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Abstract. The retrieval of cloud parameters from the atmospheric Sentinel missions require Earth reflectance measurements
from a set of spectral bands. Frequently, the ground pixel footprints of the involved spectral bands are not fully aligned and
therefore, special treatment is required within the operational algorithms. This so-called inter-band spatial mis-registration of
passive spectrometers is present when the Earth reflectance measurements in different spectral bands are captured by different
spectrometers. The cloud retrieval algorithm requires reflectance measurements in the UV (ultraviolet)/VIS (visible) band,
where the first cloud parameter (i.e., radiometric cloud fraction) is retrieved from the OCRA (Optical Cloud Recognition Algo-
rithm) algorithm. In addition, Earth reflectances in the NIR (near-infrared) band are needed for the retrieval of two additional
cloud parameters (i.e., cloud height and cloud albedo or cloud-top height and optical thickness) from the ROCINN (Retrieval of
Cloud Information using Neural Networks) algorithm. In the former TROPOMI (TROPOspheric Monitoring Instrument)/S5P
(Sentinel-5 Precursor) retrieval, a co-registration scheme of the derived cloud parameters from the source band to the target
band based on pre-calculated mapping weights from UV/VIS to NIR, and vice versa, is applied. In this paper we present
a new scheme for the co-registration of the TROPOMI cloud parameters using collocated VIIRS (Visible Infrared Imaging
Radiometer Suite)/SNPP (Suomi National Polar-orbiting Partnership) information. A great benefit of the new co-registration
scheme based on the VIIRS data is that it improves the overall quality of the TROPOMI cloud products and, in addition, it
allows the re-construction of the cloud parameters on the first UV/VIS detector pixel, which was impossible with the for-
mer scheme based on the static mapping tables. The latter practically means that a significant number of valid data points
are added to the TROPOMI cloud, total ozone, SO, and HCHO product since November 26" 2023 (orbit 31705), when the
UPAS version 2.6 with the new co-registration scheme was activated operationally. From a comparison analysis between the
two techniques, we found that the largest differences mainly appear for inhomogeneous scenes. From a validation exercise of
TROPOMI against VIIRS in the across-track flight direction, we found that the old co-registration scheme tends to smooth out
cloud structures along the scanline, whereas such structures can be maintained with the new scheme. The need to implement a
similar inter-band spatial co-registration scheme is foreseen for the Sentinel-4/MTG-S (Meteosat Third Generation - Sounder)

and Sentinel-5/MetOp-SG (Meteorological Operational Satellite - Second Generation) missions. In the case of Sentinel-4 in-
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Table 1. Spectral information for the TROPOMI spectrometers: The reflectance measurements are organized according to the 8 spectral

bands BD1-BD8 covering wavelength ranges from the UV, VIS, NIR and SWIR spectral windows.

Spectrometer UV-1 Uv-2 VIS-1 VIS-2 NIR-1 NIR-2 SWIR-1 SWIR-2
Wavelength 267-300 300-332 305-400 400-499 661-725 725-786 2300-2343  2343-2389
range [nm]

Band ID BD1 BD2 BD3 BD4 BD5 BD6 BD7 BDS8

strument, the external cloud information will originate from collocated FCI (Flexible Combined Imager) data, on board the

MTG-I (Meteosat Third Generation - Imager) satellite.

1 Introduction

The operational algorithms for the retrieval of cloud parameters from the atmospheric Sentinel missions make use of Earth-
shine reflectance measurements in the spectral window of UV, VIS and NIR. Often those reflectances are captured from
different spectrometers. For instance, the TROPOMI payload on board Sentinel-5 Precursor covers four distinct spectrometers
(see Table 1) and each spectrometer of them is split electronically in two bands (i.e., UV-1 and 2, VIS-1 and 2, NIR-1 and 2, and
shortwave infrared (SWIR) 1 and 2), see Veefkind et al. (2012). Using different spectrometers leads to different ground pixel
footprints for the several bands that are not perfectly aligned, which is called inter-band spatial mis-registration. The ground
pixel footprints mis-alignment is inter-connected to the spatial resolution of UV-VIS-NIR TROPOMI measurements, which is
equal to 3.5 x 5.5 km? (since August 2019) at nadir. The original spatial resolution in the along-track direction was 7 km, but
the finer resolution of 5.5 km was introduced in August 2019 when the co-addition period for the Earth radiance measurements
decreased by about 200 ms. The fine spatial resolution of 3.5 km is met in the center of the swath and in a large area around it.

The TROPOMI operational cloud algorithms OCRA/ROCINN (Loyola et al., 2018) have a big heritage from prior missions
which have already been applied operationally to a large number of instruments starting with GOME (Global Ozone Monitoring
Experiment) on ERS-2 (European Remote Sensing Satellite) (Loyola et al., 2010). OCRA/ROCINN, described in Section
2, has been adapted for several follow-up missions including SCIAMACHY (SCanning Imaging Absorption spectroMeter
for Atmospheric CartograpHY) on ENVISAT (ENVIromental SATellite) (Loyola, 2004), the GOME-2 instruments on board
MetOp-A/B/C (Meteorological Operational satellite) (Lutz et al., 2016), and the EPIC (Earth Polychromatic Imaging Camera)
instrument on the DSCOVR (Deep Space Climate Observatory) satellite, located at the Lagrangian point L.1 (Molina Garcfa,
2022). Furthermore, OCRA/ROCINN will be applied operationally to the Sentinel-4 instrument.
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2 The operational cloud algorithm

The operational processing of cloud products under DLR responsibility is performed using the UPAS (Universal Processor
for Atmospheric Spectrometers) system. The two-step algorithm used for the UPAS cloud processing makes possible the
simultaneous retrieval of three cloud properties as described in (Loyola et al., 2018). The first step is to derive the radiometric
cloud fraction f. in the UV/VIS spectral region. The OCRA algorithm retrieves the cloud fraction from the total measured
reflectance by considering that the measured reflectance contains two contributions; one from the cloud-free background and
a second one from the clouds. OCRA requires the clear-sky reflectance maps obtained from the same instrument (Lutz et al.,
2016). The second step is to retrieve two additional cloud parameters within the O, A-band window (Schuessler et al., 2014)
using the ROCINN algorithm. By using the independent pixel approximation (IPA) concept (Cahalan et al., 1994; Chambers
etal., 1997), the sun-normalized radiances can be expressed as the summation of two components for the cloud-free and cloudy
part of the pixel using the retrieved OCRA cloud fraction (see Equations 1 and 2). Several atmospheric conditions, with and
without clouds, are simulated using LIDORT (Linearized Discrete Ordinate Radiative Transfer radiances) (Spurr, 2006). For
the cloudy skies, the simulations are performed for two different cloud models. The Cloud-as-Reflecting-Boundaries (CRB)
model is a simplistic approach which assumes that the cloud performs as a Lambertian reflector. The retrieved cloud parameters
from the CRB model are the cloud albedo A and the cloud height Z... Provided that this model contains a cloud which behaves
like a simple reflecting boundary and does not have any geometrical extend, the retrieved height should not be considered as the
height of the cloud top but the height at the radiometric middle of the cloud. A more sophisticated approach, called Cloud-As-
Layer (CAL) parameterizes the cloud as a layer of liquid water particles with their scattering properties derived from the Mie
theory (Van de Hulst, 1957; Bohren and Huffman, 1983). In this model, the cloud has a predefined geometrical thickness. The
retrieved quantities are the cloud-top height Z.; and the cloud optical thickness 7.. The following mathematical expressions
refer to the simulated CRB and CAL sun-normalized radiances with R, being the radiance from the ground and R, the radiance

from the cloud:

REEB(\)=(1—f.)Rs(\,0,Ay, Zs) + foR. (N0, A, Z,) (1)

sim

REAL(N\) = (1 — fo) Rs (M0, Ag, Zs) + foeRe (N0, 70, Zety Zepy As, Zs) )

where Z; is the surface height, A the surface albedo, 6 the path geometry and Z;, the cloud bottom height, which is fixed
at 1 km below the cloud-top height.

Table 2 summarizes the retrieved parameters from the operational cloud algorithm with the usual abbreviation notation and
the corresponding mathematical symbol.

In the UPAS environment, LIDORT simulations are parameterized using Neural Networks (NNs) in order to speed up the
forward model simulations and be able to process in near-real-time (NRT) the Big Data of TROPOMI. For each input parameter

(like Z;, 7. etc.), arange is predefined and a large number of samples is generated using the smart sampling technique (Loyola
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Table 2. List of cloud parameters, abbreviations and mathematical symbols referring to the operational cloud algorithm.

Parameter (Abbreviation) Retrieval Algorithm  Symbol
Cloud Fraction (CF) OCRA fe
Cloud Height (CH) ROCINN_CRB Ze
Cloud-Top Height (CTH) ROCINN_CAL Zet
Cloud Albedo (CA) ROCINN_CRB A
Cloud Optical Thickness (COT) ROCINN_CAL Te

et al., 2016). Then, the training set for the NN is generated by computing simulated radiances for all the sampling sets. This
part is the most computationally expensive as it requires line-by-line LIDORT calculations but it is only done once and offline.

The accuracy of the NN is assessed by comparing the forward model simulations with samples not used in the NN training.

3 Special treatment of the mis-registration within the OCRA/ROCINN algorithm tandem: application on existing

mission

Among others, the OCRA/ROCINN algorithm is the operational algorithm for the TROPOMI L2 cloud product within the
Sentinel-5 Precursor mission. This section describes the old co-registration approach and introduces the new approach which
is implemented on top of the old co-registration scheme for the operational SS5P cloud algorithm. The mis-alignment of
TROPOMI ground pixel footprints from the UV/VIS and NIR spectrometers is illustrated in Fig. 1. The ground pixel foot-
prints of the detector rows 15-25 are shown for 5 continuous scanlines. Each TROPOMI scanline contains 450 pixels in BD3
and 448 pixels in BD6. In general, the BD6 ground pixel footprints appear shifted towards the East w.r.t. the BD3 ground pixel
footprints. The spatial mis-alignment in the across-track direction is not a fixed number but instead it depends on the detector
row and the respective pixel size. The ground pixel size is 3.5 km in the center of the swath and in a large area around it, but
it becomes larger towards the edges of the swath due to the Earth’s curvature and the instrument nadir angle. The so-called
binning factors are selected to optimize the signal-to-noise ratio per pixel but with the aim to obtain a ground pixel size in the
across-track direction with the minimum dispersion. For the TROPOMI radiance measurements in BD3, BD4 and BD6, which
are inputs to OCRA/ROCINN, a binning factor of 2 is used in the center and in a large region around it resulting to the ground
pixel size of 3.5 km. At the edges of the swath the binning factor is reduced from 2 to 1 and this results in a ground pixel size
of 15 km (KNMI, 2022). The smallest mis-placement in the across-track direction is found at the center of the swath and it is
about half a detector pixel, which is translated to about 1.75 km at nadir. Higher mis-alignment between BD3 and BD6 ground
pixel footprints, which can reach up to about 4 km, is present at the east edge of the swath. The static mapping tables described

in Section 3.1 indicate a mis-match in the in-flight direction, which on average is very small compared to the ground pixel
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TROPOMI footprints of BD3 (blue) and BD6 (red) for the pixel IDs 15-25

Figure 1. TROPOMI ground pixel footprints for the VIS-1 and NIR-2 spectrometers. The Band IDs for TROPOMI are descibed in Table 1:
BD3 (with blue) refers to VIS-1 spectrometer and BD6 (with red) refers to NIR-2 spectrometer.

size (i.e., roughly four orders of magnitude smaller) and thus it can be neglected. Therefore, the co-registration only needs
to be performed in the across-track direction. The complementary instrument, which is used for the treatment of the spatial
mis-registration of TROPOMI, is VIIRS on board the Suomi National Polar-orbiting Partnership. S5P satellite is located at
a low Earth orbit (LEO) and crosses the Equator in an ascending node at 13.30 h mean local solar time. This facilitates the
so-called loose formation operation with the SNPP spacecraft, which is also part of the A-train constellation and with only
3 to 5 minutes time difference from S5P. The spatial resolution of VIIRS at nadir is 750 m. The VIIRS cloud products are
re-gridded to the TROPOMI footprints as part of the SSP-NPP Cloud processor (Siddans, 2016). The pioneer methodology to
improve the existing co-registration scheme from the UV/VIS to NIR and the NIR to UV/VIS using collocated imager data is
presented in Sect. 3.3.1 and 3.3.2, respectively.
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3.1 Previous treatment of the spatial mis-registration in the operational UPAS system

Due to the spatial mis-registration between the TROPOMI BD3/BD4 and BD6 bands, the operational cloud product contains a
flag called Cloud Co-registration Inhomogeneity Flag (CCIF). This flag is raised after the Cloud Co-registration Inhomogeneity

Parameter (CCIP), which is defined as the weighted averaged gradient of cloud fractions

> i Wi | fei = fejl
> Wi ’

where the weights w;; correspond to the co-registration mapping values between UV bands (source, index i) and the NIR

coIp; = 3)

band (target, index j). The CCIF is raised if the CCIP is larger than 0.4. The aforementioned threshold has been selected based
on tests from VIIRS cloud product re-sampled to the TROPOMI spatial grid.

Since UPAS version 2.0, the co-registration method is based on pre-calculated mapping weights (Sneep, 2015) between
BD3 and BDG6 as illustrated in Fig. 2. This method for combining information from different bands is based on the fractions of
overlapping areas between the source and target pixels. The weights sum up to a total 1.0 and the most common situation is
that two source pixels contribute to the target pixel with very few exceptions, which are discussed later in the following Sect.
3.3.1 and 3.3.2. When the co-registration is done from BD3 to BD6, the BD6 target pixels have a difference of 1, 2 or 3 pixels
towards the East direction. When the co-registration is done from BD6 to BD3, the BD3 target pixels have a difference of 1, 2

or 3 pixels towards the West direction.
3.2 Evaluation of OCRA/ROCINN cloud properties for the TROPOMI instrument

Recent validation studies of the TROPOMI cloud properties against other satellite sensors (i.e., VIIRS, OMI (Ozone Monitoring
Instrument), MODIS (Moderate Resolution Imaging Spectroradiometer)) and the ground-based CloudNet network discussed
the similarities and differences between VIIRS and TROPOMI cloud parameters (Compernolle et al., 2021). The VIIRS geo-
metrical cloud fraction is usually higher than the OCRA radiometric cloud fraction because of the different definition but there
is an analogy between the two cloud fractions. One exception for the positive differences between VIIRS and OCRA cloud
fraction is the sun-glint region, where the dark ocean is perceived as a bright surface and very often misinterpreted as clouds.
The magnitude of the sun-glint effect and the affected area depends on the smoothness of the ocean, which is determined by the
wind properties over the ocean surface (Cox and Munk, 1954). The operational S5P cloud products include a flag indicating the
occurrence of sunglint. Similarly, the cloud height derived from TROPOMI is usually below the cloud-top height from VIIRS
because the infra-red bands of VIIRS are more sensitive to clouds than the UVN bands from TROPOMI.

The need to handle the spatial mis-registration between TROPOMI UV/VIS and NIR bands with a more dynamic and ad-
vanced approach was highlighted after the evaluation of OCRA/ROCINN cloud properties for the TROPOMI instrument. From
recent inter-comparison studies between TROPOMI cloud products, with the focus on cloud properties needed for trace gas
retrievals, showed that the co-registration has an impact along the cloud edges (Latsch et al., 2022). The proper co-registration

of the cloud properties is not only required for the improvement of the operational TROPOMI cloud product itself, but for the
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Figure 2. Weights from the static mapping tables (Sneep, 2015) used in the old co-registration scheme for Sentinel-5P. The upper panel refers
to the mapping from UV source band to NIR target band. The lower panel refers to the mapping from NIR source band to UV target band.

direct impact that clouds have on the accurate retrieval of trace gases including total ozone (Spurr et al., 2021), tropospheric

ozone (Heue et al., 2018), HCHO (De Smedt et al., 2018) and SO, (Theys et al., 2017).
3.3 Advancement in the co-registration approach with the synergistic use of VIIRS cloud data

VIIRS has a much finer spatial resolution than TROPOMI, which is 750 m at nadir. With this high spatial resolution, VIIRS
captures small-scale cloud structures. VIIRS collects measurements in several spectral windows: VIS/NIR band, mid-IR and
LW IR, which makes its cloud product more sensitive to optically thin ice clouds.

The VIIRS cloud products are re-gridded to the TROPOMI footprints as part of the SSP-NPP Cloud processor (Siddans,
2016). An auxiliary product, which contains cloud information relevant to each TROPOMI ground pixel, can be derived from
observations captured by the VIIRS instrument. This operational L2 auxiliary product is called SSP-NPP Cloud product and
developed by the Rutherford Appleton Laboratory (Siddans, 2022). In this work, we present how the S5P-NPP cloud data is
used for the co-registration of the cloud product from BD3 (UV/VIS) to BD6 (NIR) and vice versa. The SSP-NPP cloud product
accepts as inputs a set of cloud-related VIIRS EDRs (Environmental Data Records): (a) the CloudMask which is necessary
for the co-registration of OCRA cloud fraction, (b) the CloudHeight EDR mandatory for the co-registration of ROCINN
cloud height and (c) the CloudDCOMP (Daytime Cloud Optical and Microphysical Properties) EDR for the co-registration of
ROCINN cloud albedo/optical thickness.
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The VIIRS Enterprise Cloud Mask (ECM) describes the area of the earth’s horizontal surface that is masked by the vertical
projection of detectable clouds (Heidinger and Straka, 2020). The ECM combines spectral and spatial tests to produce a 4-
level classification of cloudiness of the ECM cloud mask 5%‘4:)( , where X is any of the following categories: confidently
clear, probably clear, probably cloudy, confidently cloudy. Apart from solar reflectances in the VIS, the ECM makes use of
spectral channels in the IR that are more sensitive to clouds. The retrieval method is based on a naive Bayesian approach as part
of a library of machine learning (ML) methods, already well applied within Pathfinder Atmospheres Extended (PATMOS-x)
(Heidinger et al., 2012).

For the co-registration of TROPOMI cloud fraction, an equivalent VIIRS cloud fraction M, can be calculated as the number

of confidently cloudy pixels divided by the sum of all four cloudiness classes:

Con fidentlyCloudy
Ok

M. “4)

= 5ﬁ€onfide71tlyCloudy +5ﬁ€r0bab.lyCloudy +5S§onfidently0lear +5ﬁ€robably0lear'

VIIRS cloud-top height is defined for each cloud-covered Earth location as the set of heights above mean sea level of the
tops of the cloud layers overlying the location (Heidinger et al., 2020). The Cloud Height Algorithm (ACHA) has already been
applied for the retrieval of the cloud height property from several sensors like MODIS and GOES-16/17 (US Geostationary
Operational Environmental Satellite R-series) ABI (Advanced Baseline Imager). ACHA makes use of only infrared channels
in order to provide consistent products for both day and night time as well as the terminator conditions. It uses an analytical
radiative transfer model embedded into an optimal estimation retrieval approach (Rodgers, 1976). The primary retrieved cloud
property is the cloud-top temperature and, at a later step, the cloud-top pressure and cloud-top height are derived from the
atmospheric temperature profile based on the Numerical Weather Prediction (NWP) data. For the co-registration of ROCINN
CRB cloud height and ROCINN CAL cloud-top height, the cloud-top height variable in the EDR CloudHeight can be directly
used.

VIIRS cloud optical thickness is defined as the optical thickness of the atmosphere due to cloud droplets, per unit cross
section, integrated over every distinguishable cloud layer and all distinguishable cloud layers in aggregate, in a vertical column
above a horizontal cell on the Earth’s surface (Walther and Straka, 2020). The COT together with the Effective Particle Size
and Liquid/Ice Water Path are the cloud properties retrieved from the Daytime Cloud and Optical and Microphysical Properties
(DCOMP) algorithm (Walther and Heidinger, 2012). The DCOMP algorithm works not only for VIIRS but for more sensors
with observations in VIS and NIR. So far, it has been applied to the geo-stationary satellites SEVIRI (Spinning Enhanced
Visible and InfraRed Imager), GOES R-series, MTSAT (Multifunctional Transport Satellites) and HIMAWARI and the polar-
orbiting satellites NOAA-AVHRR (Advanced Very High Resolution Radiometer) series and MODIS. The retrieval approach
is based on solving the radiative transfer equation for a single-layered, plane-parallel homogeneously distributed cloud. The
retrieval originates from earlier methods that also retrieve cloud optical depth and cloud effective radius from visible and

near-infrared wavelengths (King, 1987; Nakajima and King, 1990a, b).
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For the co-registration of ROCINN CAL cloud optical thickness, the COT variable in the EDR CloudDCOMP can be directly
used. For the co-registration of the cloud albedo, the following approximation conversion formula is used to bring the VIIRS

cloud optical thickness (7,) to an equivalent cloud albedo (A.) (Loyola, 2013; Kokhanovsky and Mayer, 2003):

1

Ao=1-—
¢ 1.07240.757, (1 — f,) )

with f, being the constant for water clouds equal to 0.85 and the other constant numbers derived from semi-empirical
formulas (Kokhanovsky and Mayer, 2003).

3.3.1 New scheme for the co-registration of OCRA cloud fraction from UV/VIS to NIR

OCRA uses the reflectances from the UV/VIS spectral region and the co-registration is therefore done from the UV/VIS source
band to the NIR target band. We denote with index j the row in the NIR grid and with index ¢ the row in UV/VIS grid.

The most common situation is that two UV/VIS source pixels contribute to the NIR target pixel as demonstrated in Fig. 3.
When those UV/VIS pixels from the imager have different cloud fraction values, the weight for the j target pixel is calculated

according to the following mathematical formulation:

_ MY - MV [i41]

0 6
with the cloud fraction M, derived from Equation 4. Then, the cloud fraction at the j™ target pixel is computed as:
LR = O i+ (=D £V [+ 1 ™)

In case the neighboring UV/VIS pixels from the imager have equal cloud fraction values, the weight calculation is simplified

as:

NIR[;
VU= vl ®
Special treatments need to be considered for cases with only partial overlap between source and target band. For example,
in TROPOMI there is only partial overlap between the source and target band at the east part of the swath, as shown in Fig. 4.
Therefore, the last target pixel of every scanline has the contribution of a single source pixel as depicted in Fig. 5. The weight

calculation for this pixel is done similarly to Equation 8, and the co-registered cloud fraction is then

FNTR =~ 2V ). ©9)
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Figure 3. Co-registration of OCRA Cloud Fraction from UV/VIS to NIR: 2 source pixels contribute to the target pixel. The UV/VIS ground
pixels are denoted with the blue boxes and the NIR ground pixels with the red boxes. The dashed vertical lines compose a grid for illustration

purposes.

Other exceptions might refer to pixels affected by a binning change, where the binning factor changes from 2 to 1 (see Sect.
3). For TROPOMI, such a binning change occurs at the target pixel number 19 of every scanline. In this case, as presented in
Fig. 6, three UV/VIS pixels contribute to the target NIR pixel. Then, the calculation of two weighting factors is required; one

between the (i — 1) and i*" pixel and a second one between the i and (i +1)"" pixel.

L MNIR[ - MUV

M [j] = MIV i +1]

N — 11
with the final co-registered cloud fraction at the target NIR pixel expressed as following:
PR = S b BTV = 104+ = [+ BD S 1+ (L= ) £V [+ 1] (12)

3.3.2 New scheme for the co-registration of ROCINN cloud parameters from NIR to UV/VIS

ROCINN retrieves the additional cloud parameters in the Oxygen A-band of NIR (source band with index j). However, the

trace gases are derived in a different band and need the cloud information in UV/VIS (target band with index i). When the

10
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Figure 4. TROPOMI footprints for Bands 3 and 6 at the east edge of the orbit
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Figure 5. Co-registration of OCRA Cloud Fraction from UV/VIS to NIR: 1 source pixel contributes to the target pixel.

co-registration takes place from NIR to UV/VIS, the most frequent scenario is that two source pixels contribute to the target

220 pixel as shown in Fig. 8. Following Equation 6, the weight for the i*" UV/VIS target pixel is then calculated as:

11



225

230

https://doi.org/10.5194/amt-2024-28 Atmospheric
Preprint. Discussion started: 8 April 2024 Measurement
(© Author(s) 2024. CC BY 4.0 License. Techniques

Discussions
By

Cowmri-u | owv | mPen |
Imager ! i i i i i i i i P H ; H
[ e
; 20T 1] AR A RSV
Source | el o [Ty
v £2V1i]
Target |

Figure 6. Co-registration of OCRA Cloud Fraction from UV/VIS to NIR: 3 source pixels contribute to the target pixel

HIV[i] - HYTR[j+1]

) = 13
= R TR ] 4
Then, the cloud-top height at the target pixel is expressed as:
2V =l 20 ]+ (L= [ 23 [+ 1] (14)

The upper mathematical expressions are valid along the scanline. However, for every sensor there might be exceptions and
thus adaptations. For TROPOMI such exceptions occur at (a) UV/VIS target pixel 21, where the binning is changing, (b)
UV/VIS target pixel 1, where there is partial overlap with the NIR source pixel 0, and (c) UV/VIS target pixel 0, where there is
no overlap with any source pixel. The first two cases, illustrated in Fig. 9, need to follow the mathematical formulations from

Equations 8 and 9:

uv i
Yl = M (15)
ZIV il =~ 2N R 4], (16)

12
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Figure 7. TROPOMI footprints for Bands 3 and 6 at the west edge of the orbit

The special case of the UV/VIS target pixel 0 has been treated independently since there is lack of overlap between the
source and target bands. A graphical illustration of this scenario is shown in Fig. 10. The cloud information from VIIRS can be
used for the reconstruction of the cloud parameters at the SSP target pixel 0. The basic principle is that VIIRS and TROPOMI
cloud data are interconnected and therefore, each point from the VIIRS dataset can be mapped to the respective TROPOMI
point. The adjacent 15 pairs (HYV[i], ZU'V[i]) ,i € [2,17] are used to create the mapping function:

zVV =fz, (HYV) ~aHUY + (17)

The mapping function for the cloud-top height fz_ can be well approximated with a linear regression model. Therefore, first
the mapping function is found for each scanline and secondly the value at the target pixel 0 is then estimated as ZUV [i = 0] =

fz. (HYV [i = 0]). One example scene of the target pixel 0 is shown in Fig. 11.

13
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Figure 10. Co-registration of ROCINN Cloud Height from NIR to UV: A special case of the 0*" target pixel for TROPOMI

The co-registration of the other ROCINN parameters at the target pixel O is possible after finding the mapping function f4_
and f., for the cloud albedo and cloud optical thickness, respectively. Those functions are approximated with the use of one

linear and one logarithmic model (Loyola et al., 2023).

4 Application to TROPOMI/S5P with collocated VIIRS/Suomi-NPP data

The new approach has been evaluated using several means of comparison and validation. The VIIRS product has been re-
gridded to the TROPOMI footprints for the following six test days: 2018-09-09 (orbits 04691-04704), 2019-09-11 (orbits
09898-09911), 2020-09-11 (orbits 15091-15104), 2020-09-26 (orbits 15303-15316), 2021-04-11 (orbits 18098-18111) and
2021-09-11 (orbits 20269-20282).

4.1 Evaluation of the new approach

The new approach has been applied on top of the old scheme to ensure that the co-registration is performed with the mapping
tables when there are no VIIRS data available. The new scheme is in principle not applicable on the following situations:
(a) when TROPOMI or VIIRS pixels contain fill value, () when the neighboring VIIRS pixels contain zeros due to some
numerical errors at the weight calculations, (c) when the weight calculation results to values outside the expected range.

Another special case, where the new approach for the CF co-registration is not applicable, is when all three VIIRS BD3 pixels

15
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Figure 11. Co-registration of ROCINN Cloud Height from BD6 to BD3 using VIIRS first pixel: example scene. Pixel footprints in the source
NIR band are indicated with the black frames and the UV/VIS footprints are highlighted with the magenta frames.

are equal MYV [j —1] = MYV [j] = MYV [ + 1], while S5P BD3 pixels are different fVV [ — 1] # fYV [j] # fVV [j +1].

255 The combination of both schemes ensures that the cloud product contains as many data as possible.
4.1.1 Overview of comparisons between the two schemes

An illustration of the global daily map in Fig. 12 shows how often the new scheme is used for the co-registration of the OCRA
cloud fraction. The new co-registration is applied in average for slightly more than 70% of the total pixels, whereas the rest are
co-registered with the fallback. The average frequency differs slightly from one day to the other but it can be considered rather
260 stable when there is VIIRS data availability. The co-registration from NIR to UV/VIS for the ROCINN parameters is performed
with the new scheme with an average frequency of about 70% for the cloud-top height (and cloud height for CRB) and with
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co-registration flag for OCRA Cloud Fraction from UV to NIR co-registration flag for ROCINN CAL Cloud-Top Height from NIR to UV

co-registration flag for ROCINN CAL Cloud Optical Thickness from NIR to UV co-registration flag for ROCINN CRB Cloud Albedo from NIR to UV

Figure 12. RB color global maps presenting the co-registration flag for the OCRA cloud fraction (upper left), ROCINN CAL cloud-top
height (upper right), ROCINN CAL cloud optical thickness (lower left) and ROCINN CRB cloud albedo (lower right) : Red color shows the
co-registration with the use of VIIRS data and Blue color shows the co-registration with the fallback. More than 70% of the OCRA cloud
fraction pixels are co-registered with the new scheme. Approximately 70% of the ROCINN CAL cloud-top height pixels are co-registered
with the new scheme. Only 55-60% of the ROCINN CAL cloud optical thickness / ROCINN CRB cloud albedo pixels are co-registered with

the new scheme.

an average frequency of 55-60% for the cloud optical thickness (and cloud albedo for CRB). The co-registration flag for the
cloud-top height covers similar regions with the cloud fraction but slightly less densely populated. From the co-registration flag
of the optical parameter (i.e., cloud optical thickness for CAL and cloud albedo for CRB as shown in lower left and right panel
of Fig. 12 respectively), the new scheme seems to be successfully applied up to a certain latitude, forcing the pixels around the
poles to be co-registered with the fallback.

In Figures 13, 14, 15, 16 and 17, the correlation between the old and new approach is illustrated for one of the days. High
correlation coefficients are found for all cloud parameters. For the cloud fraction, below the identity line scatter is in principle
not that extended in comparison to area above the identity line. Pixels of fully cloudy conditions (i.e., with cloud fraction 1) in
the old scheme have been differentiated in several cases; the cloud fraction obtains lower values with the new scheme. Several
partially cloudy pixels, with an associated cloud fraction different than 0, have been characterized as cloud-free with the new
co-registration scheme. The cloud height CRB and cloud-top height CAL are scattered symmetrically around the identity line.

Some asymmetry is observed at the cloud optical thickness in Fig. 17 with the scatter below the identity line being much
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Figure 13. The co-registered cloud fraction for the new versus the old scheme: data analysis refers to 2019-09-11
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Figure 14. The co-registered ROCINN CRB cloud height for the new versus the old scheme: data analysis refers to 2019-09-11

higher than the scatter above the line. The correlation plots for the rest of the days can be found as supplementary material in
the Appendix A.

The absolute differences between the two co-registration schemes in a global scale are shown in Figures 18, 19, 20, 21 for
the OCRA cloud fraction, ROCINN cloud-top height, cloud albedo and cloud optical thickness, respectively. It is expected
that the differences are exactly zero when VIIRS data are not available because the co-registration is done with the fallback.
Examples of VIIRS data unavailability (i.e., missing granules or entire orbits) are shown in green ellipsoids on the maps.

Based on these comparisons, the following conclusions can be drawn:
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Figure 15. The co-registered ROCINN CAL cloud-top height for the new versus the old scheme: data analysis refers to 2019-09-11
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Figure 16. The co-registered ROCINN CRB cloud albedo for the new versus the old scheme: data analysis refers to 2019-09-11

— The differences are not systematically present in certain regions but rather spread everywhere.
— There is not a latitudinal dependence.
— Viewing geometry dependencies are not present.

The absolute differences of the co-registered NIR cloud fraction A f, = fN1Roua  fNIRnew gare grouped into the categories:
285 A;,B;.,C;.D; E; Fr, Gy, Jr , Ky of Table 3. The dependencies on the source UV/VIS cloud fraction are illustrated
in the barplot of Fig. 22. The zero absolute differences of group Ey_ are in general present under fully cloudy conditions with

a cloud fraction higher than 0.8. The negative differences of groups Ay , By , C; and Dy, are primarily present in clear sky
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Figure 17. The co-registered ROCINN CAL cloud optical thickness for the new versus the old scheme: data analysis refers to 2019-09-11

Table 3. The absolute differences of the co-registered cloud parameters are split into 9 groups: column 2 refers to differences in NIR cloud
fraction (A f¢) [ 1, column 3 refers to differences in UV/VIS cloud-top height (A Z.) [km], column 4 refers to differences in UV/VIS cloud
optical thickness (A7.) [ ] and column 5 refers to differences in UV/VIS cloud albedo (AA.) [ ].

Afc — CIVIRold _ CNIRncw AZ. = ngold _ ngncw AT, = Tgvold _ TCUV'n,(iuJ AA. = AgVoLd _ AgVncw
Group A Ay, [-1.0,-0.75) Az, [-10,-5) A-, [-250, -50) Ay, [-1,-0.75)
Group B By, [-0.75,-0.5) Bz, [-5,-2) B, [-50, -10) B4, [-0.75,-0.50)
Group C Cy, [-0.5,-0.25) Cz, [-2,-1) C,. [-10,-5) C4,. [-0.5,-0.25)
Group D Dy, [-0.25,0) Dz, [-1,0) D-. [-5,0) D4, [-0.25,0)
Group E E;.: zero differences Ez_: zero differences E._: zero differences E 4, : zero differences
Group F Fy,. (0,0.25] Fz, (0,1] F-. (0,5] F4. (0,0.25]
Group G Gy, (0.25,0.5] Gz, (1,2] G,, (5,10] G4, (0.25,0.50]
Group J Js. (0.5,0.75] Jz, (2,5] J-. (10, 50] J 4. (0.50,0.75]
Group K Ky, (0.75, 1.0] Kz. (5, 10] K-, (50, 250] K4, (0.75, 1]

conditions and the respective positive differences of groups Fy_, Gy , J;, and K  are for the cloudy conditions with relative

high cloud fractions. The latter conclusion in principle means that when the UV/VIS OCRA cloud fraction is high, the co-

290
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registration to NIR with the new scheme results to a slightly lower cloud fraction compared to the old scheme. Exactly the
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Figure 18. Daily global maps with comparisons between the two co-registration schemes: the co-registered OCRA cloud fraction in the
NIR is shown for the six available days. When VIIRS granules or orbits are missing (depicted in the green frames), the parameters are

co-registered with the fallback old scheme based on the mapping tables.

opposite happens when the UV/VIS OCRA cloud fraction takes low values: the co-registration with the new scheme results to
higher NIR cloud fraction than with the old scheme.

For the several cloudy conditions (i.e., from almost clear sky to fully cloudy scenes), the absolute differences of the co-

registered UV/VIS cloud-top height AZ, = ZUVetd — 7UVnew are presented in the respective groups: Az, Bz , Cz., Dz,

295 Ez..Fz.,Gz,,Jz., Kz, , asintroduced in Table 3. With only six days it is difficult to draw final conclusions but it appears that

for almost fully cloudy conditions with cloud fraction larger than 0.8, the co-registered cloud-top height with the new and the

old scheme agree in a high degree as the group Ez_ is dominated by the fully cloudy scenes for the 4 days. Exceptions appear
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Figure 19. Daily global maps with comparisons between the two co-registration schemes: the co-registered ROCINN CAL cloud-top height
in the UV/VIS is shown for the six available days. The comparison for the ROCINN CRB cloud height is excluded as it is considered

redundant information and does not lead to further conclusions.

for the day 2019-09-11 where only 20% of the cases in group Ez, is associated to high OCRA cloud fractions and for day 2020-
09-11 where about 45% of the cases refer to scenes with such high cloud fractions. For the relative clear scenes with low cloud
fractions below 0.2, the cloud-top height differences cover with a mean percentage of 20% equally any group other than the
Ez, . The same conclusion could be valid for the partially cloudy scenes based on the bar-plot of Fig. 23. Similar bar-plots have
been produced for the cloud optical thickness in Fig. 24 with the cloud optical thickness differences A7, = 77 Votd — 7UVnecw
groupedinto A,.,B..,C, D, E. F. .G, ,J. K, (seeTable 3). Itis quite clear that under nearly fully cloudy conditions,

the new co-registered cloud optical thickness is smaller than the old one whereas for the relative clear sky scenes, the new co-
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Figure 20. Daily global maps with comparisons between the two co-registration schemes: the co-registered ROCINN CAL cloud optical

thickness in the UV/VIS is shown for the six available days.

305 registered cloud optical thickness in UV is larger than the old one. In particular, the scenes with very low cloud fractions below
0.2 are usually associated with a co-registered COT difference of the groups C,, and D, , which practically means that we
expect a small increase of the cloud optical thickness for the low OCRA cloud fraction scenes (e.g., in the presence of optically
thin clouds). The latter conclusion is valid for the co-registered cloud albedo difference AA, = AUVeta — AUVnew ag can be
seen from Fig. 25, where the groups are A4, Ba,, Ca.,Da,,Ea, . Fa,,Ga,,Ja,, K4, based on the categorization of Table

310 3. At the relative cloud free scenes with OCRA cloud fraction lower than 0.2, we expect increase at the co-registered cloud
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Figure 21. Daily global maps with comparisons between the two co-registration schemes: the co-registered ROCINN CRB cloud albedo in
the UV/VIS is shown for the six available days.

albedo with the new scheme. It’s worth referring to group A 4, of days 2020-09-11, 2020-09-26 and 2021-04-11 because there

are no fully cloudy scenes with such high negative cloud albedo differences between the two co-registration schemes.
4.1.2 The first UV pixel as a special case

The first TROPOMI UV detector pixels were lacking of cloud height and cloud optical thickness properties up to now due to
the missing TROPOMI NIR overlap detector pixels. The use of VIIRS data made possible to re-construct the UV/VIS cloud
height information for these pixels through the mapping linear function of Equation 17. The benefit of making use of the VIIRS
cloud information to fill in the first UV/VIS detector row is two-fold: (a) the apparent advantage of closing the gaps between
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Figure 22. Bar-plot showing the difference in the co-registered NIR cloud fraction. The color scale applies to the UV/VIS cloud fraction.

The groups are Ay, [-1.0,-0.75), By, [-0.75,-0.5), Cy, [-0.5,-0.25), Dy, [-0.25, 0), E,: zero differences, Fy, (0, 0.25], Gy, (0.25, 0.5], J,
(0.5, 0.751, Ky, (0.75, 1.0].

two adjacent orbits and (b) the actual retrieval of tropospheric and stratospheric trace gases which require the knowledge of
cloud parameters. The data gaps between two adjacent orbits are expected around the Equator as shown in Fig. 26. With the
new co-registration scheme, those gaps are decreased by approximately 15 km after the addition of meaningful cloud data in
the first row (see Fig. 27). The approach seems to work smoothly for all cloud types since the cloud heights of the first row are

well harmonized with the neighboring rows. Similar conclusions can be drawn for all the cloud parameters.

25



325

https://doi.org/10.5194/amt-2024-28 Atmospheric
Preprint. Discussion started: 8 April 2024 Measurement
(© Author(s) 2024. CC BY 4.0 License. Techniques

Discussions
oY

Cloud-Top Height differences for 20180909 Cloud-Top Height differences for 20190911
OCRA CF OCRA CF
[0.0.2) [0.2,04) (0.4, 06) == [0.6,0.8) = [0.8,1.0] [0,0.2) [0.2,0.4) w [0.4,0.6) e [0.6,08) = (0.8, 10]

100

®
S

80

60

percentage [%]
o
2
percentage (%]

&

[ |
[53

404
20 204
0 0
Az 82, G Dz 3 . Gz, Jz Kz, Az 6z, o 0 E Fz. Gz, Iz Kz
group label group label
Cloud-Top Height differences for 20200911 Cloud-Top Height differences for 20200926
OCRA CF OCRA CF
f0.0.2) (0.2.0.4) = (04,06) == (06.08) == (08.10) [0.02) (0.2, 0.4) = (0.4,06) = (06,08) = (08, 10]
100 100
80 80
g &
@ ®
) )
g 60 g 60
g g
§ §
g g
$ ]
g g
40 404
20 204
0 [
Az Bz c, oz E, Fz. 6z Iz, Kz Az 8z < oz Ez £ Gz, Iz Kz
group label group label
Cloud-Top Height differences for 20210411 Cloud-Top Height differences for 20210911
OCRA CF OCRA CF
[0.0.2) [0.2,04) wem [04,06) wew (06,08 wmm (08 10) [0.02) [02,04) wem [04,06) wem (06,08 wmm (08 10]
100 100
80 80
£ 2
o o
) )
P~ O -
: — : |
§ g
H 2 =
. = . g m
20 L] 20/
]
0 0
Az Bz Cz, Dz. Ez, Fz. Gz, Jz. Kz. Az Bz, Cz Dz, Fz. Gz, Jz. Kz,
group label group label

Figure 23. Bar-plot showing the difference in the co-registered UV cloud-top height. The groups are Az, [-10, -5), Bz, [-5, -2), Cz, [-2,
-1), Dz, [-1, 0), Ez_: zero differences, Fz,_ (0, 1], Gz, (1, 2], Jz, (2, 5], Kz, (5, 10] in km.

The air mass factor (AMF) calculation was evaluated for the total vertical column densities (VCDs) of formaldehyde
(HCHO), ozone (0O3), and sulfur dioxide (SO2) in the first UV/VIS row. The plot in Fig. 28 depicts the total vertical col-
umn of ozone, where in most cases we see an additional column of O3 data and the data agree very well with the neighboring
column. This smooth transition is found for all cloud fractions, as shown in Fig. 29. In the selected area, there are cloudy
and cloud free pixels, as well as partly cloudy pixels. Even in the partly cloudy pixels, the O3 columns agree well with the
neighboring ones. For HCHO and SOy, retrievals, the VCDs look smooth and reasonable for this additional row. For SO,, the

detection algorithm could even identify elevated VCDs at the first row and flag them with volcanic origin. In Fig. 30, we can
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Figure 24. Bar-plot showing the difference in the co-registered UV cloud optical thickness. The groups are A, [-250, -50), B, [-50, -10),
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see the SO» column densities after the Sierra Negra volcanic eruption. In the selected area, the pixels from the additional first

row highlighted with a red frame have been automatically flagged as "volcanic".
4.2 Further evaluation in the across-track flight direction

An extensive investigation of the co-registration scheme impact on the cloud fraction in the across-flight direction has been

performed. As expected, the major improvements have been identified at heterogeneous scenes in the vicinity of local minima
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Figure 25. Bar-plot showing the difference in the co-registered UV cloud albedo. The groups are A4, [-1, -0.75), B4, [-0.75, -0.50), C 4,
[-0.5,-0.25), D4, [-0.25, 0), E 4, : zero differences, F 4, (0, 0.25], G4, (0.25, 0.50], J 4, (0.50, 0.75], K4, (0.75, 1].

335 and maxima. Usually, the co-registered value is closer to the one retrieved at the original band when using the new scheme. So
far, we have seen that the co-registration process with the static mapping tables tends to smooths out structure which appears
initially at the original band. When the co-registration is done based on the VIIRS data, the cloud structure is maintained simply
because it is captured by the VIIRS-based weighting factors. The co-registration impact can be larger in inhomogeneous scenes
with relatively small cloud fractions; a small fluctuation of the cloud fraction at a low cloud fraction results in a large fractional

340 difference. An example of a single scanline at longitude range [-34.7, -34.1] is presented in Fig. 31. The improvement with

the new scheme is shown in points A-B-C around longitude -34.5 degree. The OCRA cloud fraction at the original BD3
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Figure 26. Two adjacent orbits displaying the co-registered cloud-top height at the UV/VIS grid using the static LUTs. There are small gaps

between the adjacent orbits around the Equator.

has the same value at BD6 after the co-registration in point A. In other words, both co-registration schemes agree with the
value obtained at the original band. However, the drop of the cloud fraction at point B demonstrates the importance on the
co-registration scheme selection. The co-registered value obtained with the new scheme at point B is closer to the original
one of BD3 than with the old scheme. In Table 4, an absolute difference of 0.04 is found between the two schemes, which at
first does not seem significant. However, due to the low original cloud fraction of 0.13, a fractional difference of 30% seems
to be introduced just by using a different co-registration. Another important aspect at pixel B is that the cloud fraction gets
below 0.2 with the new scheme. A cloud fraction of 0.2 is usually considered the cut-off threshold of clear sky versus partially
cloudy to obtain clear sky series of tropospheric trace-gas concentrations (Liu et al., 2021). The cloud fraction with the old
co-registration was 0.21, which would mean that trace-gas retrieval for pixel B will be triggered with the new co-registration
scheme. Similar improvement is found at pixels D-E-F between longitude range [-34.3,-34.2]. At pixel D, both co-registered
cloud fractions are equal to the original one. But at pixel E, the new co-registered cloud fraction is 16% lower than the original
value. At this pixel E, when co-registration is done with the old scheme the fractional difference is 32%. Even more interesting

is the situation at pixel F where the original value is extremely low at 0.01. There, the selection of the co-registration scheme
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Figure 27. Two adjacent orbits displaying the co-registered cloud-top height at the UV/VIS grid using VIIRS data. The gaps between the

adjacent orbits are decreased with the addition of the first row cloud data.

will determine the activation of ROCINN algorithm. The new co-registered value is still below 0.05, which is the threshold
currently used to continue with the ROCINN retrievals of the remaining cloud parameters. Therefore, the use of VIIRS in the
cloud co-registration process can act as a tool to remove existing cloud outliers.

In this section, we summarize the cases where the new scheme does not improve the cloud product. In Fig. 32, the blocks B
and D highlighted with red color appear problematic, because the new co-registered cloud fraction seems to be shifted towards
the East direction. The reason for this effect is that VIIRS cloud fraction at both bands 3 and 6 are equal to 1, and thus the
weight calculation does not work properly. As a consequence, we use the fallback co-registration scheme at the fully cloudy
VIIRS pixels. For the blocks A and C, where the VIIRS cloud fractions are different to 1, such shift to the East is no longer
visible.

A second interesting scene with scattered clouds close to the Brazilian Coast line is presented in Fig. 33. At longitude
around -36.10, the cloud fraction obtained in BD3 was equal to 0.96. This is a scene over ocean with the effect of sun-glint. An
enhanced TROPOMI cloud fraction is generally expected under sun-glint geometry, and this is a possible reason that OCRA
cloud fraction is found larger than VIIRS; VIIRS gives a 0.72 cloud fraction in both bands. The old co-registration scheme
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Figure 28. The total ozone column for the scene of Fig. 29. The total ozone column for the first row looks smooth w.r.t. the adjacent rows.
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Figure 29. The radiometric cloud fraction from the ROCINN CRB model is used as an input parameter for the cloud correction in the ozone

OFFL algorithm.
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Figure 30. The SO» column density for a scene of the Sierra Negra volcanic eruption. Pixels highlighted with the red frames in the first
detector row are detected with volcanic origin. The detection algorithm for volcanic SOz seems to work well for the additional first row as

some pixels are flagged as volcanic.

moves the cloud fraction closer to VIIRS. Nevertheless, the new co-registration seems to reflect better the original BD3 cloud
fraction of 0.96 to a 0.94 BD6 cloud fraction.

370 Investigation of the co-registration scheme impact on the cloud-top height in the across-flight direction has been done too.
In general, similarly to the cloud fraction, the largest impact is shown at the inhomogeneous scenes at the local maxima and
minima. At first, the new co-registered cloud-top height is closer to the one obtained with ROCINN CAL at the original BD6
band. Two examples are shown in Fig. 34 at points A and B, with the new co-registered cloud-top height being 300 m higher
than the old co-registered value and in both cases closer to the original values. The cloud-top heights at the original BD6 were

375 7600 m and 9400 m at points A and B respectively. After the co-registration at point A, the CTH at BD3 was 6900 m with the
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Figure 31. Inhomogeneous scene with low TROPOMI cloud fraction: the new co-registration scheme has a considerable positive effect at

local minimum (e.g, points B and F) or maximum (e.g., point E). The data refer to 2020-09-11, orbit 15099, scanline 1820, pixels 268-285.

Table 4. Cloud fraction values at the original BD3 and the co-registered BD6 with both new and old techniques. The longitudes at the first

column refer to points A-B-C-D-E-F of Fig. 31.

-34.4
longitude [deg]

Longitude (pixel) ORIGINAL BD3

CO-REGISTERED NEW BD6

CO-REGISTERED OLD BD6

-34.53 (A) 0.31 0.31 0.31
-34.48 (B) 0.13 0.17 0.21
-34.44 (C) 0.22 0.18 0.18
-34.29 (D) 0.24 0.24 0.24
-34.25 (E) 0.31 0.26 0.21
-34.21 (F) 0.01 0.04 0.06

new scheme and 6600 m with the old scheme. At point B, the co-registered CTH at BD3 was 9300 m with the new scheme

versus 9000 m with the old. A big advantage of using the VIIRS re-gridded data is that cloud structure from those data is

introduced back to the TROPOMI CTHs.
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Figure 32. Inhomogeneous scene with variant cloud fraction. The green highlighted blocks A and C suggest that the new co-registration can

be applicable but the red blocks B and D demonstrate examples that the fallback is preferred. The data refer to 2020-09-11, orbit 15099,

scanline 2820, pixels 200-250.

4.3 Evaluation in the along-track flight direction: comparisons against CALIPSO overpasses

The evaluation of the new co-registration scheme in the along-track direction for the cloud-top height parameter was done
using the independent instrument CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) which is part of the CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) payload. CALIPSO satellite was launched in April 2006
in formation with the CloudSat satellite as part of the A-Train constellation of satellites (Winker et al., 2003, 2004, 2007).
For 12 years, it maintained a sun-synchronous orbit with an altitude of 685 km and inclination of 98.2° crossing the equator
each day at around 1:30 pm solar time. After September 2018, it was moved to a lower orbit together with CloudSat, part of
the C-train approximately 688 km above the Earth’s surface (Atkinson, 2018). CALIOP is a two-wavelength (i.e., operating
at 532 nm and 1064 nm) polarization-sensitive lidar that provides high-resolution vertical profiles of aerosols and clouds.
CALIOP can identify cloud and aerosol layers down to the level in which the lidar signal is totally attenuated. Frequently, the
atmosphere contains multi-layer clouds limiting the lidar capabilities and making the cloud retrievals in such conditions more
challenging (Liu et al., 2020). Even though CALIOP can provide the cloud information with the fine spatial resolution of 1 km,
in this study the spatial resolution of 5 km in the Level 2 cloud layer information (Version 4) was used.
CALIPSO overpasses have been collocated to the TROPOMI orbits. The TROPOMI/CALIPSO collocation method is de-
scribed in the Appendix B. An example comparison at mid-latitudes of the north hemisphere over the Pacific ocean is presented

in Fig. 35. This is quite representative for the comparison between the three instruments. Good agreement between all is seen
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Figure 33. Inhomogeneous scene with high TROPOMI cloud fraction but with small horizontal extend. This could be considered a "single-
cloud" scene where the new co-registration is preferable at local maximum because S5P BD6 new cloud fraction agrees better with SSP BD3

cloud fraction. The data refer to 2020-09-11, orbit 15099, scanline 1820, pixels 219-230.

for the low maritime clouds with a cloud-top height lower than 2 km. For medium and high clouds, the agreement of TROPOMI
with CALIPSO depends on the phase of the detected clouds. The ice clouds are not well represented in the forward model of
TROPOMI and larger biases could originate from the mis-treatment of clouds with a liquid water scattering model. Moreover,
TROPOMI does not have any special treatment of multi-layer clouds and this is another reason for differences to be expected.
Nevertheless, the focus of this study is on the improvements that could arise from the new co-registration scheme alone. Two
cases are presented in the following Figs 36 and 37. In general, the differences due to the co-registration (comparison between
green and red lines) are small. The largest improvement is seen when the cloud structure, introduced by the use of VIIRS data,
results in a better agreement with CALIPSO. In Fig. 36, the small peak (highlighted by the circle A) appearing in the CALIPSO
data is seen in the TROPOMI data only when the new co-registration is used. The red line is flat around 16 deg latitude North,
meaning that the old co-registration smooths this cloud structure and the impact on the CTH is an absolute difference of about
2 km compared to the new scheme. Similarly, in another example shown in Fig. 37, there are two peaks (A and B) around
15.5 deg latitude North in the CALIPSO data. None of them is present in the TROPOMI data with the old co-registration (red
line). When the new scheme is used, the peak C appears approximately at the same latitude with CALIPSO peak B. At point

C, the absolute difference between the two co-registration methods is approximately 800 m.
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Figure 34. Inhomogeneous scene with two local maxima at points A and B where the new co-registration scheme has a positive impact on

the ROCINN CAL CTH at BD3. The data refer to 2020-09-11, orbit 15099, scanline 2820, pixels 107-120.

5 Conclusions

The existence of collocated cloud information from VIIRS allowed the improvement of TROPOMI cloud properties through a
better treatment of the spatial mis-alignment between UV/VIS and NIR footprints. The new scheme is applied on top of the old
static mapping tables. The improvement on the TROPOMI data quality together with the optimizations of the co-registration

scheme are summarized in the aforementioned bullets:

— From the daily scatter plots, we saw that under fully cloudy conditions (i.e., with cloud fraction 1 in the old scheme) the
co-registered cloud fraction obtains lower values with the new co-registration scheme. Several partially cloudy pixels
have been characterized as cloud-free with the new co-registration scheme. The ROCINN CRB cloud height and CAL
cloud-top height are scattered symmetrically around the identity line. Some asymmetry is observed at the cloud optical

thickness with the scatter below the identity line being much higher than the scatter above the line.

— From the daily global maps showing the differences between the two schemes, we excluded systematic differences

present in certain geographical regions. In addition, we haven’t found any latitudinal or viewing geometry dependency.

— From the bar-plot analysis, we found out that that the co-registration from UV/VIS to NIR with the new scheme results
to a lower cloud fraction compared to the old scheme, when the original UV/VIS OCRA cloud fraction is high. Exactly
the opposite happens when the UV/VIS OCRA cloud fraction takes low values: the co-registration with the new scheme

results to higher NIR cloud fraction than with the old scheme. For almost fully cloudy conditions with a cloud fraction
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Figure 35. Comparison of the CTH for TROPOMI, VIIRS and CALIPSO for mid-latitudes in the northern hemisphere over the Pacific
ocean. The TROPOMI orbit 04691 for day 2018-09-09 is collocated with the CALIPSO measurements from the 2018-09-09T00-47-39ZD

overpass.

larger than 0.8, the co-registered from NIR to UV/VIS cloud-top height with the new and the old scheme agree to a high
degree as the group of zero differences is dominated by the fully cloudy scenes. Under nearly fully cloudy conditions,
the new co-registered cloud optical thickness is smaller than the old one whereas for the relative clear sky scenes, the
new co-registered cloud optical thickness in UV/VIS is larger than the old one. In particular, for the scenes with very
low cloud fractions below 0.2, we should expect a small increase of the co-registered cloud optical thickness. At the
relative cloud free scenes with OCRA cloud fraction lower than 0.2, we should expect an increase at the co-registered

cloud albedo with the new scheme.

The cloud information from the complementary sensor (e.g., VIIRS for the TROPOMI co-registration) allows the re-
structuring of the ROCINN retrieved parameters on the first UV/VIS detector pixel. The addition of the first row had
primarily improved the gaps between two adjacent orbits when looking at a global map. Moreover, columnar information

of UV/VIS trace gases is successfully retrieved for this first row, with a positive initial feedback for the accuracy of those
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Figure 36. Comparison of the CTH for TROPOMI, VIIRS and CALIPSO for the tropics in the northern hemisphere over the Pacific ocean.
The TROPOMI orbit 04704 for day 2018-09-09 is collocated with the CALIPSO measurements from the 2018-09-09T23-51-57ZD overpass.

retrievals for total ozone and tropospheric SO5. An example scene in a day with a volcanic eruption showed that the

detection algorithm for flagging SO pixels with volcanic origin seems to work well for the additional row.

From the validation exercise of TROPOMI against VIIRS in the across-track flight direction, the general conclusion
is that the old co-registration scheme tends to smooth out local maxima and minima along the scanline. This is quite
important finding because the original cloud parameter loses some structure which could be re-constructed through the

use of the VIIRS data. This finding is valid for the cloud fraction and the cloud-top height.

Another important point is that the co-registered value at the target band agrees much better with the original value at

the source band when the new technique is used. This is valid for both cloud fraction and cloud-top height.

The old co-registration scheme is applied when the old scheme for co-registering the OCRA CF when the VIIRS CF at
both UV/VIS and NIR bands are equal to 1. This means that the applicability of the new scheme for the cloud fraction

should be limited to non-fully cloudy scenes.

From the validation exersice of TROPOMI against CALIPSO, we found several cases with better agreement with

CALIPSO when using the new co-registration scheme. The agreement refers exclusively to the CTH structure in a qual-
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Figure 37. Comparison of the CTH for TROPOMI, VIIRS and CALIPSO for the tropics in the northern hemisphere over the Pacific ocean.
The TROPOMI orbit 04703 for day 2018-09-09 is collocated with the CALIPSO measurements from the 2018-09-09T22-13-01ZD overpass.

itative manner. Quantitative comparison against CALIPSO CTHs would not be appropriate because there is a systematic

450 bias in TROPOMI CTH associated with the lack of ice cloud parameterization in the forward cloud model.

The new co-registration scheme has been incorporated into the operational processing system for S5P. The latest UPAS
processor version 2.6 has been effective starting from 2023-11-26, orbit 31705. Later, when the Sentinel-4 satellite will be

launched, a similar approach will be used for the treatment of the spatial mis-registration, using collocated FCI data.

Data availability. The S5P Level-2 CLOUD product refers to UPAS Version 2.4 and can be accessed from the Copernicus Data Space
455 Ecosystem search tool (https://dataspace.copernicus.eu/). The S-NPP VIIRS data mapped to the Tropomi grids for band 3, 6, and 7 are also

available in the Copernicus Data Space Ecosystem search tool. The re-gridded SSP-NPP cloud data in BD3 and BD6 for the test days are not

publicly available since this dataset was explicitly built to support the development of the new co-registration scheme. The L2 cloud layer

"CAL_LID_L2_05kmCLay-Standard-V4-20" Version 4-20 data product has been used (NASA/LARC/SD/ASDC, 2018). Data generation

and distribution of this V4.20 product ended on July 1, 2020 to support a change in the operating system of the CALIPSO production clusters.
460 The V4.21 data product covers July 1, 2020 to current.
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Figure A1. The co-registered cloud fraction for the new versus the old scheme: data analysis refers to 2018-09-09

Appendix A: Additional plots from the comparison of the two co-registration schemes

This section contains the additional plots for the rest of the comparisons between new and old co-registration scheme. Those

plots are complementary to the ones at the main text.

Appendix B: Collocation method for TROPOMI and CALIPSO

In Fig. B1, the visualization of the CALIPSO measurements within the TROPOMI pixels in BD3 is presented. The TROPOMI/-

CALIPSO collocation method requires the calculation of the distance between the CALIPSO data and the center of each pixel

in a predefined search area of the given TROPOMI orbit. The search window takes the geographic coordinates from CALIPSO

and creates a rectangular with [pc — 0.1, o +0.1] and [Ac — 0.05, A\ +0.05] where ¢¢, A¢ refer to the latitude and longitude
of CALIPSO points. The distance between the CALIPSO coordinates and the center of the TROPOMI pixels within the search

window are calculated according to the formulas below:

A¢p =rad(¢p2 — ¢1), AN =rad(A2 — A1),
2 2
a= (sin A;ﬁ) + (sin A;) cos (rad (¢1)) cos (rad (¢2))

c=2atan2 (va,V1—a)
d= Rc,R=6378137Tm

The CALIPSO measurement is then located within the TROPOMI pixel with the minimum found distance d.
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Figure A2. The co-registered cloud fraction for the new versus the old scheme: data analysis refer to 2020: upper panel for 11th Sept. and

lower panel for 26th Sept.
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Figure A11. The co-registered ROCINN CRB cloud albedo for the new versus the old scheme: data analysis refer to 2020: upper panel for

11th Sept. and lower panel for 26th Sept.
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Figure A12. The co-registered ROCINN CRB cloud albedo for the new versus the old scheme: data analysis refer to 2021

the 11th Apr. and lower panel for the 11th Sept.
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Figure A13. The co-registered ROCINN CAL cloud optical thickness for the new versus the old scheme: data analysis refers to 2018-09-09
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Figure A14. The co-registered ROCINN CAL cloud optical thickness for the new versus the old scheme: data analysis refers to 2020: upper
panel for 11th Sept. and lower panel for 26th Sept.
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Figure A15. The co-registered ROCINN CAL cloud optical thickness for the new versus the old scheme: data analysis refers to 2021: upper
panel for the 11th Apr. and lower panel for the 11th Sept.
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TROPOMI footprints for BD6 (black) and CALIPSO overpass (red)
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Figure B1. TROPOMI footprints at BD3 (black color) and CALIPSO measurements (red color). Every TROPOMI pixel contains two
numbers; the first refers to the scanline and the second to the pixel id. The CALIPSO measurements are identified directly with the geographic

coordinates.
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