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1 INTRODUCTION TO REMOTAP

1 Introduction to RemoTAP

To measure atmospheric CO2 from space, several satellite missions in space observe Earth reflected
radiances in the near-infrared (NIR) spectral range with the O2 A absorption band, in the shortwave
infrared at 1.6 µm (SWIR-1) with weak absorption lines of CO2, CH4, and H2O, and around 2.0 µm
(SWIR-2) with strong absorption lines of CO2,and H2O. Examples of such instruments are the GOSAT-
1 and GOSAT-2 and OCO-2 spectrometers. Also the Copernicus CO2 monitoring (CO2M) spectrometer
includes these spectral bands as listed in Table 1.1. The reason to choose these spectral band is
that aerosol information can be inferred from the O2 A and the 2.0 µm band, whereas the the 1.6 µm
band provides information on atmospheric XCO2 and XCH4 column mixing ratios. Buchwitz et al.1 (and
references therein) provide a good overview of currently available retrieval approaches.

The XCO2 data products from NIR, SWIR-1 and SWIR-2 measurements suffers from significant aerosol
induced errors depending on the atmospheric aerosol load. This means that using spectrometer mea-
surement only the stringent XCO2 accuracy requirements of the CO2M missions can only be met after
significant a posteriori bias correction2. Therefore, a Multi-Angle Polarimeter (MAP) is added to the
CO2M instrument suite to better correct for aerosols (2 and3). The CO2M polarimeter concept is a
band based polarimeter measuring at the UV-VIS-NIR spectral bands of 3MI4 with a 40 viewing angle
hyper-angular resolution.

For atmospheric passive remote sensing, polarimeters that measure both intensity and polarization
and that observe a ground pixel under multiple viewing angles contain the richest set of information
about aerosols in our atmosphere5. The reason is that the angular dependence of the scattering ma-
trix elements related to linear polarization, depends strongly on the microphysical aerosol properties,
like refractive index and particle size6,7. Furthermore, the polarization signal is mostly dominated for
light that has been scattered only once, which means that the characteristics of the scattering matrix
remain largely preserved in a top-of-atmosphere polarization measurement. The added value of po-
larization has been demonstrated by a number of studies on synthetic measurements7–10, airborne
measurements11–17, and spaceborne measurements18–20. Algorithms for aerosol retrieval from MAP
instruments can be divided in two main groups: LookUp-Table (LUT) based approaches21–23 and full
inversion approaches12,13,18–20,24. Generally speaking, LUT approaches are faster but less accurate
than full inversion approaches because LUT approaches choose the best fitting aerosol model from a
discrete lookup table. Therefore, LUT based algorithms are not suited to fully exploit the information
contained in MAP measurements. Full inversion approaches are more accurate but slower because
they require radiative transfer calculations as part of the retrieval procedure.

This section describes the theoretical baseline of the Remote Sensing of Trace Gas and Aerosol Prop-
erties (RemoTAP) algorithm for level-1 to level-2 processing of the (CO2M) mission. The RemoTAP
algorithm as well as its software implementation is specifically designed for CO2M data processing
exploiting both the CO2 spectrometer (CO2I) measurements and the multi-angle polarimeter (MAP)
observations in a flexible and synergistic manner. It finds it origin in the SRON aerosol retrieval al-
gorithm14,15,17,18,20,25–27. The algorithm was recently extended to include spectroscopic measurements
and the ability to retrieve trace gas columns2. This extension is partly based on the RemoTeC algorithm
which was also developed at SRON and applied extensively for Green-House Gas (GHG) retrieval from
GOSAT28,29 as part of ESA’s Climate Change Initiative (CCI)1, OCO-230–32, and TROPOMI33–35.

RemoTAP aims to server both the need of EUMETSAT for an operational algorithm as well as ESA’s
need for mission end-to-end performance analysis during the implementation phase B2,C,D and first
data analysis during the commissioning phase E1. Figure 1.1 summarizes the high-level processing
options of RemoTAP. Using the level-1B product of CO2I and the collocated level-1C MAP product, the
algorithm allows for four different processing strategies.

1. CO2I-only: Here, the retrieval uses only measurements of the CO2I spectrometer instrument to
infer XCO2 and aerosol parameters to describe the atmospheric light path.

2. MAP-only: This processing line employs only MAP measurements to determine atmospheric
aerosol properties. A direct link to the required XCO2 performance is not given.
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1 INTRODUCTION TO REMOTAP

3. sequential MAP→CO2I: This processing starts with a aerosol retrieval using MAP measurements
and subsequently uses the derived aerosol information as input to spectrometer-only retrieval. The
latter infers XCO2 and updates the aerosol product using the additional aerosol information of the
spectrometer measurements

4. simultaneous MAP+CO2I: This option uses simultaneously MAP and CO2I spectrometer obser-
vations to infer both aerosol and XCO2 information.

For ESA’s objective of an end-to-end performance evaluation during the implementation phase B2,C,D
and for a first data analysis during the commissioning phase E1, both the spectrometer-only and MAP-
only processing option is essential. It supports to evaluate the performance of individual instruments.
Moreover, to relate the MAP performance to the required XCO2 performance, the sequential MAP-
spectrometer processing line is required. The simultaneous MAP-spectrometer data processing is con-
sidered to be most appropriate to fully explore the CO2M mission concept. Because of the larger
complexity of this algorithm, we consider this processing line as most appropriate for the operational
data exploitation to be performed by EUMETSAT. Therefore, this document includes the description of
the theoretical baseline of the RemoTAP algorithm for all four performance options of RemoTAP. The
document specifies the required input, the provided output and the needed ancillary data. It provides
a first performance analysis and specifies the product accuracy and the run-time performance of the
RemoTAP software.

The section is structured as follows: Section 2 gives an introduction to the algorithm. Section 3 provides
a detailed description of the RemoTAP algorithm, which includes a description of the model atmosphere,
the forward model, the inversion approach, and the approach to obtain a suitable first guess state vector.
We provide flow charts of the algorithm and its key components for the spectrometer-only, MAP-only
and the sequential MAP→CO2I and simultaneous MAP→CO2I retrieval. The input and output fields
are specified in detail in Sec. 48 and Sec. 56 describes the a priori data handling. The IDEF diagrams
of Sec. 61 illustrates the data flow on the level of the RemoTAP main modules and so support the
implementation of the software in an future CO2M processing framework. Section 62 yields an error
analysis for the MAP+CO2I and CO2I-only retrievals and feasibility aspects are discussed in Sec. 73
and a validation strategy for the RemoTAP L2 data product is subject of Sec. 78. In a later phase,
Sec. 86 will provide an analysis of instrument induced error on the RemoTAP data product. Finally,
assumptions and limitations, also in perspective of potential algorithm improvements, are discussed in
Sec. 87. A description of the radiative transfer solver LINTRAN V2.0 is given in the final section 90.

Figure 1.1: RemoTAP high-level processing options.
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2 REMOTAP PROCESSING LOGIC

Table 1.1: Spectral windows <of the CO2M spectrometer.

band spectral window [nm] target species

NIR 747–773 O2

SWIR-1 1590–1675 CO2 and CH4

SWIR-2 1993–2095 CO2 and H2O

2 RemoTAP processing logic

The RemoTAP algorithm is designed to use a mulit-core and multi-threading processing architecture
such that single threads are utilized to process data from single ground pixels. Figure 2.2 summarizes
the top level software structure from the perspective of an operating framework.

The software separates the initialization from the actual ground-pixel based retrieval, where data gran-
ules can be processed in a parallel manner. In this fashion, it optimizes the run time performance within
an overall processing framework. We begin with the initialization of the processor. It provides input to
the RemoTAP retrieval, which has to be allocated only once per processing call. It includes static data
like the retrieval input settings, lookup tables for molecular absorption cross sections and aerosol optical
properties. Also the instrument spectral response function (ISRF) as part of the instrument calibration
key data and a solar reference spectrum is required. All these data are accessible for the remaining
software via pointers to an allocated internal memory. The numerical effort is minor and any paral-
lelization of the software is not considered. Next, we estimate solar line-by-line spectra from CO2I solar
irradiance observations by a spectral deconvolution approach. This has to be performed for each swath
position and the corresponding calculations can be parallelized.

Per data granule, ancillary input data are collocated to the CO2I L1B spatial grid. This module is not
described in this ATBD. To a large extend, it is an algorithm independent operation and one may con-
sider this as an general CO2M processing tool applicable also for processor components other than
RemoTAP. In a loop over all spatial pixels of a data granule, the non-scattering retrieval is performed
to derive, inter alia, the XCO2 and XCH4 proxy product followed by the full-physics retrieval. The latter
has the option of the four different processing lines: (1) CO2I-only, (2) sequential MAP→CO2I, and
(3) simultaneous MAP+CO2I retrievals. Additionally, RemoTAP includes the option of MAP-only data
processing, which in the context of CO2M enables to evaluate the MAP instrument performance inde-
pendent from the spectrometer. In all cases, the parallel computation over ground pixels is essential to
satisfy the performance requirements.

Finally, the software architecture includes a dedicated module to perform an a posterior bias correction,
although due to the novel combination of payload instrument the XCO2 and XCH4 biases should be
reduced to a minimum.
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Figure 2.2: RemoTAP top level algorithm architecture.
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5 DECONVOLUTION OF THE SOLAR SPECTRUM

Figure 4.3: Schematic overview of the processor initialization using static input data.

3 Algorithm description

The previous section provided an outline of the RemoTAP algorithm, which is described in detail in this
section.

4 Processor initializtion

The RemoTAP algorithm requires a series of static input data, which are the retrieval settings, the
radiative transfer look up table RT-LUT for the 1st guess retrieval, the neural network (NN) for the ocean
body reflection matrix, the Mie/T-Matrix LUTs, and absorption cross sections of telluric absorbing gases.
The algorithm settings can be provided by a list of different settings or as a concatenated string, which
is unraveled by the RemoTAP software. This initialization needs to happen only once per processor
call and its data flow is illustrated in the flow chart of Fig. 4.3. All static input is stored in an allocated
internal memory, and is available for the remaining processing via shared memory management. The
static input variables are described in more detail in Sec. 49.

5 Deconvolution of the solar spectrum

For each across-track position of the CO2I observations, we infer a line-by-line solar spectrum from
the CO2I solar irradiance measurements via a spectral deconvolution. The CO2I solar measurement
F0,meas can be simulated by

F0,meas (λi) = SsunF0 (λ) (5.1)

where F0,meas is the measurement, F0 represents the deconvolved solar spectrum and and Ssun is the
ISRF matrix of the solar measurement, containing in each row the sampled ISRF for each irradiance
element of F0,meas.

First, we determine a spectral shift of the solar measurement to ensure that the Fraunhofer lines of the
solar measurement are aligned with the model solar spectrum. For this purpose, we apply a line search
algorithm, where the CO2I irradiance measurements are compared with the model solar spectrum F∗0
convolved with the ISRF,

δλs = max
δλs
{ρ (F0,meas (λ+ δλs) ,F∗0 (λ))} (5.2)

where ρ (X,Y ) is the Pearson correlation coefficient.
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8 FORWARD MODEL

After correcting the spectral shift, we invert Eq. (5.1) by a deconvolution approach, where the ISRF
matrix Ssun gives the linear forward model to be inverted. The inversion is a linear problem, which
can be solved in one step. It is complicated by the fact that the problem is underdetermined. The
measurement vector F0,meas contains fewer values than the solar spectrum to be retrieved F0.

Van Deelen et al. (2007)36 showed that the least squares minimum length solution, which minimizes
the length of the solution vector as a side constraint to solve the underdetermined inversion problem, is
of sufficient accuracy to simulate Earth radiance measurements of the GOME mission. Following this
approach, we obtain

F0 = STsun(SsunSTsun)−1F0,meas , (5.3)

which contains significant noise contributions. However, this noise is in the null-space of the ISRF. This
means that after convolving the simulated line-by-line radiance spectra of the reflected sun light to the
CO2I spectral resolution, the noise of the solar spectrum is reduced significantly and so will affect the
simulation only little after the final convolution of the Earth radiance spectrum with its corresponding
ISRF. To mitigate edge effects, we execute the deconvolution on a slightly extended spectral window (∼
3 nm extra on both sides of the window).

Assuming that the Earth radiance and the solar irradiance are affected similarly by instrument and
calibration errors, the use of F0 instead of an a priori solar reference spectrum has a clear advantage
to reduce spectral fit residuals. As the solar spectrum is already corrected for a spectral shift (δλs),
any further spectral alignment fo the solar spectrum is not considered in the CO2M RemoTAP data
processing. For further details and for an overview of the benefits of this method we refer to Deelen et
al., 200736 and Wassmann et al., 201537.

6 Preprocessing

RemoTAP can be combined with SRON’s preprocessing tool box MIPrep, which resamples input data to
the CO2I spatial samples, the latter serving as a reference mesh for the CO2M data product. The tool-
box includes a horizontal 2-dimensional interpolation of the meteo data, like temperature and humidity,
and trace gas vertical profiles for CO2, CH4 and H2O. A schematic overview of the pre-processing step
is depicted in Fig. 6.4. The output data can be provided as return values to a calling framework or can
be written to an output file, which we consider as a relevant processor option during the development
phase. The relevant inputs are a CLIM cloud mask, meteo data (ECMWF), and atmospheric composi-
tion data (CAMS). Optional, this processing step can be taken over by a framework tool supporting the
multi-algorithm processor infrastructure. The current version of the RemoTAP ATBD does not describe
the preprocessing of data in detail, which we consider a standard practice for atmospheric missions.

7 Full-physics Retrieval

8 Forward Model

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, V as its components38:

I = [I,Q, U, V ]T . (8.4)

Here, T indicates the transposed vector, and the Stokes parameters are defined with respect to a
certain reference plane. Here, we will use the local meridian plane as reference plane. The angular
dependence of single scattering of polarized light can be described by means of the scattering phase
matrix P. We will restrict ourselves to scattering phase matrices of the form
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8 FORWARD MODEL

Figure 6.4: Schematic overview of the algorithm pre-processing step.

P(Θ) =



p1(Θ) p5(Θ) 0 0

p5(Θ) p2(Θ) 0 0

0 0 p3(Θ) p6(Θ)

0 0 −p6(Θ) p4(Θ)


. (8.5)

where p1, p2, ..., p6 are certain functions of scattering angle Θ, i.e. the angle between the incoming and
scattered beams, and the scattering plane is the plane of reference. This type of scattering matrix is
valid for39 (i) scattering by an assembly of randomly oriented particles each having a plane of symmetry,
(ii) scattering by an assembly containing particles and their mirror particles in equal numbers and with
random orientations, (iii) Rayleigh scattering with or without depolarization effects. In this work, we
ignore Stokes parameter V , and the corresponding elements p4 and p6 of the scattering phase matrix,
because it is very small and there are no indications it is useful for aerosol retrieval.

In general, the forward model should simulate the Stokes parameters I,Q, and U for different spectral
bands/pixels and viewing angles. For a given spectral measurement in band/pixel i the forward model
should simulate

Ē(λi) =
∫ λend

λstart

dλ searth,i(λ)E(λ) ≈
N∆λ∑
l=1

∆λlsearth,i(λl)E(λl) , (8.6)

where E represents either I, Q, or U , searth is the Instrumental Spectral Response Function (ISRF),
λi is the wavelength assigned to spectral measurement i, and N∆λ is a suitable number of wavelength
bins to discretize the domain of integration [λstart, λend].
If the dependence of E on λ is weak within the spectral range of the ISRF (e.g. at continuum wave-
lengths or for spectrally smooth absorbing trace gases), we can approximate Eq. (8.6) by

Ē(λi) = E(λi) , (8.7)

In any case (Eq. 8.6 or Eq. 8.7) we need a Radiative Transfer (RT) model to compute I(λ), Q(λ), and
U(λ) for a given model atmosphere.
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9 Model Atmosphere and Optical Properties

For the forward model calculations, the model atmosphere is discretized in a number NRT of homoge-
neous vertical layers, provided as input as a fixed number of altitude levels zlev above the surface in
the atmosphere. In the standard setup we use 24 vertical layers (2 km spacing between 0-20 km, 4 km
spacing between 20-36 km, 1 layer above 36 km). First, we determine the pressure at these altitude
levels by linear interpolation of the input pressure profile pmet as a function of altitude zmet from a me-
teorological data source (ECMWF, or CAMS), to the forward model levels zlev + zsurf , where zsurf is the
surface height from a Digital Elevation Map (DEM).

Each layer in the model atmosphere is characterized by the scattering optical thickness, absorption opti-
cal thickness, and scattering phase function, determined by molecules and aerosols in the atmosphere.
The molecular (Rayleigh) scattering optical thickness for layer k and at wavelength λ is given by

τsca,mol,k(λ) = σray(λ) Nair,k (9.8)

where the sub-column of dry air in layer k is denoted with

Nair,k = (plev,k+1 − plev,k) NA
Mair gk

(
1 + rwater,k

ρrel

) . (9.9)

Here, plev,k+1 and plev,k denote the air pressure at the lower and upper layer boundaries, respectively,
NA is Avogado’s number, M is the molecular mass of air, gk is the gravity constant in altitude layer
k, and ρrel = 1.60855 is the mass of air relative to the mass of water40. Further, σray is the Rayleigh
scattering cross section given by41

σray (λ) = Aray λ
−(4+X) (9.10)

X = Bray λ+ Cray

λ
−Dray (9.11)

with Aray = 4.02 · 10−28 cm2, Bray = 0.389µm−1, Cray = 0.04926µm, and Dray = 0.3228. The relevant
elements of the Rayleigh scattering phase matrix (Eq. 8.5) are given by (e.g.6)

p1,ray (Θ) = 3
4
(
1 + cos2 Θ

) 1− δ
1 + δ/2 (9.12)

p2,ray (Θ) = 3
4
(
1 + cos2 Θ

)
(9.13)

p3,ray (Θ) = 3
2 cos Θ (9.14)

p5,ray (Θ) = −3
4 sin2 Θ (9.15)

where Θ is the scattering angle. The depolarization ratio δ varies with wavelength and accounts for the
anisotropy of the air molecule41. δ varies between 0.03178 at 300 nm and 0.0274 at 1000 nm.

The molecular absorption optical depth is first calculated per absorber (j) and per discretized atmo-
spheric 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 Nsub,k sublayers, such that the pressure thickness
∆Pis of the sublayer < 10 hPa. The molecular absorption optical depth for layer k and absorber j is
given by:

τabs,k,j (λ) =
Nsub,k∑
is=1

σj (pis, Tis, λ) Ngas,k,j
∆pis
∆pk

. (9.16)

with the absorption cross-section σj(pis, Tis, λ) of molecule j at wavelength λ, pressure pis and temper-
ature Tis at the center of sublayer is of atmospheric layer k, ∆pis is the pressure thickness of sub-layer
is and ∆pk of model layer k. Further, Ngas,k,j is the sub-column of absorber j in layer k, given by

Ngas,k,j = rgas,k,j Nair,k (9.17)
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9 MODEL ATMOSPHERE AND OPTICAL PROPERTIES

where rgas,k,j is the dry air mixing ratio of gas j in layer k. The total molecular absorption optical depth
for model layer k is then given by

τabs,mol,k(λ) =
∑
j

τabs,k,j (λ) . (9.18)

The model atmosphere also includes aerosols. The aerosol scattering optical thickness τsca,aer,k and
absorption optical thickness τabs,aer,k are calculated for each layer k

τsca,aer,k =
Nmodes∑
i=1

σsca,aer,iNaer,k,i (9.19)

τabs,aer,k =
Nmodes∑
i=1

σabs,aer,iNaer,k,i (9.20)

(9.21)

where Nmodes is the number of size modes that describe the aerosol size distribution (see below),
Naer,k,i is the aerosol number sub-column of mode i in layer k and σsca,aer,i and σabs,aer,i are the aerosol
scattering and absorption cross-sections for mode i, respectively. Here, we assume that σsca,aer,i and
σabs,aer,i are altitude independent.

They are obtained by:

σsca,aer,i =
Nbins∑
j=1

(fsph,i Ksph,sca,j (mi) + (1− fsph,i) Kel,sca,j (mi)) rj naer,i (rj) v (rj)

(9.22)

Ksph/el,sca,j (mi) =
∫

∆ ln rj

Csph/el,sca (r,mi)
v (r) d ln r , (9.23)

where naer,i is the aerosol number size distribution of mode i, v denotes particle volume and Csph,sca
and Cel,sca are the scattering cross sections of a spherical and ellipsoidal particle, respectively, of radius
r and mode refractive index mi, where for ellipsoidal particles the aspect ration distribution of Dubovik
et al.42 has been used. The relative contribution of spherical and ellipsoidal particles is determined by
the parameter fsph,i. The kernels Ksph/el,scat,j are pre-calculated for Nbins size bins with representative
radius rj , j = 1, · · · , Nbins according to Dubovik et al.42 and are stored in a lookup table as a function of
aerosol size parameter x = 2πr/λ, and the real and imaginary part of the complex refractive index m.
The values for the actual aerosol real- and imaginary refractive index are obtained by linear interpolation
from the tabulated values. Similar expressions hold for the absorption cross-section and the elements
of the aerosol scattering phase matrix Paer.

In addition to the aerosol modes, the model atmosphere also contains a cirrus cloud with cirrus scatter-
ing optical thickness τsca,cir,k and absorption optical thickness τabs,cir,k in layer k

τsca,cir,k = σsca,cirNcir,k (9.24)
τabs,cir,k = σabs,cirNcir,k (9.25)

(9.26)

where Ncir,k is the cirrus number sub-column in layer k and σsca,cir and σabs,cir are the cirrus scattering
and absorption cross-sections. σsca,cir and σabs,cir, as well as the elements of the cirrus scattering
phase matrix Pcir, are obtained from a LUT, according to van Diedenhoven et al.43, which stores the
cirrus optical properties computed using the geometrics optics approximation for a cirrus ice crystal that
are described as single hexagonal crystals with varying size (reff,cir), aspect ratio (αcir), and surface
roughness (δcir). The optical properties (σsca,cir, σabs,cir, Pcir) for a given combination of reff,cir, αcir, and
δcir are then obtained by linear interpolation from the tabulated values.

9



9 MODEL ATMOSPHERE AND OPTICAL PROPERTIES

Finally, the total optical properties per layer in the model atmosphere are obtained by combining the
contribution of molecules, aerosols, and cirrus:

τabs,k = τabs,mol,k + τabs,aer,kτabs,cir,k (9.27)
τsca,k = τsca,mol,k + τsca,aer,k + τsca,cir,k (9.28)

Pk(Θ) = τsca,mol,kPmol(Θ) + τsca,aer,kPaer + τsca,cir,kPcir (Θ)
τsca,k

. (9.29)

For radiative transfer calculations, the scattering matrix Pk(Θ) has to be transformed from the scattering
plane to the local meridian plane

Zk(λ, µin, µout,∆ϕ) = L2 Pk(Θ) L1 (9.30)

with

L2 =



1 0 0 0

0 cos 2i2 − sin 2i2 0

0 sin 2i2 cos 2i2 0

0 0 0 0


. (9.31)

and

L1 =



1 0 0 0

0 cos 2i1 − sin 2i1 0

0 sin 2i1 cos 2i1 0

0 0 0 0


. (9.32)

The rotation angles i1 and i2 are given by

cos i1 = µout(1− µ2
in)1/2 − µin(1− µ2

out)1/2 cos ∆ϕ
(1− cos2 Θ)1/2 (9.33)

cos i1 = µin(1− µ2
out)1/2 − µout(1− µ2

in)1/2 cos ∆ϕ
(1− cos2 Θ)1/2 (9.34)

(9.35)

where µin and µout are respectively the cosines of incoming and outgoing angles θin and θout, and ∆ϕ
is the relative azimuth angle.

For multiple scattering calculations, the scattering phase matrix is expanded in a Fourier series

Zk(µin, µout,∆ϕ) = 1
2

∞∑
m=0

(2− δm0)
[
B+m(∆ϕ)Zmk (µin, µout)(E + Λ)+

B−m(∆ϕ)Zmk (µin, µout)(E−Λ)
]
, (9.36)

where

Λ = diag [1, 1,−1,−1] . (9.37)
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and

B+m(∆ϕ) = diag[cosm∆ϕ, cosm∆ϕ, sinm∆ϕ, sinm∆ϕ] (9.38)

B−m(∆ϕ) = diag[− sinm∆ϕ,− sinm∆ϕ, cosm∆ϕ, cosm∆ϕ]. (9.39)

The m-th Fourier coefficient of the phase matrix can be calculated by

Zm(µin, µout) = (−1)m
L∑
l=m

Pl
m(−µout) Sl(z) Pl

m(−µin), (9.40)

where L is a suitable truncation index44 and Pl
m is the generalized spherical function matrix given by

Pm
l (µ) =



P lm0(µ) 0 0 0

0 P lm+(µ) P lm−(µ) 0

0 P lm−(µ) P lm+(µ) 0

0 0 0 P lm0(µ)


(9.41)

where

P lm± = 1
2
(
P lm,−2 ± P lm,2

)
(9.42)

and P lmn(µ) are the generalized spherical functions45, which were introduced in atmospheric radiative
transfer by46. Sl is the expansion coefficient matrix having the form

Sl =



βl1 βl5 0 0

βl5 βl2 0 0

0 0 βl3 βl6

0 0 −βl6 βl4


, (9.43)

where the expansion coefficients follow from the scattering phase matrix P in Eq. (8.5) (see e.g.47):

βl1 = 2l + 1
2

∫ 1

−1
P l0,0(cos θ)p1(θ) d(cos θ), (9.44)

βl2 + βl3 = −2l + 1
2

√
(l − 2)!
(l + 2)!

∫ 1

−1
P l2,2(cos θ)(p2(θ) + p3(θ))d(cos θ), (9.45)

βl2 − βl3 = −2l + 1
2

√
(l − 2)!
(l + 2)!

∫ 1

−1
P l2,−2(cos θ)(p2(θ) + p3(θ))d(cos θ), (9.46)

βl4 = 2l + 1
2

∫ 1

−1
P l0,0(cos θ)p4(θ) d(cos θ), (9.47)

βl5 = 2l + 1
2

∫ 1

−1
P l0,2(cos θ)p5(θ) d(cos θ), (9.48)

βl6 = 2l + 1
2

∫ 1

−1
P l0,2(cos θ)p6(θ) d(cos θ). (9.49)

The vertically integrated absorption and scattering optical thickness τabs and τsca are the respective
sums over all NRT layers. Other derived variables are the total (extinction) optical thickness τk =
τsca,k + τabs,k and τ = τsca + τabs, and the single scattering albedo ωk = τsca,k/τk.
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9 MODEL ATMOSPHERE AND OPTICAL PROPERTIES

From the equations above, it is clear that in order to compute the optical properties of the model atmo-
sphere, we need in the different layers of the model atmosphere the aerosol size distribution naer (ri),
aerosol number sub-column Nk, the fraction of spherical aerosol fsphere, as well as the sub-column
Ngas,k,j of the j different trace gases. Additionally, we need the atmospheric pressure and temperature
profile.

Concerning the aerosol parameters, the aerosol size distribution naer,i(r) for mode i is either describe
by a log-normal function or power law. The log-normal size distribution is written as:

naer(r) = 1√
2π σg r

exp
[
−(ln r − ln rg)2/(2σ2

g)
]
, (9.50)

where r is radius (or radius of a volume equivalent sphere), rg is the median radius and σg is the
standard deviation. Instead of rg and σg we use the effective radius reff and effective variance veff
because they are less dependent on the actual shape of the size distribution6. reff and veff are related
to rg and σg by:

σ2
g = ln (1 + veff ) (9.51)

rg = reff/(1 + veff )5/2. (9.52)

The power-law function is given by

naer (r) =


C for r ≤ r1

C
(
r
r1

)−p
for r1 < r ≤ r2

0 for r > r2

(9.53)

where C is a scaling constant and the exponent p specifies the decrease of naer with particle size. The
cut-offs are r1 =0.1 µm, r2 = 10 µm and the constant C is determined from normalization of the size
distribution.

The number sub-column Naer,k,i (see Eqs. 9.19 and 9.20) for layer k and mode i is parameterized
through the total column of aerosol particles, Naer,i for mode i, and a normalized Gaussian altitude
distribution with center height zaer and width w0. Hence, for model layer k with a layer height zk, and
thickness ∆zk:

Naer,k,i = Naer,iB exp
[
− ln 2 (zk − zaer)2

w2
0

]
∆zk, (9.54)

where Naer,i is the aerosol column number for mode i and B is the normalization constant of the Gaus-
sian. A similar expression holds for the number sub-column Ncir,k of cirrus particles.

The spectrally dependent refractive index m(λ) per mode is parameterized by

m(λ) =
nα∑
k=1

αk m
k(λ) (9.55)

where mk(λ) are prescribed functions of wavelength, for which we use standard refractive index spectra
for different aerosol components, i.e. Dust (DU)48, Inorganic/Sulphate (INORG) and Black Carbon
(BC)49, and Organic Carbon (OC)50.

The aerosol parameters to be included in the retrieval state vector are specified by the user in a retrieval
initialization file. Here, we consider 4 different setups:

1. Parametric 2-mode retrievals where the size distribution is described by 2 log-normal modes (i.e.
Nmodes = 2). For both modes the state vector includes reff , veff , Naer and fsph. For the mode
with smallest particles, referred to as fine mode, the refractive index coefficients αk are included
in the state vector. These correspond to the standard refractive index spectra INORG, BC, OC.
For the mode with largest particles, referred to as coarse mode, the αk corresponding to INORG
and DU. Further, one value for zaer is included which is assumed to be the same for both modes.
w0 is fixed at 2000 m.

12



10 LAND SURFACE REFLECTION MATRIX

Table 9.2: Definition of the effective radius (reff) and the effective variance (veff) for the multi-mode (M-1
to M-10) retrievals.

M-1 M-2 M-3 M-4 M-5 M-6 M-7 M8 M-9 M-10

reff (µm) 0.070 0.094 0.130 0.163 0.220 0.282 0.882 1.2 1.759 3.0

veff 0.130 0.130 0.130 0.130 0.130 0.130 0.284 1.0 1.718 1.718

2. Parametric 3-mode retrievals where the size distribution is described by 3 log-normal modes
(i.e. Nmodes = 3), with one fine mode and 2 coarse modes (soluble and insoluble). For the fine
mode the state vector includes reff , veff , Naer and fsph and the refractive index coefficients αk
that correspond to the standard refractive index spectra INORG, BC, OC. The coarse insouble
mode consists of non-spherical dust. for this mode the state vector includes reff , Naer, and a
coefficient for the imaginary part of the DU refractive index. The fixed parameters are fsph = 0,
veff = 0.6, αk = 1 for the DU real part refractive index. One value for zaer is included which is
assumed to be the same for modes 1 and 2. w0 is fixed at 2000 m. The 3rd mode is a coarse
soluble mode. For this mode the state vector includes reff , Naer, and coefficient αk of the INORG
refractive index spectrum. The fixed parameters are fsph = 1, veff = 0.6, and zaer=0.5 km.

3. Multi-mode retrievals where the size distribution is described by a combination of Nobs ≤ 10
log-normal modes. For each mode Naer is included in the state vector while reff , veff are fixed
to (a selection of) the values in Table 9.2. Here, mode 1-6 are considered as fine modes and
7-10 as coarse modes. The state vector includes one value for fsph for all fine modes and one
value for all coarse modes and for the fine mode refractive index (i.e. assumed the same for all
fine modes) it includes the coefficients αk that correspond to the standard refractive index spectra
INORG, BC, OC, and for the coarse mode refractive index (i.e. assumed the same for all coarse
modes) the coefficients corresponding to INORG and DU. Further, one value for zaer is included
which is assumed to be the same for all modes, i.e. all modes have the same vertical distribution.
w0 is fixed at 2000 m.

4. Power-law retrievals where the aerosol size distribution is described by a single power-law mode.
Here, Naer and power p are included in the state vector. The refractive index is fixed by 1.4−0.003i
for all spectral bands. Further, zaer is included in the state vector and w0 is fixed at 2000 m.

Setup 1 and 2 are used for retrievals where MAP measurements are available, i.e. MAP-only or
MAP+spectrometer retrievals, while setup 3 is being used when only spectrometer measurements are
available. Note that this setup is very similar to the RemoTeC setup51,52. For all aerosol setups there is
the option to add a mode cirrus particles with Ncir, reff,cir, αcir, and δcir, and zcir as state vector elements
and w0 fixed at 2000 m.

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

Ngas,k,j = cj Nstd,k,j , (9.56)

where Nstd,k,j is the sub-column for trace gas j corresponding to an a priori vertical profile and cj is the
corresponding scaling factor (see below). The O2 vertical profile follows from the pressure profile. For
MAP-only retrievals we fix the scaling factors cj to 1.0, i.e. their atmospheric abundance is fixed to the a
priori value through out the retrieval, while for MAP+spectrometer and spectrometer-only retrievals we
include the scaling factors cj corresponding to CO2, CH4, and H2O in the retrieval state vector.

10 Land Surface Reflection Matrix

For retrievals over land, the surface reflection matrix is written as

Rs(λ, θin, θout,∆ϕ) = r11(λ, θin, θout,∆ϕ) D + Rpol, (10.57)
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10 LAND SURFACE REFLECTION MATRIX

where D is the null matrix except D11 = 1. For the Bi-Directional Reflection function (BDRF) r11(λ, ϑin, ϑout,∆ϕ)
we have 2 options implemented. The first option is the Ross-Li BDRF model given by:

r11(λ, θin, θout,∆ϕ) = A(λ) (1 + kgeofgeo(θin, θout,∆ϕ) + kvolfvol(θin, θout,∆ϕ)) (10.58)

where fgeo and fvol are respectively the geometric (Li-Sparse) and volumetric (Ross-Thick) kernel53

and references therein. They are given by

fvol(θin, θout,∆ϕ) = (π/2− γ) cos γ + sin γ
µin + µout

− π

4 (10.59)

fgeo(θin, θout,∆ϕ) = O(θ′in, θ′out,∆ϕ)− sec θ′out − sec θ′in + 1
2(1− cos Θ′) sec θ′out sec θ′in(10.60)

O = 1
π

(t− sin t cos t)(sec θ′out + θ′in) (10.61)

cos t = h

b

√
D2 + (tan θ′in tan θ′out sin ∆φ)2

sec θ′out + sec θ′in
(10.62)

D =
√

tan2 θ′in + tan2 θ′out − 2 tan θ′in tan θ′out cos ∆φ (10.63)

cos Θ′ = − cos θ′in cos θ′out − sin θ′in sin θ′out cos ∆φ (10.64)

θ′out = tan−1
(
b

r
tan |θ′out|

)
, (10.65)

θ′in = tan−1
(
b

r
tan |θ′in|

)
. (10.66)

Numerically, the absolute value of the RHS of Eq. (10.62) can exceed 1. In this case we set cos t = 0.
The volumetric kernel represents the scattering within a dense vegetation canopy, and is based on a ra-
diative transfer approximation of single scattering due to small, uniformly distributed and non-absorbing
leaves. The angular behavior of this kernel is to have a minimum near the backscatter direction and
bright limbs54. The geometric kernel represents surfaces with larger gaps between objects, and thus
accounts for self shadowing. The angular behavior of this kernel is therefore to have a maximum at
backscattering where there are no shadows. fgeo is based on the work of53,55, but is used in the recip-
rocal form given in56, for the case that the ratio of the height of the tree at the center of the crown to the
vertical crown radius, h/b = 2, and the ratio of the vertical crown radius to the horizontal crown radius is
(spherical, or compact crowns) b/r = 1.

The second option is the Rahman-Pinkty-Verstraete (RPV) model13,57,58:

r11(λ, θin, θout,∆ϕ) = A(λ)
(

(µin µout)k−1

(µin + µout)1−k F (g,Θ)[1 +R(G)]
)

(10.67)

µin and µout are respectively the cosines of incoming and outgoing angles θin and θout. g is the asym-
metry parameter of the Henyey-Greenstein phase function F (g,Θ). Θ is the scattering angle. 1 +R(G)
is an approximation of the hot spot effect57, where

G =
√

tan2θ0 + tan2θv − 2 tanθin tan |θout| cos ∆ϕ (10.68)

and R(G) = 1−A(λ)
1+G .

In Eq. (10.57) Rpol is given by59

Rpol(θin, θout, φv − φ0) = Bpol

(
exp

(
−tan(π−Θ

2 )
)

exp (−ν) Fp(m,Θ)
4(µin + µout)

)
. (10.69)

Here, Bpol is a scaling parameter (band-independent). Fp(m,Θ) is the the Fresnel scattering matrix
with refractive index m = 1.5. We use ν = 0.158.

The parameters included in the state vector are fgeo and fvol when using the Ross-Li model and and k,
g when using the RPV model. Further, we include Bpol, assumed spectrally neutral, and for A(λ) we
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12 RADIATIVE TRANSFER MODEL

retrieve one value for each MAP band. For spectrometer windows we describe the spectral dependence
A(λ) within a spectrometer window as a polynomial

A(λ) =
I∑
i=0

ai (λ− λ0)i, (10.70)

where λ0 is a reference wavelength chosen as the first wavelength of the spectral window. We include
the polynomial coefficients ai in the state vector.

11 Ocean Reflection Matrix

For retrievals over ocean, we describe the ocean reflection matrix as

Rs(λ, θin, θout,∆ϕ) = Rfrn(θin, θout,∆ϕ) + Rul(λ, θin, θout,∆ϕ) +A(λ) D (11.71)

where Rfrn is the contribution of the ocean surface, which is described by Fresnel reflection on a
rough ocean surface, depending on the wind speed- and direction to provide a Gaussian distribution of
surface slopes60. Rul is the ocean body (underlight) contribution. For the ocean body, we need a bio-
optical model to compute optical properties of the ocean from bio-physical ocean parameters. We used
the bio-optical model of Chowdhary et al.61 for case-2 waters (open ocean) that has the chlorophyll-a
concentration xchl as the only bio-physical ocean parameter to compute the ocean optical properties
(single scattering albedo, phase matrix). Using the hydrosol model of Chowdhary et al.61, the ocean is
described as a mixture of sea-water and a particulate component. The scattering and absorption co-
efficients of sea-water are taken from Smith and Baker62, while the optical properties of the particulate
components were calculated using detritus–plankton (D–P) mixtures. The particulates were assumed
to be spherical, so the scattering phase matrix could be obtained using Mie calculations. The relative
contribution of detritus and plankton are parameterized by Xchl. Here it should be noted that the under-
light contribution is insensitive to the optical depth of ocean when the ocean optical thickness is larger
than 10. In this study, we set the ocean optical depth to 20 and assumed a black ocean bottom surface.
This ocean surface/body system was being solved by a vector radiative transfer model63,64. However,
this model is computationally expensive because of the large ocean optical thickness. As an alterna-
tive, a Neural Network (NN) has been designed to simulate (Fourier coefficients of) the ocean body
contribution to the reflection matrix just above the ocean surface, with as input the oceanic chlorophyll-
a concentration. Finally, A(λ) in Eq. (11.71) is a wavelength dependent Lambertian albedo term that
accounts for oceanic foam but may also correct for errors in Rul. Ws, Xchl, and A(λ) for the different
spectral bands are included in the state vector.

12 Radiative transfer model

Having defined the relation between atmospheric/surface properties and optical properties for the dif-
ferent layers of the model atmosphere, the next step is to solve the RT equation for the given optical
properties. The radiative transfer model comprises two contributions, single and multiple scattering
contribution of the backscattered radiances Iss and Ims, respectively:

I = Iss + Ims (12.72)

Here, each component is simulated separately.

Before computing Iss and Ims, we first apply the delta-M correction65:

Z∗ij,k = Zij,k/(1− fk) (12.73)

S∗lij,k =
(
Slij,k − δijfk (2l + 1)

)
/(1− fk) (12.74)

τ∗sca,k = τsca,k (1− fk) (12.75)
τ∗k = τ∗sca,k + τabs,k (12.76)
ω∗k = τ∗sca,k/τ

∗
k (12.77)
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12 RADIATIVE TRANSFER MODEL

where i and j denote the matrix element of Z or S in Eq. (9.30) and 9.43, respectively and

fk = SNstr11,k /(2Nstr + 1) (12.78)

with Nstr being the number of streams used in the multiple scattering calculations.

For a given wavelength, the computation of Iss is straight forward:

Iss = µ̃

4πµv

NRT∑
k=1

{
ω∗k

[
1− e−τ

∗
k/µ̃
]
e−τ

∗k−1
1 /µ̃Z∗kF0

}
+ µ0

π
eτ
∗/µ̃ RsF0 (12.79)

where µ0 is the cosine of the solar zenith angle, µv is the cosine of the viewing zenith angle, 1
µ̃ = 1

µ0
+ 1
µv

.
Rs is the surface reflection matrix of Eq. (10.57) and

τ∗k2
k1

=
k2∑
k=k1

τ∗k . (12.80)

The incoming solar irradiance vector F0 = [F0, 0, 0]T , F0 being the solar flux per unit area perpendicular
to the direction of the solar beam.

The derivatives of the i-th element (Stokes index) of Iss with respect to τ∗sca,k, τabs,k, ω∗k, the ij-th element
zk,ij of Z∗k and the elements rs,ij of Rs can be calculated in an analytical manner,

∂Iss

∂τ∗k
= 1

4πµv

{
ω∗ke
−τ∗k/µ̃e−τ

∗k−1
1 /µ̃Z∗kF0 −

NRT∑
k′=k+1

ω∗k′
[
1− e−τ

∗
k′/µ̃

]
e−τ

∗k′−1
1 /µ̃Z∗k′F0

}
− µ0

πµ̃
e−τ

∗/µ̃ RsF0 (12.81)

∂Iss

∂zk,ij
= F0µ̃

4πµv
ω∗k

[
1− e−τ

∗
k/µ̃
]
e−τ

∗k−1
1 /µ̃δj1 (12.82)

∂Iss

∂ω∗k
= µ̃

4πµv

[
1− e−τ

∗
k/µ̃
]
e−τ

∗k−1
1 /µ̃Z∗kF0 (12.83)

∂Iss

∂rs,ij
= µ0F0

π
e−τ

∗/µ̃ δj1 (12.84)

where δj1 is the Kronecker delta, and with the deduced derivatives

∂Iss

∂τ∗sca,k
= ∂Iss

∂τ∗k
+ 1− ω∗k

τ∗k

∂Iss

∂ω∗k
(12.85)

∂Iss

∂τ∗abs,k
= ∂Iss

∂τ∗k
− ω∗k
τ∗k

∂Iss

∂ω∗k
. (12.86)

The computation of the multiply scattered radiation involves the solution of the plane-parallel radiative
transfer equation. For this purpose, we use the LINTRAN V2.0 model66, which provides the TOA
radiance as well as its derivatives with respect to τabs,k, τsca,k β

l
k(Eq. 9.43), for each layer k of the model

atmosphere, as well as surface reflectance parameters, using the forward adjoint perturbation theory.
LINTRAN is described in more detail in Appendix 91.

Based on derivatives of the radiance with respect to the optical parameters τabs, τsca, and P or its
expansion coefficients βlk, the derivatives with respect to a physical parameter x (i.e. an element of the
state vector) can be calculated in a straightforward manner by

∂Iss

∂x
=
NRT∑
k=1

[
∂Iss

∂τsca,k

∂τsca,k

∂x
+ ∂Iss

∂τabs,k

∂τabs,k

∂x
+ ∂Iss

∂Pk

∂Pk
∂x

]
(12.87)

∂Ims

∂x
=
NRT∑
k=1

[
∂Ims

∂τsca,k

∂τsca,k

∂x
+ ∂Ims

∂τabs,k

∂τabs,k

∂x
+

M∑
l=0

∂Iss

∂βlk

∂βlk
∂x

]
, (12.88)
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13 LINEAR-K METHOD FOR FINE STRUCTURE ABSORPTION BANDS

with

∂τsca,k

∂x
=

∂τ∗sca,k

∂x

∂f

∂τ∗sca,k
(12.89)

∂Pk

∂x
= ∂P ∗k

∂x

∂f

∂P ∗k
(12.90)

13 Linear-k method for fine structure absorption bands

In order to avoid time consuming multiple scattering calculations on the line-by-line grid in fine-structure
absorption bands, we aim at reducing the number of spectral calculations, following the linear-k ap-
proach of Hasekamp and Butz, 200867. For this purpose, we consider the intensity Ims as a function of
total absorption optical thickness τabs and its normalized vertical distribution n

Ims (λ) = Ims (τabs (λ) ,n (λ)) . (13.91)

For a vertically homogenous atmosphere, analogously one can consider the dependence on the ab-
sorption coefficient k of the atmosphere and so explains the method name and its similarity with the
k-distribution approach and spectral mapping methods.

We assume that the atmospheric scattering properties and surface reflection properties are constant
over the spectral range under consideration. Element nk of the vector n represents the relative contribu-
tion of the absorption optical thickness of altitude layer k of the model atmosphere to the total absorption
optical thickness of the atmosphere, such that

τabs,k (λ) = nk (λ) τabs (λ) . (13.92)

For a vertically homogeneous atmosphere, Ims becomes a smooth function of absorption optical thick-
ness. So only a limited number of calculations at preselected values of τabs are needed for interpo-
lation (see e.g.68). Finally, the radiances can be mapped back into wavelength space. For a non-
homogeneous atmosphere, one has to assume that the vertical distribution n(z) of τabs is independent
of wavelength in the spectral interval under consideration, which is the underlying assumption of the
correlated k method69. For the simulation of moderate- or high resolution spectra in the near- and
shortwave infrared spectral ranges, this assumption causes errors of several percent in reflectance
spectra for realistic inhomogeneous terrestrial atmospheres (see e.g.70).

Obviously, we need an efficient radiative transfer model that can account for the vertical distribution
of absorption optical thickness at different wavelengths. For this purpose, we consider the radiance
as a function of absorption optical thickness and perform calculations for a limited number interpolation
points τ labs and corresponding vertical distributions nl, with l = 1, · · · , L. From the reference calculations
Ims

(
τ labs, n

l
)
, we obtain the multiply scattered intensity vector Ims (λ) at any wavelength λ in the spectral

range under consideration with absorption optical thickness τabs (λ) and its vertical distribution n (λ) in
two steps. First, we account for differences between the actual vertical distribution n (λ) and the vertical
distributions nl used in the reference calculations, by employing the linear approximation:

Ims(τ labs,n(λ)) ≈ Ims(τ labs,nl) + ∂Ims
∂n

[
n(λ)− nl

]
, (13.93)

where the derivatives with respect to n follow from the forward adjoint perturbation theory71. This yields
the intensity vector of the multiply scattered radiation at the grid points τ labs, corrected for the actual
vertical distribution. To obtain the intensity Ims at τabs (λ), we fit a second order polynomial to the
logarithm of the (absorption profile corrected) radiances at the grid points, using the grid point closest
to τabs (λ) and the two neighboring points. For Stokes parameters Q and U we perform the polynomial
interpolation using stokes fractions q = Q/I and u = U/I but further the procedure is the same. Finally
we correct for variation of scattering properties and surface albedo within the spectral window, applying
a linear correction based on the derivatives of the spectrum with respect to scattering properties.
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For the numerical implementation, we choose the grid points equidistant on a logarithmic scale, i.e.:

τ lgrid = τmin ·
(
τmax

τmin

) l−1
L−1

. (13.94)

where τmin and τmax are respectively the minimum and maximum absorption optical thickness in the
spectral window under consideration. If τmax > 15 its value is set to 15, because for larger values of
the absorption optical thickness the radiation field is dominated by single scattering (being calculated
exactly) and hence interpolation errors are of minor importance. The rationale of choosing a logarith-
mic scale is to obtain more grid points at small values of absorption optical thickness, where multiple
scattering effects are most important. We use L = 10 grid points for each of the three bands, but this
number can be updated during the commissioning phase. For more information on the linear-k method
we refer to67.

14 Inversion Procedure

In the inversion procedure, we invert the linearized forward model of Eq. (19.112) for iteration step n to
find the state vector xn+1 for iteration step n+ 1. Hereto, we minimize the following cost function72:

xn+1 = min
x

(
[K x− y]T S−1

y [K x− y]
)

+
(
[x− xa]T γ2H−1 [x− xa]

)
, (14.95)

which we transform to

x̃n+1 = min
x̃

(
[K̃ x̃− ỹ]T [K̃ x̃− ỹ]

)
+ γ2 ([x̃− x̃a]T [x̃− x̃a]

)
, (14.96)

where K̃ = S−
1
2

y KH 1
2 , x̃ = H− 1

2 x and ỹ = S−
1
2

y (y − F(xn)). xa is the a priori state vector, Sy is the
measurement error covariance matrix, γ is a regularization parameters, and H is a regularization matrix
that ensures that all state vector parameters range within the same order of magnitude and determine
the relative weight of parameters in the side constraint18. Note that if γ = 1 and H is the prior error
covariance matrix, Eq. (14.95) (and hence 14.96) reduce to the cost function of the optimal estimation
method73. We use a diagonal matrix for H with diagonal elements hii = w2

i .

The solution of Eq. (14.95) is given by:

x̃n+1 = x̃n + Λ(K̃T K̃ + γ2I)−1(K̃T ỹ− γ2(x̃n − x̃a)). (14.97)

Λ 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.

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

Sx = Sr + Se, (14.98)

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

Sr = (I−A) Sa (I−A)T, (14.99)

and Se is the retrieval error covariance matrix that describes the effect of measurement- and forward
model errors on x,

Se = D Sy DT , (14.100)

where D is the contribution- or gain matrix

D =
(
KT S−1

y K + γ2H−1)−1 KT S−1
y , (14.101)
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and A is the averaging kernel

A = D K (14.102)

The standard deviation στ on the AOD can be obtained from the retrieval error covariance matrix Sx via

στ =

√√√√ N∑
i=1

N∑
j=1

Si,j
∂τ

∂xi

∂τ

∂xj
(14.103)

where Si,j denotes element (i,j) of Sx. A similar expression holds for the SSA.

For trace gas columns, the column averaging kernel for gas j is given by

acol,k,j = dcol,j kk
NRT∑
n=1

Nstd,n,j (14.104)

where k indicates layer index, kk = ∂F
∂Ngas,k,j

, and dcol,j is the row of D that corresponds to the scaling
factor for trace gas j. The final retrieval product for trace gases is the column averaged dry air mixing
ratio

Xgas,j =
∑NRT
k=1 Ngas,k,j∑NRT
k=1 Nair,k

(14.105)

which is related to the true vertical profile of gas j through

Xgas,j = acol,j xtrue∑NRT
k=1 Nair,k

(14.106)

where xtrue is the vector containing the true sub-columns in the different vertical layers.

15 Choosing regularization parameter and step size

Within each iteration step, we compute x̃n+1 for different trial values for Λ (10 values between 0.1 and
1.0) and γ2 (0.1, 1.3, 2.5, 3.8, 5.0) and compute the χ2

trial = 1
nmeas

∑nmeas
i=1

(Fappr(xn)−yi)2

Sy(i,i) , where nmeas is
the number of elements in y and Fappr. Here, Fappr is given by:

Fappr(x) = Fms(xn) + ∂Fms

∂x [x− xn] + Fss(x). (15.107)

Here, Fms is the forward model only taking multiple scattering into account, which has already been
computed for xn in the previous iteration step, and Fss is the forward model only taking into account
single scattering, which is calculated exactly for each trial Λ and γ2 using Eq. (12.79). We select the
combination of Λ and γ2 that results in the smallest χ2

trial to produce the state vector xn+1 for the next
iteration step.

16 Checking for Convergence

For each iteration step n, we compute χ2 of the fit between forward model and measurement. Then we
create an array χ2

order of dimension n that contains all χ2
i values for i = 1, · · · , n, ordered from smallest

to largest value. We consider the iteration to be converged if:

• |χ2
n − χ2

n−1|/χ2
n < 0.01 or |χ2

n − χ2
n−1| < 0.05.
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18 NUISANCE

• |χ2
order,1 − χ2

order,2|/χ2
order,1 < 0.01 or |χ2

order,1 − χ2
order,2| < 0.05.This criterion prevents the iteration

to ’walk’ away from the minimum.

• The difference between any 2 elements of χ2
order, |χ2

order,i − χ2
order,i−1| < 0.01.This criterion pre-

vents the iteration to jump between 2 different χ2 values.

The maximum number of iteration steps is set to 10. The iteration step that produced the minimum χ2

is given as the output of the retrieval.

17 Look-up Table Retrieval to obtain 1st guess

The iterative retrieval starts with a 1st guess state vector x1. If x1 deviates too much from the truth the
risk exists that the iteration diverges or ends up in a local minimum. We use a Look-Up Table (LUT)
retrieval approach to obtain a reasonable 1st guess state vector. In the LUT-retrieval, we use a multi-
mode aerosol description with 10 log-normal modes (see above). The state vector xlut for the LUT
retrieval contains as aerosol parameters the mode aerosol column number Naer,i, i = 1, · · · , 10. Here,
each Naer,i value corresponds to an AOD value at given wavelength (for different wavelengths the AOD
is obviously different). Further xlut contains the same land surface or ocean parameters as the iterative
retrieval. The forward model Flut for the LUT retrieval uses tabulated values of Stokes parameters
Ims,i, Qms,i, Ums,i of multiple scattered light, calculated with the LINTRAN RT model for each aerosol
mode i separately at discrete values of Naer,i, and the parameters describing the surface reflection
matrix Rs.

To obtain Flut(xlut) at a given wavelength λ with AODλ, we first (linearly) interpolate the tabulated
values of the the Stokes parameters Ims,node, Qms,node, Ums,node at the node points of the LUT to the
actual values of surface/ocean parameters in xlut and AODλ. Then we combine the Stokes parameters
from the different size modes using the approach of74:

Ems =
Nmode∑
i=1

Ems,i
AODi,λ

AODλ
(17.108)

where E denotes either I, Q, or U , and AODi,λ denotes the AOD of mode i at wavelength λ. The single
scattering contribution to Flut is computed exactly using Eq. (12.79). Using the LUT based forward
model Flut(xlut) we find xlut by using the same inversion procedure as described in section 14, with the
difference that the approximate forward model of Eq. (15.107) is replaced by Flut.

In the LUT based forward model, molecular absorption is neglected so only spectral bands are selected
with very small contribution of molecular absorption. This means, the LUT retrieval is not suited for
spectrometer-only retrievals. In MAP+spectrometer retrievals the LUT retrievals is used to obtain a 1st
guess for the aerosol parameters. For spectr<ometer bands the surface parameter A from Eqs. 10.58
and 10.67 is obtained by

A1st,spec = Rcont(λcont)
π

u0
/
∂R

∂A
(λcont) (17.109)

where Rcont(λcont) is the largest value in the spectrometer window under consideration, which is as-
sumed to represent the continuum reflectance value.

18 Nuisance

RemoTAP allows for fitting a spectral recalibration of the solar spectrum (δλs). To obtain the derivative
of I in the line by line calculation with respect to δλs, we use the finite difference method by applying a
numerical perturbation of the line-by-line wavelength grid of the solar spectrum.
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19 NON-SCATTERING RETRIEVALS AND THE PROXY PRODUCT

Table 19.3: Spectral windows of the non-scattering retrievals and corresponding target species.

number spectral window [nm] target species

1 755–773 O2

2 1593–1621 CO2 (SWIR-1)

3 1629–1654 CH4 and H2O (SWIR-1)

4 1993–2095 CO2 and H2O (SWIR-2)

The shift in the Earth-shine radiance is retrieved throug a perturbing the ISRF searth. Instead of fitting the
spectral shifts at each wavelength, we assume δλs and δλe to be spectral denpendent by a polynomial:

δλs,e =
Nsh∑

0
shs,ei (λ− λ0)i (18.110)

In this way, we fit the polynomial coefficients shs,ei for spectral shifts.

We also include intensity offset in the state vector, which is defined as constant over each spectrometer
band by Ioff .

19 Non-scattering Retrievals and the Proxy Product

Before we discuss the non-scattering retrieval, we reflect upon general aspects that are common to all
the inversions in this document. 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 the vector b containing ancillary parameters that
are not retrieved,

y = F(x,b) + ey (19.111)

where ey represents the measurement error vector. In our case the measurement vector may consist
of multi-spectral, multi-angle measurements of intensity and state of polarization performed by the MAP
instrument and/or multi-spectral single-viewing-angle measurements in trace-gas absorption bands per-
formed by the CO2I spectrometer. In the following, we will omit the dependence of F on b.

For the retrieval procedure it is needed that the non-linear forward model is linearized so that the retrieval
problem can be solved iteratively. For iteration step n the forward model is approximated by

F(x) ≈ F(xn) + K [x− xn] (19.112)

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

Kij = ∂Fi
∂xj

(xn). (19.113)

Below, we will describe the algorithm for non-scattering retrieval in more detail and will address the
more complex full-physics retrieval in the next section.

Retrievals of trace gas columns from spectrometer measurements under the assumption of an at-
mosphere without scattering are useful for cloud filtering75 and for the proxy approach76. The non-
scattering retrieval is performed for each spectral band of the spectrometer separately, where for each
spectral band the relevant absorbers is taken into account: O2 for the NIR band, CO2, CH4, and H2O
for the SWIR-1 band, and CO2, CH4, and H2O for the SWIR-2 band.
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21 INVERSION

20 Forward model

The non-scattering forward model calculates the backscattered top-of-the-atmosphere radiance I as a
function of wavelength λ on a line-by-line basis, so that the convolution with the instrument spectral
response function according to Eq. (8.6) can be performed.

For the non-scattering forward model, by definition, scattering is neglected and Lambert-Beer’s law is
applicable:

I(λ) = F0 (λ) A (λ) µ0

π
e−τabs(λ)/µ̃ (20.114)

with the air mass factor

1
µ̃

= 1
µ0

+ 1
µv

, (20.115)

where µ0 is the (absolute value) cosine of the solar zenith angle, µv is the (absolute value) cosine of the
viewing zenith angle. F0 is the incoming solar irradiance and τabs is the absorption optical thickness due
to molecular absorption. The spectral dependence of the Lambertian surface albedo A is parametrized
through an n-th order spectral polynomial, according to Eq. (10.70). The absorption optical depth per
layer is computed according to Eq. (9.16). The total vertically integrated molecular absorption optical
thickness τabs is

τabs =
∑
j

Katm∑
k=1

τabs,k,j (20.116)

The line-by-line forward model also provides the derivatives of I with respect to τabs, the surface albedo
and the solar irradiance, namely

∂I

∂τabs
= − I

µ̃
(20.117)

∂I

∂A
= I

A
(20.118)

∂I

∂F0
= I

F0
(20.119)

These derivatives are progressed to derivatives with respect to the parameters to be retrieved via the
chain rules:

∂I

∂Ngas,k,j
= −σj(pk, Tk, λ) I

µ̃
(20.120)

∂I

∂ai
= (λ− λ0)i I

A(λ) (20.121)

where ai is the i-th albedo coefficient in Eq. (10.70).

The spectral shifts are fitted in the measurements of both solar irradiance and Earth-shine radiandce
for non-scattering retrieval.

21 Inversion

The state vector parameters of the non-scattering retrievals in each band, are restricted to the profile
scaling parameters cj of Eq. (9.56), the coefficients corresponding to a 1st order polynomial to describe
the spectral dependence of the surface albedo, and a wavelength shift between the earth radiance and
solar irradiance.
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23 DETAILED ALGORITHM SETUP

Similar to the regular retrieval, the non-scattering inversion is performed iteratively. However, instead of
minimizing the regularized cost function of Eq. (14.95), we minimize the least-squares cost function for
each iteration step

xn+1 = min
x

(
[K x− y]T S−1

y [K x− y]
)
, (21.122)

which is solved by

xn+1 =
(
KT S−1

y K
)−1 KT S−1

y (y− F(xn)). (21.123)

Since the non-scattering forward model is sufficiently linear, it is not needed to use a step-size reduction
as in the regular retrieval.

22 Proxy retrieval

The proxy methane product uses the non-scattering output to construct a best estimate of the column-
average dry-air mole fraction of methane (XCHproxy

4 ) according to

XCHproxy
4 = CCH4

CCO2

XCOapr
2 , (22.124)

where total columns CCH4 and CCO2 are retrieved under the non-scattering assumption from the sub-
windows indicated in Table 19.3. XCOapr

2 is the total dry air mixing ratio of carbon dioxide coming from
the CAMS forecast.

Similarly, one can use the proxy to retrieve the column-average dry-air mole fraction of carbon dioxide
(XCOproxy

2 ) according to

XCOproxy
2 = CCO2

CCH4

XCHapr
4 , (22.125)

As outlined before, the first key assumption of the proxy approach is that scattering effects cancel in the
CCH4
CCO2

ratio, which is only true if the respective CH4 and CO2 columns are inferred from spectral absorp-
tion bands of similar strength spectrally close to each other. Therefore, the proxy approach must use the
SWIR-1 band. The other key assumption is that the a priori estimate of XCOapr

2 or XCHapr
4 is sufficiently

close to the true CO2 or CH4 total column mixing ratio such that the respective error contribution to
XCHproxy

4 or XCOproxy
2 does not jeopardize the accuracy.

The precision of the proxy product is defined as the instrument noise propagation on the proxy product,
so it is derived from the noise propagations of the non-scattering retrieval results. As the spectral win-
dows of the non-scattering retrievals of CH4 and CO2 do not overlap, and instrument noise is assumed
to be uncorrelated among spectral pixels, there is no correlated noise on the two non-scattering retrieval
results. The precision on the proxy XCH4 product is therefore defined as:

εproxy
XCH4

= XCHproxy
4

√(
εns
CH4

CHns
4

)2
+
(
εns
CO2

COns
2

)2
, (22.126)

where εns
CH4

and εns
CO2

denote the precision on the CH4 column CHns
4 and retrieved CO2 column COns

2 ,
respectively, from the non-scattering retrieval approach. The same expression holds for εproxy

XCO2
. This

precision term only contains instrument noise propagation. Estimated errors on XCO2 or XCH4 forecast
from CAMS, and biases because of imperfect cancellation of scattering effects are not included in this
quantity.

23 Detailed Algorithm Setup

This section provides more detail on the different processing chains of RemoTAP.
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25 STATE VECTOR DEFINITION

24 Detailed Algorithm Setup MAP-only retrievals

25 State Vector Definition

For MAP-only retrievals, RemoTAP has the option the option to choose the multi-mode aerosol descrip-
tion, ithe parametric 2-mode, or the parametric 3-mode aerosol description. The corresponding state
vector elements are given in Tables 25.4, 25.5, and 25.6, respectively. Currently, the parametric 3-mode
setup is selected as the baseline. For all setups there is the option to add a cirrus mode to the state
vector. The corresponding elements are given in Table 25.7.

Table 25.4: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the multi-mode aerosol description. Note that for the commonly
used 5-mode setup we use (from Table 9.2) modes 2, 4, 6 (fine modes),and 7, 9 (coarse modes).
If wi = 0, indicated by ∗, the corresponding parameters is fixed. σext denotes the aerosol extinction
cross-section at 550 nm.

state vector element prior value wi min - max

Aerosol parameters

Ni, i = 1, · · · , Nmode 0.0001/σext 0.5/Nmode/σext 0.001 - n/a

ffsphere 0.95 1.0 0.0 - 1.0

αfinorg 1.0 0.1 such that 1.3 < mr < 1.69

αfbc 0.015 0.1 such that 1.3 < mr < 1.69

αfoc 0.10 0.1 such that 1.3 < mr < 1.69

f csphere 0.10 0.1 0.0 - 1.0

αcinorg 1.02 0.1 such that 1.3 < mr < 1.69

αcdu 0.95 1.0 such that 1.3 < mr < 1.69

zaer 2 km 4 km -2 km - 10 km

Option 1: Ross-Li land surface parameters

A(λi), i = 1, · · · , Nband,map 0.05 0.50 0.0 - 1.0

kgeo 0.1 0.1 0.0 - 0.35

kvol 0.5 0.5 0.0 - 1.5

Option 2: RPV land surface parameters

A(λi), i = 1, · · · , Nband,map 0.05 0.50 0.0 - 1.0

g -0.09 0.5 -0.5 - 0.5

k 0.80 0.5 0.05 - 0.95
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25 STATE VECTOR DEFINITION

Land surface parameters (Maignan)

B 1.0 1.0 0.2 - 10.0

ν 0.1 0.0∗ n/a

Ocean parameters

windspeed 7 m/s 30 m/s 0.1 m/s - 100 m/s

xchl 2 mg/m3 20 mg/m3 0 mg/m3 - 30 mg/m3

A(λi), i = 1, · · · , Nband,map 0.0 0.01 -0.10 - 0.10

Table 25.5: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the parametric 2-mode aerosol description. If wi = 0, indicated
by ∗, the corresponding parameters is fixed.

state vector element prior value wi min - max

Aerosol parameters

rfeff 0.20 µm 0.10 µm 0.02 µm - 0.30 µm

vfeff 0.20 0.05 0.01 - 0.80

Nf 0.20/σext 2.0/σext 0.001 - n/a

ffsphere 0.95 1.0 0.0 - 1.0

αfinorg 1.0 0.1 such that 1.3 < mr < 1.69

αfbc 0.015 0.1 such that 1.3 < mr < 1.69

αfoc 0.10 0.1 such that 1.3 < mr < 1.69

rceff 1.5 µm 1.0 µm 0.2 µm - 4.0 µm

vceff 0.20 0.05 0.01 - 0.80

Nc 0.20/σext 2.0/σext 0.001 - n/a

f csphere 0.10 1.0 0.0 - 1.0

αcinorg 1.02 0.05 such that 1.3 < mr < 1.69

αcdu 0.95 1.0 such that 1.3 < mr < 1.69

zaer 2 km 4 km -2 km - 10 km

Option 1: Ross-Li land surface parameters
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25 STATE VECTOR DEFINITION

A(λi), i = 1, · · · , Nband,map 0.05 0.50 0.0 - 1.0

kgeo 0.1 0.1 0.0 - 0.35

kvol 0.5 0.5 0.0 - 1.5

Option 2: RPV land surface parameters

A(λi), i = 1, · · · , Nband,map 0.05 0.50 0.0 - 1.0

g -0.09 0.5 -0.5 - 0.5

k 0.80 0.5 0.05 - 0.95

Land surface parameters (Maignan)

B 1.0 1.0 0.2 - 10.0

ν 0.1 0.0∗ n/a

Ocean parameters

windspeed 7 m/s 30 m/s 0.1 m/s - 100 m/s

xchl 2 mg/m3 20 mg/m3 0 mg/m3 - 30 mg/m3

A(λi), i = 1, · · · , Nband,map 0.0 0.01 -0.10 - 0.10

Table 25.6: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the parametric 3-mode aerosol description. The superscript
ci and cs denote ’coarse insoluble’ and ’coarse soluble’, respectively. If wi = 0, indicated by ∗, the
corresponding parameters is fixed.

state vector element prior value wi min - max

Aerosol parameters

rfeff 0.15 µm 0.20 µm 0.02 µm - 0.30 µm

vfeff 0.20 0.05 0.01 - 0.80

Nf 0.0001/σext 0.5/σext 0.001 - n/a

ffsphere 0.95 0.1 0.0 - 1.0

αfinorg 1.0 0.1 such that 1.3 < mr < 1.69

αfbc 0.015 0.1 such that 1.3 < mr < 1.69

αfoc 0.10 0.1 such that 1.3 < mr < 1.69

rcieff 1.0 µm 1.0 µm 0.7 µm - 5.0 µm
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25 STATE VECTOR DEFINITION

vcieff 0.60 0∗ n/a

Nci 0.0001/σext 0.5/σext 0.001 - n/a

f cisphere 0.0 0∗ n/a

αcidu,im 0.95 0.10 0-1

zf,ciaer 2 km 4 km -2 km - 10 km

rcseff 2.5 µm 1.0 µm 0.7 µm - 5.0 µm

vcseff 0.60 0∗ n/a

Ncs 0.0001/σext 0.5/σext 0.001 - n/a

f cssphere 1.0 0∗ n/a

αinorg,im 0.9 0.10 such that 1.3 < mr < 1.69

zcsaer 0.5 km 0∗ n/a

Option 1: Ross-Li land surface parameters

A(λi), i = 1, · · · , Nband,map 0.05 0.50 0.0 - 1.0

kgeo 0.1 0.1 0.0 - 0.35

kvol 0.5 0.5 0.0 - 1.5

Option 2: RPV land surface parameters

A(λi), i = 1, · · · , Nband,map 0.05 0.50 0.0 - 1.0

g -0.09 0.5 -0.5 - 0.5

k 0.80 0.5 0.05 - 0.95

Land surface parameters (Maignan)

B 1.0 1.0 0.2 - 10.0

ν 0.1 0.0∗ n/a

Ocean parameters

windspeed 7 m/s 30 m/s 0.1 m/s - 100 m/s

xchl 2 mg/m3 20 mg/m3 0 mg/m3 - 30 mg/m3

A(λi), i = 1, · · · , Nband,map 0.0 0.01 -0.10 - 0.10
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28 CLOUD FILTERING

Table 25.7: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the cirrus mode. If wi = 0, indicated by ∗, the corresponding
parameters is fixed.

state vector element prior value wi min - max

reff,cir 25.0 µm 10.0 µm 5.0 µm - 50.0 µm

αcir 0.65 1.0 0.18 - 5.5

δcir 0.63 0.2 0.0 - 0.7

Ncir 0.04 0.05 0.0 - n/a

zcir tropopause
height

4 km 5 km - 18 km

26 Measurement vector definition

The measurement vector for MAP-only retrievals contains the reflectance RI = I/F0,meas, F0,meas being
the model solar flux perpendicular to the solar beam, and the relative Stokes parameters q = Q/I,
u = U/I at multiple wavelengths (to be specified in the initialization file), and for the different viewing
angles provided by the MAP. The number of wavelengths can be different for RI on the one hand and
q and u on the other hand. As an alternative for using q and u the code also works with Degree of Lin-
ear Polarization (DoLP=

√
q2 + u2) in the measurement vector. This would ignore potential information

present in the Angle of Linear Polarization but may have the advantage of having smaller measurement
uncertainties. The best choice is to be made based on evaluation of retrievals on real measurements.

27 Algorithm flow

The MAP-only processing chain requires the level 1C data and the pre-processor data as input. We
assume the module is called by a processing framework as illustrated in Fig. 2.2, which is optimized for
the processing of data granules. A schematic overview of the MAP-only retrieval is given in Fig. 27.5
where the software is thread-safe and so appropriate for parallelization. Numerical tests were performed
using the openMP and openMPI application. For each L1C ground pixel, the observation is checked for
clouds and only cloud-free pixels are being further processed. Subsequently, the first guess retrieval
and iterative retrieval are being performed.Finally, the results are returned to the calling framework and
all dynamic memory is deallocated. Section 53 gives a detailed overview of the input and output of the
MAP-only processor.

The iterative retrieval procedure is outlined in more detail in Fig. 27.6. The iterative retrieval starts
with the 1st guess state vector that comes from the LUT retrieval. In the iteration scheme, the forward
model and inversion procedures are called for each iteration step till convergence has been reached.
The forward model and inversion are shown in more detail in Figs. 27.7 and 27.8.

28 Cloud filtering

For MAP-only retrievals, we perform an a priori and an a posteriori cloud filtering. The a priori cloud
filtering is based on a cloud classification from an external instrument. CO2M mission the external
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28 CLOUD FILTERING

Figure 27.5: Schematic overview of the general retrieval procedure of MAP-only retrievals. The pre-
processed data is output from the pre-processor of Fig. 6.4. The iterative retrieval is further detailed in
Fig. 27.6.
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28 CLOUD FILTERING

Figure 27.6: Flow chart of the iterative retrieval procedure. The forward model is further detailed in
Fig. 27.7 and the inversion procedure in Fig. 27.8.
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28 CLOUD FILTERING

Figure 27.7: Flow chart of the forward model used in the iterative retrieval.
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28 CLOUD FILTERING

Figure 27.8: Flow chart of the inversion procedure used in the iterative retrieval.
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30 STATE VECTOR DEFINITION

cloud information comes from the Cloud Imager (CLIM). In a pre-processing step, the cloud information
should be aggregated to the spatial grid of the L1C MAP data (see below). We expect that for each
spatial grid cell of the L1C grid the following information:

• The fraction of the L1C grid cell that is confidently clear fconf,clear.

• The fraction of the L1C grid cell that is probably clear fprob,clear.

• The fraction of the L1C grid cell that is confidently cloudy fconf,cloud.

• The fraction of the L1C grid cell that is probably cloudy fprob,cloud.

We only start the retrieval for a L1C grid cell if fconf,clear + fprob,clear > Tcl, where Tcl is a threshold to be
determined based on validation of the aerosol products. As a start, we will use Tcl = 0.90.

Our a posteriori cloud filtering is based on the χ2 difference between forward model and measurement.
Using POLDER-3 data25, we found that this is an effective way to screen out clouds. MAP measure-
ments have a unique capability to distinguish between scattering by (liquid) cloud droplets and aerosol
particles and therefore, if a L1C grid cell is cloud contaminated, the forward model will not be able to
reproduce the measurement, resulting in a large χ2. The final threshold of the χ2 has to be determined
based on real measurements. For POLDER-3, we found χ2=2 was appropriate.

29 Detailed Algorithm Setup Non-Scattering Retrieval

30 State Vector Definition

For the non-scattering retrievals, we fit the different trace gas columns (in the form of profile scaling
factors) separately for each spectral band (NIR, SWIR-1, SWIR-2). Further, only surface albedo and its
spectral dependence is fitted. The corresponding state vector elements are given in Table 30.8.

Table 30.8: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the elements related to trace gas columns and surface reflection.
If wi = 0, indicated by ∗, the corresponding parameters is fixed.

state vector element prior value wi min - max

Trace gas parameters

cco2 (SWIR-1, SWIR-2) 1.0 1.0 0.0 - 2.0

cch4 (SWIR-1) 1.0 1.0 0.0 - 2.0

ch2o (SWIR-1, SWIR-2) 1.0 1.0 0.0 - 2.0

co2 (NIR) 1.0 1.0 0.0 - 2.0

Land surface parameters (retrieved)

a0(NIR, SWIR-1, SWIR-2) 0.1 0.50 0.0 - 1.0

a1(NIR, SWIR-1, SWIR-2) 0.0 1e-3 -1e-3 - 1e-3

a2(NIR, SWIR-1, SWIR-2),
(optional)

0.0 1e-5 -1e-5 - 1e-5
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34 STATE VECTOR DEFINITION

Land surface parameters (fixed)

kgeo 0.0 0.0∗

kvol 0.0 0.0∗

B 1.0 0.0∗

ν 0.1 0.0∗

Ocean parameters

windspeed 7 m/s 30 m/s 0.1 m/s - 100 m/s

aocean0 (NIR, SWIR-1, SWIR-2) 0.0 0.50 -0.1 - 0.1

aocean1 (NIR, SWIR-1, SWIR-2) 0.0 1e-3 -1e-3 - 1e-3

aocean2 (NIR, SWIR-1, SWIR-2) 0.0 1e-5 -1e-5 - 1e-5

Nuisance

shs,e0 (NIR, SWIR-1, SWIR-2) 0.0 0.1 -0.1 - 0.1

shs,e1 (NIR, SWIR-1, SWIR-2) 0.0 0.1 -1e-4 - 1e-4

shs,e2 (NIR, SWIR-1, SWIR-2),
optional

0.0 0.1 -1e-6 - 1e-6

Ioff (NIR, SWIR-1, SWIR-2),
optional

0.0 1e-14 (photon-
s/cm2/nm/sr)

-1e-9 - 1e-9 (photon-
s/cm2/nm/sr)

31 Measurement vector definition

The measurement vector for CO2I-only retrievals contains the Earth radiance I together with the line-
by-line irradiance spectrum derived in Sec. 5, both as function of wavelengths for the 3 spectrometer
bands NIR, SWIR-1, and SWIR-2. Alternatively, the reflectance RI = I/F0 can be provided as input.

32 Algorithm flow, input, output

The flow of the non-scattering retrieval is given in Fig. 32.9. The non-scattering will be performed for
both clear and cloudy scenes so no cloud screening is performed here.

33 Detailed Algorithm Setup CO2I-only Retrieval

34 State Vector Definition

For CO2I-only retrievals, we use the single mode power-law description for aerosols, like in RemoTeC51.The
corresponding state vector elements are given in Table 34.9 and 34.10.
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Figure 32.9: Schematic overview of the general retrieval procedure of non-scattering retrievals.
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Table 34.9: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the power-law aerosol description (see Eq. 9.53). If wi = 0,
indicated by ∗, the corresponding parameters is fixed. σext denotes the aerosol extinction cross-section
at 550 nm.

state vector element prior value wi min - max

Retrieved aerosol parameters

p 4.0 0.10 0.02- 6.0

N 0.10/σext 0.50/σext 0.0- n/a

zaer 2 km 1 km -2 km - 10 km

Fixed aerosol parameters

fsphere 1.0 0.0∗

mr 1.4 0.0∗ (same for all wavelengths)

mi 0.003 0.0∗ (same for all wavelengths)

w0 2 km 0.0∗

Table 34.10: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the elements related to trace gas columns and surface reflection.
If wi = 0, indicated by ∗, the corresponding parameters is fixed.

state vector element prior value wi min - max

Trace gas parameters

cco2 1.0 1.0 0.0 - 2.0

cch4 1.0 1.0 0.0 - 2.0

ch2o 1.0 1.0 0.0 - 2.0

Land surface parameters (retrieved)

a0(NIR, SWIR-1, SWIR-2) 0.1 0.50 0.0 - 1.0

a1(NIR, SWIR-1, SWIR-2) 0.0 1e-3 -1e-3 - 1.e-3

a2(NIR, SWIR-1, SWIR-2),
(optional)

0.0 1e-5 -1e-5 - 1.e-5

Land surface parameters (fixed)

kgeo 0.0 0.0∗
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37 CLOUD FILTERING

kvol 0.0 0.0∗

B 1.0 0.0∗

ν 0.1 0.0∗

Ocean parameters

windspeed 7 m/s 30 m/s 0.1 m/s - 100 m/s

aocean0 (NIR, SWIR-1, SWIR-2) 0.0 0.50 -0.1 - 0.1

aocean1 (NIR, SWIR-1, SWIR-2) 0.0 1e-3 -1e-3 - 1.e-3

aocean2 (NIR, SWIR-1, SWIR-2), 0.0 1e-5 -1e-5 - 1.e-5

Nuisance

shs,e0 (NIR, SWIR-1, SWIR-2) 0.0 0.1 -0.1 - 0.1

shs,e1 (NIR, SWIR-1, SWIR-2) 0.0 0.1 -1e-4 - 1e-4

shs,e2 (NIR, SWIR-1, SWIR-2)
(optional)

0.0 0.1 -1e-6 - 1e-6

Ioff (NIR, SWIR-1, SWIR-2),
(optional)

0.0 1e-14 (photon-
s/cm2/nm/sr)

-1e-9 - 1e-9 (photon-
s/cm2/nm/sr)

35 Measurement vector definition

The measurement vector for CO2I-only retrievals contains the Earth radiance I together with the line-
by-line irradiance spectrum derived in Sec. 5, both as function of wavelengths for the 3 spectrometer
bands NIR, SWIR-1, and SWIR-2. Alternatively, the reflectance RI = I/F0 can be provided as input.

36 Algorithm flow, input, output

The flow of the retrieval is slightly modified compared to MAP-only retrievals, see Fig. 36.10, as it does
not include the LUT retrieval but receives the results of the non-scattering retrievals from Sec. 19 as
input for the cloud clearing of observations. A fixed 1st guess for the aerosol properties is chosen of
p = 2, AOD=0.10, and zaer = 2.0 km. The forward model of the iterative retrieval scheme and inversion
procedure are the same as for the MAP-only retrieval, see Figs. 27.7 and 27.8. Note that for CO2I-only
retrievals the continuum band approach is not applicable as all spectrometer bands include absorption
bands with fine spectral features.

37 Cloud filtering

For spectrometer retrievals, we will use the result from non-scattering retrievals in the different spectral
bands (NIR, SWIR-1, SWIR-2) to filter for clouds, following75. Here, we retrieve independent estimates
of the CO2 and H2O column abundances using observations taken at 1.61 µm (SWIR-1 weak CO2
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37 CLOUD FILTERING

Figure 36.10: Schematic overview of the general retrieval procedure of CO2I-only retrievals. The
iterative retrieval is further detailed in Fig. 27.6.
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40 MEASUREMENT VECTOR DEFINITION

band) and 2.06 µm (SWIR-2 strong CO2 band), while neglecting atmospheric scattering (see above).
The CO2 and H2O column abundances retrieved in these two spectral regions differ significantly in the
presence of cloud and scattering aerosols. Ratios of the retrieved CO2 (RCO2) and H2O (RH2O) column
abundances are computed as

Rgas =
CWgas

CSgas
, (37.127)

where CWgas and CSgas represents the vertical column density of the retrieved gas (CO2 or H2O) in the
weak and strong absorption bands, respectively. Clouds and aerosols modify the optical path length in
the two bands differently, producing column abundance ratios significantly different from unity75. 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 µm band are most often higher than at 2.0 µm. This yields
a variable fractional contribution of scattered light to the measured radiances. Second, the 1.6 and 2.06
µm 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 substantial
variation in the photon path-length (PPL) distribution between the two bands, while, in the absence of
scattering, this ratio approaches unity.

Using OCO-2 data30, we found that suitable values are 0.990 < Rco2 < 1.035 and 0.950 < Rh2o < 1.060.

Further, we found the useful filter 0.885 < Cret
O2

Cmet
O2

< 1.020, where Cret
O2

is the retrieved O2 column from the

NIR band under non-scattering assumption and Cmet
O2

is the O2 column as computed from the surface
pressure from the meteorological input data.

38 Detailed Algorithm Setup Simultaneous Retrieval MAP+CO2I

39 State Vector Definition

For the aerosol part of the state vector, we have the option to choose the multi-mode aerosol description,
the parametric 2-mode, or the parametric 3-mode aerosol description. The corresponding state vector
elements are given in Tables 25.4, 25.5, and 25.6 in section 24, respectively. The cirrus related state
vector elements are given in 25.7. Currently, the parametric 3-mode setup is selected as the baseline.
For the part of the state vector related to the spectrometer bands, the state vector elements are given
in Table 34.10.

40 Measurement vector definition

The measurement vectors for the combined MAP+CO2I retrieval contains:

• From CO2I the reflectance, RI = I/F0 or the Earth shine radiance together with the line-by-line
irradiance spectrum derived in Sec. 5, both as function of wavelengths for the 3 spectrometer
bands NIR, SWIR-1, and SWIR-2.

• From MAP the reflectance RI = I/F0,meas and the relative Stokes parameters q = Q/I, u =
U/I at multiple wavelengths (to be specified in the initialization file), and for the different viewing
angles provided by the MAP. The number of wavelengths can be different for RI on the one hand
and q and u on the other hand. As an alternative for using q and u the code also works with
Degree of Linear Polarization (DoLP=

√
q2 + u2) in the measurement vector. This would ignore

potential information present in the Angle of Linear Polarization but may have the advantage of
having smaller measurement uncertainties. The best choice is to be made based on evaluation of
retrievals on real measurements.
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41 Algorithm flow, input, output

The flow of the algorithm is very similar to that of the MAP-only retrieval, except that the combined
retrieval approach requires the results of the non-scattering retrieval (non. scat columns) as input for
data filtering, see Fig. 41.11. Also the forward model of the iterative retrieval scheme and inversion
procedure (per step) are the same as for the MAP-only and CO2I-only retrieval.

42 Cloud filtering

The cloud filtering of the simultaneous MAP+CO2I retrieval approach is not yet defined. As baseline we
consider the cloud screening scheme of the CO2I-only approach, where appropriate threshold values
should be defined during the CO2M commissioning phase.

43 Detailed Algorithm Setup Sequential Two-Step Retrieval MAP→CO2I

The sequential two-step retrieval first performs a MAP-only retrieval, followed by a CO2I-only retrieval,
which uses the retrieved aerosol properties of the first step (MAP-only) as input. In the 2nd step (CO2I-
only) certain aerosol parameters are still being fitted, together with the trace gas columns.

44 State Vector Definition

For the MAP-only step of the two-step retrieval, we use the 2-mode state vector definition of Table 25.5.
The retrieved aerosol parameters serve as input for the CO2I-only step, which has the same aerosol
parameters in the state vector as the first step.The corresponding state vector elements for this second
step are given in Table 44.11. As follows from this table, only 2 aerosol parameters are being fitted in the
2nd step (Nc and rceff) while all other aerosol parameters are being fixed to the values of the MAP-only
retrieval.

Table 44.11: State vector elements, prior values, and corresponding values wi that define the diagonal
regularization matrix H by hii = w2

i , for the CO2I-only step in the two-step retrieval. If wi = 0, indicated
by ∗, the corresponding parameters is fixed. σext denotes the aerosol extinction cross-section at 550 nm.

state vector element prior value wi min - max

Retrieved aerosol parameters

Nc MAP-only 2.0/σext 0.001 - n/a

rceff MAP-only 1.0 µm 0.2 µm - 4.0 µm

Fixed aerosol parameters

rfeff MAP-only 0.0∗ 0.02 µm - 0.30 µm

vfeff MAP-only 0.0∗ 0.01 - 0.80

Nf MAP-only 0.0∗ 0.001 - n/a
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44 STATE VECTOR DEFINITION

ffsphere MAP-only 0.0∗ 0.0 - 1.0

αfinorg MAP-only 0.0∗ such that 1.3 < mr < 1.69

αfbc MAP-only 0.0∗ such that 1.3 < mr < 1.69

αfoc MAP-only 0.0∗ such that 1.3 < mr < 1.69

vceff MAP-only 0.0∗ 0.01 - 0.80

f csphere MAP-only 0.0∗ 0.0 - 1.0

αcinorg MAP-only 0.0∗ such that 1.3 < mr < 1.69

αcdu MAP-only 0.0∗ such that 1.3 < mr < 1.69

zaer MAP-only 0.0∗ -2 km - 10 km

Land surface parameters (retrieved)

a0(NIR, SWIR-1, SWIR-2) 0.1 0.50 0.0 - 1.0

a1(NIR, SWIR-1, SWIR-2) 0.0 1e-3 -1e-3 - 1.e-3

a2(NIR, SWIR-1, SWIR-2) (op-
tional)

0.0 1e-5 -1e-5 - 1.e-5

Land surface parameters (fixed)

kgeo MAP-only 0.0∗

kvol MAP-only 0.0∗

B MAP-only 0.0∗

ν 0.1 0.0∗

Ocean parameters

windspeed 7 m/s 30 m/s 0.1 m/s - 100 m/s

aocean0 (NIR, SWIR-1, SWIR-2) 0.0 0.50 -0.1 - 0.1

aocean1 (NIR, SWIR-1, SWIR-2) 0.0 1e-3 -1e-3 - 1e-3

aocean2 (NIR, SWIR-1, SWIR-2) 0.0 1e-5 -1e-5 - 1e-5

Trace gas parameters

cco2 1.0 1.0 0.0 - 2.0

cch4 1.0 1.0 0.0 - 2.0

ch2o 1.0 1.0 0.0 - 2.0
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47 CLOUD FILTERING

Nuisance

shs,e0 (NIR, SWIR-1, SWIR-2) 0.0 0.1 -0.1 - 0.1

shs,e1 (NIR, SWIR-1, SWIR-2) 0.0 0.1 -1e-4 - 1e-4

shs,e2 (NIR, SWIR-1, SWIR-2)
(optional)

0.0 0.1 -1e-6 - 1e-6

Ioff (NIR, SWIR-1, SWIR-2)
(optional)

0.0 1e-14 (photon-
s/cm2/nm/sr)

-1e-9 - 1e-9 (photon-
s/cm2/nm/sr)

45 Measurement vector definition

The measurement vectors for the 1st and 2nd step are identical to the one of the MAP-only retrieval
described in Sec. 24 and the CO2I-only retrieval described in Sec. 33.

46 Algorithm flow, input, output

The flow of the retrieval is slightly modified compared to MAP-only and CO2I-only retrievals as it per-
forms those retrievals in 2 separate steps, see Fig. 46.12. Also the forward model of the iterative retrieval
scheme and inversion procedure (per step) are the same as for the MAP-only and CO2I-only retrieval.

47 Cloud filtering

The cloud filtering of the sequential two-step retrieval approach is not yet defined. As baseline we
consider the cloud screening scheme of the MAP-only retrieval, combined with the CO2I-only approach,
where appropriate threshold values should be defined during the CO2M commissioning phase.
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47 CLOUD FILTERING

Figure 41.11: Schematic overview of the general retrieval procedure of the simultaneous CO2I+MAP
retrievals. The iterative retrieval is further detailed in Fig. 27.6.
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Figure 46.12: Schematic overview of the general retrieval procedure of the sequential MAP→CO2I
retrievals. The iterative retrieval is further detailed in Fig. 27.6.
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49 STATIC INPUT FOR PROCESSOR INITIALIZATION

48 Input/Output

49 Static input for processor initialization

This section describes the static input to the processor initialization. It comprises

• the Mie/T matrix lookup tables (49.12)

• Radiative tranfer lookup tables for first guess retrievals (49.13)

• absorption cross section lookup tables (49.14)

Table 49.12: The Mie/T-matrix lookup table: Nrri = 22 denotes the number of LUT node points for the
real refractive index, Niri = 16 the number of node points for the imaginary refractive index, Nsize = 41
the number of node points for the aerosol size parameter (2 π r

λ , Nang = 181 the number of node points
for the scattering angle.

parameter array size units comments

Mie/T-Matrix LUT

grid RRI Nrri -

grid IRI Niri -

grid size parameter Nsize -

Sphere extinction cross
section

Nrri ×Niri ×Nsize cm2

Sphere absorption cross
section

Nrri ×Niri ×Nsize cm2

Spheroid extinction cross
section

Nrri ×Niri ×Nsize cm2

Spheroid absorption
cross section

Nrri ×Niri ×Nsize cm2

Sphere scattering matrix
(element 11)

Nrri ×Niri ×Nsize ×Nang -

Sphere scattering matrix
(element 22)

Nrri ×Niri ×Nsize ×Nang -

Sphere scattering matrix
(element 33)

Nrri ×Niri ×Nsize ×Nang -

Sphere scattering matrix
(element 44)

Nrri ×Niri ×Nsize ×Nang -

Sphere scattering matrix
(element 21)

Nrri ×Niri ×Nsize ×Nang -
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Sphere scattering matrix
(element 43)

Nrri ×Niri ×Nsize ×Nang -

Table 49.13: Radiative Transfer Lookup tables for land and ocean scenes

parameter dimension units comments

RT LUT (1st guess retrieval) land

wavelength grid Nwave,lut nm

Rayleigh cross sections Nwave,lut cm2

mode effective radius Nmodes,lut µm

mode effective variance Nmodes,lut

mode fraction spheres Nmodes,lut

mode RRI Nmodes,lut ×Nwave,lut

mode IRI Nmodes,lut ×Nwave,lut

viewing zenith angle grid Nvza,lut degree

solar zenith angle grid Nsza,lut degree

surface pressure grid Npsurf,lut hPa

AOD grid Naod,lut -

BDRF A grid Nbdrf,wave,lut -

BDRF geo par1 grid Nbdrf,geo1,lut - Ross-Li kernel coefficient
of RPV parameter

BDRF geo par2 grid Nbdrf,geo2,lut - Ross-Li kernel coefficient
of RPV parameter

Stokes parameter I re-
flectance

Nmodes,lut ×
Nwave,lut×Nvza,lut × Nsza,lut ×
Nfou,lut×Npsurf,lut×Naod,lut×
Nbdrf,wave,lut × Nbdrf,geo1,lut ×
Nbdrf,geo2,lut

- Nfou,lut Fourier coeffi-
cients

Stokes parameter Q re-
flectance

Nmodes,lut ×
Nwave,lut×Nvza,lut × Nsza,lut ×
Nfou,lut×Npsurf,lut×Naod,lut×
Nbdrf,wave,lut

- Nfou,lut Fourier coeffi-
cients

46



49 STATIC INPUT FOR PROCESSOR INITIALIZATION

Stokes parameter U re-
flectance

Nmodes,lut ×
Nwave,lut×Nvza,lut × Nsza,lut ×
Nfou,lut×Npsurf,lut×Naod,lut×
Nbdrf,wave,lut

- Nfou,lut Fourier coeffi-
cients

RT LUT (1st guess retrieval) ocean

wavelength grid Nwave,lut nm

Rayleigh cross sections Nwave,lut cm2

mode effective radius Nmodes,lut µm

mode effective variance Nmodes,lut

mode fraction spheres Nmodes,lut

mode RRI Nmodes,lut ×Nwave,lut

mode IRI Nmodes,lut ×Nwave,lut

viewing zenith angle grid Nvza,lut degree

solar zenith angle grid Nsza,lut degree

surface pressure grid Npsurf,lut hPa

AOD grid Naod,lut -

wind speed grid Nws,lut m/s

xchl grid Nchl,lut Ross-Li kernel coefficient
of RPV parameter

Stokes parameter I re-
flectance

Nmodes,lut ×
Nwave,lut×Nvza,lut × Nsza,lut ×
Nfou,lut×Npsurf,lut×Naod,lut×
Nws,lut ×Nchl,lut

- Nfou,lut Fourier coeffi-
cients

Stokes parameter Q re-
flectance

Nmodes,lut ×
Nwave,lut×Nvza,lut × Nsza,lut ×
Nfou,lut×Npsurf,lut×Naod,lut×
Nws,lut ×Nchl,lut

- Nfou,lut Fourier coeffi-
cients

Stokes parameter U re-
flectance

Nmodes,lut ×
Nwave,lut×Nvza,lut × Nsza,lut ×
Nfou,lut×Npsurf,lut×Naod,lut×
Nws,lut ×Nchl,lut

- Nfou,lut Fourier coeffi-
cients
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Table 49.14: Trace gas absorption cross-section lookup table: Np,xs denotes the number of pressure
node points, NT,xs the number of temperature node points, Nλ,gas,win, with gas is O3, NO2, O4, O2 or
H2O, CO2, and CH4,denotes the number of wavelengths at which cross sections are stored in a certain
spectral window, Nwin,gas the number of spectral windows for a certain gas.

grid pressure Np,xs Pa

grid temperature NT,xs K

wavenumber grid O2 Nλ,wino2 ×Nwino2 cm−1

wavenumber grid H2O Nλ,winh2o ×Nwinh2o cm−1

wavenumber grid O3 Nλ,wino3 ×Nwino3 cm−1

wavenumber grid NO2 Nλ,winno2 ×Nwinno2 cm−1

wavenumber grid O4 Nλ,wino4 ×Nwino4 cm−1

cross-sections O2 Np,xs×NT,xs×Nλ,wino2×Nwino2 cm2

cross-sections H2O Np,xs×NT,xs×Nλ,winh2o ×
Nwinh2o

cm2

cross-sections CO2 Np,xs×NT,xs×Nλ,winco2 ×
Nwinco2

cm2

cross-sections CH4 Np,xs×NT,xs×Nλ,winch4 ×
Nwinch4

cm2

cross-sections O3 Np,xs×NT,xs×Nλ,wino3 ×
Nwino3

cm2

cross-sections NO2 Np,xs×NT,xs×Nλ,winno2 ×
Nwinno2

cm2

cross-sections O4 Np,xs×NT,xs×Nλ,wino4 ×
Nwino4

cm2

Table 49.15: ISRF and solar reference spectrum. Nλ,map is the number of MAP bands and
Nλ,fine,isrf−map is the number of spectral samplings of the ISRF per MAP band. Nλ,co2i and
Nλ,fine,isrf−xo2i are the corresponding parameters for the spectrometer ISRF, and Nλ,fine, sun is the num-
ber of spectral samples of the solar reference spectrum.

ISRF-MAP Nλ,map ×Nλ,fine,isrf−map see Eq. 8.6

ISRF-CO2I Nλ,co2i ×Nλ,fine,isrf−co2i

ISRF-CO2I-SUN Nλ,co2i ×Nλ,fine,isrf−co2i

solar_irradiance_model Nλ,fine, sun
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50 Static input for scan line intitialization

This section describes the static input to the initialization of the procesing of each data granule. It
comprises ISRF and solar irradiance related input.

Table 50.16: Input for scanline initialization.

parameter array size units comments

ISRF related

ISRF-CO2I-SUN Nλ,co2i ×Nλ,fine,isrf−co2i see Eq. 8.6

solar_irradiance_model Nλ,fine,sun

51 Dynamic input pre-processor

52 Input pre-processor

This section describes the input to the pre-processor tool, which basically allocates the input to the
CO2I (/MAP) ground pixels.

Table 52.17: Dynamic input for the pre-processor (ECMWF-based). Nalt,clim denotes the number of
along-track CLIM pixels, Nact,clim denotes the number of across-track CLIM pixels, Nalt,co2i denotes the
number of along-track CO2I pixels, Nact,co2i denotes the number of across-track CO2I pixels.Nlat,met
and Nlon,met denote the the number of latitudes and longtitudes of the meteo data, Nlev,met denotes the
number of vertical levels of the meteo data.

parameter array size Source units

Surface pressure meteo Nlat,met ×Nlon,met CAMS/
ECMWF

hPa

Surface elevation meteo Nlat,met ×Nlon,met CAMS/
ECMWF

m

Hybrid coefficients A, B Nlev,met CAMS/
ECMWF

-

Temperature profile Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

K

Geopotenital height Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

m

Specific humidity Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

kg /kg
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O3 profile Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

TBD

CO2 profile Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

TBD

CH4 profile Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

TBD

NO2 profile Nlat,met ×Nlon,met ×Nlev,met CAMS/
ECMWF

TBD

Cloud fraction Nalt,clim ×Nact,clim CLIM -

latitude CLIM Nalt,clim ×Nact,clim CLIM L2 degrees

longitude CLIM Nalt,clim ×Nact,clim CLIM L2 degrees

latitude CO2I Nalt,spec ×Nact,co2i CO2I L1B degrees

longitude CO2I Nalt,spec ×Nact,co2i CO2I L1B degrees

latitude MAP Nalt,spec ×Nact,co2i CO2I L1B degrees

longitude MAP Nalt,spec ×Nact,co2i CO2I L1B degrees

altitude Nalt,spec ×Nact,co2i CO2I L1B m

altitude variation Nalt,spec ×Nact,co2i CO2I L1B m

land-water mask Nalt,spec ×Nact,co2i CO2I L1B
-

53 MAP L1C data

Table 53.18: Dynamic input of MAP L1C data. Nalt,map denotes the number of along-track MAP pixels,
Nact,map is the number of across-track MAP pixels, Nvp is the number of viewing angles of the MAP,
Nλ,pol indicates the number of spectral samples for polarization of the MAP, Nλ,rad is the number of
spectral samples for radiance of the MAP.

parameter array size units comment

MAP L1C file

latitude MAP Nalt,map ×Nact,map degree

longitude MAP Nalt,map ×Nact,map degree

date and time of mea-
surement

Nalt,map ×Nact,map Julian day mean of all aggregated
measurements

50



54 INPUT FROM CO2I L1B DATA

sensor_azimuth Nalt,map ×Nact,map ×Nvp degree clockwise from north

sensor_zenith Nalt,map ×Nact,map ×Nvp degree

solar_azimuth Nalt,map ×Nact,map ×Nvp degree clockwise from north

solar_zenith Nalt,map ×Nact,map ×Nvp degree

I_polsample Nalt,map × Nact,map × Nvp ×
Nλ,pol

Wm−2sr−1

µm−1
intensity at spectral sam-
pling and resolution of po-
larization measurements.

I_polsample_noise Nalt,map × Nact,map × Nvp ×
Nλ,pol

Wm−2sr−1

µm−1

Q Nalt,map × Nact,map × Nvp ×
Nλ,pol

Wm−2sr−1

µm−1

Q_noise Nalt,map × Nact,map × Nvp ×
Nλ,pol

Wm−2sr−1

µm−1

U Nalt,map × Nact,map × Nvp ×
Nλ,pol

Wm−2sr−1

µm−1

U_noise Nalt,map × Nact,map × Nvp ×
Nλ,pol

Wm−2sr−1

µm−1

I Nalt,map × Nact,map × Nvp ×
Nλ,rad

Wm−2sr−1

µm−1
at native sampling/resolu-
tion

I_noise Nalt,map × Nact,map × Nvp ×
Nλ,rad

Wm−2sr−1

µm−1

intensity_F0 Nvp ×Nλ,rad Wm−2 model solar spectrum at
sampling/resolution of in-
tensity wavelength grid

polarization_F0 Nvp ×Nλ,pol Wm−2 model solar spectrum at
sampling/resolution of po-
larization wavelength grid

sun_earth_distance AU

polarization_wavelengths Nλ,pol nm

polarization_bandpasses Nλ,pol nm FWHM

intensity_wavelengths Nλ,rad nm

intensity_bandpasses Nλ,rad nm FWHM

54 Input from CO2I L1B data
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Table 54.19: Dynamic input for the aerosol L2 processor (CO2I L1B file). Nalt,spec denotes the number
of along-track CO2I pixels, Nact,spec denotes the number of across-track CO2I pixels. Nwin denotes the
number of spectral windows of the CO2I (e.g. NIR, SWIR-1, SWIR-2), Nλ,spec,win denotes the number
of wavelength pixels per spectral window.

parameter array size units comment

CO2I L1B file

radiance spectrum Nalt,spec × Nact,spec × Nwin ×
Nλ,spec,win

Wm−2sr−1

µm−1

radiance spectrum noise Nalt,spec × Nact,spec × Nwin ×
Nλ,spec,win

Wm−2sr−1

µm−1

radiance wavelengths Nalt,spec × Nact,spec × Nwin ×
Nλ,spec,win

nm

latitude center Nalt,spec ×Nact,spec degree

longitude center Nalt,spec ×Nact,sec degree

latitude corner Nalt,spec ×Nact,spec × 4 degree

longitude corner Nalt,spec ×Nact,spec × 4 degree

date and time of mea-
surement

Nalt,spec ×Nact,spec Julian day

sensor_azimuth Nalt,spec ×Nact,spec degree clockwise from north

sensor_zenith Nalt,spec ×Nact,spec degree

solar_azimuth Nalt,spec ×Nact,spec degree clockwise from north

solar_zenith Nalt,spec ×Nact,spec degree

55 RemoTAP output

Table 55.20: MAP related output of RemoTAP. Nwave,optic denotes the number of wavelengths at which
optical properties are computed, Nwave,retr denotes the number of wavelength bands used in the re-
trieval, Nmodes the number of aerosol size modes used in the retrieval, Npix the number of spatial pixels
for which a retrieval has been performed.

parameter dimension units range comments

Static output
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wavelengths optical prop-
erties

Nwave,optic nm 350-2200 wavelengths at
which optical prop-
erties (AOD, SSA)
are given.

wavelengths retrieval Nwave,retr nm 410-865 wavelengths used in
the retrieval.

number of modes 1 - 1-20 Nmodes

effective radius flag Nmodes - 0 or 1 1 if fitted, 0 if not fit-
ted

effective variance flag Nmodes - 0 or 1 1 if fitted, 0 if not fit-
ted

real refractive index flag Nmodes - 0 or 1 1 if fitted, 0 if not fit-
ted

imaginary refractive index
flag

Nmodes - 0 or 1 1 if fitted, 0 if not fit-
ted

fraction of spheres flag Nmodes - 0 or 1 1 if fitted, 0 if not fit-
ted

Aerosol Layer Height flag Nmodes - 0 or 1 1 if fitted, 0 if not fit-
ted

Cirrus flag Nmodes - 0 or 1 1 if cirrus, 0 if not cir-
rus

Surface brdf model 1 - n/a Rahman-Pinkty-
Verstraete or Ross-
Li

Surface bpdf model 1 - n/a Maignan B or Maig-
nan B and ν

Dynamic output

AOD Npix ×Nwave,optic - 0-10

AOD uncertainty Npix ×Nwave,optic - 0-10 1-σ

SSA Npix ×Nwave,optic - 0-1

SSA uncertainty Npix ×Nwave,optic - 0-1 1-σ

effective radius Npix ×Nmode µm 0.01-10.00 -

effective radius uncer-
tainty

Npix ×Nmode µm 0.01-10.00 1-σ
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effective variance Npix ×Nmode 0.01-1.0 -

effective variance uncer-
tainty

Npix ×Nmode 0.01-1.0 1-σ

real refractive index Npix × Nmode ×
Nwave,optic

1.30-1.70 -

real refractive index un-
certainty

Npix × Nmode ×
Nwave,optic

0.0-0.20 -

fraction spheres Npix ×Nmode 0-1 -

fraction spheres uncer-
tainty

Npix ×Nmode 0-1 1-σ

Aerosol Layer Height
(ALH)

Npix ×Nmode km 0-20 -

ALH uncertainty Npix ×Nmode km 0-20 1-σ

mode AOD Npix × Nmode ×
Nwave,optic

- 0-10

mode AOD uncertainty Npix × Nmode ×
Nwave,optic

- 0-10 1-σ

mode column number Npix ×Nmode m−2 0-1016 -

mode column number un-
certainty

Npix ×Nmode m−2 0-1017 1-σ

brdf scaling parameter Npix ×Nwave,retr - 0-1 -

brdf geometric parame-
ters

Npix × 2 - 0-1.5 -

surface polarization pa-
rameters

Npix × 2 - 0-15 B and ν

chi squared of fit Npix - 0-1000

quality flag Npix - 0-100 0 for good retrievals.
Other TBD

cloud fraction Npix - 0-1

solar zenith angle Npix ×Nvp degree 0-80

viewing zenith angle Npix ×Nvp degree 0-70

relative azimuth angle Npix ×Nvp degree 0-70

54



55 REMOTAP OUTPUT

scattering angle Npix ×Nvp degree 0-180

Aerosol degrees of free-
dom for signal

Npix - 1− 3

Processing quality flag PQF - -
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Table 55.21: CO2I related output of RemoTAP. Nwave,co2i denotes the number of CO2I bands which are
used in the retrieval, and Npix the number of spatial pixels for which a retrieval has been performed.

parameter dimension units range comments

Static output

CO2I bands Nband,co2i × 2 nm 747-2090 start and end wave-
lengths of CO2I
bands.

Dynamic output

Pressure grid Npix× Nlay,retr hPa Pressure at
layer bound-
aries

altitude grid Npix× Nlay,retr m 0− 1.0 · 105

Dry air column Npix mol / m2 3 · 105 − 4 · 105

A-priori CH4 profile Npix× Nlay,retr mol / m2 0− 0.1

A-priori CO2 profile Npix× Nlay,retr mol / m2 0− 20

A-priori O2 column Npix mol / m2 7 · 104 − 8 · 104

A-priori H2O column Npix mol / m2 0− 5 · 103

Proxy XCH4 Npix ppb 1750− 1850

Proxy XCH4 precision Npix ppb 0− 40 1-σ, only includes
retrieval noise

Physics XCH4 Npix ppb 1750− 1850

Physics XCH4 precision Npix ppb 0− 40 1-σ, only includes
retrieval noise

Physics CH4 column av-
eraging kernel

Npix× Nlay,retr 1 0− 3

Physics XCO2 Npix ppm 300− 600

Physics XCO2 precision Npix ppm 0− 10 1-σ, only includes
retrieval noise

Physics CO2 column av-
eraging kernel

Npix× Nlay,retr 1 0− 3

H2O column Npix mol / m2 0− 1 · 104

CO2 column Npix mol / m2 0− 300
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CH4 column Npix mol / m2 0− 1

Temperature offset Npix K ±0− 5

Number of iterations Npix - 0− 30

surface brdf scaling pa-
rameter

Npix ×Nband,co2i 1 0− 1

a1 surface brdf scaling
parameter linear depen-
dence

Npix ×Nband,co2i 1 ±0− 1 · 10−3

a2 surface brdf scaling
parameter quadratic de-
pendence

Npix ×Nband,co2i 1 ±0− 1 · 10−5

spectral shift Npix ×Nband,co2i nm ±0− 0.1

spsh1 spectral shift linear
dependence

Npix ×Nband,co2i nm ±0− 0.1

spsh2 spectral shift
quadratic dependence

Npix ×Nband,co2i nm ±0− 0.1

spectral shift sun Npix ×Nband,co2i nm ±0− 0.1

spshs1 spectral shift sun
linear dependence

Npix ×Nband,co2i nm ±0− 0.1

spshs2 spectral shift sun
quadratic dependence

Npix ×Nband,co2i nm ±0− 0.1

Intensity offset (re-
flectance)

Npix ×Nband,co2i 1 ±0− 0.001

NIR χ2 of the spectral fit Npix - tbd

SWIR-1 χ2 of the spectral
fit

Npix - tbd

SWIR-2 χ2 of the spectral
fit

Npix - tbd

Total reduced χ2 of the
spectral fit

Npix - tbd

Total degrees of freedom
for signal

Npix - tbd

CH4 degrees of freedom
for signal

Npix - tbd
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CO2 degrees of freedom
for signal

Npix - tbd

H2O degrees of freedom
for signal

Npix - tbd

Processing quality flag PQF - -

Aerosol size parameter Npix - 1− 5 Only for
spectrometer-only
retrievals

Aerosol particle column Npix mol / m2 0− 10−6 Only for
spectrometer-only
retrievals

Aerosol layer height Npix m 0− 15000 Only for
spectrometer-only
retrievals

Aerosol degrees of free-
dom for signal

Npix - 1− 3 Only for
spectrometer-only
retrievals
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Table 55.22: Non-scattering retrieval output of RemoTAP related to CO2I. Nband,ns denotes the to-
tal number of CO2I bands used in the non-scattering retrieval, Nband,ns,o2, Nband,ns,h2o, Nband,ns,ch4,
Nband,ns,co2 the numbers bands used specifically in the retrieval of O2, H2O, CH4 and CO2, respectively,
and Npix the number of spatial pixels for which a retrieval has been performed.

parameter dimension units range comments

Static output

non-scattering bands Nband,ns × 2 nm 747-2090 start and end wave-
lengths of bands
for non-scattering
retrieval.

non-scattering bands for
O2

Nband,ns,o2 × 2 nm 747-2090 start and end wave-
lengths of bands
for non-scattering
retrieval for O2.

non-scattering bands for
H2O

Nband,ns,h2o × 2 nm 747-2090 start and end wave-
lengths of bands
for non-scattering
retrieval for H2O.

non-scattering bands for
CH4

Nband,ns,ch4 × 2 nm 747-2090 start and end wave-
lengths of bands
for non-scattering
retrieval for CH4.

non-scattering bands for
CO2

Nband,ns,co2 × 2 nm 747-2090 start and end wave-
lengths of bands
for non-scattering
retrieval for CO2.

Dynamic output

Non-scattering O2 col-
umn

Npix ×Nband,ns,o2 mol / m2 0− 1 · 105

Non-scattering H2O col-
umn

Npix ×Nband,ns,h2o mol / m2 0− 1 · 104

Non-scattering CH4 col-
umn

Npix ×Nband,ns,ch4 mol / m2 0− 1

Non-scattering CO2 col-
umn

Npix ×Nband,ns,co2 mol / m2 0− 300

Non-scattering CH4 col-
umn averaging kernel

Npix ×
Nband,ns,ch4 ×
Nlay,retr

1 0− 3
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Non-scattering CO2 col-
umn averaging kernel

Npix ×
Nband,ns,co2 ×
Nlay,retr

1 0− 3

Proxy XCO2 Npix ppm 300− 600

Proxy XCO2 precision Npix ppm 0− 10 1-σ, only includes
retrieval noise

surface brdf scaling pa-
rameter

Npix ×Nband,ns 1 0− 1

a1 surface brdf scaling
parameter linear depen-
dence

Npix ×Nband,ns 1 ±0− 1 · 10−3

a2 surface brdf scaling
parameter quadratic de-
pendence

Npix ×Nband,ns 1 ±0− 1 · 10−5

spectral shift Npix ×Nband,ns nm ±0− 0.1

spsh1 spectral shift linear
dependence

Npix ×Nband,ns nm ±0− 0.1

spsh2 spectral shift
quadratic dependence

Npix ×Nband,ns nm ±0− 0.1

spectral shift sun Npix ×Nband,ns nm ±0− 0.1

spshs1 spectral shift sun
linear dependence

Npix ×Nband,ns nm ±0− 0.1

spshs2 spectral shift sun
quadratic dependence

Npix ×Nband,ns nm ±0− 0.1

Intensity offset (re-
flectance)

Npix ×Nband,ns 1 ±0− 0.001
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59 SINGLE PIXEL BIAS CORRECTION (INPUT / OUTPUT DEFINITION AND PREPARATION)

56 A Posteriori data handling and bias correction

57 Output quality assessment and assurance

To assess and assure the quality of the output variables, we propose to use a set of processing quality
flags (PQFs), which are an important element of the dynamic algorithm output. The flags indicate the
status, errors, data filtering and warnings to evaluate the retrieval quality. A first proposal of the PQFs
is summarized in Tab. 57.23, which we expect to optimize and adapted during future developments of
the software.

58 Bias correction

The CO2M mission as well as the RemoTAP software is designed to minimize biases on the XCO2
and XCH4 data product, which is inferred from a combination of the CO2I spectrometer and MAP
measurements. For CO2M payload instruments compliant with the mission requirements the RemoTAP
XCO2 and XCH4 data accuracy and precision is also compliant with the mission objective without any
a posteriori correction. However, based on experience with earlier missions, we consider to implement
an a posteriori correction for systematic errors in RemoTAP. Here, biases are a result of instrument and
algorithm specific features and an overarching bias correction valid for multiple algorithms is less likely
to work. The CO2M mission payload, in turn, is unique both on the level of the spectrometer CO2I and
in its combination with a multiangle polarimeter. We expect that the data accuracy will outperform those
of current CO2 missions in space. Thus, it is fair to assume that in case a bias correction is required, it
should be simple and of little complexity. This drives our current preliminary design of a potential bias
correction, which is based on experience with previous data sets.

59 Single pixel bias correction (input / output definition and prepa-
ration)

Biases in the XCO2 and XCH4 data product will be identified during the validation with

• independent on-ground and aircraft measurements,

• spatial dependence of the XCO2 and XCH4 data product over regions with no significant emission
sources.

Both approaches require an analysis of sufficient large data sets covering CO2M observations over a
period that is sufficient to capture seasonal bias dependencies. Obviously, for real time data processing,
a basic assumption is that any XCO2 and XCH4 bias correction has no significant time dependence over
periods less than a year.

Figures 59.13 and 59.14 shows the XCO2 bias of GOSAT and OCO-2 data with respect to XCO2 ground
based measurements of the TCCON network as discussed by Guerlet et al. 201329 and Wu et al.
201830. To derive a bias correction, correlations with selected parameters of the state vector are de-
picted. For GOSAT retrievals, correlations are largest with the inverse of the aerosol size parameter αs
and the product of the inferred scattering layer height and aerosol scattering optical depth. However, for
OCO-2 data, the correlation with the χ2 of the fitting residuals is most striking. Based on this findings,
both products are corrected linearly, where the linear bias function is determined from the validation
data.

Moreover, Wu et al., 201830 evaluated the across track dependence of the retrieved XCO2 amount,
assuming that under certain conditions a constant XCO2 mixing ratio should be observed on spatial
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scales of the OCO-2 swath. Thus, any measured variability can be used to correct for a swath dependent
XCO2 bias. With an imaging spectrometer, this basic idea can be exploit even further. Analyzing
Sentinel-5 Precursor XCH4 data, Lorente et al, 2021,35 evaluated XCH4 retrievals of areas, where
only minor sources of methane are expected. The variability of the surface brightness within these
areas can so be used to determine a bias correction as a function of the retrieved surface albedo in
a certain spectral band. Combining selected areas of different brightness, the entire albedo range
could be covered and so Lorente et al., 2021, derived an albedo dependent bias correction relative to
a reference albedo. Both, the swath dependent bias correction of Wu et al, 201830 and the small area
approach of Lorente et al, 202135 do not depend on external validation measurement, but only require
a sufficient amount of data for statistically significant data analyses.

For CO2M, we should not decide in advance on the specific method to derive a bias correction. More-
over, the analysis to derive a bias correction in this way is not embedded in the retrieval software but
must be performed by ’external’ tools. Therefore, we propose to implement a general module, which
has the capability for a multi-polynomial correction of single observations as a function of selected pa-
rameter of the state vector and the measurement. The proposed processing flow of the bias correction
is depicted in Fig. 59.17.

Figure 59.13: Error on XCO2, defined as the difference between colocated GOSAT and TCCON re-
trievals, as a function of six parameters: air mass, water column, blended albedo, signal in O2 A-band,
scattering optical thickness (SOT), and the reciprocal value of the aerosol size parameter 1/αs. The
green solid line represents the mean error, and the blue dashed line is a linear regression fit to the data.
Mean values within 10 bins are shown in red squares along with 1-σ standard deviation of the mean in
each bin. Correlation R with each variable is given. (Guerlet et al., 2013, Fig. 1129)

60 Bias correction with multi-pixel interdependence

Currently, we do not foresee a bias correction that requires simultaneously data from different CO2M
observations.
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Figure 59.14: Error on OCO-2 XCO2 retrievals as a function of the goodness of fit in the NIR, SWIR-1
and SWIR-2 bands. Different colors represent the frequency of point occurrence. The dashed line is a
linear regression fit to the data (Wu et al. 2018, Fig 4)30

Figure 59.15: Estimated swath-dependent OCO-2 XCO2 biases using Target mode observations.(Wu
et al. 2018, Fig 330)
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Table 57.23: Processing Quality Flags (PQFs) of RemoTeC. Four types of flags are provided: status
(S),
error (E), filter (F) and warning (W)

Short name Type Description

successfull_retrieval S No failures, output contains value. Warn-
ings still possible.

low_signal_filter F Scene too dark to perform a retrieval.

sza_range_filter F Solar zenith angle out of range.

vza_range_error F Viewing zenith angle out of range.

cloud_filter_band F Scene flagged as cloudy by internal non-
scat. retrievals

cloud_filter_clim F Scene flagged as cloudy from CLIM

cloud_filter_map F Scene flagged as cloudy from MAP

altitude_consistency_filter F Too large difference between model alti-
tude and scene altitude value.

altitude_roughness_filter F Too large standard deviation of altitude in
DEM.

clim_scene_heterogeneity_filter F Scene flagged as heterogenous.

clim_cirrus_filter F Scene flagged as cirrus-contaminated
from dedicated cirrus CLIM input data.

ocean_filter F The ground pixel is over ocean (and
ocean glint retrievals are not switched on
or no glint geometry).

input_spectrum_missing E Too few non-flagged spectral pixels in
both radiance and irradiance to perform
retrieval.

filter_retrieval_failure E A retrieval used for filtering failed.

numerical_error E General fatal numerical error occurred
during inversion.

lut_range_error E Case out of range of lookup table and no
extrapolation is desired.

convergence_error E Inversion did not converge.

max_optical_thickness_error E Maximum aerosol optical thickness ex-
ceeded during iterations.

aerosol_boundary_error E Boundary hit of aerosol parameters at
last iteration.

boundary_hit_error E Fatal boundary hit during iterations.

wavelength_calibration_warning W Offset from wavelength fit is larger than
threshold from configuration.

sun_glint_warning W Sun glint posibility warning.

snow_ice_warning W Scene is over snow or ice.

pixel_level_input_data_missing W Dynamic auxiliary input data (e.g..
METimage) is missing for this ground
pixel. A fallback option is used.

altitude_consistency_warning W Large, but not too large, difference be-
tween model altitude and scene altitude
value.

deconvolution_warning W Failed deconvolution irradiance spectrum
(not specific for ground pixel, but specific
for detector spatial channel index).

side_retrieval_failure_warning W A retrieval of a side product that is nog
used for filtering failed.

input_spectrum_warning W Few, but not too few, non-flagged spectral
pixels in both radiance and irradiance to
perform retrieval.
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Figure 59.16: Ratio of reference XCH4 to TROPOMI XCH4 as a function of the retrieved surface albedo.
Green dots show the average ratio in 0.05 albedo bins, and the orange line shows the B-spline fit used
to derive the bias correction. Data are averaged from 1 January 2018 until 31 December (Lorente et al.
2021 Fig. 4.,35
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Figure 59.17: Flow diagram of the RemoTAP bias correction.
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61 Data-Flows / Processing logic

The proposed RemoTAP data flow is visualized in the integrated definition data flow (IDEF) diagram in
Fig. 61.18. It includes the main processing elements to be called from the higher level processing layer,
called the processor frame work in the following. The orange lines in the diagram shows processing
loops, which requires parallelization at frame work level to optimize the numerical performance. The
module interfaces are specified by different groups of input data, which are specified in more detail in
Sec. 48 Moreover, the different module can exchange data via shared memory.
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Figure 61.18: IDEF of the RemoTAP module.68



65 ORBIT SIMULATION

62 RemoTAP performance

We investigated the performance of MAP+CO2I simultaneous retrievals and CO2I-only retrievals based
on synthetic measurements created for the MAP-band and CO2I instruments over simulated CO2M
orbits.

63 Instrument Description

For MAP-band, we use measurements of radiance and the degree of linear polarization (DoLP) at
6 wavelengths of 410, 440, 490, 550, 669.9, 863.4 nm and at 41 viewing angles (see Tab. 63.24)
according to the CO2M requirements3. Here, we use a simplified MAP error model that assumes the
total error on reflectance and DoLP can be described as a random error with a magnitude corresponding
to the instruments accuracy requirements, which are assumed to be: 3% on reflectance I/F0 and 0.003
on DoLP. For the 3-band CO2I spectrometer, which consider radiance spectra in a NIR band at 765 nm
and two shortwave infrared bands at 1.6 µm (SWIR1) and 2.0 µm (SWIR2), with the spectral properties
given in Tab. 63.25. The spectrometer noise model employs the formula

SNR = anoiseI/
√

(anoiseI + bnoise), (63.128)

where anoise and bnoise are spectrometer specific constants given for each spectral window77.

Table 63.24: Characteristics of the MAP-band

Features Setup

Number of VZAs 41

Viewing angles [degree] 0, ±3, ±6, ...,±54, ±57, ±60

Wavelengths [nm] 410, 440, 490, 550, 669.9, 863.4

Number of radiance measurements 246

Number of DoLP measurements 246

Total number of measurements 492

Radiance uncertainty 3%

DoLP uncertainty 0.003

64 Test Data Description

65 Orbit simulation

We simulated four days of synthetic measurements, each day consisting of 15 orbits of which the loca-
tion (latitude, longitude) and geometry (solar zenith angle (SZA), viewing zenith angles (VZA), relative
azimuth angles (AZI)) are obtained from the SRON orbit simulator78 for CO2M orbits, as shown in Fig-
ure 65.19. The simulation uses MODIS cloud data of the year 2006 to simulate a realistic cloud mask
and CALIOP cirrus data of 2007 for a cirrus mask. Retrievals are only being performed for cloud-free
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Table 63.25: Characteristics of the CO2I spectrometer

Band ID spectral
range

spectral res-
olution

internal lbl
sampling

anoise bnoise telluric ab-
sorption

units nm nm nm photons−1 cm2

s nm sr
1 -

NIR 747-773 0.04 0.003 2.0× 10−8 19600 O2

SWIR1 1590-
1675

0.10 0.01 1.32× 10−7 202500 H2O, CO2,
CH4

SWIR2 1900-
2095

0.116 0.01 1.54× 10−7 202500 H2O, CO2

and cirrus-free pixels over land. To keep numerical efforts within reasonable limits, we performed the
test on 1% of the pixels, which are distributed evenly over the globe.

Figure 65.19: Illustration of CO2M orbits showing the aerosol optical thickness at 563 nm.

66 Ensemble Description

To generate the model atmosphere for each ground pixel different data sources are combined.

Aerosol data: We take the microphysical aerosol properties of our synthetic ensemble from the ECHAM-
HAM model. ECHAM-HAM provides mass-mixing ratio in different vertical layers of the atmosphere of
different aerosol species (Sulfate, Organic Carbon, Black Carbon, Dust, 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), Coarse Insoluble (CI). Using the airmass in
each model layer, we compute total mass in each layer per species per mode, which is translated into
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68 PERFORMANCE ANALYSIS FOR THE SIMULTANEOUS MAP+CO2I RETRIEVALS

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 is 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 column number
per mode N , we compute the mode radius under the assumption of a log-normal mode description
(9.50):

rg =
(

3V
4πN e−

9ln2σg
2

) 1
3

(66.129)

with σg = 1.59 for modes NS, KS, AS, KI, AI, and σg = 2.0 for modes CS and CI. 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 maximum sub-column number as the aerosol layer height zaer for that
mode and further assume a normal Gaussian altitude distribution with the center layer height zaer, and
width w0 = 2.0 km for each mode. ECHAM-HAM does not provide information on the shape of particles.
Here, we assume that dust is purely non-spherical and hence take the fraction of non-spherical particles
as the volume fraction of dust.

The aerosol optical depth (AOD) of the ECHAM-HAM ensemble is severely underestimated compared
to POLDER-3 satellite retrievals. Therefore, we scaled the column number of all fine and coarse modes
such that they agree with the fine- and coarse mode AOD as retrieved from POLDER-379. Figure
66.20(a)-(d) illustrates the total AOD and single scattering albedo (SSA) at 563 nm, real refractive index
(RRI) at 550 nm for the AS mode and the CS mode.

Cirrus and cloud data: The cirrus optical depth (COD), the cirrus layer height and a cirrus mask are
adapted from CALIOP data. Aspect ratio and roughness are provided by B. van Diedenhoven (personal
communication, 2020), winch are inferred from POLDER observations. For the implementation in the
RemoTAP, we use the gridded monthly averages calculated from both datasets. Cloud information of
effective radius, optical depth, and cloud mask are taken from MODIS data.

Land and ocean data: The isotropic reflection of the land BDRF is derived from GOME-2 (335-772
nm) and MODIS (645-2130 nm) data. The directional parameters (kgeo and kvol) of the Ross-Li model
in Equation (10.58) are also from GOME-2 observation. The land surface BPDF scaling factor(xscalebpdf ) is
from POLDER-3 retrievals. For synthetic measurements over ocean, we use the chlorophyll-a concen-
tration from MODIS and the wind speed from NCEP meteorological data. Figure 66.20(e)-(f) illustrates
the total albedo at 1640nm and BPDF scaling parameter.

Trace gas data: We use the column averaged volume mixing ratio XCO2 from the 3-hourly CAMS v18r1
data and the volume mixing ratio XCH4 from the CAMS v17r1 data. Both data sets are averaged to a
daily basis. The vertical profile is adapted from AFGL data base. Figure 66.20 (g) and (h) depicts the
derived volume mixing ratio of XCO2 and XCH4.

Wavelenth shifts: The wavelength shift in the measurement of solar irradiance is assumed to be
constant over each spectrometer band with a value equal to 0.1 of its measurement resolution. A linear
dependence on the spectrum is assumed for the wavelength shift in the measurement of Earth-shine
radiance, where the 0th-order term is equal to 0.05 of the measurement resolution for each band, and
the 1st-order coefficient is equal to 1e-7 for all spectrometer bands.

67 Errors and Uncertainty Characterization

68 Performance analysis for the simultaneous MAP+CO2I retrievals

The state vector of MAP+CO2I retrieval case is given in section 38. We evaluate the performance of
the 70th percentile best χ22 retrievals, and the results are shown in Fig. 68.21. We can observe that
for AOD retrieval, MAP+CO2I case results in an Root-Mean-Square-Error (RMSE) of 0.0209 and small
bias in terms of magnitude valued as -0.0044. XCO2 retrieval has an RMSE of 0.6585 ppm and a
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 66.20: Illustration of the ensemble data on May 15 for aerosol properties (a)-(d), for surface
properties (e)-(f) and for trace gases (g) and (h).
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bias of 0.1096 ppm. The numbers are compliant with the mission requirements. XCH4 retrieval has an
RMSE of 3.8192 ppb and a bias of 1.2853 ppb, which on a relative scale agree very well with the XCO2
performance estimates.

(a) (b) (c)

Figure 68.21: Performance of the 70th percentile best MAP plus CO2I retrievals for (a) AOD at 550 nm,
(b) XCO2 and (c) XCH4.

Figure 68.22 shows the XCO2 error ∆XCO2 for the 70th percentile best χ22 MAP+CO2I retrievals as a
function of SZA, the BDRF isotropic parameter at 2000 nm, the BPDF scaling factor and AOD at 550
nm. Excluding a few obvious outliers, the general trend is as follows. With respect to SZA, a slightly
larger scatter of ∆XCO2 can be observed at SZA ≈ 18◦, and the scatter starts to decrease until SZA
≈ 60◦. With respect to surface properties, the magnitude of ∆XCO2 decreases obviously for brighter
scenes or larger BPDF scaling factor. As AOD gets larger, the scatter of ∆XCO2 increases mildly.

In Fig. 68.23 we also show the XCH4 error ∆XCH4 in dependence of the parameters mentioned above.
There is no clear relationship between ∆XCH4 and SZA, except for a few outliers at SZA ≈ 18◦. Anal-
ogous to Fig. 68.22 , the scatter in ∆XCH4 reduces with scene brightness and larger BPDF scaling
factor. The bias of ∆XCH4 decreases with larger AOD value.

(a) (b)

(c) (d)

Figure 68.22: Residual of XCO2 for the 70th percentile best χ22 MAP+CO2I retrievals as a function of
(a) SZA, (b) isotropic surface reflection at 2000 nm, (c) BPDF scaling factor and (d) AOT at 550 nm.
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(a) (b)

(c) (d)

Figure 68.23: Same as Fig. 68.22 but for XCH4.

69 Performance analysis on CO2I-only retrievals

The retrieved state variables for the CO2I-only case are given in section 33. Here the atmospheric
aerosol is described by a 1-mode power-law size distribution, and surface reflection is assumed to be
Lambertian in the retrieval. The performance is shown by Fig. 69.24. We can observe that by lacking
of information CO2I-only case is not able to well retrieve AOD, which results in a large RMSE of 0.1840
and bias of -0.1250. As a result of the poor AOD retrieval, XCO2 retrieval has an RMSE of 1.5587 ppm
and a bias of 0.2545 ppm. The XCH4 retrieval has an RMSE of 6.4262 ppb and a bias of -1.5283 ppb,
which is non-compliant with the CO2M mission requirements.

(a) (b) (c)

Figure 69.24: Performance of the 70th percentile best χ22 CO2I-only retrievals for (a) AOT at 550 nm,
(b) XCO2 and (c) XCH4 .

70 Influence of cirrus on MAP+CO2I retrievals

To investigate the effect of cirrus clouds, we first test the performance of MAP+CO2I retrieval where
we only fit aerosol properties (not cirrus) for the cirrus-contaminated pixels (with cirrus_mask= 1), with
the results shown by Fig. 70.25. If we condsider the 70th percentile best χ22 retrievals with best
chi2 (upper panel of Fig. 70.25), the RMSEs of AOT at 550 nm, XCO2 and XCH4 are 0.1410, 6.4187
ppm and 29.9628 ppb, respectively, increasing by a factor of around 10 compared to cirrus-free case
(Fig. 68.21). However, these retrievals include a lot of cases with poor fit between forward model and
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measurement as is apparent from the 70 percentile chi2 value of 111. If we now apply a filter on the
goodness of fit of chi2<2 (lower panel of Fig. 70.25), many of the bad retrievals are filtered out (only 4%
of the cirrus pixels remain) and the RMSE and bias are reduced to 2.09 and -1.68 ppm for XCO2 and
9.22 and 6.66 ppb for XCH4. This shows chi2 filtering is an effective way of screening for cirrus and with
this filtering cirrus contamination would only affect a small number of pixels. On the other hand, when
we would be able to perform retrievals for cirrus contaminated pixels, we would increase the number of
valid retrievals and therewith the effective coverage of the XCO2 and XCH4 products

(a) (b) (c)

(d) (e) (f)

Figure 70.25: Performance of the 70th percentile best χ22 MAP+CO2I retrievals at cirrus-contaminated
pixels by not fitting cirrus for (a) AOT at 550 nm, (b) XCO2 and (c) XCH4.

We therefore conduct the retrieval by fitting cirrus on all pixels including both cirrus-contaminated and
cirrus-free ones, where the parameters for cirrus in the state vector can be seen in section 38. The
retrievals on cirrus-contaminated pixels are shown in the upper panel of Fig. 70.26, and on cirrus-free
pixels in the lower panel. We can see that COT at 550 nm is well retrieved with an RMSE of 0.0139 and
a bias of -0.0046. The cirrus-induced error in terms of RMSE is significantly reduced to 0.0357, 1.1813
ppm, 6.1200 ppb for AOT at 550 nm, XCO2 and XCH4 retrievals. Fitting cirrus does not influence the
accuracy of the retrievals at cirrus-free pixels, since we can observe similar values on the error terms
between the case of fitting cirrus (lower panel of Fig. 70.26) and the case of not fitting (Fig. 68.21). For
the two cases, the RMSEs are 0.0212 compared to 0.0209 for AOT at 550nm, 0.6588 ppm to 0.6585
ppm for XCO2 and 3.8503 ppb to 3.8192 ppb for XCH4.

71 Influence of cirrus on CO2I-only retrievals

Similar tests are also performed for CO2I-only retrieval. Fig. 71.27 shows the results of not fitting cirrus
for cirrus-contaminated pixels. The RMSE of AOT at 550 nm is 0.2402, which is similar to the cirrus-free
case (Fig. 69.24). The RMSEs of XCO2 and XCH4 are 3.6883 ppm and 16.2801 ppb, respectively,
increasing by a factor of 2.5 compared to cirrus-free case (Fig. 69.24). This means cirrus contamination
can be more easily compensated by fitting aerosol properties for the CO2I measurements than for the
MAP measurements.

The performance can be somewhat improved by fitting cirrus in addition to aerosol properties, as il-
lustrated in Fig. 71.28. If we fit cirrus at cirrus-contaminated pixels (upper panel of Fig. 71.28), the
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(a) (b) (c) (d)

(e) (f) (g)

Figure 70.26: Performance of the 70th percentile best χ22 MAP+CO2I retrievals by fitting cirrus at
cirrus-contaminated pixels for (a) AOT at 550 nm, (b) COT at 550 nm (c) XCO2 and (d) XCH4, and at
cirrus-free pixels for (e) AOT at 550 nm, (f) XCO2 and (g) XCH4.

retrievals slightly improves with the RMSEs of 0.2781, 0.0422, 3.0529 ppm and 14.2012 ppb for AOT
at 550 nm, COT at 550 nm, XCO2 and XCH4, respectively. With respect to the cirrus-free pixels, the
retrievals of fitting cirrus (lower panel of Fig. 71.28) are also slightly better than that of not fitting (Fig.
69.24).

(a) (b) (c)

Figure 71.27: Performance of the 70th percentile best χ22 CO2I-only retrievals at cirrus-contaminted
pixels by not fitting cirrus for (a) AOT at 550 nm, (b) XCO2 and (c) XCH4.

72 Initial results of non-scattering retrieval and proxy retrieval

Fig. 72.29 shows the ratio of CCH4/CCO2 , XCO2 and XCH4 for the proxy retrievals, with the upper panel
for the results at cirrus-free pixels and the lower panel for cirrus-contaminated pixels. We use the Mean
Relative Error (MRE), which is the mean of absolute error scaled by the truth, to describe the accuracy of
the ratio XCH4/XCO2 . The retrievals for cirrus-free pixels (the upper panel of Fig. 72.29), have an MRE
of the ratio CCH4/CCO2 of 0.18%, leading to an RMSE and bias of XCO2 as 0.9280 ppm and 0.2677
ppm, and an RMSE and bias of XCH4 4.1996 ppb and -1.2097 ppb, under assumption of perfect prior
XCO2 (for XCH4 proxy) or prior XCH4 (for XCO2 proxy). For cirrus-contaminated pixels, the MRE of the
ratio CCH4/CCO2 is 0.2%, the RMSE and bias of XCO2 are 1.0572 ppm and 0.4415 ppm, and the RMSE
and bias of XCH4 are 4.7787 ppb and -1.9952 ppb, which are similar to the cirrus-free pixels and indicate
small influence of cirrus on proxy retrieval. The results indicate that even with perfect prior information,
the proxy retrievals have non-negligible error. In this case, the proxy retrievals are significantly better
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(a) (b) (c) (d)

(e) (f) (g)

Figure 71.28: Performance of the 70th percentile best χ22 CO2I-only retrievals by fitting cirrus at cirrus-
contaminted pixels for (a) AOT at 550 nm, (b) COT at 550 nm (c) XCO2 and (d) XCH4, and at cirrus-free
pixels for (e) AOT at 550 nm, (f) XCO2 and (g) XCH4.

than the CO2I only full physics retrievals, especially when cirrus is present. Compared to CO2I+MAP
retrievals, the proxy retrievals have slightly larger errors for the cirrus free pixels and a slightly smaller
error for the cirrus contaminated pixels. It should be noted however that there will be a significant error
in the prior XCH4 and XCO2 needed for the proxy method. Taken this into account, the error in the proxy
will probably be (much) larger than in the CO2I+MAP retrievals.

(a) (b) (c)

(d) (e) (f)

ratio CCH4/CCO2

ratio CCH4/CCO2

Figure 72.29: Performance of the 70th percentile best χ22 proxy retrievals out of SWIR-1 band at cirrus-
free pixels for (a) ratio of CCH4/CCO2 , (b) XCO2 and (c) XCH4, and at cirrus-contaminated pixels for (d)
ratio of CCH4/CCO2 , (e) XCO2 and (f) XCH4.
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75 PROGRAMMING AND PROCEDURAL CONSIDERATIONS

73 Feasibility

74 Computational Effort

The RemoTAP algorithm and software have strong heritage in application to POLDER-3/PARASOL
satellite measurements18,20,25,27,79,80, airborne measurements of the Research Scanning Polarimeter14,15,26,
SPEX airborne16,17, airMSPI17. It has proven to run stable on large data sets, both for real and synthetic
measurements, at the SRON internal computer clusters as well as on the Spider supercomputer of the
NL Surfsara computing facility.

Table 74.26 summarizes the computational time of simultaneous MAP+CO2I, CO2I-only and MAP-only
case over land averaged over their 70th percentile best chi2 retrievals. The retrievals were performed
with the ifort v20 compiler. The CO2I-only case without fitting cirrus needs 6.26 s per pixel per thread
on average for the retrieval, with 1.21 s per iteration. MAP+CO2I case without fitting cirrus needs 24.18
s per pixel per thread on average, with 3.22 s per iteration. For the cases of fitting cirrus, CO2I-only
retrieval needs 12.48 s per pixel per thread on average, with 1.88 s per iteration. The total retrieval
time increases with a large increasement in the number of iteration and a small increasement in the
processing time of cirrus. The MAP+CO2I case, however, has a small increasement in the processing
time of cirrus by 0.13 s, resulting a total processing time of 26.33 per pixel per thread on average with the
number of iterations remained the same with cirrus-free case. MAP-only retrievals were only performed
for cirrus-free case, which needs 7.33 s per pixel per thread on average, with 1.49 s per iteration.

Table 74.26: Computational time of MAP+spectrometer and spectrometer-only retrievals for the orbit
case.

retrieval case fitting cirrus time/iteration total time # of itera-
tions

/pixel/thread [s] /pixel/thread [s] /pixel

CO2I-only no 1.21 6.26 5.17

MAP+CO2I no 3.22 24.18 7.7

CO2I-only yes 1.88 12.48 7.5

MAP+CO2I yes 3.35 26.33 7.7

MAP-only no 1.49 7.33 4.9

For the present version of the code, the computational speed for gfortran is similar to that for ifort. This
was tested on the SRON computational resources. This means the gfortran computational speed has
increased by a factor 2-3 compared to the previous code version. We expect that this improvement
also applies when running the code on the EUMETSAT TCE. For the previous code version, the com-
putational speed using gfortran was very similar between the SRON environment and the EUMETSAT
TCE.

75 Programming and Procedural Considerations

RemoTAP is written in FORTRAN-90 and tested with two compliers, the gfortran and the ifort. For the
tests, we used versions gfortran-9 and the intel-v20 ifort. The proposed software implementation as-
sumes an overarching framework interface, calling the different modules. The software design foresees
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that memory is shared between the different modules. For optimal implementation in a framework, a
trade-off analysis has to be made between file-based and interface-based data exchange. Overall, the
software is thread-safe and parallelized processing is possible, tested with openMP and openMPI.

76 Quality Assessment and Diagnostics

In case problems arise when executing RemoTAP, the software returns different PQFs (Tab. 57.23) and
status flags (Tab. 77.28) indicating warnings and/or serious software failures. The provided information
can be supported by basic break point outputs. Obviously, this cannot replace a detailed debugging but
may help to trace errors in the developing and implementation phase of RemoTAP.

77 Exception Handling

Any exception handling of the RemoTAP software should depend on the corresponding requirements
of the calling framework. To facilitate proper error handling, we propose that each individual routine
returns a status flag to the framework. The return status flag of zero indicates a successful processing
whereas any value other than zero indicates an error. If the operational processor is properly installed,
only the success flag will be returned as status flag in any of the routines.

The return status flag should not be confused with processing quality flags (PQFs) as defined in Sec.
57, which are meant to indicate that a specific calculation may not provide proper output (e.g. because
of non-convergence or data filtering). An unsuccessful calculation for such reasons does not imply that
the algorithm or the framework is wrongly implemented. Moreover, the processing quality flag can also
indicate a warning. In this case, proper output is given, but it is advised to handle the data with care. The
return status, on the other hand, are essential for proper handling of errors occurring in the RemoTAP
Fortran routines. They must be consistent with return status flags used inside the framework. The
symbols of the possible return status flags should be common to all algorithms and should be defined
by the framework. Our suggestion of return flags is listed in Tab. 77.28.
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Table 76.27: Breakpoint output (BPO) of RemoTAP.

Parameter Symbol Dimension Physical Unit

wavelength I MAP BPO− λpol,MAP Nλ,rad nm

measured I MAP BPO− Imeas,MAP Nvp ×Nλ,rad phot/
(
m2 s sr nm

)
noise radiance BPO− Inoise,MAP Nvp ×Nλ,rad phot/

(
m2 s sr nm

)
simulated I MAP BPO− Isim,MAP Nvp ×Nλ,rad phot/

(
m2 s sr nm

)
wavelength Q/U MAP BPO− λpol,MAP Nλ,pol nm

measured Q MAP BPO−Qmeas,MAP Nvp ×Nλ,pol phot/
(
m2 s sr nm

)
noise Q MAP BPO−Qnoise,MAP Nvp ×Nλ,pol phot/

(
m2 s sr nm

)
simulated Q MAP BPO−Qsim,MAP Nvp ×Nλ,pol phot/

(
m2 s sr nm

)
measured U MAP BPO− Umeas,MAP Nvp ×Nλ,pol phot/

(
m2 s sr nm

)
noise U MAP BPO− Unoise,MAP Nvp ×Nλ,pol phot/

(
m2 s sr nm

)
simulated U MAP BPO− Usim,MAP Nvp ×Nλ,pol phot/

(
m2 s sr nm

)
wavelengths NIR CO2I BPO− λNIR IR−NNIR nm

measured spectrum NIR
CO2I

BPO− Imeas,NIR IR−NNIR phot/
(
m2 s sr nm

)
noise spectrum NIR CO2I BPO− Inoise,NIR IR−NNIR phot/

(
m2 s sr nm

)
modeled spectrum NIR
CO2I

BPO− Imod,NIR IR−NNIR phot/
(
m2 s sr nm

)
wavelengths SW1 CO2I BPO− λSW1 IR−NSW1 nm

measured spectrum SW1
CO2I

BPO− Imeas,SW1 IR−NSW1 phot/
(
m2 s sr nm

)
noise spectrum SW1
CO2I

BPO− Inoise,SW1 IR−NSW1 phot/
(
m2 s sr nm

)
modeled spectrum SW1
CO2I

BPO− Imod,SW1 IR−NSW1 phot/
(
m2 s sr nm

)
wavelengths SW2 CO2I BPO− λSW2 IR−NSW2 nm

measured spectrum SW2
CO2I

BPO− Imeas,SW2 IR−NSW2 phot/
(
m2 s sr nm

)
noise spectrum SW2
CO2I

BPO− Inoise,SW2 IR−NSW2 phot/
(
m2 s sr nm

)
modeled spectrum SW2
CO2I

BPO− Imod,SW2 IR−NSW2 phot/
(
m2 s sr nm

)
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80 THE TOTAL CARBON COLUMN OBSERVATORY NETWORK (TCCON)

Table 77.28: Proposed RemoTAP return status flags and their meaning.

Flag symbol Meaning

STATUS_S_SUCCESS No error.

STATUS_E_ASSERTION_ERROR Assertion failed.

STATUS_E_GENERIC_EXCEPTION Catch all error.

STATUS_E_CONFIGURATION_ERROR Error in the configuration of the proces-
sor.

STATUS_E_DIMENSIONS_ERROR The number of dimensions or the dimen-
sion sizes are not as expected.

STATUS_E_MEMORY_ALLOCATION_ERROR Memory allocation failed.

STATUS_E_CONSISTENCY_ERROR Provided input is not internally consistent.

STATUS_E_MEMORY_DEALLOCATION_ERROR Error while releasing memory.

78 Validation

This section discusses the validation needs for the RemoTAP XCO2, XCH4 and aerosol data product.

79 Ground based

80 The Total Carbon Column Observatory Network (TCCON)

In 2004 the TCCON network was founded in preparation for the validation of the OCO mission. Since
then the network has become the standard for validating satellite based column measurements of CO2
and CH4

40,81. TCCON is a network of inter-calibrated ground-based Fourier transform spectrometers
(Bruker 125HR) that measure the absorption in the NIR/SWIR of direct sunlight by trace gas species
such as CO2, CH4, CO, HDO, etc. Due to the viewing geometry, TCCON measurements are much less
influenced by atmospheric scattering by cirrus and aerosols than satellite observations of backscat-
tered/reflected sunlight. TCCON XCO2 and XCH4 measurements have been calibrated and validated
against the WMO-standard of in-situ measurements using dedicated aircraft campaigns of XCH4 pro-
files and their resulting accuracy have been estimated to 0.4% (2σ value)40. Table 80.29 shows an
overview of stations, which provided data for the year 2020 according to https://tccondata.org. Although
the TCCON data base is the most accurate set of reference data, an important limitation of the TCCON
network is the limited coverage with respect to surface albedo and its sparse spatial coverage. Also,
for most stations regular delivery of data takes at least a year and so specific effort is required to allow
for a timely validation of CO2M data. Moreover, the TCCON data policy is on conflict with that of the
Copernicus programme.
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Table 80.29: Overview of TCCON stations with data publicly available from the year 2020
(https://tccondata.org, March 2021)

station latitude
[degree]

longitude
[degree]

height
[m]

period comment

Burgos 18.5325 120.6496 35 since Mar. 2017

CalTech 34.136 -118.127 230 since Sept 2012

Darwin -12.4245 130.892 30 since Aug. 2005

Edwards 34.95 -117.83 699 since July 2013

East Trout Lake 54.34 104.99 501 since Oct. 2016

Eureka 80.05 -86.42 610 since July 2010 too northerly

Lzaña 28.3 -16.5 2370 since May 2007 too high

Karlsruhe 49.1 8.438 111 since Apr 2010

Lauder -45.038 169.684 370 since June 2004

Paris 48.486 2.356 60 since Sept 2014

Park Falls 45.945 -90.273 442 since May 2004

Reunion Island -20.9014 55.4847 87 since Oct. 2011

Saga 33.241 130.288 7 since June 2011

Sodankylä 67.368 26.633 179 since Feb. 2009

Wollongong -34.406 150.879 30 since June 2008

81 The COCCON network

COCCON is an important validation data source that is complementary to the TCCON network. The
COCCON network is based on portable EM27 Bruker spectrometer82. Since 2016, the network of inter-
calibrated spectrometer is running, which at the meantime comprises 40 devices operating around the
world. Although less accurate, measurement of this network provides a very valuable extension to the
TCCON network regarding its global coverage due to the stable performance of the spectrometer.

82 Mobile EM27 observations

A main objective of CO2M is to determine anthropogenic CO2 and CH4 emissions of localized point
sources. The accuracy of these estimates reply on accurate measurements of the XCO2 anomalies,
which is the enhancement of the XCO2 signal with respect to a situation without the local source.
To validate the accuracy of these type of CO2M observations, it is essential to measure the XCO2
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enhancement in downward direction of an emission plume with sufficient spatial samples. Locating
portable EM27 in downwind direction may provide an adequate validation concept. However, the optimal
location of the spectrometers depends on the local wind field and so requires very flexible logistics.
Mobile EM27 may provide an appropriate alternative83, as they ensure even more flexible use of the
devices. Finally, mobile EM27 may provide an important validation source for CO2M ocean sun glint
observations as demonstrated by Klappenbach et al., 201584 and Knapp et al., 202185.

83 Aeronet

The MAP observations and the inferred aerosol product can be validated with ground-based measure-
ments of the Aerosol Robotic Network (AERONET). For more than 25 years, the network has provided
long-term, continuous, and readily accessible public domain database of aerosol optical, microphysical
and radiative properties for aerosol research and characterization, validation of satellite retrievals, and
synergism with other databases. The network imposes standardization of instruments, calibration, pro-
cessing and distribution. Although globally distributed, currently no collocated TCCON and AeroNET
measurements are performed on a regular basis. Therefore, an equipment of several TCCON sites with
an AeroNET instrument would be a very valuable extension of the CO2M validation data set.

84 Aircraft measurements

In Europe, aircraft measurements of XCO2 and XCH4 total column mixing ratio and aerosol properties
are preformed sporadically, although they can provide an important element to validate CO2M mea-
surements over cities. This was demonstrated by several aircraft campaigns (e.g.17,86) and therefore
we advise to consider these observations as an essential element of regular CO2M validation cam-
paigns.

85 In Situ Measurements

In situ measurements of the full vertical XCO2 and XCH4 profile will be extremely useful as they allow
the column averaging kernel to be applied and hence the retrieved XCO2 and XCH4 from CO2M can
be compared with truly the same quantities. TCCON only delivers the column integrated values and
hence do not allow the averaging kernel to be applied, which leads to a remaining uncertainty in the
comparison. Vertical profiles can be obtained by aircrafts as is done for calibrating the TCCON network,
but they do not sample the full total column. In this respect a very interesting new development is pro-
vided by the AirCore initiative87. AirCore is an innovative atmospheric sampling system that consists of
a long tubing, usually in the shape of a coil, that can sample the surrounding atmosphere and preserve
a profile of the trace gas of interest. The narrow diameter and long length are designed to minimize
the diffusive mixing occurring inside the tubing between sampling and analysis. AirCore, invented and
patented by Pieter Tans (the head of the Carbon Cycle Group at NOAA/ESRL), can in principle provide
measurement precisions equal or even better than the in-situ flask sampling for CO2 and CH4 (and also
CO). A clear advantage of AirCore over aircraft measurements is the lower cost and the fact that it can
in principle sample the profile across the entire column. The most obvious application of AirCore would
be as an alternative to the aircraft spirals that are undertaken for the absolute calibration of TCCON
to the in-situ standard. Not only does it lower the cost it also allows for measurements higher up in
the atmosphere where now climatology has to be used to extrapolate the aircraft measurements and
which poses the largest error source to this absolute TCCON calibration particularly for CH4

40. Another
possible application of AirCore would be to use it in areas where there are no TCCON validation sites.
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86 VERIFICATION OF INSTRUMENT PERFORMANCE

86 Verification of instrument performance

This section will be added later.
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89 POTENTIAL IMPROVEMENTS

87 Assumption and Limitations

88 Performance Assumptions

The RemoTAP software is based on the following assumptions:

• Level 1 input data are all collocated and no adjustment of measurements is required because
of spatial misregistration, nor between measurements of different payload instruments neither
between spectral band measurements of CO2I.

• The RemoTAP software requires an overarching framework, which calls the different models in
sequential order as depicted in Fig. 2.2.

• Each module requires access to the internal memory to share variables. Data exchange between
framework and the RemoTAP tools is not yet defined and a thorough trade-off between file-based
and interface exchange is required for further interface implementation.

• RemoTAP assumes a sequential approach for cloud clearing, where in first instance, CLIM data
are used for pre-selecting data. Subsequently, the cloud clearing is based on non-scattering re-
trievals of CO2 and CH4 total column densities from weak and strong absorption bands. Moreover,
MAP observations can be used to identify cloudy pixels.

89 Potential Improvements

Cloud filtering based on MAP observations requires further development including an assessment of its
numerical efficiency. This should also include the aspect of cirrus detection, which represents a major
challenge for the CO2 retrieval. Here both CLIM observations in the 1.38 µm band and MAP observa-
tions may be used in a synergistic manner to enhance the accuracy of the CO2M data product, Lastly,
to enhance the maturity of the algorithm, we advice to perform dedicated retrieval studies using OCO-2
and Polder data. With the launch of Sentinel-5, a unique test environment is given for the synergistic ex-
ploitation of MAP and spectrometer data. Applying RemoTAP to Sentinel-5 and 3MI data, will enhance
the maturity and confidence in the CO2M RemoTAP software and so is strongly recommended.
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91 LINTRAN V2.0

90 Numerical Tools

91 LINTRAN V2.0

To calculate the multiple scattering radiance field at the spectral grid points of the k-binning approach,
we employ the scalar version of the LINTRAN radiative transfer model. The model is already described
in the literature66 and its latest version 2.0 is already used for the operational processing of the S5P
methane data product. Therefore, we restrict our discussion to the basic features of this model. LIN-
TRAN solves the scalar transport equation in an atmosphere that is illuminated by a radiation source S.
In its forward formulation, the transport equation is written as

L̂ ◦ I = S0, (91.130)

where I denotes the monochromatic intensity field. The forward transport operator L̂ comprises an
operator to describe extinction L̂e and a scattering operator L̂s to account for all scattering events
including surface reflection at the bottom boundary of the atmosphere88,89.

L̂ = L̂e − L̂s (91.131)

with

L̂e =
[
µ
δ

δz
+ βe (z)

]
(91.132)

and

L̂s =
∫

4π
dΩ̃
{
βs (z)

4π P
(
z, Ω̃,Ω

)
+ ρ

(
Ω̃,Ω

)
δ (z) Θ (µ) |µ|Θ (−µ̃) |µ̃|

}
. (91.133)

Here z denotes the vertical coordinate running from the surface to the top of the atmosphere, Ω is the
solid angle determined by the relative azimuth angle ϕ and the cosine of the zenith angle µ (µ < 0 for
downward directions, µ > 0 for upward directions) and βe and βs represent the extinction and scattering
coefficients, respectively. P denotes the phase function and ρ represents the bidirectional reflection
function (BDRF) that characterizes the surface reflection. δ and Θ represent the Dirac delta function
and the Heaviside step function, respectively.

The source term on the right-hand side of Eq. (91.130) is the unidirectional solar source S0, incident at
the top of the atmosphere,

S0 = u0δ (z − zTOA) δ (Ω−Ω0) F0, (91.134)

Here F0 denotes a monochromatic solar flux of a certain wavelength incident on the top of the atmo-
sphere (TOA) at zTOA, along solid angle Ω0 = (−u0, ϕ0) (with u0 > 0 by definition ).

Solving the transport equation produces the entire intensity field, although in the context of satellite
remote sensing one is generally interested in simulating a certain observation. Any observable or
radiative effect that is a linear function of the intensity field I can be described by a suitable response
function R90,91 through an inner product:

F = 〈R, I〉. (91.135)

Here, the inner product of two arbitrary functions a and b is defined as

〈a,b〉 =
∫
dz

∫
dΩ a (z,Ω) b (z,Ω) . (91.136)

Considering a downward viewing instrument measuring intensity at the top of the atmosphere in viewing
direction Ωv, the response function is given by

R (z,Ω) = 1
F0
δ (Ω−Ωv) δ (z − zTOA) . (91.137)
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The discussion above gives the theoretical framework for the forward-adjoint approach, which is used
to linearize the multiple scattering simulations with respect to the optical properties of the model at-
mosphere. To solve the radiative transfer equation numerically, we separate first and second order
scattering from higher scattering orders in the solution of Eq. (91.130). The lower order of scattering
radiance field can be solved analytically, whereas the simulation of higher order of scattering requires a
numerical approach.

Finite orders of scattering are calculated analytically using the separation between L̂e and L̂s in Eq. (91.131)
as shown in Schepers et al.(2014)64. Here, the order of scattering is defined as follows. The source
of Eq. (91.130) has scattering order zero. Solving the radiative transfer equation without L̂s results in I
with the same order of scattering as S, thus

L̂e ◦ In = Sn (91.138)

Here, the subscript n is the order of scattering. Solving the full radiative transfer equation results in I
with at least the same order of scattering as S, or(

L̂e − L̂s
)
◦ In+ = Sn (91.139)

where for n = 0, I0+ = I and it will be exactly Eq. (91.130). Combining Eqs. (91.138) and (91.139)
gives.

L̂e ◦ I(n+1)+ = L̂s ◦ In+ (91.140)

If this is true for any n, we can conclude.

L̂e ◦ In+1 = L̂s ◦ In (91.141)

And substituting the left hand side with Eq.( 91.138) for n+ 1 gives

L̂s ◦ In = Sn+1 (91.142)

Using Eqs.( 91.138), (91.142) and (91.135), any finite order of scattering can be solved analytically.

Fn = 〈R,
(
L̂−1
e L̂s

)n
L̂−1
e S0〉 (91.143)

Here, L̂−1
e is the transmission operator and can be defined analytically. Derivatives of Fn with respect

to any optical properties affecting L̂e or L̂s can be obtained by straight forward differentiation.

Higher order of scattering are calculated by solving Eq.( 91.139) numerically. An essential step towards
the solution is the stream approximation, where we approximate the zenith angle dependence of the ra-
diance field by available streams along Gaussian quadrature point. The accuracy of this approximation
is governed by the order of the Gaussian quadrature. Finally, the integro-differential equation can be
converted to a block-diagonal matrix equation assuming a linear radiance field within the model layer.
This assumption means a rough estimate for optically thick media, and errors introduced by this approx-
imation can be mitigated by chopping model layers in a number of optically thin sub-layers. Here, the
degree of layer splitting depends on the optical properties of the layer and can be controlled by external
setting parameters. The multi-scattering observable becomes.

Fn+ = 〈R, In+〉 (91.144)

Similarly to how orders of scattering can be included in the source Sn, orders of scattering can be
included in the response function as well. The most efficient way to calculate high order of scattering is
to split the orders as evenly as possible between R and S. As single and double scattering were solved
analytically, the high order scattering includes third and higher orders. This is done by using S2 and R1.

To linearize F with respect to atmospheric and surface parameters, we come back to the operator for-
mulation of atmospheric radiative transfer and employ the forward-adjoint perturbation theory (e.g.90,91).
We will drop any order of scattering subscripts to simplify the equations. First, we introduce the adjoint
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intensity field I† defined by the adjoint transport equation taking the response function as the adjoint
source, namely

L̂† ◦ I† = R (91.145)

Here L̂† represents the adjoint radiative transfer operator88,89,91. Within the forward-adjoint perturbation
theory, the adjoint intensity field represents the importance of sources within the atmosphere for a given
observation F 92,93. This follows from the definition of the adjoint operator L̂† with

F = 〈R, I〉 = 〈L̂† ◦ I†, I〉 = 〈I†, L̂ ◦ I〉 = 〈I†,S〉 (91.146)

The third equal sign uses the definition of an adjoint operator and the other equal signs use Eqs. (91.135),
(91.145) and (91.130).

For the forward and adjoint intensity fields and the associated source and response functions, the
derivative of the observable with respect to an atmospheric parameter x reads88,94

∂F
∂x

= −〈I†, L̂′I〉+ 〈I†,S′〉+ 〈R′, I〉, (91.147)

where L̂′ denotes the derivative of the transport operator with respect to x, i.e.

L̂′ = lim
∆x→0

∆L̂
∆x (91.148)

and S′ and R′ denote derivatives of the source and response functions, respectively.

Analytical expressions for L̂′ concerning the derivative with respect to absorption and scattering coeffi-
cients, phase function and BDRF parameters have previously been derived (e.g.63,89,95). Summarizing
the use of the foward-adjoint perturbation theory for the linearization of our problem is justified by the
fact that the inner product in Eq. (91.147) can be calculated in a straight forward manner, which provides
the derivatives of F with respect to the optical parameters τabs,k, τsca,k α

l
k, and A using only two radia-

tive transfer solutions, the forward and the adjoint intensity field I and I†. This represents a significant
numerical advantage with respect to a numerical scheme based on a finite difference of the forward
model.
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List of TBD & TBC

TBC-ID Section Title Description

TBC-1 section ?? configuration parameters for v0 The configuration parameter list is to be completed for v0. The num-
ber of possible "BatchType" values is to be completed.

Table 91.1: List of TBCs/Assumptions

TBD-ID Section Title Description

TBD-1 section ?? configuration parameters Dimensions of some configuration parameters are TBD.

Table 91.2: List of TBDs/Assumptions
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