radiative transfer model
LINTRAN v2.0 (Schepers et al, 2014). For a given spectral
measurement in band/pixel i, the forward model should simulate

Aend
EO\) = J

Astart

Searth,i (A) E (/\) d/L (7)

where E represents either I, Q, or U, Seqq, is the instrumental
spectral response function (ISRF), and A; is the wavelength
assigned to spectral measurement i. Application of Eq. 7
requires E(1) to be computed at high spectral resolution. To
avoid time-consuming line-by-line calculations, we use the
linear-k method described by Hasekamp and Butz (2008).

If the dependence of E on A is weak within the spectral range of
the ISRF (e.g., at continuum wavelengths or for spectrally smooth
absorbing trace gases), we can approximate Eq. 7 by

E(L) = E(L). (8)

In any case (Eq. 7 or Eq. 8), we need a radiative transfer (RT)
model to compute I(A), Q(A), and U(A) for a given model
atmosphere.

For the forward model calculations, the model atmosphere
is discretized into a number Ny of homogeneous vertical
layers, provided as input at a fixed number of altitude levels
Zley above the surface of the atmosphere. In the standard
setup, we use 15 vertical layers (2 km spacing between 0 and
20 km, 4 km spacing between 20 and 36 km, and 1 layer above
36 km). First, we determine the pressure at these altitude
levels by linear interpolation of the input pressure profile pye;
as a function of altitude z.,, from a meteorological data
source (e.g., from the Copernicus Atmosphere Monitoring
Services, CAMS), to the forward model levels zioy + Zsurp
where zg,¢ is the surface height from a digital elevation
map (DEM).

Each layer k in the model atmosphere is characterized by the
scattering optical thickness 7., absorption optical thickness
Tabsjo and scattering phase matrix Py.

Tabsk = Tabsmolk T Tabsaerk 1 Tabs,cirk> (9)
Tscak = Tscamolk T Tscaaerk T Tscacirks (10)
T P (®) + T Poer (©) + Tscacirk Pair (O
Pk (@) — sca,mol.k mol( ) sca,a-e:,k aer( ) sca,cir,k Cll’( )’ (11)
sca,k

»

where the underscripts “mol,” “aer,” and “cir” refer to the
contributions  from  molecules, aerosols, and
respectively, and ® denotes scattering angle.

We compute Ty, molx Using the Rayleigh cross-sections from
Bucholtz (1995) and the sub-column of air in layer k. For the
Rayleigh phase matrix P, we refer to Hansen and Travis
(1974). The molecular absorption optical depth is first
calculated per absorber (j) and per discretized atmospheric
layer (k). To account for the temperature and pressure
dependence of the molecular absorptions within a model layer,
we divide each model layer k in Ny, sublayers, such that the
pressure thickness AP; , of the sublayer < 10 hPa. The molecular
absorption optical depth for layer k and absorber j is given by:

cirrus,

Nsub, k

Api,
z 0j (pisub’ Tisub’ A) Ngasxk,j Al;kb’ (12)

Tabs,k, j (A) =
fsup=1

with the absorption cross-section o; (p;,, Ti,,>A) of molecule j at
wavelength A, pressure p;_,, and temperature T} , at the center of
sublayer iy of atmospheric layer k. Ap;, is the pressure
thickness of sublayer iy, and Ap, of model layer k.

Furthermore, Ny, is the sub-column of absorber j in layer k,
given by

Ngas,k,j = Tgask,j Nair,k: (13)

where 7, 1 ; is the dry-air mixing ratio of gas jin layer k, and Ny«
is the dry-air sub-column in layer k. The total molecular
absorption optical depth for model layer k is then given by

Tabs,mol,k (A) = Z Tabs,k, j (A) (14)
j

The aerosol optical properties T, aerio Tabsaerko aNd Paer in
layer k are computed from their size distribution, refractive index,
and shape. Herein, we assume that the aerosol size distributions
consist of a number of size modes, where each mode, in principle,
has its own refractive index, vertical distribution, and particle
shape. The optical properties are computed per mode using the
Mie- and T-matrix improved geometrical optics database by
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Dubovik et al. (2006) along with their proposed spheroid aspect
ratio distribution for computing optical properties for a mixture
of spheroids and spheres.

The size distribution n,..(r) of each aerosol mode is either
described by a log-normal or power-law function. The log-
normal size distribution is written as:

Maer (1) = \/z—ﬂ;%rexp[—(lnr—lnrg)z/(ZU;)], (15)
where r is the radius (or radius of a volume equivalent sphere), 7,
is the median radius, and o, is the standard deviation. Instead of 7,
and o, we use the effective radius r.¢ and effective variance veg
because they are less dependent on the actual shape of the size
distribution (Hansen and Travis, 1974). reg and veg are related to

rg and o, by:
a; =1In(1 + vegr) (16)
and

ry= T’eff/ (1+ve)™™. (17)

The power-law size distribution is given by

C forr<r,
A\ 7P
Naer (1) = C<—> forri<r<r, (18)
r
0 forr >r,.

The cut-offs are r; =0.1 ym and r, = 10 ym, and the constant C is
determined from normalization of the size distribution.

The refractive index of aerosols is described as a function of
the MAP spectral sampling points and the central wavelengths for
each spectrometer band but is assumed constant inside a
spectrometer window. Each aerosol mode is assumed to be a
mixture of a set of components, such as inorganic component
(INORG), organic carbon (OC), black carbon (BC), dust (DU),
and water, where the spectral dependence of the real part and
imaginary part of each component are predefined based on the
standard types of D’Almeida et al. (1991). Therefore, the complex
refractive index as a function of wavelength for a given mode is
calculated as follows:

m) = Y comy (), (19)
k=1

where my(A) represents prescribed refractive indices of the kth
aerosol component and ¢ is the coefficient of the component.

A normalized Gaussian altitude distribution with a center
height z,., and a full width half maximum (FWHM) wy is
used to calculate the number sub-column of aerosols N, k.
for layer k and mode i from the total column of aerosol
particles N, ; for mode i. Hence, for model layer k with a
layer height z; and a thickness Az, the number sub-column
yields:

4In2(2x — Zger)?

Naer,k,i = Naer,iBeXp|:_ >
Wy

:| AZk, (20)

Simultaneous Retrieval Using RemoTAP

where N, ;is the aerosol column number for mode i and B is the
normalization constant of the Gaussian.

For the setup of the MAP-CO2I retrieval, we use a parametric
3-mode aerosol description, where the size distribution is
described by 3 log-normal modes (i.e., Npodes = 3), with one
fine mode and 2 coarse modes (soluble and insoluble). For the
fine mode, the state vector includes e Vet Naer> foph» and the
refractive index coefficients ¢, that correspond to the standard
refractive index spectra of inorganic aerosol (real part), black
carbon (imaginary part), organic carbon (imaginary part), and
water. The coarse insoluble mode consists of non-spherical dust.
For this mode, the state vector includes g, N,er, and a coefficient
for the imaginary part of the dust refractive index. The fixed
parameters are fopn, = 0, Ver = 0.6, and ¢, = 1 for the real part dust
refractive index. One value for z,., is included which is assumed
to be the same for modes 1 and 2, while w, is fixed at 2,000 m. The
third mode is a coarse soluble mode. For this mode, the state
vector includes 7. N,e, and a coefficient ¢, of the inorganic
refractive index spectrum. The fixed parameters are fopn, = 1, Vegr =
0.6, and z,.; = 500 m. The aerosol parameters in the state vector
for MAP-CO2I retrieval are shown in Table 4.

The aerosol size distribution for CO2I-only retrieval is
described by a single power-law mode which reflects the
information content of the measurements (Butz et al.,, 2009).
Here, N,., and power p are included in the state vector. The
refractive index is fixed by 1.4-0.003i for all spectral bands.
Furthermore, z,. is included in the state vector and wy is
fixed at 2,000 m.

Optical cirrus properties are computed using the
parameterization scheme proposed by van Diedenhoven et al.
(2012). It provides extinction cross-section o,, single scattering
albedo w, and scattering phase matrix which are tabulated in a
look-up table that stores the optical properties as a function of
effective radius r.g, hexagonal prism aspect ratio «, degree of
crystal distortion 6, and wavelength A. Linear interpolation is used
to obtain optical properties at the actual values of 7.4, «, 8, and A.
The model uses a description of ice crystals as a mixture of plates
with & < 1 as proxies for complex ice crystals. Crystal distortion
parameter & parameterizes the optical effects of crystal complexity
from microscales to macroscales (Macke et al, 1996; van
Diedenhoven et al.,, 2014). A maximum of § = 0.7 is used. The
current look-up table contains optical properties at A =1,589,
1,884, and 2,117 nm. Interpolation leads to moderate positive and
negative absorption biases in SWIR-1 and SWIR-2 bands,
respectively, which are not expected to substantially affect our
sensitivity study. For the vertical distribution of cirrus number
column N, Gaussian distribution is also adopted with center
height z;, and FWHM wy. The state vector includes ¢, o, 8, Neip
and z, for cirrus if cirrus is fitted in the retrieval, and wy is fixed
to 1,000 m.

The sub-columns Ny ; of the j different trace gases in layer k
of the model atmosphere are given by

Ngas,k,j =Sj Nstd,k,jx (21)

where Nyq x; is the sub-column for trace gas j corresponding to an
a priori vertical profile and s; is the corresponding scaling factor
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TABLE 4 | State variables in the full-physics retrieval, where o is the cross-section extinction coefficient.

Category

Trace gas

Fine mode

Coarse insoluble mode

Coarse soluble mode

Cirrus Mode

Power-law mode

Surface properties

Wavelength shifts

State variable

HoO scaling factor s4
CO, scaling factor s»
CHy scaling factor s3
left

Vett

Naer

fsph

¢4 (INORG real)

Co (BC imag)

c3 (OC imag)

¢4 (water)

Zaer

leff

Naer

¢4 (DU imag)

Zaer

leff

Naer

c1 (INORG)

Teff

o

)

Nc\r

ZCII'

p

Naer

Zaer

kgeo

kvol

BPDF scaling factor
AMAP for each MAP band
a§%? for each CO2I band
a§9? for each CO2I band
b for each CO2I band
b3 for each CO2I band
by for each CO2| band
b for each CO2I band

A Priori

1.0
1.0
1.0
0.15
0.2
0.0001/Coxt
0.95
0.9
0.01
0.1
0.1
2,000 m
1.0
0.0001/Coxt
0.95
2,000 m
25
0.0001/Coxt
0.9
25.0
0.65
0.63
0.04/Coxt
tropopause height
4.0
0.1/Coxt
3,000 m
0.1
0.5
1.0
0.05
0.1
0.0
0.0
0.0
0.0
0.0

Weight

1.0
1.0
1.0
0.2
0.05
0.5/Ceyxt
0.1
0.1
0.1
0.1
0.1
4,000 m
1.0
0.5/Coxt
0.1
4,000 m
1.0
0.5/Cext
0.1
10.0
1.0
0.2
0.05/Coxt
4000 m
0.1
0.5/Cext
4,000 m
0.1
0.5
5.0
0.5
0.5
0.001
0.1
0.1
0.1
0.1
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In the last two columns, “1” indicates the specific variable is fitted in the MAP-CO2/ or CO2I-only retrieval while “0” indicates the variable is not fitted.

TABLE 5 | State variables in the non-scattering retrieval.

Category State variable A Priori Weight
Trace gas HoO scaling factor s for SWIR-1 and SWIR-2 1.0 1.0
CO, scaling factor s, for SWIR-1 and SWIR-2 1.0 1.0
CHy, scaling factor sg for SWIR-1 1.0 1.0
Surface properties a§o? for each CO2I band 0.1 0.5
a§9? for each CO2I band 0.0 0.001
bj for each CO2I band 0.0 0.1
Wavelength shifts b3 for each CO2I band 0.0 0.1
by for each CO2| band 0.0 0.1
b for each CO2!I band 0.0 0.1

independent on k. The O, vertical profile follows the pressure
profile. For MAP-only retrievals, we fix the scaling factors s; to
1.0, that is, their atmospheric abundance is fixed to the a priori
value throughout the retrieval, while for MAP-CO2I and CO2I-
only retrievals, we include the scaling factors s; corresponding to
CO,, CH,, and H,O in the retrieval state vector.

3.1.1 Surface Reflection Properties

For retrievals over land, we use the surface reflection matrix
(Litvinov et al,, 2011) that accounts for the directional and
polarization properties of the surface in the form:

Rs (/L eim Gout) (Pout - (Pin) =Trn (/L eina eoun (Pout - §0in) D+ Rpol)
(22)
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where D is the null matrix except Dy, = 1. The pairs (6, ¢;,) and
(Bouv Pour)> respectively, denote the incoming and outgoing zenith
and azimuth angles.

For the bi-directional reflection distribution function (BRDF)
711, the Ross-Li model given by Eq. 23 is used.

LS (A’ ein) eou\) Pout ~ (Pi“) =A (/1) (1 + kgeofgeo (ein) Gouh Pout — (Pgn)
+kvolfvol (eim eouu (Pﬂm - (Pin)); (23)

where A is the isotropic scaling parameter, and f,., and f, are,
respectively, the geometric (Li-Sparse) and volumetric (Ross-
Thick) kernels (Wanner et al., 1995).

Ry, in Eq. 22 defines the bi-directional polarization
distribution function (BPDF) model (Maignan et al., 2009) to

account for the surface polarized reflectance, which is given by

exp(—tan(%)) exp (-) F, (m, ©) >

Rpot (Bin, Oouts P = Pin) = Bpor ( FYPRESTIN)
in out

(24)

Here, B, is a scaling parameter (band-independent). F,(m, ©) is
the Fresnel scattering matrix with a refractive index m = 1.5. We
use v =0.1 (Litvinov et al., 2011). y;, and poy are the cosines of
incoming and outgoing zenith angles, that is, 6, and Ouu,
respectively.

The state vector includes kgeo, kyvo, and Bpo for MAP-CO2I
retrieval, where B, is assumed to be spectrally neutral. For
CO2I-only retrieval, Lambertian reflection is used, that is, kgeo,
kyor, and B, are zero. For A(A), we retrieve one value AMAP for
each MAP band, while for the spectrometer windows, we describe
the spectral dependence A(A) within a spectrometer window as a
N'-order polynomial:

Na

A =Y a (A= L), (25)

i=0

where A, is a reference wavelength chosen as the first wavelength
of the spectral window. For each CO2I band, the coefficients for a
linear dependence a$°% and at©% are retrieved, that is, Ny = 1 in
Eq. 25.

3.1.2 Wavelength Shift

The spectral calibration of the absorption cross-section data is
used as reference, and therefore, the CO2I-measured solar
irradiance and radiance need to be recalibrated regarding this
reference. The forward model takes consideration of wavelength
shifts in both the solar spectrum (8A;) and measurement
spectrum (61,,) for the CO2I measurements. The wavelength
shifts are also assumed in a polynomial form within a
spectrometer window.

N
ym(A) =D 7™ (A= ). (26)

i=0

The parameterization is denoted as b; for solar spectrum and b;"
for the Earthshine spectrum. Linear coefficients by ™ and b} ™for
both solar and Earthshine spectra are included in the state vector.

An overview of the variables included in the state vector x for
full-physics retrieval is given in Table 4, where in the last two

Simultaneous Retrieval Using RemoTAP

columns, “1” indicates the specific variable is fitted in the MAP-
CO2I or CO2I-only retrieval while “0” indicates the variable is not
fitted.

3.2 Inversion Procedure of Full-Physics

Retrieval

In the inversion procedure, we invert the linearized forward
model of Eq. 3 for iteration step n to find the state vector x,,,,
for iteration step n + 1. Hereto, we minimize the following cost
function (Tikhonov, 1963):

X, = arg min[(K X - y)T S;,l (Kx-y)+ (x- x,)" PH! (x - x,,)], (27)

which we transform to
%, = argmjn[(f( x-7) (Rx-7)+9 ®-%)" (X- x)}
(28)

where K= S;%KH%, %= Hix, %, = Hix,, and
y =S, (y—F(x4)). X, is the a priori state vector, S, is the
measurement error covariance matrix, y is a regularization
parameter, and H is a regularization matrix (assumed
diagonal) which ensures that all state vector parameters of the
same order of magnitude and determines the relative weight of
parameters in the side constraint (Hasekamp et al., 2011). Note
that if y = 1 and H is the a priori error covariance matrix, Eq. 27
(and hence Eq. 28) reduces to the cost function of the optimal
estimation method (Rodgers, 2000).
The solution of Eq. 27 is given by:

~ ~ 71 ~
% =%+ A(KTK + y21> [KT;: Y-z @9

A is a filter/damping factor between 0 and 1, which limits the step
size for each iteration of the state vector. In this way, we use a
Gauss-Newton scheme with reduced step size to avoid diverging
retrievals. At each iteration, an optimal combination of y and A is
chosen that provides the best match between a simplified (fast)
forward model and the measurements via y* assessment. y” is a
measure of goodness of fit given by Eq. 30.

1 Nmeas Vi~ F: 2
2 i i
= , 30
X Nmeas ; < €; ) ( )

where Ny, is the total number of measurements, y; is the
measurements, F; is the forward model simulations with the
retrieved parameters, and ¢; is the measurement uncertainties.

The error covariance matrix S, of the retrieved state vector is
given by

S, =S, +8S,, (31)

where S, is the regularization error covariance matrix which
describes the effect of the a priori error covariance matrix S, on x,

S, =(I-A)S, I1-A)". (32)
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FIGURE 1 | Flowchart of the full-physics retrieval process.

S, takes the value of H in this study. S, is the retrieval error
covariance matrix that describes the effect of measurement and
forward model errors on x,

T
S.=DS, D7, (33)
where D is the contribution or gain matrix
(T -1 217-1\ 7! 1T -1
D=(K'S'K+yH"') K'S], (34)
and A is the averaging kernel
A=DK (35)

The iteration starts with a first guess of the state vector. The
first guess of aerosol parameters and surface parameters for MAP
bands are obtained using a multimode look-up table (LUT) if
MAP measurements are used in the retrieval. Otherwise, the first
guess of aerosol parameters is the a priori values. Details of the
LUT retrieval are described by Fu and Hasekamp (2018). We use
tropopause height (calculated from CAMS data) as the first guess
of cirrus layer height if cirrus is retrieved. For the first guess of the
BRDF scaling factor at each CO2I band, we use the
approximation of a Lambertian reflector for an extinction-free
atmosphere:

T

Ho

A=1 (Acont)/FO (/\cont) (36)
Here, the first guess A is constant over one spectral window.
Acont 1s the wavelength that gives the maximum reflectance
I(A)/Fo(A) over that spectral band. F, is the incoming solar
irradiance.

The full-physics retrieval process is demonstrated by the
flowchart in Figure 1. The a priori values and weights of the
state vector for MAP-CO2I and CO2I-only retrievals are given in
Table 4.

Simultaneous Retrieval Using RemoTAP

3.3 Non-Scattering and Proxy Retrieval
The non-scattering retrieval uses a simplified forward model,

ignoring scattering in the atmosphere, and also a simplified
inversion procedure. The non-scattering forward model
calculates the reflected top-of-atmosphere radiance I as a
function of wavelength A by neglecting scattering:

1) = Fy A Brexp ™ ofr (37)
i1
with the air mass factor:
1 1 1
L (38)
‘M ‘uin Auout

where A is the Lambertian surface albedo with its spectral
dependence in a polynomial form parameterized by Eq. 25.
Taps is the absorption optical thickness integrated over vertical
layers and molecular species. In addition to the scaling factors for
0,, H,O, CO,, and CH,, the linear spectral dependence for
Lambertian surface albedo and the wavelength shifts are
included in the state vector.

Similar to the full-physics retrieval, the non-scattering
inversion is performed iteratively. For each iteration step, we
minimize a least-square cost function:

X1 — X, = argmin[ (Kx — d,,)TS;1 (Kx - dn)], (39)

where d,, = y — F(x,,). Since the non-scattering forward model is
sufficiently linear in the state vector x, the cost function can be
solved directly without step size reduction by

Xp1 = X, + (K'S;'K) K'S;'d,. (40)

The non-scattering retrieval is performed to each spectrometer
window individually to obtain the total column of the target
molecular species of that band according to Table 2. The state
vector definition for the non-scattering retrieval is shown by Table 5.

The proxy methane product uses the non-scattering output
and the a priori estimate of XCO, (XCO3") to construct the
estimate of XCH, proxy product (XCH, ™) by

TOX’ C apr
XCH!™ = %Xco;’ , (41)

CO2

where total columns Ccyyy and Ceq, are retrieved under the non-
scattering assumption from the measurements in the SWIR-1 band.
Similarly, the proxy XCO, retrievals can be derived as follows:

C
XCOP™ = = XCHY". (42)

CH4

The a priori estimates XCO5”" and XCHS"" should be sufficiently
close to the true column-average dry-air mole fractions.

4 SYNTHETIC TEST DATA SET
DESCRIPTION

For the evaluation of the MAP-CO2I and CO2I-only retrievals,
we create two sets of synthetic measurements. The first set
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FIGURE 2 | lllustration of CO2M orbits showing the aerosol optical thickness at 563 nm.

0.3779 0.5000

comprises global data for 4 days, a representative for each
season (the 15™ of February, May, August, and November),
taking into account realistic cloud filtering. The second
synthetic data set focuses on spatiotemporal analysis of the
retrievals for different regions (China, India, United States,
Europe, Sahara, and southern Africa). For this regional data
set, we create synthetic measurements from 3 days in each
month (the 5, 15™, and 25™) and ignore cloud coverage to
enhance the number of retrievals so we can have a more
representative evaluation of the effect of aerosols on the
retrieval for each region.

For all synthetic measurements, we take into account the
realistic solar and viewing geometry corresponding to a CO2M
orbit with the orbit information shown in Table 1. An illustration
of the created orbits on the 15™ of May for AOT at 563 nm is
shown in Figure 2.

4.1 Atmospheric and Surface Reflection

Properties

4.1.1 Aerosol Properties

We take the microphysical aerosol properties of our synthetic
ensemble from the ECHAM-HAM model (Stier et al., 2005).
ECHAM-HAM provides mass-mixing ratio in different vertical
layers of the atmosphere of different aerosol species (sulfate,
organic carbon, black carbon, dust, and sea salt) in seven
different size modes: nucleation soluble (NS), Aitken soluble
(KS), accumulation soluble (AS), coarse soluble (CS), Aitken
insoluble (KI), accumulation insoluble (AI), and coarse insoluble
(CI). Using the air mass in each model layer, we compute the total
mass in each layer per species per mode, which is translated into total
volume in each layer per species per mode using the specific density
per species. Also, for each layer, the sub-column number of aerosol
particles and the volume of aerosol water are provided. We sum up

the different layers to obtain per mode the total column volume per
species (including water), as well as the column number per mode.
From the total volume V (all species together) and the column
number per mode N,.,, we compute the mode radius under the
assumption of a log-normal mode description as in Eq. 15 with g, =
1.59 for modes NS, KS, AS, KI, and Al, and g, = 2.0 for modes CS
and CL The refractive index for each mode is obtained using a
volume-weighted mean of the refractive index of each species. We
take the altitude of the layer with the maximum sub-column number
as the aerosol layer height z,., for that mode, and further assume a
Gaussian altitude distribution with the center layer height z,., and
FWHM w, = 2,000 m for each mode. ECHAM-HAM does not
provide information on the shape of particles. Here, we assume that
dust in the mode CI is purely non-spherical and, hence, takes the
fraction of non-spherical particles as the volume fraction of dust.

The aerosol optical thickness (AOT) of the ECHAM-HAM
ensemble is severely underestimated compared to POLDER-3
satellite retrievals (Tsikerdekis et al., 2021). Therefore, we scale the
column number of all fine and coarse modes such that they agree
with the fine and coarse mode AOT as retrieved from POLDER-3.
Figures 3A-C illustrate a seasonal average over March, April, and
May of the total AOT at 563 nm from the POLDER-3 dataset, and a
daily average in May of real refractive index (RRI) at 550 nm for the
AS mode and the CS mode from ECHAM-HAM.

4.1.2 Cirrus Properties

Concerning cirrus properties, we take the median (thin) cirrus
optical thickness (COT) and cirrus height from CALIOP data
(Winker et al., 2007; Butz et al., 2010). The aspect ratio and
distortion are taken from retrievals from POLDER-3/PARASOL
by van Diedenhoven et al. (2020). By using an aspect ratio smaller
than 1, ice crystals of plates are included in the simulation. The
effective radius is randomized in the range between 5 and 50 ym.
To get sufficient coverage for both products, we create a monthly
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FIGURE 3 | lllustration of the ensemble data for aerosol properties (A-C), for cirrus properties (D), for surface properties (E, F), and for trace gases (G, H).
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mean product gridded on 1° x 1°. Figure 3D shows the cirrus
occurrence from the monthly mean of the CALIOP dataset
in May.

4.1.3 Land and Ocean Data

The BRDF scaling factor A(A) is derived from GOME-2
(335-772nm) and MODIS (858-2130nm) data. The
directional parameters kg, and ko of the Ross-Li model are
also from MODIS observation (Schaaf and Wang, 2015). The

land surface BPDF scaling factor(ngf‘éif) is from POLDER-3
retrievals (Lacagnina et al, 2017). Figures 3E and F illustrate
a monthly average of the albedo at 1,640 nm over May from
MODIS and a seasonal average of the BPDF scaling parameter
over March, April, and May from POLDER-3.

4.1.4 Trace Gas Data
We use the column-averaged dry-air mole fraction of CO,
(XCO,) from the 3-hourly CAMS v18rl data. XCH, data are
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(A) and H,O ratio (B) as a function of COT. The lower panel shows the success rates of filtering cirrus-contaminated pixels for different cases by different values of CO»
ratio (C) and H,O ratio (D).

taken from the CAMS v17r1 data. For both data sets, we use the
daily mean values (https://apps.ecmwf.int/datasets/data/cams-
ghg-inversions/). The vertical profile is adapted from the US
standard AFGL database (Shettle and Fenn, 1979). Figures 3G
and H depict the daily averages in May for the derived XCO,
and XCH,.

4.1.5 Wavelength Shifts

For the simulation of measurements, we assume a linear dependence
on wavelength for each CO2I band based on Eq. 26, with b}’ =
0.002, 0.0005, and 0.0008 nm in the NIR, SWIR-1, and SWIR-2
bands, respectively, and b}" = 1077 in the 3 bands. Furthermore, we
assume a constant error in the wavelength calibration of the solar
spectrum of —0.004, —0.001, and —0.0016 nm in the NIR, SWIR-1,
and SWIR-2 bands, respectively.

4.1.6 Cloud Mask

To get a representative coverage for the global retrievals, we apply
a cloud mask based on MODIS after we have interpolated all
information to the CO2M pixels. Here, we consider a CO2M pixel
cloud-free if the MODIS cloud mask indicates “Confidently
Clear” for the pixels under consideration as well as for the
neighboring pixels.

5 PERFORMANCE

In this section, we evaluate the performance of the MAP-CO2I
and CO2I-only retrievals. The baseline setup of RemoTAP is to
not fit cirrus. First, we investigate the capability of non-scattering

retrievals in different CO2I bands to filter for cirrus. We then
evaluate the global performance of RemoTAP in its baseline setup
on cirrus-filtered data. We evaluate the XCO, errors as a function
of the “true” values of solar zenith angle (SZA), AOT at 1,600 nm,
COT at 1,600 nm, and the surface albedo at 2,000 nm.

Next, we compare the performance of RemoTAP in baseline
setup on cirrus-filtered data against the performance on
unfiltered data, against the performance using the setup where
we fit cirrus on unfiltered data, and against the performance of the
proxy retrieval. Finally, we perform a spatiotemporal evaluation
of RemoTAP for different regions.

To generate the a priori vertical profiles for Eq. 21, the a priori
total columns are ‘truth’ data scaled by random parameters
ranging within [0.95, 1.05], [0.97, 1.03], and [0.94, 1.06] for
CO,, H,0, and CH,, respectively (Rusli et al, 2021). Real
XCO, is used as the proxy for XCH, proxy retrieval in this
study, and vice versa.

To keep the numerical efforts within reasonable limits, we
perform the global retrievals on 1% of all pixels, which are
distributed evenly over each orbit. We also perform tests using a
larger fraction of the pixels, and this resulted in virtually the same
performance. This means the processing of 1% of the pixels provides
a representative view of the performance.

5.1 Cirrus Filter Based on Non-Scattering

Retrievals

For the filtering of cirrus clouds, we will use the result from non-
scattering retrievals in the different spectral bands (NIR, SWIR-1,
and SWIR-2) to filter for clouds, following Taylor et al. (2016).
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FIGURE 5 | The top panel shows the MAP-CO2| retrievals of AOT at 765 nm (A) and XCO5 (B), and the middle panel the CO,l-only retrievals of AOT (C) and XCO,
(D) at non-scattering retrieval filtered cirrus-free pixels by not retrieving cirrus. The bottom panel shows the non-scattering retrievals of XCO, at SWIR-1 (E) and SWIR-2
bands (F).
. : : COZ CO2 _ (H20 H20
Here, we retrieve independent estimates of the CO, and H,O SWIRl/CSWIR2 and Rpo = CE20: /CE20 ., where CS\ir, and

column abundances using observations taken at 1.61 ym (SWIR-
1 weak CO, band) and 2.06 ym (SWIR-2 strong CO, band), while
neglecting atmospheric scattering (see above). The CO, and H,O
column abundances retrieved in these two spectral regions differ
significantly in the presence of cloud and scattering aerosols.
Ratios of the retrieved CO, (Rcoz) and H,O (Ryao) column
abundances are computed as follows:

CW
Rgas = %a (43)
Cgas
where Cgas and C5 _ represent the vertical column density of the

retrieved gas (CO, or H,0) in the weak and strong absorption
bands, respectively. For CO2M cirrus filtering, we use Rcoz =

CSWIR2 are the columns of CO, retrieved at SWIR-1 and
SWIR-2 bands, and CLx, and CE2%, are the columns of
H,O retrieved at SWIR-1 and SWIR-2 bands, respectively.
Cirrus clouds and aerosols modify the optical path length in
the two bands differently, producing column abundance ratios
significantly different from unity (Taylor et al., 2016). There are
two fundamental reasons why the ratio deviates from unity in the
presence of scattering. First, for most terrestrial surfaces, albedos
in the 1.6 ym band are most often higher than at 2.0 ym. This
yields a variable fractional contribution of scattered light to the
measured radiances. Second, the 1.6 and 2.06 ym band strengths
are very different, resulting in different sensitivities to
atmospheric scattering. If no scattering is assumed in the
retrieval, a deviation from unity in the ratio thus indicates a
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TABLE 6 | Retrievals of aerosol parameters for MAP-CO2| baseline case, and
retrievals of cirrus parameters at true cirrus-contaminated pixels with true COT
>0, by fitting cirrus in MAP-CO2I case.

Aerosol parameters

AOT@765 nm ri, [um] SSA765 RRI765 IRI765 Zz. [m]
RMSE 0.0277 0.0213 0.0397  0.0290  0.0053 770
Bias 0.0032 0.0093 0.0072  0.0070 -0.0014 -348
Cirrus parameters
COT@765 nm relt [um] « 8 Zir [m]
RMSE 0.0161 8.2616 0.0489 0.3591 2,544
Bias -0.0059 -1.6517 -0.0018 0.0929 1,169

substantial variation in the photon path length (PPL) distribution
between the two bands, while in the absence of scattering, this
ratio approaches unity.

The upper panel of Figure 4 illustrates ratios Rco, and Ryppo as
a function of true COT values, showing that most cirrus-free
pixels (with COT = 0) have ratio values close to 1, that is, Rco, <
1.04 and Ryy,0 < 1.06. Moreover, for cirrus-contaminated pixels,
Rcos and Ry, have a positive correlation with COT, whereas the
correlation is stronger for Rco,. This suggests the ratios can be
applied for the filtering of cirrus.

To investigate the capability of Rco, and Ry,o for cirrus
filtering, we analyze the fraction of ‘correct positives’ f., that is,
the fraction of cirrus-contaminated pixels that were correctly
identified as such, and the fraction of ‘correct negatives’ f,, that
is, the fraction of cirrus-free pixels that were correctly identified as
such. The lower panels of Figure 4 show f,, (blue line) and f.,, (red
line) as a function of Rco, and Ry,o, respectively. Obviously, the
goal is to have both £, and f., as large as possible. As expected,
with larger Rco, and Ry,o, fewer pixels no matter cirrus-
contaminated or cirrus-free will be identified as cirrus-
contaminated by the filter. Therefore, f., decreases with the
value of the ratios. On the other hand, f, increases with the
larger value of the ratios, but more cirrus-free cases (e.g., with
large aerosol load) are incorrectly identified as cirrus-
contaminated. So, the optimal value for the ratios is a
compromise between the two effects. By using a threshold of
Rcoz =1.034, 90% of cirrus-free pixels are preserved and 90% of
cirrus-contaminated pixels are filtered out. We consider this a
good compromise. A filter based on Ry is not able to achieve a
90% success rate, so we consider it inferior compared to the filter
based on Rco,. Therefore, we apply Rco, < 1.034 as a cirrus filter
to obtain cirrus-free pixels for RemoTAP retrievals in its baseline
setup. The cirrus filter will be applied after filtering for thick
clouds. In our ensemble, 18.5% of the pixels remain after this first
filter step. Then, of the pixels that are free of (thick) clouds, 80%
remains after applying the cirrus filter (~15% of the total).

5.2 Performance on Global Scale

After applying the cirrus filter, we perform the MAP-CO2I and
CO2I-only retrievals for the remaining pixels using RemoTAP
in its baseline setup (not fitting cirrus). We apply an a
posteriori filter based on goodness-of-fit keeping pixels with

Simultaneous Retrieval Using RemoTAP

¥* < 1.5 for MAP-CO2I retrievals and x> < 1.2 for CO2I-only
retrievals.

The upper panel in Figure 5 shows the performance of the
MAP-CO2I retrievals. After applying the y* < 1.5 filter, about 85%
of the processed pixels remain, and 95% of cirrus-contaminated
pixels are filtered out. The root mean square error (RMSE) and
bias for XCO, are 0.6303 and 0.0741 ppm, respectively. These
small errors are possible because the aerosol properties are
accurately retrieved. The RMSE and bias of AOT at 765 nm
are 0.0277 and 0.0032, respectively. Table 6 summarizes the
retrieval accuracy of the most important aerosol properties.
Overall, the listed aerosol properties are accurately retrieved
from the MAP-CO2I combination and are mostly within the
aerosol requirements formulated for climate research
(Mishchenko et al., 2004; Hasekamp O. P. et al., 2019).

The results of the baseline CO2I-only retrieval are shown in
the middle panel of Figure 5. Here, the XCO, product has an
RMSE of 1.4742 ppm and a bias of 0.1945 ppm. So, the accuracy is
significantly degraded compared to the MAP-CO2I retrievals,
where the RMSE on XCO, is by a factor of 2.3 larger than MAP-
CO2I retrievals. The larger errors are caused by a poor capability
to retrieve the atmospheric aerosol, with an RMSE and bias on
AOT at 765 nm of 0.12 and —0.08, respectively.

In order to illustrate the effect of light path modification by
aerosol, we also show the non-scattering retrievals of XCO, using
measurements of SWIR-1 and SWIR-2 bands in Figures 5E and F,
respectively. By applying the filters of y* < 1.05 for SWIR-1 and y* <
2.0 for the SWIR-2 band, the retrievals can achieve similar passing
rates compared to the two cases of full-physics retrievals. Without
the light path correction of fitting aerosol, the XCO, retrievals at the
SWIR-1 band have a large positive bias of 1.513 ppm and an RMSE
of 3.6157 ppm, while the retrievals at the SWIR-2 band have a larger
negative bias of —3.3184 ppm and an RMSE of 5.4022 ppm. By
fitting aerosol in the CO2I-only retrieval case, the accuracy of
XCO2 retrievals is improved by a factor of 2 and 4, compared to
the non-scattering results for SWIR-1 and SWIR-2, respectively, in
terms of RMSE, and the magnitudes of biases are reduced by a factor
of > 8. For the combined MAP-CO?2I retrievals, the improvements
in RMSE are a factor of 5.7 and 8.5, respectively. This demonstrates
the large effectiveness of light path correction for the combined
MAP-CO2I retrievals.

Figure 6 shows the dependence of XCO, errors (AXCO,) as a
function of SZA, AOT at 1,600 nm, COT at 1,600 nm, and the
BRDF scaling factor at 2,000 nm for both retrieval methods
(upper panels for MAP-CO2I retrievals and lower panels for
CO2I-only retrievals). The fraction of retrievals with an error
larger than 3 ppm (the plotting range) is denoted as f,,. The
MAP-CO2I retrievals show virtually no dependence of AXCO,
on SZA and AOT, and only a slight dependence on the surface
albedo at 2,000 nm (somewhat larger error at low albedo than at
large albedo). Regarding the dependence on surface albedo, it
should be noted that aerosols have different effects on the light
path for low and high albedo, respectively. For low albedo,
aerosols cause a shortening of the light path because the light
is reflected back to space at higher altitudes, whereas for high
surface albedo, aerosols cause a longer light path because of
multiple scattering of light between the surface and the aerosol
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FIGURE 6 | (A-D) show the error of MAP-CO2I retrieved XCO, as a function of solar zenith angle (SZA), AOT at 1600 nm, COT at 1600 nm and BRDF scaling factor
at 2000 nm, respectively. (E-F) show th error of CO,l-only retrieved XCO, as a function of SZA, AOT, COT and BRDF scaling factor, respectively.

layer. For the dependence on COT (for the few pixels that were
missed by the cirrus filter), we see an underestimation of XCO,
for all COT values. The CO2I-only retrievals show much more
pixels with an error larger than 3 ppm. Also, we see a clear
dependence of AXCO, on AOT and a much stronger dependence
of surface albedo than for the MAP-CO2I retrievals. The
dependence of AXCO, on AOT and surface albedo may
manifest itself in regional and seasonal dependent biases
which hamper accurate quantification of CO, emissions on a
regional/city scale. For the dependence on COT, we also see an
underestimation at large COT but more overestimation at smaller
COT than for the MAP-CO2I case.

Figure 7A shows the RMSE, bias, and fraction of successful
retrievals (of processed pixels and of all pixels without a priori
filtering) for different RemoTAP setups: MAP-CO2I retrievals in
baseline setup on cirrus-filtered (cf) data (“MAP_CO2I_cf”),
CO2I-only in baseline setup on cirrus-filtered data

(“CO2I_cf”), MAP-CO2I retrievals in baseline setup on all
data where a cirrus filter is not applied (“MAP_CO2I_all”),
MAP-CO2I retrievals where cirrus properties are fitted (Cir)
on all data (“MAP_CO2I_Cir_all”), CO2I-only retrievals on all
data (“CO2I_all”), and proxy retrievals on all data (“Proxy_all”).
We found that the CO2I-only measurements do not contain
sufficient information to include additional cirrus-fitting
parameters, so these retrievals are not included in the analysis.
We have already discussed the results for the first two retrieval
setups. It can be seen that for MAP-CO2I baseline retrieval, applying
the a priori cirrus filter and the a posteriori i filter leads to a fraction
of successful retrievals of 85% of the processed pixels, which yields
68% of all pixels (MAP_CO2I_cf). For the MAP-CO2I baseline
retrievals on all pixels (MAP_CO2I_all), we see that the fraction of
successful retrievals increases to 74% of all pixels, and the RMSE
increases to 0.82 ppm. It is important to note that here a lot of cirrus-
contaminated pixels are filtered out by the a posteriori y filter. If we
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include cirrus properties in the retrieval state vector
(MAP_CO2I_Cir_all), we see the fraction of successful retrievals
further increasing to 78% (of all pixels) with an RMSE of 0.80 ppm.
So, compared to the baseline setup (MAP_CO2I_cf), the fraction of
successful retrieval is increased by 10 percent points (of all pixels),
but also the RMSE on XCO, is increased by 0.12 ppm. The retrieval
accuracy of the cirrus parameters is given in Table 6, where we can
see that COT is well retrieved with an RMSE of 0.0161 and a bias of
-0.0059. For CO2I-only retrievals, the RMSE increases to 1.82 ppm
when applied to all pixels (CO2I_all), and the fraction of successful
retrievals is 75% of all pixels.

Next, we consider only the true cirrus-contaminated pixels
(cc) (Figure 7B). Here, the MAP-CO2I retrieval in its baseline
setup (MAP_CO2I_cc) keeps 12.6% of the cirrus-contaminated
pixels (1.6% of all pixels) after y filtering. The RMSE and bias for
these specific pixels are large: 2.3 and —1.7 ppm, respectively.
When we fit cirrus (MAP_CO2I_Cir_cc), the RMSE and bias for
these pixels reduce significantly to 1.27 and -0.22 ppm,
respectively, where 65% of the cirrus-contaminated pixels pass
the y* filter (8% of all pixels). For CO2I-only retrievals on cirrus-
contaminated pixels (CO2I_cc), we see that the RMSE and bias
are —3.17 and —1.66 ppm, respectively, and 30% of the cirrus-
contaminated pixels remain after y” filtering (3.7% of all pixels).

We conclude that we can effectively filter out cirrus and get very
accurate retrievals when we fit aerosol properties in the MAP-CO2I
retrieval. We can also include cirrus properties in the retrieval which
will lead to a better coverage but reduced accuracy. In the end, the
decision whether to fit cirrus properties or not, that is, the choice
between better coverage or better accuracy, should be made based on
the evaluation of real retrievals.

For the proxy retrievals, cirrus has little effect on the
performance, therefore, neither a cirrus filter nor a y* filter is
applied. By using the truth for XCH}"", the retrievals on all pixels
have an RMSE 0.9 ppm and bias 0.309 ppm. It should be noted
that these numbers represent an overly optimistic view of the CO,
proxy retrievals because it is assumed that the a priori XCHy is
perfectly known. Still, the MAP-CO2I error performance is

slightly better than that of the proxy product which
demonstrates the strength of this approach. The proxy
retrievals are mostly interesting for quantifying point sources
of CO,, which do not simultaneously retrieve methane (so the a
priori XCH,4 error shows no spatial pattern) (Krings et al., 2011).
The proxy-retrieved XCO, can then be compared against
background values so that the a priori XCH,4 error cancels out.
Proxy retrievals for point sources are only applicable when either
a priori XCO, or a priori XCH, is well known, which is usually
not the case for wildfires and coal mines.

Figure 8 shows the performance for XCH, for MAP-CO2I
and CO2I-only retrievals with the baseline setup, that is, not
retrieving cirrus and applying both cirrus filter and y* filter. XCH,
retrievals by the MAP-CO2I method have an RMSE of
3.8395 ppb and a bias of 0.9222 ppb. The RMSE is a factor of
1.6 smaller than for CO2I-only retrievals. This, on a relative scale,
agrees very well with the XCO, performance estimates.

5.3 Spatiotemporal Analysis for Different
Regions
The upper panel and lower panel of Figure 9 show, respectively, the
RMSE and bias of the MAP-CO2I and CO2I-only retrievals as a
function of the month for different regions: China (CN), India (IN),
US, Europe (EU), Sahara, and Southern Africa. Also, the monthly
mean of AOT is indicated in the upper panel of Figure 9. For China
and India, CO2I-only retrievals have a large RMSE for XCO, (up to
2.8 ppm), and the RMSE roughly follows the variation in AOT. The
RMSE exceeds the CO2M precision requirement of 0.7 ppm by a
factor of 4. For other regions, the RMSE is smaller and mostly in the
range of 1.4-2.0 ppm but still well above the CO2M requirement.
MAP-CO2I retrievals show RMSE smaller than the required
0.7 ppm for most regions and months (but not all), and there is
no clear correlation with AOT.

For China and India, the bias of the CO2I-only retrieval
exceeds the 0.5 ppm bias requirement for many months with a
maximum bias of about 2 ppm in India for April/May. For the
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other regions, the bias for CO2I-only retrievals is significantly
smaller but still exceeds the required 0.5 ppm in a number of
cases. There is a large spatial variability in the bias distribution for
CO2I-only retrievals, for instance, the bias over China is on
average positive, but over the Sahara it is negative. This is mostly
because the aerosol compositions and loadings are different in
different regions, which leads to different optical properties. The
difference in aerosol properties in combination with the
difference in surface reflectance leads to inter-region
differences. In contrast, the bias for the MAP-CO2I retrievals
is below 0.5 ppm for virtually all cases. The regional analysis
demonstrates even more convincingly than the global analysis the
need for a MAP on the CO2M mission.

6 CONCLUSION AND DISCUSSION

In this article, we have evaluated the performance of the SRON
RemoTAP algorithm for ESA’s CO2M mission using synthetic
measurements on scenes that represent realistic combinations of
atmospheric composition (trace gases, aerosol, cloud, and cirrus),
surface reflection, and viewing geometry. Input parameters of
atmospheric and surface properties are obtained from different
sources, representing a realistic and challenging test bed for the
RemoTAP retrieval performance.

The stringent requirement on the XCO, bias of 0.5 ppm can
only be met when the atmospheric light path modification by
aerosols is accounted for with sufficient accuracy, and only the
MAP-CO2I combination can achieve this. After filtering for
cirrus based on non-scattering CO, retrievals in the 1.6 and
2.0 ym bands of CO2I, an RMSE of 0.63 ppm can be achieved on a
global ensemble. RemoTAP is also capable of retrieving cirrus
properties in addition to aerosol, which would increase the
fraction of successful retrievals by about 10% (from 68 to
79%) but at the cost of a larger RMSE of 0.8 ppm. The RMSE
for CO2I-only retrievals on a global scale is a factor of 2.3 larger
than for MAP-CO2IL Looking at RMSE and bias for different
regions and months, it is evident that CO2I-only retrievals can
exceed the bias and precision requirements (0.5 and 0.7 ppm,
respectively) by a factor of 4 in some cases, while MAP-CO2I
retrievals are within the requirements under most conditions. In
this study, the error estimates for XCO, retrievals are made by
taking account of errors related to the instrument, aerosol, and
cirrus, although other error sources, for example, in temperature
and pressure profiles, may increase the overall error somewhat.
So, our results also confirm for more realistic and challenging
conditions (complex synthetic measurements, high aerosol loads,
and cirrus), the conclusion of Rusli et al. (2021) that a MAP is
needed to meet the accuracy and precision requirements of the
CO2M mission.

RemoTAP also has the capability to perform proxy retrievals
for XCO,. By using the true XCH, as a priori, the RMSE is
0.9 ppm, which is smaller than for CO2I-only full-physics
retrievals but larger than for MAP-CO2I retrievals. An
advantage of proxy retrieval is that it is almost insensitive to
cirrus and so may lead to enhanced data coverage. However, it is
important to note that the XCO, proxy error estimates of this
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study should be considered an overly optimistic estimate because
they do not include errors caused by an error in the a priori
XCH,, an error term that may be substantial.

The RMSE and bias for XCH, retrievals for the baseline
MAP-CO2I case are 3.8395 and 0.9222 ppb, for the CO2I-only
case are 6.1857 and —2.2369 ppb, and for the proxy retrieval case
are 4.4114 and -1.3983 ppb, respectively. The retrievals of
XCH, by different methods are on a relative scale in
consistence with the XCO, performance estimates. MAP-
CO2I retrievals have the best performance, and the XCH,
proxy product with true XCO, as a priori is better than
CO2I-only retrievals. Also, cirrus has a larger impact on full-
physics retrievals of XCH, than proxy retrievals.

The aerosol model used to create the synthetic measurements
(7 size modes, each with its own composition and altitude
distribution) is much more complex than the aerosol model used
in the retrieval algorithm, and therefore the synthetic retrievals in this
article represent a challenging test for the RemoTAP algorithm. On
the other hand, the spatial resolution of the input data is coarser than
the CO2M pixel size, and therefore the actual variability of aerosol
properties may be larger than in our ensemble. Taking this into
account, the actual benefit of the MAP-CO2I combination may be
larger than that for the synthetic measurement ensemble used here.
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