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1 Introduction

WP200 of the 3DCATS projects aims to estimate the bias of NO2 retrievals from Sentinel5
observations due to cloud scattering. The methodology is as follows: The 3D MYSTIC Monte
Carlo radiative transfer model (Mayer, 2009; Emde et al., 2011) of the libRadtran package
(Mayer and Kylling, 2005; Emde et al., 2016) is used to generate synthetic observations (spec-
tra in the visible spectral range from 400-500nm and in the O2A band region from 755-775nm)
for scenarios including 3D clouds. The NO2 retrieval algorithm (Blond et al., 2007; De Smedt
et al., 2008) is applied to the synthetic data. Since the true NO2 concentration is known for the
simulated scenes, the bias of the NO2 retrieval can then be calculated. Biases depending on
cloud features shall be estimated and the most significant 3D cloud features shall be identified.
In order to estimate the biases due to cloud scattering into clear regions and cloud shadowing,
our first study is for a simple scene including a box-cloud. This allows us, to study the depen-
dence of the bias on the following parameters: solar zenith angle, surface albedo, cloud optical
thickness and cloud geometrical thickness. The NO2 retrieval algorithm includes two steps:
first a DOAS fit is performed using the QDOAS software to get the NO2 slant column densities;
second the slant column densities are converted to vertical column densities using air mass fac-
tors. The air mass factors are corrected for cloud scattering. The box-cloud scenario is also used
to test the performance of a simplified treatment of clouds in the air mass factor calculations. In
a follow-up study we plan to test the retrieval algorithm for scenes with well-defined sub-pixel
clouds. Finally, we will generate a large data-set of synthetic observations for the typical cloud
scenes defined in WP100 in order to get an estimation of the NO2 retrieval biases due to cloud
scattering for real world observations.

2 Radiative transfer model intercomparison studies

2.1 Clear sky radiative transfer model intercomparison

Two radiative transfer models are used for the impact assessment of clouds on trace gas re-
trievals. The NO2 retrieval algorithm applies LIDORT (Spurr, 2006) as forward radiative trans-
fer code. In order to generate synthetic observations for realistic three-dimensional cloud fields
the MYSTIC model is used. As a first step we need to ensure that the retrieval works per-
fectly for 1D clear-sky cases, i.e. we have to check that the radiative transfer models agree for
one-dimensional plane-parallel atmospheres.

2.1.1 Definition of setup

We include the US-standard atmosphere (Anderson 1986) with modified NO2 number con-
centration profiles, representative for a clean atmosphere over ocean (“Ocean”), a polluted
atmosphere over ocean (“Pacific polluted”) and a polluted atmosphere over land (“European
polluted”). These NO2 profiles are shown in Fig. 1.

Rayleigh scattering cross sections are calculated in both models using the parameterization by
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Figure 1: NO2 number concentration profiles for typical scenarios.

Bodhaine et al. (1999). For the visible spectral range from 400 to 500 nm we use the same
absorption cross sections: NO2 by Vandaele et al. (1998), O3 by Serdyuchenko et al. (2014),
O4 by Thalman and Volkamer (2013).

For the O2A-band region we performed line-by-line calculations with line parameters from
the HITRAN2012 database for the midlatitude-summer standard atmosphere using the ARTS
model (Eriksson et al., 2011). We use the resulting absorption coefficients as input to both
radiative transfer models.

We performed simulations for various combinations of sun-observer geometries and surface
albedos as summarized in the following table:

Surface albedo 0, 0.1, 0.3, 0.8
Solar zenith angle [◦] 30, 60
Solar azimuth angle [◦] 0
Viewing zenith angle [◦] 0, 30, 60
Viewing azimuth angle [◦] 0, 90, 180

Table 1: Parameters for clear-sky model intercomparison.

We have simulated radiances in spectral range from 400–500 nm with 0.2 nm resolution (VIS),
and the range from 755–775 nm with 0.005 nm spectral resolution (O2A band). Furthermore
box airmass factors were calculated at 450 nm. The fine resolution in the O2A band was chosen
to resolve the individual spectral lines. For accurate simulation of Sentinel-5 observations, these
spectra are convolved with the spectral response function.
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2.1.2 Results for visible spectral range (400–500 nm)

Figs. 2–4 show the simulated clear-sky radiances for various cases. The base cases settings are
given in the caption. In the first column the NO2 concentration is varied from the base case, in
the second column the surface albedo, in the third column the solar zenith angle, in the fourth
column the viewing zenith angle and in the last column the viewing azimuth angle. MYSTIC
and LIDORT results shown Fig. 2 (nadir viewing, absorbing surface) agree very well, the rel-
ative difference is below 1% for all cases. Mostly, the results shown in Fig.3 also agree well,
however there are some significant differences (about 4%) when the viewing azimuth angle is
180◦. This sun-observer geometry corresponds to a scattering angle of 90◦. This difference is
likely due to small differences in the implementation of Rayleigh scattering. The cases shown
in Fig. 4 agree well with relative differences smaller than about 2%. The differences are gen-
erally an offset over the full spectrum, this also indicates that the reason is a slightly different
treatment of Rayleigh scattering. Absorption features agree perfectly.
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MYSTIC - solid lines,  LIDORT - dashed lines,  base case: no2=low, a=0, sza=30, vza=0, vaa=0

Figure 2: Radiance spectra for various parameters, the base cases settings are: low NO2 con-
centration (“Ocean”), surface albedo 0, solar zenith angle 30◦, viewing zenith angle 0◦(nadir)
and viewing azimuth angle 0◦. The upper panels show the normalized radiance (MYSTIC as
solid lines and LIDORT as dashed lines) and the lower panels show the relative differences
between the models.

Fig. 5 shows the simulated radiance at 400 nm for all 216 cases in the top panel. The LIDORT
results plotted as red circles correspond well to the MYSTIC results plotted as blue circles. The
lower panel shows the relative differences which is for the majority of the cases below 1%. As
before, the larger differences are for sun-observer geometries with a scattering angle of 90◦.

Figs. 6 and 7 show the comparison of simulated box-airmass factors. The agreement between
the models is good as can be seen in the upper panels. The relative differences reveal some
noise from the Monte Carlo simulation and in addition also some systematic deviations, which
we again attribute to a slightly different Rayleigh scattering treatment.
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MYSTIC - solid lines,  LIDORT - dashed lines,  base case: no2=high, a=0.8, sza=60, vza=60, vaa=180

Figure 3: Radiance spectra for various parameters, the base cases settings are: high NO2 con-
centration (“European polluted”), surface albedo 0.8, solar zenith angle 60◦, viewing zenith
angle 60◦(nadir) and viewing azimuth angle 180◦. The upper panels show the normalized ra-
diance (MYSTIC as solid lines and LIDORT as dashed lines) and the lower panels show the
relative differences between the models.
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Figure 4: Radiance spectra for various parameters, the base cases settings are: medium NO2
concentration (“Pacific polluted”), surface albedo 0.1, solar zenith angle 60◦, viewing zenith an-
gle 30◦(nadir) and viewing azimuth angle 90◦. The upper panels show the normalized radiance
(MYSTIC as solid lines and LIDORT as dashed lines) and the lower panels show the relative
differences between the models.
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Figure 5: Normalized radiance and relative differences at 400 nm for all 216 cases.
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Figure 6: Dependence of the box airmass factor on various parameters. The base cases settings
are: low NO2 concentration (“Ocean”), surface albedo 0, solar zenith angle 30◦, viewing zenith
angle 0◦, and viewing azimuth angle 0◦. The upper panels show MYSTIC and LIDORT results
and the lower panels the relative differences.
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Figure 7: Dependence of the box airmass factor on various parameters. The base cases settings
are: low NO2 concentration (“Pacific polluted”), surface albedo 0, solar zenith angle 60◦, view-
ing zenith angle 30◦, and viewing azimuth angle 90◦. The upper panels show MYSTIC and
LIDORT results and the lower panels the relative differences.
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2.1.3 Results in O2A-band (755–775 nm)

Fig. 8 shows results in the O2A-band region for selected cases. The relative difference between
the models is smaller than 1% in the continuum. It becomes larger in absorption line centers
since the normalized radiances is close to 0. Fig. 9 shows the region from 767–768 nm, here we
see that individual absorption lines are well resolved for both models.
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Figure 8: Spectral radiance in O2A-band simulation with a spectral resolution of 0.005 nm,
the base case settings are: NO2 concentration from midlatitude summer atmosphere, surface
albedo 0, solar zenith angle 30◦, viewing zenith angle 0◦and viewing azimuth angle 0◦. The
upper panels show the normalized radiance (MYSTIC as solid lines and LIDORT as dashed
lines) and the lower panels show the relative differences between the models.

767.0 767.2 767.4 767.6 767.8 768.0
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

n
o
rm

. 
ra

d
ia

n
ce

no2=medium

767.0 767.2 767.4 767.6 767.8 768.0
wavelength [nm]

4

2

0

2

4

re
l.
 d

if
f.

 [
%

]

767.0 767.2 767.4 767.6 767.8 768.0
0.00

0.05

0.10

0.15

0.20

0.25

a=0
a=0.1
a=0.3
a=0.8

767.0 767.2 767.4 767.6 767.8 768.0
wavelength [nm]

4

2

0

2

4

767.0 767.2 767.4 767.6 767.8 768.0
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

sza=30
sza=60

767.0 767.2 767.4 767.6 767.8 768.0
wavelength [nm]

4

2

0

2

4

767.0 767.2 767.4 767.6 767.8 768.0
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

vza=0
vza=30
vza=60

767.0 767.2 767.4 767.6 767.8 768.0
wavelength [nm]

4

2

0

2

4

767.0 767.2 767.4 767.6 767.8 768.0
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

vaa=0
vaa=90
vaa=180

767.0 767.2 767.4 767.6 767.8 768.0
wavelength [nm]

4

2

0

2

4

MYSTIC - solid lines,  LIDORT - dashed lines,  parameters: no2=medium, a=0, sza=30, vza=0, vaa=0

Figure 9: As Fig. 8, zoomed into narrow wavelength region from 767.0 to 768.0 nm.

Fig. 10 shows the results for all cases at 755 nm. We find that the relative difference between
the models is mostly below 1%, except for a few outliers for specific sun-observer geometries.

The left panel in Fig. 11 shows the O2A-band region convolved with the Sentinel-5 spectral
response function for various sun-observer geometries calculated with MYSTIC and LIDORT,
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Figure 10: Normalized radiance and relative differences between MYSTIC and LIDORT at
755 nm for all cases.

Figure 11: Left: Convolved spectra calculated from high spectral resolution simulations with
MYSTIC and LIDORT for various sun-observer geometries. Right: Relative differences be-
tween MYSTIC and LIDORT.

respectively. The right panel shows the relative differences which are below about 1% for most
geometries. However for the problematic geometries with scattering angles about 90◦ it is up to
about 3% in the O2A-absorption band.

2.2 Model intercomparision for 1D plane-parallel clouds

The cloud correction algorithm of the NO2 retrieval uses LIDORT radiative transfer simulations
with 1D layered clouds. Thus, we need to check, whether for 1D clouds, the models MYSTIC
and LIDORT are consistent. We use the same atmospheric and sun-observer geometries as in
the clearsky intercomparison and include a cloud layer in addition. The cloud optical thickness
is varied between 1 and 20 and the cloud base height between 1 and 10 km. MYSTIC results
have been provided and are currently compared to LIDORT.
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2.3 Impact of model differences on NO2 retrieval

In the NO2 retrieval, the discrepancy between LIDORT and MYSTIC simulation will affect the
DOAS fit in the slant column, the box-AMF and the cloud correction in the AMF calculation.
Figure 12 shows that the use of MYSTIC and LIDORT simulated spectrum lead to up to 2.5%
difference in the DOAS fit. The box-AMF calculated by two radiative transfer models con-
tributes 4% bias in the calculation of the total AMF. Finally, it will introduce up to 5% bias in
the NO2 retrieval.

Figure 12: Model intercomparison for the NO2 retrieval. Top left: difference of NO2 slant
column retrieval between the use of spectrum simulated by MYSTIC and LIDORT; top right:
total AMF difference using box-AMF calculated by MYSTIC and LIDORT, the true profile is
used for the calculation of total AMF; bottom left: effect on the NO2 retrieval for varieties of
settings (solid line: slant column from MYSTIC simulated spectrum, AMF using box-AMF
from MYSTIC simulation; dash line: slant column from LIDORT, AMF using box-AMF from
LIDORT; dot line: : slant column from MYSTIC, AMF using box-AMF from LIDORT)
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14 2 RADIATIVE TRANSFER MODEL INTERCOMPARISON STUDIES

The other important aspect is about cloud retrieval and its impact on the AMF calculation. Both
O2-O2 and O2-A (so-called FRESCO algorithm) cloud retrieval algorithms are using LIDORT
as the forward simulator, and applying to the MYSTIC simulated spectrum.

Figure 13 shows good agreement in cloud fraction between two algorithms, FRESCO
cloud fraction slightly higher, especially for high COT cases, probably due to the differ-
ence in Rayleigh scattering between two bands. There is an outlier for the geometry with
SZA/VZA=60◦, RAA=0◦, the retrieved cloud fraction is systematically higher than the other
geometries, probably because of a large discrepancy between LIDORT and MYSTIC simula-
tion. The O2-O2 cloud fraction is higher than FRESCO, mainly due to a constraints in FRESCO
cloud retrieval, and cloud fraction is limited on the range of [0, 1].

Figure 13: Comparison of effective cloud fraction retrieval at O2-O2 and O2-A band for surface
albedo 0.1, cloud height 1-2km (top left), 3-4km (top right) and 10-11km (bottom left). Solid
line is O2-O2 cloud fraction, and dash line is FRESCO cloud fraction, varies of colors represent
the different cloud optical thickness.
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The cloud height retrieval shows relatively larger differences (Figure 14). O2-O2 cloud height
usually is close to the middle of true cloud layer, and decreases with decreasing of cloud optical
thickness, large variations in cloud height retrieval can be found for high cloud cases, since the
O2-O2 cloud algorithm is less sensitive in high cloud than low cloud. FRESCO cloud height is
systematically lower than O2-O2.

Figure 14: Comparison of cloud height retrieval at O2-O2 and O2-A band for surface albedo
0.1, cloud height 1-2km (top left), 3-4km (top right) and 10-11km (bottom left). Solid line
is O2-O2 cloud height, and dash line is FRESCO cloud height, varies of colors represent the
different cloud optical thickness.
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16 2 RADIATIVE TRANSFER MODEL INTERCOMPARISON STUDIES

Finally, the AMF calculation is corrected by the retrieved cloud property, and comparing the
true AMF from MYSTIC (Figure 15). Please note that the differences are caused by two fac-
tors: box-AMF difference between MYSTIC and LIDORT simulation, and the simplified cloud
correction for AMF. As discussed above (Figure 12), the influence of first factor is small, there-
fore, the difference is mainly due to the cloud correction. Results show that the effect is mostly
within 20%, a few outliers are found when AMF using FRESCO correction for low cloud cases,
since the retrieved FRESCO cloud height is close to surface level, and introducing a large error
in the AMF calculation. The bias at SZA/VZA/RAA = 60◦/60◦/0◦is linked to the discrepancy
in the cloud fraction retrieval.

Figure 15: Comparison of AMF calculation using the cloud correction based on cloud retrieval
at O2-O2 and O2-A band for surface albedo 0.1, cloud height 1-2km (top left), 3-4km (top right)
and 10-11km (bottom left). Solid line is AMF using O2-O2 cloud correction, and dash line is
AMF using FRESCO cloud correction, varies of colors represent the different cloud optical
thickness.
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3 Retrieval of NO2 for clearsky pixels in the vicinity of clouds

3.1 Setup of box-cloud scenario

in−scatteringshadowing

Figure 16: Schematic of box-cloud scenario.

In order to investigate the effect of cloud scattering or shadowing in clear regions near clouds
we start with a simple setup including a box-cloud, as depicted in Fig. 16.

We included the midlatitude summer standard atmosphere in our model and used the NO2
number concentration profiles named “Pacific polluted” and “European polluted” (see Fig. 1).

The box-cloud is defined as follows: the cloud base height is 2 km and the cloud top height
3 km. The cloud droplet effective radius is assumed to be 10 µm, a typical value for liquid
water clouds. We further assumed a gamma size distribution with an effective variance of 0.1
for the cloud droplets and calculated the optical properties using the Mie tool provided with
libRadtran. The cloud optical thickness is set to 10 for the base case scenario. We performed
simulations for a nadir viewing sensor with a 1x1km2 field-of-view, similar to MODIS. The
solar zenith angle is set to 50◦ and the surface albedo to 0.05. Aerosols were not included in
this setup.

Fig. 17 shows the simulated reflectance as a function of distance from the cloud edge. Negative
distances with lower reflectance values correspond to clear pixels and positive distances corre-
spond to cloudy pixels. The dashed lines correspond to clear sky simulations. Near the cloud
edge (between 0 and about -3 km) we can clearly see the influence of the cloud: the reflectance
is increased, when the sensor “looks” at the illuminated side of the cloud (left panel) and is
decreased in the cloud shadow (right panel). Also for cloudy pixels (positive distances) the
reflectance is not constant, it is higher on the illuminated cloud side and lower on the shadow
side.
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Figure 17: Reflectance as a function of distance from the cloud edge at wavelengths of 360 nm,
440 nm and 870 nm. Negative values correspond to clear pixels, positive values correspond to
cloudy pixels. The left panel shows the enhancement due to scattering into the clear region.
The right panel shows the cloud shadow. The dashed lines correspond to clear sky reflectances.

3.2 Three-dimensional box-airmass-factors

MYSTIC includes the capability to compute three-dimensional box-airmass-factors (3D box-
AMF), which may help us to understand the influence of the clouds. Fig. 18 shows the 3D
box-AMF for clear sky for the base case settings defined above. Our setup is 2D, i.e. all
quantities are constant in y-direction. The sensor is placed at the top of the atmosphere and
the viewing direction is nadir. The field-of-view is 1 km2 and it ranges in x-direction from 98–
99 km. The box-airmass-factor gives the contribution of a model box to the reflectance. The
largest values are found on a vertical line between observer and surface, along the observation
direction. The slant line corresponds to the connection between surface and sun. The right
panel in Fig. 18 shows the integral of the 3D box-AMF over horizontal layers, this corresponds
to the common 1D box-AMF, which should be called more precisely “layer-AMF”. The bottom
panel shows the integral over vertical layers. Here we see that the major contribution to the
reflectance results from horizontal distances of up to about 8 km from the sensor, this distance
increases with increasing solar zenith angle.

Fig. 19 shows the 3D box-AMF for a domain including a 2D cloud which starts at x=100 km,
thus 10 km away from the FOV of the sensor. The difference between left and right panel is the
solar azimuth angle, on the left the sun is on the same side as the cloud and on the right it is on
the opposite side. The 2D plots clearly show, that photons, which are scattered at the cloud side
into the FOV contribute to the reflectance. However, quantitatively this contribution is relatively
small, as can be seen in the integrated box-AMFs, which are not much different from the clear
sky results, and in Fig 20 showing the differences between cloud and clearsky setup.

Fig. 21 shows the 3D box-AMF, for a cloud being only 1 km away from the FOV. Thus, the left
panel corresponds to an observation of the cloud shadow. The “slant line” between surface and
sun is not visible in the 3D box-AMF because photons can not directly reach the surface at the
location of the FOV. The layer-AMF (right panel) differs strongly from the clear-sky, there is
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3.2 THREE-DIMENSIONAL BOX-AIRMASS-FACTORS 19

Figure 18: 3D box-AMF at 440 nm for clear-sky. The right panel shows the integrated box-
AMF over the horizontal layers (“layer-AMF”). The bottom panel shows the integrated box-
AMF over vertical layers.

Solar azimuth angle: 0◦ Solar azimuth angle 180◦

Figure 19: Same as Fig. 18 but including the box-cloud. The field-of-view of the nadir viewing
sensor is 10 km away from the cloud edge. Left and right panels are for different solar azimuth
angles. The blue lines in the figures showing integrated box-AMFs are for clearsky and the
orange lines include the clouds.

3DCATS – ESA CONTRACT NO.: 4000124890/18/NL/FF/GP



20 3 RETRIEVAL OF NO2 FOR CLEARSKY PIXELS IN THE VICINITY OF CLOUDS

Figure 20: Top panels: Clear-sky box-AMF. Middle panels: Box-AMFs including box-cloud at
10 km distance from sensor’s field of view. Bottom panels: Difference between clearsky and
cloudy box-AMFs.

much less contribution to the reflectance from altitudes below the cloud. On the right panel, the
sun comes from the other side, thus the FOV is not in shadow. Here the influence on box-AMFs
is comparatively small. The differences between clearsky and clouds box-AMFs are shown in
Fig. 22.
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3.2 THREE-DIMENSIONAL BOX-AIRMASS-FACTORS 21

Solar azimuth angle: 0◦ Solar azimuth angle 180◦

Figure 21: Same as Fig. 20 for the FOV being only 1 km away from cloud edge.

Figure 22: Top panels: Clear-sky box-AMF. Middle panels: Box-AMFs including box-cloud
at 1 km distance from sensor’s field of view. Bottom panels: Difference between clearsky and
cloudy box-AMFs.
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3.3 Simulated reflectance spectra and differential optical thickness
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Figure 23: Simulated reflectance spectra for the visible spectral range at different locations. The
legend denotes the respective distances from the cloud edge.
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Figure 24: Simulated reflectance spectra for the O2A-band at different locations. The legend
denotes the respective distances from the cloud edge.

Fig. 23 shows reflectance spectra at different positions with respect to the cloud edge. The red
and the black curve represent spectra for the cloudy part and the blue and the green lines are
for the clearsky part. The green line corresponds to the pixel ranging from 1-2km distance from
the cloud edge. (The simulated “pixels” are of size 1x1 km2 and the reflectance avaraged over
such pixels is equivalent to reflectance averaged over a FOV of 1x1 km2). The blue line is for
the pixel ranging from 9-10km distance, therefore this is similar to a clear pixel with almost no
cloud influence. We see that on the illuminated side, the overall spectrum is increased and in
the shadow it is decreased. For the O2A band region (see Fig. 24), the cloud brightening effect
is very small. The cloud shadow is clearly visible also in this spectral region.

In order to get a first impression, whether the cloud can have an impact on the NO2 retrieval, we
have derived the differential optical thickness (DOD) from the VIS spectra (see Fig. 25). The
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Figure 25: Differential optical thickness for pixels in clear region (blue and green) and cloudy
region (red and black). The left panels show pixels with radiation scattered into the clear region
and the right panels show the cloud shadow (-1.5 km away from cloud edge). The upper panels
are for the Pacific polluted case, the lower panels for the European polluted case.

upper panels correspond to the Pacific polluted case, and the lower panels correspond to the
European polluted case. We find that the differential optical thickness is not much influenced
by the cloud for the Pacific polluted case. The obvious reason is, that the largest part of the
NO2 molecules are found in altitudes above the cloud layer (compare Fig. 1). For the European
polluted case, where the largest part of the NO2 is situated in the atmospheric boundary layer
below the cloud, we find that the diffential optical thickness is much influenced by the cloud.
In particular it is different for the pixels near the cloud edge (-1.5 km, green line) compared
to pixels further away from cloud edge (-9.5 km, blue line). The retrieved NO2-concentration
depends on the depth of the absorption features in the DOD. When we look at the blue and
the green lines in the right panels of Fig. 25, we see that for the European polluted profile, the
absorption features are much stronger for the blue lines compared to the green line, thus the
retrieved NO2 concentration will be smaller in the cloud shadow. In the left panel, absorption
features are slightly stronger for the green line, thus in the in-scattering region, the retrieved
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24 3 RETRIEVAL OF NO2 FOR CLEARSKY PIXELS IN THE VICINITY OF CLOUDS

NO2 concentration is expected to be higher near the cloud edge compared to a pixel further
away from cloud edge.

3.4 NO2 retrieval for box cloud base case

The NO2 retrieval algorithm has been applied to the synthetic spectra. The left plot in Fig. 26
shows the results for the Pacific polluted NO2 scenario. Here we obtain a small offset to the
true value, which is similar in clearsky and cloudy pixels. This result shows, that the simplified
cloud treatment of the NO2 retrieval algorithm works very well for this particular test case. The
retrieval result is generally not much influenced by the cloud. The right plot in Fig. 26 shows
the results for the European polluted scenario. Here we find that the result is strongly influenced
by 3D cloud scattering. We get an overestimation of the NO2 vertical column density for the in-
scattering region and an underestimation in the cloud shadow. For bright cloudy pixels we also
find a clear overestimation of the NO2 concentration. Obviously, the simplified cloud treatment
in the NO2 retrieval algorithm can not well handle cases with a large amount of NO2 is in
the lower atmosphere. In order to better understand the retrieval biases, intermediate retrieval
parameters are shown in the Appendix (Fig. 33 and Fig. 34).
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Figure 26: Retrieval results for the base case. The retrieved NO2 vertical column density is
shown as a function of distance from the cloud edge. Left: Pacific polluted scenario. Right:
European polluted scenario.

3.5 Sensitivity study based on box-cloud scenario

We would like to understand the dependence of the retrieval bias due to 3D cloud scattering
for various parameters. To study this, we generated synthetic spectra for the pixel at a distance
from 1-2 km from the cloud edge (marked by green circles in Fig. 26) for various cloud optical
thicknesses (COT), cloud geometrical heights (CGH), solar zenith angles (SZA) and surface
albedos.

Reflectances at 400 nm and 755 nm as a function of solar zenith angle and surface albedo are
shown in Fig. 27. The dependencies on cloud optical and geometrical thickness are shown in
Fig. 28.
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Figure 27: Reflectances as a function of solar zenith angle (top) and surface albedo (bottom).
The left panels are for 400 nm and the right panels for 755 nm.
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Figure 28: Reflectances as a function of cloud optical thickness (top) and cloud geometrical
thickness (bottom). The left panels are for 400 nm and the right panels for 755 nm.
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The retrieval biases for the Pacific polluted case are shown in Fig. 29. Generally the retrieved
NO2-VCD agrees very well to the true value with differences mostly smaller than 1%. The
largest difference of about 2% is found for a surface albedo of 0.3 in the cloud shadow.
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Figure 29: NO2 VCD retrieval bias for the Pacific polluted scenario due to 3D cloud scattering
as a function of solar zenith angle (upper left), surface albedo (upper right), cloud optical thick-
ness (lower left) and cloud geometrical thickness (lower right). The green circles correspond to
the base case.

The retrieval biases for the European polluted scenario are presented in Fig. 30. Here we find
much larger errors and clear dependencies on the various parameters.

Interestingly, the NO2 VCD in the cloud shadow is overestimated by more than 15% for
SZA=20◦ and underestimated for SZA>=30◦. For SZA=30◦ the retrieved VCD is about 10%
smaller than the true VCD. The underestimation increases to more than 30% for SZA=70◦ and
deceases again to about 25% for SZA=80◦. The bias due to in-scattering decreases from about
18% for SZA=20◦ to about 8% for SZA=80◦.

In the in-scattering region, the overestimation of NO2-VCD increases with increasing surface
albedo from about 12% for an absorbing surface to almost 30% for a surface albedo of 0.3. The
underestimation in the cloud shadow is maximal for a surface albedo of 0.05. Interestingly the
error becomes very small for surface albedo 0.3 for the pixel including the cloud shadow.

With increasing COT the underestimation error in the cloud shadow increases continuously,
the maximum value for COT=20 is about 32%. The overestimation error slightly increases
with COT from 10% for COT=1 to 16% for COT=20. Increasing the CGH also increases the
overestimation. The underestimation in the cloud shadow is decreased from about 30% for a
very thin cloud (100 m) to about 20% for a very thick cloud (8 km).

Intermediate retrieval parameters for all results shown here are included in the Appendix.

3DCATS – ESA CONTRACT NO.: 4000124890/18/NL/FF/GP



3.5 SENSITIVITY STUDY BASED ON BOX-CLOUD SCENARIO 27

20 30 40 50 60 70 80

solar zenith angle [ ◦ ]

0.4

0.3

0.2

0.1

0.0

0.1

0.2

re
la

ti
v
e
 d

if
fe

re
n
ce

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

surface albedo

0.3

0.2

0.1

0.0

0.1

0.2

0.3

0 5 10 15 20

cloud optical thickness

0.4

0.3

0.2

0.1

0.0

0.1

0.2

re
la

ti
v
e
 d

if
fe

re
n
ce

0 1 2 3 4 5 6 7 8

cloud geometrical thickness

0.3

0.2

0.1

0.0

0.1

0.2

0.3

Figure 30: Same as Fig. 29 but for the European polluted scenario.
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4 Retrieval of NO2 for partially cloudy pixels

In the previous Section 3 we have presented a study about the impact of 3D cloud scattering
effects in pixels which are completely clear and are influenced by clouds in neighboring pixels.
In reality, Sentinel5/TROPOMI pixels with a spatial resolution of about 7×7km2 are mostly
partially cloudy. Therefore, we plan to investigate the impact of 3D cloud scattering on NO2
retrievals for partially cloudy pixels and test, how simple cloud correction schemes can correct
for subpixel clouds. We have defined a number of test cases. MYSTIC simulations of nadir
reflectances for these test scenarios are shown in Fig. 31.
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Figure 31: Test scenarios to study the impact of sub-pixel clouds on NO2-VCD retrievals.

5 Retrieval of NO2 for cases including realistic cloud scenes

In order to quantify the impact of 3D cloud scattering on NO2-VCD retrievals more generally
for real world data, we will generate synthetic observations for larger scenes over Europe, the
typical cloud scenarions defined in WP100 which cover all different types of clouds. In WP100,
we have shown that LES simulations (ICON; Dipankar et al. (2015); Zängl et al. (2015); Heinze
et al. (2017)) produce realistic clouds, for which various cloud feature metrics (CFMs) are
statistically comparable to VIIRS observations. As an example, Figure 23 shows a simulated
MODIS-like satellite image which has been generated using a fast radiative transfer model
(Scheck et al., 2016, 2018). with cloud fields generated by the ICON LES model. Such cloud
fields will be used as input for 3D MYSTIC simulations of spectra in the visible spectral range
and in the O2A band.
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Figure 32: Simulation of a MODIS-like satellite image based on LES cloud fields (ICON) as
input to the radiative transfer model (Scheck et al., 2016, 2018).
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A Appendix

A.1 NO2 retrieval parameters for box-cloud case

In this section the following intermediate retrieval parameters are plotted:

• NO2 slant column density, error bars correspond to the fitting error

• air mass factor (solid lines are cloud corrected, dashed lines correspond to clearsky air
mass factors)
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• Effective O2-O2 cloud fraction

• Derived O2-O2 cloud height

• O4 slant column density

• Residual of cloud fitting

The blue lines are for pixels including cloud shadow and the red lines for pixels which are
brighter due to cloud scattering.
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Figure 33: Retrieval parameters for box cloud scenario, base case, Pacific polluted NO2 profile.
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Figure 34: Retrieval parameters for box cloud scenario, base case, European polluted NO2
profile.
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Figure 35: Dependence of retrieval parameters on solar zenith angle (sza) for Pacific polluted
NO2 profile.
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Figure 36: Dependence of retrieval parameters on solar zenith angle (sza) for Pacific polluted
NO2 profile.
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Figure 37: Dependence of retrieval parameters on surface albedo for Pacific polluted NO2
profile.
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Figure 38: Dependence of retrieval parameters on surface albedo for Pacific polluted NO2
profile.
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Figure 39: Dependence of retrieval parameters on cloud optical thickness for Pacific polluted
NO2 profile.
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Figure 40: Dependence of retrieval parameters on cloud optical thickness for Pacific polluted
NO2 profile.
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Figure 41: Dependence of retrieval parameters on cloud geometrical thickness for Pacific pol-
luted NO2 profile.
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Figure 42: Dependence of retrieval parameters on cloud geometrical thickness for Pacific pol-
luted NO2 profile.
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