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Abstract. Airborne imaging differential optical absorption
spectroscopy (DOAS), ground-based stationary DOAS, and
car DOAS measurements were conducted during the S5P-
VAL-DE-Ruhr campaign in September 2020. The campaign
area is located in the Rhine-Ruhr region of North Rhine-
Westphalia, western Germany, which is a pollution hotspot
in Europe comprising urban and large industrial sources. The
DOAS measurements are used to validate spaceborne NO2
tropospheric vertical column density (VCD) data products
from the Sentinel-5 Precursor (S5P) TROPOspheric Moni-
toring Instrument (TROPOMI).

Seven flights were performed with the airborne imaging
DOAS instrument for measurements of atmospheric pollu-
tion (AirMAP), providing measurements that were used to
create continuous maps of NO2 in the layer below the air-
craft. These flights cover many S5P ground pixels within an
area of 30 km× 35 km and were accompanied by ground-
based stationary measurements and three mobile car DOAS

instruments. Stationary measurements were conducted by
two Pandora, two Zenith-DOAS, and two MAX-DOAS in-
struments. Ground-based stationary and car DOAS measure-
ments are used to evaluate the AirMAP tropospheric NO2
VCDs and show high Pearson correlation coefficients of 0.88
and 0.89 and slopes of 0.90± 0.09 and 0.89± 0.02 for the
stationary and car DOAS, respectively.

Having a spatial resolution of about 100 m× 30 m, the
AirMAP tropospheric NO2 VCD data create a link between
the ground-based and the TROPOMI measurements with a
nadir resolution of 3.5 km× 5.5 km and are therefore well
suited to validate the TROPOMI tropospheric NO2 VCD.
The observations on the 7 flight days show strong NO2 vari-
ability, which is dependent on the three target areas, the day
of the week, and the meteorological conditions.

The AirMAP campaign data set is compared to the
TROPOMI NO2 operational offline (OFFL) V01.03.02 data
product, the reprocessed NO2 data using the V02.03.01 of
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the official level-2 processor provided by the Product Algo-
rithm Laboratory (PAL), and several scientific TROPOMI
NO2 data products. The AirMAP and TROPOMI OFFL
V01.03.02 data are highly correlated (r = 0.87) but show
an underestimation of the TROPOMI data with a slope of
0.38± 0.02 and a median relative difference of −9 %. With
the modifications in the NO2 retrieval implemented in the
PAL V02.03.01 product, the slope and median relative dif-
ference increased to 0.83± 0.06 and +20 %. However, the
modifications resulted in larger scatter and the correlation
decreased significantly to r = 0.72. The results can be im-
proved by not applying a cloud correction for the TROPOMI
data in conditions with high aerosol load and when cloud
pressures are retrieved close to the surface. The influence
of spatially more highly resolved a priori NO2 vertical pro-
files and surface reflectivity are investigated using scientific
TROPOMI tropospheric NO2 VCD data products. The com-
parison of the AirMAP campaign data set to the scientific
data products shows that the choice of surface reflectivity
database has a minor impact on the tropospheric NO2 VCD
retrieval in the campaign region and season. In compari-
son, the replacement of the a priori NO2 profile in combi-
nation with the improvements in the retrieval of the PAL
V02.03.01 product regarding cloud heights can further in-
crease the tropospheric NO2 VCDs. This study demonstrates
that the underestimation of the TROPOMI tropospheric NO2
VCD product with respect to the validation data set has been
and can be further significantly improved.

1 Introduction

The reactive nitrogen oxides, nitrogen monoxide (NO)
and nitrogen dioxide (NO2), collectively known as NOx
(=NO+NO2), are important tropospheric air pollutants and
have a strong impact on the tropospheric chemistry. In ad-
dition to emissions from soils, natural biomass burning, and
lightning, they are largely released into the troposphere by a
variety of human activities. These include fossil fuel combus-
tion processes of power plants, traffic, and industrial areas,
as well as anthropogenic biomass burning. NOx is primar-
ily emitted as NO, which reacts with ozone (O3) and rapidly
forms NO2. The NOx sources are spatially and temporally
highly variable, and nitrogen compounds are reactive and
short lived. As a result, the spatial and temporal variabil-
ity of NO2 is large, especially in regions characterized by
a variety of NOx emission sources. NOx in the troposphere
is toxic and impacts the chemical composition and environ-
mental condition, e.g., through tropospheric ozone catalytic
production cycles (Chameides and Walker, 1973; Fishman
and Crutzen, 1978; Jacob et al., 1996) or its reaction with the
hydroxyl radical, OH, the most important tropospheric day-
time oxidizing agent. Accurate knowledge of the spatial and

temporal distribution of NO2 in the troposphere is therefore
required to better understand tropospheric chemistry.

Atmospheric NO2 is remotely observed on a variety of
platforms, including ground-based stations; moving plat-
forms such as cars, ships, or aircraft; and environmental
satellites. Applying the DOAS (differential optical absorp-
tion spectroscopy) technique (Platt and Stutz, 2008) in the
UV and visible spectral range, the absorption signature of
NO2 can be identified and column densities can be retrieved.

While earlier satellite missions observed stratospheric
NO2, NO2 in the troposphere has been retrieved from
space observations since the launch of GOME in 1995
(see, e.g., Burrows et al., 1999; Richter and Burrows, 2002;
Beirle et al., 2010; Boersma et al., 2011; Hilboll et al.,
2013a) to investigate stratospheric O3 chemistry (Dubé et al.,
2020). As NO2 has high spatial variability in the tropo-
sphere, the spatial resolution has been gradually improved
from GOME (ground footprint 320 km× 40 km) to SCIA-
MACHY (60 km× 30 km), GOME-2 (80 km× 40 km), OMI
(13 km× 24 km), and the recent TROPOspheric Monitor-
ing Instrument (TROPOMI) instrument (5.5 km× 3.5 km at
nadir). With a focus on diurnal variations, projects with geo-
stationary instruments are now being deployed, such as the
Korean instrument GEMS (Kim et al., 2020), launched in
February 2020, NASA’s TEMPO (Zoogman et al., 2017)
planned for launch in 2023, and ESA’s Sentinel-4 (Ingmann
et al., 2012) planned for launch in 2024.

To ensure the accuracy of satellite data products for use
in research, policy making, or other applications, each data
product from satellite sensors needs to be validated and its
accuracy determined. Validation measurements are needed in
polluted and clean regions by independent instruments op-
erating on different platforms. Measurements from ground-
based sites provide continuous validation data from different
locations for the trace gas products, retrieved from satellite
instruments (e.g., Verhoelst et al., 2021). Measurements from
mobile ground-based platforms like cars enable the observa-
tion of the spatial variability in addition to its temporal evolu-
tion. Thus, they are used for the comparison with satellite ob-
servations (Wagner et al., 2010; Constantin et al., 2013; Wu
et al., 2013) and the validation of airborne remote sensing
measurements (Meier et al., 2017; Tack et al., 2017; Merlaud
et al., 2018). Airborne remote sensing measurements are an
additional valuable source of validation data. Airborne map-
ping experiments have been performed in the recent years
using different aircraft imaging DOAS instruments such as
AMAXDOAS, APEX, AirMAP, SWING, SBI, GeoTASO,
or GCAS (e.g., Heue et al., 2005; Popp et al., 2012; Schön-
hardt et al., 2015; Meier et al., 2017; Tack et al., 2019; Judd
et al., 2020). The aircraft viewing geometry is similar to that
of a satellite, but airborne measurements are able to mea-
sure at higher spatial resolution than the satellite sensors.
Airborne observations are only available for short periods
and are concentrated on the campaign region, but compared
to measurements from ground-based sites offer the advan-
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tage that larger areas and full satellite ground pixels are ob-
served in a relatively short period around the satellite over-
pass. Thus, spatiotemporal variations of trace gas data prod-
ucts become visible at sub-satellite ground pixel resolution.
The combination of airborne imaging and ground-based sta-
tionary and mobile measurements enables the validation of
satellite data products over a long period and at a high spatial
resolution.

Focusing on TROPOMI, Verhoelst et al. (2021) have com-
pared TROPOMI tropospheric NO2 vertical column densi-
ties (VCDs) of offline (OFFL) V01.02–V01.03.02 to tro-
pospheric NO2 VCD data from a total of 19 MAX-DOAS
ground stations. Depending on the level of pollution, the
TROPOMI tropospheric NO2 VCD data show a negative bias
compared to the ground-based observations. Recent studies
by Tack et al. (2021) and Judd et al. (2020), comparing air-
borne tropospheric NO2 VCD data products to TROPOMI
tropospheric NO2 VCD data of V01.02 and V01.03.01, also
show a significant underestimation of TROPOMI compared
to the airborne observations.

Modifications in the TROPOMI NO2 retrieval led to
V02.02, operational since 1 July 2021. The main changes in-
fluencing the tropospheric NO2 VCD are that (1) cloud pres-
sures are derived from the new FRESCO-wide algorithm,
leading to lower cloud pressures and thus larger tropospheric
NO2 VCDs over polluted scenes with small cloud fractions,
and (2) over cloud-free scenes a surface albedo correction
leads to larger tropospheric NO2 VCDs. On average, ground-
based validation shows an improvement of the negative bias
of the tropospheric NO2 VCDs from −32 % to −23 % (van
Geffen et al., 2022b).

Different aspects that influence the tropospheric NO2
VCD determination and possible reasons for the underesti-
mation of the TROPOMI tropospheric NO2 VCD data, com-
pared to the validation data, are discussed in several studies
(e.g., Judd et al., 2020; Tack et al., 2021; Verhoelst et al.,
2021; van Geffen et al., 2022b; Douros et al., 2023). The lim-
ited knowledge of the NO2 profiles and differences in the av-
eraging kernels between instruments having different view-
ing geometries are identified as significant potential sources
of disagreement between satellite and validation data. Simi-
larly, inaccuracies in the knowledge of the aerosol load and
aerosol vertical profile lead to both underestimations and
overestimations of the tropospheric NO2 VCD depending on
the viewing geometry. In addition, knowledge about the sur-
face reflectivity and cloud conditions and their treatment in
satellite retrieval algorithms needs to be taken into account.

In the present study, results from a comprehensive field
study conducted in North Rhine-Westphalia in September
2020 are presented. The campaign area is located in the west
of Germany and includes the highly polluted Ruhr Area,
a metropolitan region with large cities, industrial facilities,
power plants, and arterial highways. Background areas with
low pollution, as well as moderately polluted regions, are
also observed, which increases the dynamic range of ob-

served values. This campaign utilized the mapping capabili-
ties of the Airborne imaging DOAS instrument for Measure-
ments of Atmospheric Pollution (AirMAP) and includes a
ground-based component for the evaluation of the AirMAP
data set, comprised of three mobile car DOAS and six sta-
tionary DOAS devices. AirMAP is used for regional map-
ping of areas large enough to contain several TROPOMI pix-
els. Possible reasons for the bias of the TROPOMI tropo-
spheric NO2 VCD product are investigated by a systematic
variation in the relevant input parameters in the satellite re-
trieval.

The field campaign site and setup are described in Sect. 2.
The instruments and data sets are explained in Sect. 3. Af-
ter a thorough comparison of AirMAP to stationary DOAS
(Sect. 4) and car DOAS data (Sect. 5), the campaign data
set is used to evaluate TROPOMI tropospheric NO2 products
(Sect. 6), including the operational OFFL V01.03.02 product
active during the campaign phase and the reprocessed data
PAL V02.03.01. Starting from these base versions, scientific
products are developed that enable a dedicated assessment of
the retrieval issues described above and the assumptions used
about the NO2 profile, clouds, and surface reflectivity.

2 The S5P-VAL-DE-Ruhr campaign

The objective of the Sentinel-5 Precursor (S5P)-VAL-DE-
Ruhr campaign, an activity within the ESA QA4EO project,
was to perform comprehensive field studies optimized for
TROPOMI tropospheric NO2 VCD validation including air-
borne, ground-based stationary and mobile car DOAS mea-
surements.

The campaign activities took place in September 2020 in
North Rhine-Westphalia, including the Ruhr area, a densely
populated and strongly polluted urban agglomeration in the
west of Germany. The Ruhr area itself has a population of
5 million. Together with the populated surroundings and
metropolitan centers along the Rhine, the region is called
Metropolitan area Rhine-Ruhr (MRR). It comprises a pop-
ulation of more than 10 million inhabitants, large power
plants, energy-intensive industrial facilities and several large
highways. NO2 pollution in the MRR is clearly visible in
TROPOMI maps of Europe showing widespread enhanced
NO2 amounts. Figure 1 shows the monthly average for
September 2020 of the tropospheric NO2 VCD using the
TROPOMI PAL V02.03.01 product for central Europe (left)
and a close-up of the S5P-VAL-DE-Ruhr campaign region
(right).

A key contribution to the campaign is the airborne
AirMAP instrument explained below in Sect. 3.2. AirMAP
was installed on a Cessna T207A aircraft that was based
at an airport close to Dinslaken, North Rhine-Westphalia.
Within the designated campaign area, three research flight
areas were defined (see Fig. 1), in which AirMAP performed
a total of sevenCE1 flights on 7 consecutive days. The air-
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Figure 1. S5P TROPOMI tropospheric NO2 VCD taken from the PAL V02.03.01 product for the month of September 2020 in central
Europe (a) and a close-up map of the campaign target area in North Rhine-Westphalia (b). The three research flight target areas and the
ground-based measurement sites are shown.

craft observations covered a large number of neighboring
TROPOMI ground pixels reasonably close in time to the
TROPOMI observations.

Figure 2 shows a map of the region in which flights were
made during the campaign, including examples of the flight
patterns flown in the three research flight areas within the
region: around Jülich in the southwest (blue track), around
Cologne in the southeast (red track) and around Duisburg in
the north (green track). The research flight area around Jülich
is expected to be dominated by the emissions of three large
lignite-fired power plants located in the area (see European
Pollutant Release and Transfer Register, https://industry.eea.
europa.eu/, last access: 18 November 2022). The research
flight area around Cologne is a mixed urban and industrial
area. The flight area around Duisburg has a similar character
to that of the Cologne area but includes the central metropoli-
tan Ruhr area, which has a large variety of pollution sources.
The individual research flight area on each of the campaign
days was selected after assessment of the weather and at-
mospheric conditions, in particular wind direction and the
objective of measuring all of the three research flight areas
on a clear-sky day. For the flight days, the weather condi-
tions were favorable, having mostly cloud-free scenes over
the particular target area.

The selected flight area is covered with straight flight
tracks in a lawnmower style. Neighboring flight legs are
flown in opposite directions and have an overlap of approx-
imately 30 % at the edges of the airborne instrument swath.
For each flight, 13 to 15 flight tracks, each having a width and
length of approximately 3 and 35 km, were performed above

Figure 2. Overview of the flight area of the Ruhr campaign, in-
cluding exemplary flight patterns in the three target areas and loca-
tions of the stationary instruments in Jülich (blue), Cologne (red),
Dinslaken airport (purple), Gelsenkirchen (cyan), and Duisburg
(green).

the target area. The transfer flights between airport and target
areas were used to overpass nearby stationary instruments.
Flight schedules used the S5P overpass times to optimize the
amount of data for validation. In general, it was planned to
have the S5P overpass in the middle of the flight. On days
where two overpasses per day occurred in the target area, the
flight schedules were optimized towards the overpass time at

https://industry.eea.europa.eu/
https://industry.eea.europa.eu/
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Table 1. List of the aircraft activities, including S5P overpass information. All times are in UTC. On days with two S5P overpasses over the
area, flights were arranged to coincide with the overpass at smaller VZA of TROPOMI.

Date Flight time Flight S5P overpass (UTC) Comments
(UTC) area with VZA

12 September 2020 10:17–13:37 Cologne 10:51 (67.4◦), 12:31 (15.9◦)
13 September 2020 10:20–13:36 Jülich 12:12 (8.8◦)
14 September 2020 10:14–13:47 Duisburg 11:53 (30.7◦), 13:35 (64.9◦) No TROPOMI data
15 September 2020 09:15–12:44 Duisburg 11:35 (46.7◦), 13:15 (55.4◦)
16 September 2020 10:37–14:05 Duisburg 11:16 (57.7◦), 12:56 (41.9◦) Only one car DOAS
17 September 2020 10:45–14:16 Jülich 10:57 (65.5◦), 12:37 (22.6◦)
18 September 2020 10:48–14:08 Cologne 12:18 (1.6◦)

the smaller viewing zenith angle (VZA) of TROPOMI. More
details of the flights are given in Table 1.

The campaign delivered validation measurements by a
mobile and a stationary component. In addition to the mea-
surements made by AirMAP, the mobile component included
three car DOAS devices. The stationary component com-
prised six ground-based remote sensing instruments of three
different types, i.e., two Pandora instruments, two MAX-
DOAS instruments, and two fixed Zenith-DOAS devices. All
the instruments were placed at suitable locations within the
selected research flight areas shown in Fig. 2. With this com-
bination of measurements, a comprehensive comparison of
the airborne measurements with different types of ground-
based instruments is made possible. This provides a basis
for the evaluation of the TROPOMI tropospheric NO2 VCD
products with the airborne data, which cover the satellite
pixel areas well. The airborne imaging data link the ground-
based observations with restricted spatial but good tempo-
ral coverage to satellite observations that have large swath
widths at a single instance in time.

3 Instruments and data sets

During the S5P-VAL-DE-Ruhr campaign, tropospheric
VCDs of NO2 were retrieved from instruments mounted
on satellite, airborne, car, and stationary ground-based plat-
forms. All of these instruments are passive remote sensing
spectrometers using the DOAS technique (Platt and Stutz,
2008) by analyzing visible and UV spectra of scattered sun-
light. The instruments involved in the S5P-VAL-DE-Ruhr
campaign activities are listed in Table 2. The data analysis
was done independently by the operating institutes, and the
DOAS fitting window was chosen based on the spectrome-
ter’s spectral wavelength range and from the groups experi-
ence with their instrument.

3.1 S5P TROPOMI

The Copernicus satellite S5P was launched into a Sun-
synchronous orbit at 824 km in October 2017. S5P carries
a single instrument, TROPOMI, which comprises a hyper-

spectral spectrometer measuring radiation in the ultravio-
let, visible, and near and shortwave infrared spectral regions
(Veefkind et al., 2012). TROPOMI provides observations be-
tween 10:50 and 13:45 UTC over the campaign region, mea-
suring the distribution of atmospheric columns from trace
gases such as NO2, HCHO, CHOCHO, BrO, SO2, O3, CO,
CH4, and aerosol and cloud properties. Thereby, TROPOMI
extends a long record of satellite-based observations. With its
good signal-to-noise ratio and a spatial resolution at nadir of
3.5 km× 5.5 km (initially 3.5 km× 7 km, changed on 6 Au-
gust 2019), which is more than 10 times better than that of its
predecessor, the Ozone Monitoring Instrument (OMI; Levelt
et al., 2006), it is currently the best instrument for monitoring
small-scale emission sources of NOx from space.

3.1.1 TROPOMI NO2 operational OFFL V01.03.02
product

During the campaign activities in September 2020, the
TROPOMI level-2 NO2 OFFL V01.03.02 product was gen-
erated operationally. For the retrieval of NO2 slant column
densities (SCDs) the measured spectra are analyzed using
the DOAS technique in the fitting window 405–465 nm.
The SCDs are separated into their stratospheric and tropo-
spheric parts, using the TM5-MP global chemistry trans-
port model. The tropospheric SCDs are converted into tro-
pospheric VCDs by applying tropospheric air mass fac-
tors (AMFs), estimated using a look-up table of altitude-
dependent AMFs, the OMI Lambertian equivalent reflectiv-
ity (LER) climatology (Kleipool et al., 2008), NO2 vertical
profiles from the TM5 model, and cloud fraction and pres-
sure information from the FRESCO-S algorithm (van Geffen
et al., 2022a).

Validation by comparison with other observations has
shown that NO2 data versions V01.02–01.03 are biased low
by up to 50 % over highly polluted regions (e.g., Verhoelst
et al., 2021). As discussed in several validation studies (see,
e.g., Judd et al., 2020; Verhoelst et al., 2021; van Geffen
et al., 2022b), this underestimation could be related to biases
in the cloud pressure retrieval, to a too high cloud pressure
from the FRESCO-S algorithm, in particular when the cloud
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Table 2. List of instruments included in S5P-VAL-DE-Ruhr campaign activities with location and observation geometry. Car DOAS instru-
ments are operated by three different institutes: the Institute of Environmental Physics, University of Bremen (IUP); the Max Planck Institute
for Chemistry in Mainz (MPIC); and the Royal Belgian Institute for Space Aeronomy (BIRA).

Instrument Location/platform Observation Spectral Fitting VCD retrieval and
geometry range window AMF information

(nm) (nm) (columns in molec.cm−2)

TROPOMI Sentinel-5P Push-broom, nadir 310–500 405–465 van Geffen et al. (2022a)

AirMAP FU-Berlin Cessna T207A aircraft Push-broom, nadir 429–492 429–492 VCDtrop, ref = 1× 1015

radiative transfer model
SCIATRAN

IUP car DOAS Mobile car Zenith-sky 290–550 425–490 VCDtrop, ref = 1× 1015

AMF (90◦)= 1.3

MPIC car DOAS Mobile car Zenith-sky and 22◦ 300–460 400–460 Using dSCD (22◦),
Wagner et al. (2010)
AMF (90◦)= 1.3
AMF (22◦)= 3

BIRA car DOAS Mobile car Zenith-sky and 30◦ 200–750 450–515 dSCD (30◦) with
sequential 90◦ reference
AMF (90◦)= 1.3
AMF (30◦)= 2.5

Zenith-DOAS JUE Jülich (50.91◦ N, 6.41◦ E) Zenith-sky 290–550 425–490 SCDref = 1× 1016

AMF (90◦)= 1.3

Zenith-DOAS GEL Gelsenkirchen (51.56◦ N, 7.09◦ E) Zenith-sky 290–550 425–490 SCDref = 1.7× 1016

AMF (90◦)= 1.3

MAX-DOAS DUI Duisburg (51.46◦ N, 6.73◦ E) Multi-axis 282–414 338–370 dSCD (30◦) with
sequential 90◦ reference
AMF (90◦)= 1.3
AMF (30◦)= 2.5

MAX-DOAS AIRPT Airport Dinslaken (51.62◦ N, 6.87◦ E) Multi-axis 300–463 411–445 MMF inversion algorithm
Friedrich et al. (2019)

Pandora COL Cologne (50.94◦ N, 6.98◦ E) Multi-axis 270–520 435–490 Cede et al. (2022)

Pandora JUE Jülich (50.91◦ N, 6.41◦ E) Multi-axis 281–523 435–490 Cede et al. (2022)

fractions are low and/or during periods of high aerosol load-
ing. Other stated factors that could contribute to the underes-
timation are (1) the low spatial resolution of the used a priori
NO2 profiles from the TM5 global chemistry transport model
(e.g., Judd et al., 2020; Tack et al., 2021), (2) the use of the
OMI LER climatology given on a grid of 0.5◦× 0.5◦ for the
AMF and cloud fraction retrieval in the NO2 fit window, and
(3) the GOME-2 LER climatology (0.25◦× 0.25◦) measured
at mid-morning used for the NIR-FRESCO cloud retrieval
(van Geffen et al., 2022b). These LER climatologies are not
optimal for TROPOMI because of TROPOMI’s higher spa-
tial resolution and the missing consideration of the viewing
angle dependency in the LER products (Lorente et al., 2018;
van Geffen et al., 2022b). In V02.04, operational since July
2022, a directionally dependent LER (DLER) climatology
derived from TROPOMI observations given on a resolution
of 0.125◦× 0.125◦ is applied for AMF and cloud fraction re-

trieval in the NO2 fit window and to the NIR-FRESCO cloud
retrieval (Eskes and Eichmann, 2022). Since V02.04 is not
yet reprocessed and thus not available for the campaign pe-
riod, it is not included and discussed in this study.

3.1.2 Scientific TROPOMI NO2 V01.03.02 CAMS
product

The scientific TROPOMI NO2 V01.03.02 CAMS product is
based on the operational OFFL V01.03.02 product. The orig-
inal 1◦× 1◦ TM5 a priori NO2 profiles are replaced by the
Copernicus Atmospheric Monitoring Service (CAMS) anal-
yses. AMFs and tropospheric NO2 VCDs were recalculated
using the averaging kernels and other quantities available in
the level-2 NO2 files, following the approach described in
the TROPOMI product user manual (Eskes et al., 2022). Be-
tween the surface and 3 km the CAMS European regional
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analyses with an improved resolution of 0.1◦× 0.1◦ are used.
For altitudes between 3 km and the tropopause the CAMS
global analyses (0.4◦× 0.4◦) are used. More detailed expla-
nations can be found in Douros et al. (2023).

3.1.3 TROPOMI NO2 PAL V02.03.01 product

Modifications in the TROPOMI NO2 retrieval led to the
OFFL V02.02 product, which was operationally produced
from 1 July to 14 November 2021. To obtain a harmo-
nized data set, a complete mission reprocessing was per-
formed using the latest operational product OFFL V02.03.01
of 14 November 2021. The reprocessed data version avail-
able from 1 May 2018 to 14 November 2021 provided by
the Product Algorithm Laboratory (PAL) is labeled as PAL
V02.03.01. This provided the opportunity to compare the
campaign data set to the OFFL V01.03.02 and the new
PAL V02.03.01. The main change compared to the OFFL
V01.03.02 impacting the tropospheric NO2 VCD data is the
use of the FRESCO-wide algorithm instead of the FRESCO-
S algorithm, which was already introduced in V01.04 and
was operational from 29 November 2020 to 1 July 2021.
The FRESCO-wide algorithm provides lower and therefore
more realistic cloud pressures (i.e., clouds are at higher al-
titudes), especially for scenes when cloud fractions are low.
This change results in decreased tropospheric AMFs, which
leads to higher tropospheric NO2 VCDs (van Geffen et al.,
2022b). Another update that can have a significant impact is
the correction of the surface albedo over cloud-free scenes
by using the observed reflectance. This increases the tropo-
spheric NO2 VCDs by about 15 % over polluted regions in
case the retrieved cloud fraction is zero (van Geffen et al.,
2022b). For this study the effect is negligible since only 1
out of the 117 TROPOMI pixels analyzed here is observed
as cloud free. van Geffen et al. (2022b) also describes the
following other modifications, which have only a small or no
impact on the tropospheric NO2 VCD data. Level-1b v2.0
(ir)radiance spectra are updated in the new version and are
increasing the NO2 SCD of about 3 %, from which most of
it ends up in a slightly increased stratospheric VCD. The im-
proved level-1b v2.0 also leads to a small increase in com-
pletely cloud-free pixels and to slightly lower cloud pres-
sures for pixels with a small cloud fraction, resulting in
tropospheric NO2 VCDs being about 5 % higher for these
ground pixels. An introduced outlier removal is increasing
the amount of good-quality retrievals over the South Atlantic
Anomaly and over bright clouds where saturation can occur.
The change to new spatially more highly resolved snow and
ice information is increasing the amount of valid retrievals at
high latitudes. On average, the new data version increased the
tropospheric NO2 VCDs by 10 % to 40 % compared to the
V1.x data, depending on season and pollution. The largest
increase is found in wintertime at midlatitudes and high lati-
tudes. The first comparisons to ground-based measurements
show an improvement of the negative bias of the TROPOMI

tropospheric NO2 VCDs from on average −32 % to −23 %
(van Geffen et al., 2022b).

3.1.4 Scientific TROPOMI NO2 IUP V02.03.01 product

For the evaluation of the influence of auxiliary data on the
TROPOMI NO2 product, we developed a customized scien-
tific product rebuilding the V02.03.01 data product, named
IUP V02.03.01. The IUP V02.03.01 gives the possibility to
change the a priori assumptions such as surface reflectance,
which cannot be done using the averaging kernel approach
used for V01.03.02 CAMS.

The a priori NO2 vertical profile shapes for the operational
TROPOMI NO2 retrieval are taken from the TM5 model and
have a resolution of 1◦× 1◦ (∼ 100 km× 100 km), which is
much coarser than the TROPOMI data (3.5 km× 5.5 km at
nadir). In highly polluted regions, such as the campaign area,
high spatial variability of NO2 VCDs are observed. The NO2
plumes from sources, such as power plants, industrial com-
plexes, or cities, cannot be resolved in the model. To demon-
strate the impact of more highly resolved a priori NO2 verti-
cal profiles, we recalculated AMFs and the tropospheric NO2
VCDs with a lookup-table created with the radiative transfer
model SCIATRAN (Rozanov et al., 2014) using a priori tro-
pospheric profiles from the 0.1◦× 0.1◦ CAMS regional anal-
yses for altitudes between the surface and 3 km. For altitudes
between 3 km and the tropopause, where horizontal variabil-
ity is in general small, the TM5 model analyses are used. Two
maps showing the NO2 distribution of the CAMS regional
and the TM5 analyses for the campaign region can be found
in Appendix A (Fig. A1). In the following, this data version
using the CAMS regional analyses is called IUP V02.03.01
REG.

The surface reflectivity information from the 5-year OMI
LER climatology used for the operational TROPOMI AMF
calculations has a resolution of 0.5◦× 0.5◦. After more
than 3 years of TROPOMI data acquisition, a TROPOMI
surface reflectivity database, estimated from 36 months of
TROPOMI v1.0.0 level-1b data, provides LER data as a
function of month, wavelength, latitude, and longitude and at
a finer spatial resolution of 0.125◦× 0.125◦ (Tilstra, 2022).
The recalculation of AMFs and tropospheric NO2 VCDs us-
ing the regional CAMS NO2 profiles and the TROPOMI
LER results in the product named IUP V02.03.01 REG
TROPOMI LER. The use of the TROPOMI LER in this data
set is limited to the NO2 AMFs and not extended to the cloud
retrieval.

In addition to the traditional LER database, a DLER
database has been generated using TROPOMI data. The
DLER database is in addition a function of the TROPOMI
viewing direction and provides generally higher values than
the LER database, which does not take into account the direc-
tional dependence of the surface reflectance (Tilstra, 2022).
Recalculating AMFs and tropospheric NO2 VCDs with the
regional CAMS NO2 profiles and the TROPOMI DLER
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yields the IUP V02.03.01 REG DLER product, which again
does not recalculate cloud parameters.

The different TROPOMI NO2 products with their most
important differences are summarized in Table 3.

3.1.5 TROPOMI data set

In the present study, we evaluate the TROPOMI tropo-
spheric NO2 VCD product from 12 to 18 September 2020 of
the two described data products OFFL V01.03.02 and PAL
V02.03.01, as well the described scientific data products.

Each TROPOMI pixel has a quality assurance value
(qa_value) indicating the quality of the processing and re-
trieval result. Following the recommendation by Eskes and
Eichmann (2022), we only use observations with a qa_value
above 0.75 for all used TROPOMI data products. This re-
moves problematic retrievals and observations with cloud ra-
diance fractions of more than 50 %. Since the campaign mea-
surement days were mostly cloud free, the cloud radiance
fraction retrieved in the TROPOMI NO2 spectral window
was on average 0.21± 0.10 with a maximum of 0.48, and
thus all data can be used.

Large tropospheric NO2 VCDs are observed in central Eu-
rope, e.g., over Paris, London, Milan, and Antwerp, with the
largest values of 1.6× 1016 molec.cm−2 in the campaign re-
gion in North Rhine-Westphalia (see Fig. 1). The campaign
area is clearly distinguished from surrounding rural areas,
which have low tropospheric NO2 VCDs below approxi-
mately 3× 1015 molec.cm−2.

3.2 AirMAP

AirMAP, an airborne imaging spectrometer developed by the
Institute of Environmental Physics in Bremen (IUP-Bremen),
has been used in several campaigns for trace gas measure-
ments and pollution mapping (Schönhardt et al., 2015; Meier
et al., 2017; Tack et al., 2019; Merlaud et al., 2020). During
the campaign, AirMAP was installed on a Cessna 207-Turbo,
operated by the Freie Universität Berlin. AirMAP is a push-
broom imaging DOAS instrument with the ability to create
spatially continuous and nearly gap-free measurements. The
scattered sunlight from below the aircraft is collected with a
wide-angle entrance optic resulting in an across track field
of view of around 52◦. This leads to a swath width of ap-
proximately 3 km, about the same size as the flight altitude,
during the campaign. With a sorted fiber bundle of 35 fibers,
vertically stacked at the spectrometer entrance slit and or-
thogonally oriented to the flight direction, the radiation is
coupled into the UV-Vis imaging grating spectrometer. The
400 g mm−1 grating, blazed at 400 nm, provides measure-
ments in the 429–492 nm wavelength range, with a spectral
resolution between 0.9 and 1.6 nm full width at half maxi-
mum. The spectrometer is temperature stabilized at 35 ◦C.
The along-track resolution depends on the speed of the air-
craft (around 60 m s−1) and the exposure time (0.5 s). At

a flight altitude of 3300 m, this results in a typical ground
scene having a footprint of around 100 m× 30 m. More de-
tails about AirMAP can be found in Schönhardt et al. (2015),
Meier et al. (2017) and Tack et al. (2019).

3.2.1 AirMAP data retrieval

For the NO2 retrieval, the DOAS method is applied to the
measured spectra in a fitting window of 438–490 nm. The
NO2 differential SCDs (dSCDs) are retrieved relative to in-
flight-measured reference background spectra, which were
measured over a region with small NO2 concentrations dur-
ing the same flight. The dSCD is converted into a tropo-
spheric SCD (SCDtrop) by correcting for the amount of NO2
in the reference background measurement (SCDref):

SCDtrop = dSCD+SCDref

= dSCD+VCDtrop, ref ·AMFtrop, ref. (1)

For the conversion to the desired tropospheric VCD
(VCDtrop), the SCDtrop is divided by the tropospheric air
mass factor (AMFtrop):

VCDtrop =
SCDtrop

AMFtrop

=
dSCD+VCDtrop, ref ·AMFtrop, ref

AMFtrop
. (2)

Since the AMF of the actual measurement (AMFtrop) and
of the reference background measurement (AMFtrop, ref) are
usually not the same, simply adding the VCDtrop, ref would
introduce additional uncertainties. To correct for the NO2 in
the reference spectrum (SCDref), we assume a tropospheric
VCD of 1×1015 molec.cm−2 over the reference background
region, which is a typical value during summer in Europe
(Popp et al., 2012; Huijnen et al., 2010). This assump-
tion can be supported by the car DOAS measurements; see
Sect. 3.3.1. All measurements of the campaign were per-
formed around noon close to the S5P overpass. The max-
imum difference between the time of the reference back-
ground and the actual measurement is of around 3 h, which is
the total measurement time. We assume that the effect of the
changing solar zenith angle (SZA) and the diurnal variation
of the stratospheric NO2 concentration are small (Schreier
et al., 2019), and a stratospheric correction of the data is
therefore not necessary.

The AMF calculated using SCIATRAN estimates the rela-
tive light path length through the absorbing layer by account-
ing for the effects of sun and viewing geometry, surface re-
flectance, aerosols, and the NO2 profile assuming cloud-free
conditions. As only limited information about the NO2 pro-
file is available in the campaign area and the profile shape
is expected to vary strongly within each flight region every
day, we assume a typical urban NO2 profile, which is based
on an old WRF-Chem (Weather Research and Forecasting
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Table 3. TROPOMI NO2 product versions with the most important differences between the analyzed products.

TROPOMI NO2 NO2 vertical profile Reflectivity Clouds Comments, availability
product versions

OFFL V01.03.02 TM5 OMI LER FRESCO-S operational 26 June 2019–29 November 2020

OFFL V01.03.02 CAMS regional < 3 km OMI LER FRESCO-S scientific, based on OFFL V01.03.02
CAMS CAMS global > 3 km

PAL V02.03.01 TM5 OMI LER FRESCO-W operational 4 November 2021–17 July 2022
as OFFL V02.03.01,
reprocessed 1 May 2018–14 November 2021
as PAL V02.03.01

IUP V02.03.01 TM5 OMI LER FRESCO-W scientific, similar to PAL V02.03.01,
a priori assumptions can be changed,
campaign period

IUP V02.03.01 REG CAMS regional < 3 km OMI LER FRESCO-W scientific, campaign period
TM5 > 3 km

IUP V02.03.01 REG CAMS regional < 3 km TROPOMI LER FRESCO-W scientific, campaign period
TROPOMI LER TM5 > 3 km

IUP V02.03.01 REG CAMS regional < 3 km TROPOMI DLER FRESCO-W scientific, campaign period
TROPOMI DLER TM5 > 3 km

model coupled with Chemistry) run and scaled to a height
of 1 km (see Fig. A2). This assumption is supported by typi-
cal boundary layer heights in the measurement area and time
of approximately 1 km (ERA5 reanalysis; Hersbach et al.,
2018). Input parameters related to aerosols (single-scattering
albedo, asymmetry factor, and aerosol optical thickness)
were extracted from the AERONET station FZJ-JOYCE at
the Jülich research center (Löhnert et al., 2015), which is the
only known source providing local ground-based aerosol in-
formation in the campaign area. During the campaign mea-
surement days, the daily averages of aerosol optical thickness
(AOT) at 440 nm measured at FZJ-JOYCE ranged between
0.235 and 0.398 with a mean value of 0.285. This informa-
tion is spatially constrained, and the situation can differ dur-
ing the flights in the Duisburg and Cologne area. A sensitiv-
ity study using AMFs for a range of AOTs between 0.003
and 0.6 for the AirMAP NO2 VCD retrieval demonstrated
that the influence on the AirMAP tropospheric NO2 VCD
data set is small (< 1 %, comparing AirMAP tropospheric
NO2 VCDs assuming AOTs of 0.003 and 0.6). TROPOMI
and AirMAP tropospheric NO2 VCD scatter plots for AOTs
of 0.003, 0.3, and 0.6 can be found in Appendix A (Fig. A3).
Considering the mean AOT of 0.285 from the AERONET
station and the results from the sensitivity study, the AirMAP
data set was retrieved using an AOT of 0.3 for all measure-
ment days. In following discussions we also consider the
pre-operational TROPOMI AOT product (de Graaf, 2022),
which can provide a larger picture of the aerosol situation
(see Fig. A4). In general it shows AOT values in the same
range as investigated within the sensitivity study.

Bright surfaces enhance the relative contribution of light
reflected from the surface to the signal received by the air-
borne instrument, increasing the sensitivity to NO2 near the
ground. Therefore, areas of high surface reflectance in the
fitting window generally show larger dSCDs for the same
amount of NO2. Thus, differences in the surface reflectivity
must be accounted for in the AMF calculations. As far as we
are aware, reflectance data that have a sufficient spatial reso-
lution are not available for the region of our flight campaign.
Therefore, we use the individual AirMAP-recorded intensi-
ties together with a method based on a reference area with a
known surface reflectance taken from the ADAM database (a
surface reflectance database for ESA’s Earth observation mis-
sion; Prunet et al., 2013) and a look-up table of AirMAP ra-
diances. Detailed information about the derivation of the sur-
face reflectance and also about the general conversion from
dSCDs to tropospheric NO2 VCDs can be found in Meier
et al. (2017).

The total uncertainty on the tropospheric NO2 VCD com-
prises error sources of the dSCD retrieval, the estimation of
the NO2 in the reference background spectrum, and the AMF
calculation. We follow the same approach for error estima-
tion and thus the same assumptions as were made in Meier
et al. (2017) and Tack et al. (2019).

The total uncertainty of the AirMAP tropospheric NO2
VCD follows the error propagation of the three error sources
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given by

σVCDtrop =√√√√( σdSCD

AMFtrop

)2

+

(
σSCDtrop, ref

AMFtrop

)2
(

SCDtrop

AMF2
trop
· σAMFtrop

)2

. (3)

The error from the dSCD retrieval is estimated from the fit
residual and is a direct output of the DOAS retrieval algo-
rithm. Since no direct measurements of the NO2 column in
the reference ground scene exist, we assume a systematic er-
ror with an uncertainty of 100 % on the estimated value of
1×1015 molec.cm−2. The error resulting from the AMF de-
termination depends in large part on the values of the uncer-
tainty attributed to the surface reflectance, the accuracy of the
NO2 vertical profile, and the aerosol optical depth as a func-
tion of altitude and location. Following Meier et al. (2017),
the total error on the AMF is estimated to be smaller than
26 %. Taking the mean dSCD value (1.2×1016 molec.cm−2)
and the mean dSCD error (2× 1015 molec.cm−2) as typi-
cal values, the total error of the tropospheric NO2 VCD is
∼ 35 %. More details on error contributions can be found in
Meier et al. (2017).

3.2.2 AirMAP campaign data set

Figure 3 shows a time series of tropospheric NO2 VCDs
measured by AirMAP for each of the 7 flight days of the
campaign. The mean over the 35 viewing directions is shown
in dark colors, and their standard deviation is shown in light
colors. The colors red, blue, and green represent the respec-
tive research flight areas around Cologne, Jülich, and Duis-
burg. The S5P overpass times with respective VZA and the
times of the AirMAP reference background measurement are
marked by the vertical dashed lines. Two flights were per-
formed in the research flight area around Cologne (red), two
flights were performed in the Jülich area (blue), and three
flights were performed in the Duisburg area (green). The first
two flights shown in Fig. 3 are weekend days, a Saturday
and a Sunday. The columns show strong variability between
the three target areas and from day to day with the highest
tropospheric NO2 VCDs being ∼ 5× 1016 molec.cm−2 over
the Duisburg area on Monday 14 September and Tuesday
15 September 2020 and much lower values for both flights in
the Cologne area, having tropospheric NO2 VCDs of up to
2.5×1016 molec.cm−2. Maps of the tropospheric NO2 VCD
for each flight are displayed in Fig. 4.

The tropospheric NO2 VCD over the Jülich flight area is
smaller during the flight on Sunday 13 September than on
Thursday 17 September, where several peaks in the NO2
VCD up to 2.5× 1016 molec.cm−2 are visible. These peaks
are caused by plumes of NO2 coming from three large power
plants, located in the Jülich research flight area, which are
clearly visible in the maps of the AirMAP NO2 VCD in
Fig. 4. Two power plants are located in the northeast of the
Jülich flight area, while one is located in the southwest. The

plumes, which have enhanced tropospheric NO2 VCDs com-
pared to low background VCDs outside of the plume, are
blown in the mean wind direction (shown in the top left cor-
ner of the maps) determined from ERA5 10 m wind data
(Hersbach et al., 2018) for the flight area and in the middle
of the flight time. Differences between the 2 measurement
days over the Jülich flight area are related to wind condi-
tions potentially enhanced by a weekend effect. On Sunday
13 September, there was a weak wind coming from the south-
west blowing the plumes to the northeast, and thus two out of
three plumes were mostly outside the flight area and cleaner
air from a rural area was prevalent. On Thursday 17 Septem-
ber, a stronger wind coming from the opposite direction, the
northeast, was blowing the plumes to the southwest.

The three maps from flights over the Duisburg flight area
show the strong NOx emissions from power plants and the
industrial area in Duisburg with plumes oriented depending
on wind direction.

The two AirMAP flights in the Cologne area show only
slightly enhanced NO2 amounts compared to the background
tropospheric NO2 VCD on both days.

3.3 Car DOAS instruments

During the S5P-VAL-DE-Ruhr campaign, mobile car DOAS
measurements were performed by three institutions, the IUP-
Bremen, the Max Planck Institute for Chemistry in Mainz
(MPIC), and the Royal Belgian Institute for Space Aeron-
omy (BIRA). More information about the car DOAS instru-
ments can be found in Schreier et al. (2019), Donner (2016),
and Merlaud (2013). The measurement elevation angle was
for the majority of measurements in zenith-sky with some
off-zenith measurements. The off-zenith measurements are
used in the estimation of the NO2 SCD in the reference spec-
trum and the stratospheric NO2 contribution for the BIRA
and MPIC car DOAS measurements. The focus on zenith-
sky measurements during driving has the advantage of a sta-
ble viewing direction when the direction of travel changes.
Variations from relative azimuth changes are avoided, and
measurements cannot be blocked by buildings, which can be
a large problem in cities. In addition, the highest horizontal
resolution is achieved with this viewing geometry.

3.3.1 IUP car DOAS instrument and data retrieval

The IUP car DOAS instrument uses an experimental setup,
which comprises an Avantes spectrometer and a light fiber
with a fixed viewing direction to the zenith measuring scat-
tered sunlight in the UV-Vis range (see also Schreier et al.,
2019). Collected spectra are averaged over 10 s, which corre-
sponds to traveled distances of around 80–300 m, depending
on the driving speed. The DOAS method is applied to the
measured spectra in a fitting window of 425–490 nm. The
tropospheric NO2 VCD from car DOAS zenith-sky measure-
ments is determined in a similar manner to that used for the
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Figure 3. Plots of the AirMAP time series of tropospheric NO2 VCD (mean over the 35 viewing directions and standard deviation as a
dark line and bright area, respectively) for the 7 flight days from Saturday 12 September–Friday 18 September 2020. These show strong
variability from day to day (weekday vs. weekend) and between the three target areas (Cologne, Jülich, Duisburg). The dashed black vertical
lines indicate S5P overpass times with their viewing zenith angle. The dashed colored vertical lines indicate the times of the AirMAP
reference measurement.

AirMAP measurements by the following equation.

VCDtrop =
dSCD+SCDref−VCDstrat ·AMFstrat

AMFtrop

=

dSCD+VCDtrop, ref ·AMFtrop, ref+
VCDstrat, ref ·AMFstrat, ref−VCDstrat ·AMFstrat

AMFtrop
(4)

TS1The dSCD are retrieved relative to reference background
spectra, measured in a region with small NO2 concentra-
tions on 13 September around noon. The SCDref cannot
be measured directly. Similar to the AirMAP VCD deter-

mination, the NO2 in the reference background spectrum
is corrected for by assuming a tropospheric NO2 VCD of
1× 1015 molec.cm−2 over the reference background region.
The other car DOAS instruments do not rely on this value
as they use dedicated measurements taken at lower ele-
vation angle to directly estimate the tropospheric column
in the reference measurement. Thus, the assumption of a
VCDtrop, ref of 1× 1015 molec.cm−2 can be supported by a
comparison of co-located car DOAS measurements of the
three instruments, which shows a very good agreement (see
Fig. A5). Using a larger VCDtrop, ref in the IUP car DOAS re-
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Figure 4. Maps of VCD NO2 from AirMAP flights from 12 to 18 September 2020. Two flights in the research flight area around Cologne
(left column), two flights in the flight area around Jülich (second column), and three flights in the flight area around Duisburg (third and
fourth column). The mean wind direction and speed in the flight area, determined from ERA5 10 m wind data for the middle of the flight, are
given in the top left corner.

trieval would increase the offset compared to the MPIC and
BIRA car DOAS data. Since we used a fixed reference back-
ground measurement for all car DOAS measurement days, a
stratospheric correction based on the Bremen 3D chemistry
transport model (B3dCTM; Hilboll et al., 2013b), provid-
ing a daily diurnal cycle of the stratospheric NO2 VCDs and
scaled to TROPOMI stratospheric VCDs in the measurement
area, is applied to the car DOAS data. Stratospheric AMFs
are calculated with the radiative transfer model SCIATRAN
(Rozanov et al., 2014) as a function of the SZA. For the con-
version of tropospheric SCDs to tropospheric NO2 VCDs, a
constant tropospheric AMF of 1.3 was used. The AMF of 1.3
for an elevation angle of 90◦ is closer to the true AMF (de-
rived from radiative transfer simulations) than the geomet-
ric approximation for the tropospheric AMF of 1 (Shaiganfar
et al., 2011; Merlaud, 2013; Schreier et al., 2019). Merlaud
(2013) analyzed the AMF distribution for a large number of
simulations, resulting in a mean of 1.33± 0.2 for measure-
ments in 90◦ viewing zenith angle. Since we only analyze
data close to the AirMAP overpass, which was performing
measurements around noon, the SZA does not vary much.
Following the mentioned studies, we assume an uncertainty
of 20 % for the AMF.

3.3.2 MPIC car DOAS instrument and data retrieval

The MPIC car DOAS instrument uses an Avantes spectrom-
eter with an active temperature stabilization and takes off-
axis measurements at 22◦ elevation in addition to the zenith-
sky measurements (see Donner, 2016). During the validation
measurement period, only zenith-sky measurements were
used to increase spatial and temporal coverage. The integra-
tion time was 30 s. Before and after the validation measure-
ments, the elevation angles alternate between 22◦ elevation
and zenith-sky (90◦). The combination of both angles allows
the determination of the absorption in the reference spec-
trum SCDref, as well as the absorption in the stratosphere.
The DOAS analysis is performed in a wavelength interval of
400–460 nm using a daily fixed reference background at 90◦

elevation and at low SZA in a region with small NO2 con-
centrations. NO2 dSCDs retrieved from the DOAS analysis
are converted to tropospheric NO2 VCDs by using Eq. (4)
(see also Wagner et al., 2010; Ibrahim et al., 2010). Radiative
transfer model calculations for NO2 box profiles of 500 or
1000 m and moderate aerosol loads provide on average tro-
pospheric AMFs of 3 and 1.3 with an assumed uncertainty
of 20 % for the 22 and 90◦ elevation angle measurements,
respectively (Shaiganfar et al., 2011; Merlaud, 2013).
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3.3.3 BIRA car DOAS instrument and data retrieval

The BIRA car DOAS instrument consists of two Avantes
spectrometers measuring simultaneously scattered light in
90 and 30◦ elevation (see also Merlaud, 2013). Individual
spectra are co-added, and the DOAS analysis is performed
in a wavelength interval of 450–515 nm on spectra averaged
every 30 s using a single pair of time-coincident low SZA
zenith reference spectra for all measurement days. The mea-
surements on both channels being simultaneous, the retrieval
of tropospheric NO2 VCDs follows the MAX-DOAS princi-
ple (see Eq. 5), using the differences in dSCDs and AMFs
for two elevation angles. For the AMFs, a sun-position-
dependent look-up table (LUT) is used. This LUT was cal-
culated using DISORT and provides AMFs of 2.5 and 1.3
for the 30 and 90◦ elevation angle measurements, respec-
tively (Merlaud, 2013). An additional zenith-DOAS instru-
ment was operated for SO2 measurements, results are not
shown in this study.

3.3.4 Car DOAS campaign data set

For the verification of the car measurements, regular co-
locations of the cars were used at selected meeting points and
overlapping measurement routes. Figure A5 in Appendix A
shows a scatter plot of the co-located car DOAS measure-
ments, demonstrating a good agreement between the three
instruments. In general, the car DOAS measurements were
planned in a way that each car made measurements during
a round trip of a large part of the research flight area. The
routes were also chosen to pass by the ground-based mea-
surement stations. The duration of the car measurements was
typically around 4 h per day. This enabled measurements to
be made during the complete AirMAP flight and the S5P
overpass times to gather many closely co-located measure-
ments. Several round trips, about three to four, were per-
formed, depending on traffic conditions. In addition to spatial
variations of NO2, temporal changes are also observed.

Figure 5 shows maps of car DOAS tropospheric NO2
VCDs for the 7 d in the research flight areas around Cologne,
Jülich, and Duisburg. Measurements are within ±1 h of the
S5P overpass time given in the map title. As already seen in
the AirMAP data, strong variability between the three target
areas is observed. The highest amounts of NO2 are visible
around Duisburg with high spatial variability within the tar-
get area. The lowest amounts of NO2 are found in the area
around Cologne, which confirms the findings of the AirMAP
measurements. The car DOAS measurements in the Jülich
area show enhanced NO2 values where the AirMAP mea-
surements also see the plumes of the two power plants lo-
cated in the northeast of the flight area.

3.4 Ground-based instruments

During the campaign period, six ground-based instruments,
two Zenith-DOAS, two MAX-DOAS, and two Pandora in-
struments were measuring in the three target areas. The in-
strument locations are marked on the map of the TROPOMI
tropospheric NO2 VCDs in Fig. 1 and the flight overview
map in Fig. 2.

3.4.1 Zenith-DOAS

Two Zenith-DOAS instruments were deployed and operated
within the Ruhr area for several months. The instruments use
an experimental setup, which comprises an Avantes spec-
trometer (290–550 nm) and a light fiber with a fixed viewing
direction to the zenith measuring scattered sunlight in the
UV-Vis spectral range (similar as in Schreier et al., 2019).
One instrument is located at the Jülich research center next
to the Pandora (Zenith-DOAS JUE) and the second at a lo-
cal residence in Gelsenkirchen (Zenith-DOAS GEL), in the
Duisburg research flight area. The tropospheric NO2 VCDs
are estimated from the dSCDs resulting from the DOAS fit
using Eq. (4). For the reference background spectra in the
DOAS fit, we use a fixed spectrum taken in summer on a
clean day around noon. The amount of NO2 in the reference
background spectrum, SCDref, is determined from the long
time series using the lowest measured NO2. For the mea-
surements made by the Zenith-DOAS GEL, this is a SCDref
of 1.7× 1016 molec.cm−2. For the Zenith-DOAS JUE, the
SCDref is determined as 1.0× 1016 molec.cm−2 using the
same approach. The SCDsref given here include the strato-
spheric and tropospheric NO2 in the reference background
spectrum. Since the reference measurements were taken dur-
ing summer, a relatively large part is stratospheric NO2.
An uncertainty of 30 % for the SCD in the reference spec-
trum is assumed. The VCDstrat is estimated from twilight
Langley fits (e.g., Constantin et al., 2013) with an uncer-
tainty of 2× 1014 molec.cm−2, and the stratospheric AMFs
are obtained from SCIATRAN calculations. For the tropo-
spheric AMF we use the same value of 1.3 as for the car
DOAS. Since we only analyze the measurements close to the
AirMAP overpass, i.e., around noon, the SZA does not vary
much and the influence on the AMF is small (see Sect. 3.3.1).

3.4.2 MAX-DOAS measurement truck

From 7 to 19 September 2020, the IUP Bremen measurement
truck performed MAX-DOAS measurements in the harbor
area of Duisburg close to the Rhine River (MAX-DOAS
DUI). This MAX-DOAS instrument uses a UV spectrome-
ter (282–412 nm) with a light fiber connected to a telescope
on a pan-tilt head and was scanning in multiple elevation an-
gles. The tropospheric NO2 VCDs are estimated from the
dSCD measurements in 30◦ elevation angle with a sequential
zenith-sky reference spectrum (interpolated from the zenith-
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Figure 5. Maps of tropospheric NO2 VCDs from car DOAS measurements from 12 to 18 September 2020 in the research flight areas around
Cologne, Jülich, and Duisburg. Measurements are within ±1 h of the S5P overpass time given in the title.

sky measurements shortly before and after the off-axis mea-
surement):

VCDtrop =
dSCD(30◦)

AMFtrop(30◦)−AMFtrop(90◦)
. (5)

Based on SCIATRAN AMF calculations for a wavelength
of 350 nm, adjusted to the ground-based and AirMAP com-
parison times around noon regarding SZA and with typical
albedo and AOT values found during the campaign measure-
ment days, AMFs of 2.5 and 1.4 are used for elevation angles
of 30 and 90◦, respectively. The total uncertainty of the tro-
pospheric NO2 VCD originates from uncertainties in the re-
trieved dSCD, which results mainly as the error of the DOAS
fit, and uncertainties from the AMF for which we assume
20 %.

3.4.3 BIRA SkySpec MAX-DOAS

A further MAX-DOAS instrument was set up at the airport
Schwarze Heide in Dinslaken (MAX-DOAS AIRPT) from
3 August to 29 September 2020. The instrument, deployed
by BIRA, was an Airyx Compact SkySpec MAX-DOAS,
based on an Avantes spectrometer (300–463 nm). A scanning
prism in elevation direction can rotate 180◦, enabling eleva-
tion scan measurements in two azimuthal directions (Airyx
GmbH, 2022; Kreher et al., 2020). At the airport, the in-
strument was scanning in azimuths of 132 and 312◦ and at
multiple elevation angles. In this study, only measurements

in a northwesterly direction (312◦) are used for the analy-
sis. The tropospheric NO2 VCDs are retrieved by applying
the Mexican MAX-DOAS Fit (MMF; Friedrich et al., 2019)
inversion algorithm using dSCDs retrieved with the spectral
fitting software QDOAS (Danckaert et al., 2017) using the
FRM4DOAS settings and setup (Hendrick et al., 2016). The
tropospheric NO2 VCD error is calculated from the covari-
ance smoothing error matrix, the covariance measurement
noise error matrix and a systematic error as a fixed fraction
of the VCD, based on the systematic uncertainty of the cross
section, for NO2 as 3 % (Vandaele et al., 1998).

3.4.4 Pandora

The Pandora instrument is a ground-based UV-Vis spec-
trometer that provides direct sun total column and sky scan
MAX-DOAS tropospheric column observations, comprising
an Avantes spectrometer (270–520 nm) (e.g., Herman et al.,
2009; Kreher et al., 2020; Verhoelst et al., 2021). Two Pan-
dora instruments are deployed and operated in the campaign
area to provide long-term measurements. They were installed
in August 2019 and were still in operation in 2022. One Pan-
dora is located at the Jülich research center (Pandora JUE)
and a second is located in Cologne, district Deutz (Pandora
COL). Locations are marked in Fig. 1. All data are processed
as part of the Pandonia Global Network (2023). Tropospheric
NO2 VCDs are retrieved using coincident sky scan MAX-
DOAS and direct-sun observations and are calculated based
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on the Spinei et al. (2014) approach (Cede et al., 2022).
NO2 values are given, together with the respective uncer-
tainty (Cede et al., 2022), as tropospheric NO2 VCD. The
analyzed data are labeled with quality flags, which indicate
whether the data quality is high, medium, or low and whether
the data are quality assured and usable or not. Only data with
a quality flag accounting for high and medium quality (as-
sured as well as not assured) are used.

4 Evaluating airborne tropospheric NO2 VCD with
stationary ground-based data

The data set of the stationary ground-based instruments, de-
ployed at different sites in the three selected flight areas,
is used to evaluate the AirMAP tropospheric NO2 VCD.
This, together with the mobile measurements, provides a
basis for using the AirMAP data for the evaluation of the
TROPOMI tropospheric NO2 VCD. During the campaign,
AirMAP overflights were conducted for all ground-based
measurement stations.

A scatter plot of all coincident measurements is shown
in Fig. 6. Each point is colored according to its instrument
type and location. The shown AirMAP tropospheric NO2
VCDs are averages of the measurements from an area of
500 m× 500 m around the ground-based measurement sta-
tion. This is then assigned to the selected ground-based sta-
tionary measurements, which are averaged in time intervals
of 20 min around the AirMAP overpass time. In total 25
coincident measurements were obtained by this procedure.
Error bars of Fig. 6 represent the error in the tropospheric
NO2 VCD retrieval, averaged within the 500 m× 500 m grid
boxes and 20 min time intervals. Fitting of the data was
done with orthogonal distance regression, as for all fol-
lowing data shown in the present study. The AirMAP and
ground-based tropospheric NO2 VCDs are highly correlated
(Pearson correlation coefficient r = 0.88) with a slope and
standard deviation of 0.90± 0.09 and an offset of 1.16 ±
0.15×1015 molec.cm−2. Overall, the data show good agree-
ment with a tendency toward slightly larger values from the
ground-based instruments as compared to the airborne data.
Part of the scatter and deviation may result from the differ-
ent retrieval algorithms with different assumptions on radia-
tive transfer, aerosols, and reference background spectra. Ad-
ditionally, spatiotemporal variability of NO2 is influencing
the agreement of the comparison. Figure A6 in Appendix A
shows the same information as Fig. 6, but the error bars rep-
resent the 10th and 90th percentile within the 500 m× 500 m
grid boxes and 15 min time intervals to illustrate the spa-
tiotemporal variability within the comparison criteria.

Figure 6. Scatter plot of AirMAP data against the stationary
ground-based NO2 VCDs averaged over a time interval of 20 min
closest to the AirMAP overpass data, which are averaged over a
500 m× 500 m area around the station site. Each point is colored
according to its ground-based instrument type and location. Error
bars represent the error in the tropospheric NO2 VCD retrieval, av-
eraged within the 500 m× 500 m grid boxes and 20 min time inter-
vals. The 1 : 1 line is indicated by the dashed grey line. The solid
black line represents the orthogonal distance regression.

5 Evaluating airborne tropospheric NO2 VCD with car
DOAS data

The mobile car DOAS measurements performed by IUP,
MPIC, and BIRA were synchronized to the AirMAP mea-
surements. They were measuring during the complete flight
in the same area as the AirMAP instrument to gather many
closely co-located measurements between the instruments.
The data are used, in addition to the stationary ground-based
measurements, to evaluate the tropospheric NO2 VCD maps
retrieved from AirMAP. Compared to the stationary data, the
car measurements have the advantage that they can cover
larger and more diverse areas and thus potentially also a
wider range of NO2 values. As a result of having more oppor-
tunities to make near-simultaneous synchronized measure-
ments, consequently, a larger number of co-located measure-
ments can be compared. For the comparison, the car DOAS
measurements are averaged in time intervals of 15 min and
gridded in areas of 500 m× 500 m. The same grid is applied
to the AirMAP measurements and a comparison of measure-
ments in the same grid box and time interval is performed.

A scatter plot of all coincident car DOAS and AirMAP
measurements fulfilling a time criterion of ±15 min is
shown in Fig. 7. Each point is colored by the respective
car DOAS instrument. In total, 572 pairs of coincident
measurements are considered. Error bars of Fig. 7 repre-
sent the error in the tropospheric NO2 VCD retrieval, av-
eraged within the 500 m× 500 m grid boxes and 15 min
time intervals. The comparison shows an offset of −1.29 ±
0.15× 1015 molec.cm−2. This offset could be adjusted to be
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closer to zero by increasing the estimated VCDtrop, ref in the
AirMAP retrieval by more than a factor of 2. However, the
offset in the comparison of AirMAP and ground-based sta-
tionary data of 1.16 ± 0.15× 1015 molec.cm−2 is positive
instead of negative, and a larger VCDtrop, ref in the AirMAP
retrieval would further increase this offset. Because of this
reason and a lack of justification for a large difference be-
tween the VCDtrop, ref for the car and AirMAP retrieval, we
chose to leave the VCDtrop, ref as it is. Nevertheless, it is clear
that the validation of the offset has a large relative uncertainty
as there may be offsets in the reference measurements. Aside
from this, Fig. 7 shows a good correlation between the air-
borne and car DOAS instruments, with a correlation coeffi-
cient of r = 0.89. The orthogonal distance regression reveals
a slope of 0.89± 0.02, i.e., close to unity. Considering tropo-
spheric NO2 VCD retrieval errors and that the data from the
different instruments used for this comparison were analyzed
independently by the different groups and only partly harmo-
nized retrieval methods, with different assumptions about the
radiative transfer, aerosols, and reference background spec-
tra, the data show good agreement. Coincident measurements
that are furthest from the 1 : 1 line are mostly cases where
the time difference was at the outer edge of the time fil-
ter criterion and may therefore be caused by the rapid nat-
ural variability of NO2 (see right plot in Fig. A7). Figure A7
shows the same information as Fig. 7 and an additional plot
where points are color coded by time difference, but the er-
ror bars represent the 10th and 90th percentile within the
500 m× 500 m grid boxes and 15 min time intervals to illus-
trate the spatiotemporal variability.

6 Evaluating TROPOMI tropospheric NO2 VCD with
AirMAP tropospheric NO2 VCD data

The good agreement of the ground-based stationary and car
DOAS data set with the AirMAP data gives confidence for
using the AirMAP tropospheric NO2 VCD data set to evalu-
ate the TROPOMI products. Airborne observations are valu-
able for the evaluation of TROPOMI data, as a large num-
ber of satellite pixels are mapped in a relatively short time.
The AirMAP measurement time per flight is on the order of
3 h, with measurements over the target area planned to be
taken at least ±1 h around the S5P overpass with the small-
est VZA (see Fig. 3). In the comparison TROPOMI pixels
are only considered when they are at least 75 % mapped
by AirMAP pixels. AirMAP data are considered when they
match the temporal coincidence criteria of ±30 min around
the S5P overpass time. These spatially and temporally co-
incident criteria are following the suggestion by Judd et al.
(2020). During the 7 flight days (for which TROPOMI data
are only available on 6 d, due to ground segment anomalies),
AirMAP measurements coincide with 117 TROPOMI pix-
els. For the comparison of the two data sets, the AirMAP
measurements are averaged within the TROPOMI pixel. Fig-

Figure 7. Scatter plot between co-located car DOAS (±15 min win-
dow from the aircraft overpass) and AirMAP NO2 VCDs using
grid boxes of 500 m× 500 m and 15 min time intervals. The data
points from BIRA, MPIC, and IUP car DOAS instruments are color
coded in red, green, and orange, respectively. The 1 : 1 line is in-
dicated by the dashed grey line. The thick solid black line repre-
sents the orthogonal distance regression. Error bars represent the
error in the tropospheric NO2 VCD retrieval, averaged within the
500 m× 500 m grid boxes and 15 min time intervals.

ure 8 shows the six daily TROPOMI PAL V02.03.01 and
AirMAP tropospheric NO2 VCDs maps over the designated
flight area and the AirMAP measurements scaled to the co-
incident TROPOMI pixel.

The averaged AirMAP tropospheric NO2 VCDs are com-
pared to the coincident satellite data for three different
TROPOMI NO2 data versions in Fig. 9. It shows scatter
plots with an orthogonal distance regression analysis of the
TROPOMI and AirMAP NO2 VCDs for (i) the TROPOMI
operational OFFL V01.03.02 data (Fig. 9a)TS2 , (ii) the
adapted scientific TROPOMI V01.03.02 CAMS data using
CAMS-based NO2 profiles (Fig. 9b), and (iii) the repro-
cessed data version PAL V02.03.01 (Fig. 9c). Details on the
different data versions are summarized in Table 3.

The horizontal error bars correspond to the 10th and 90th
percentiles of all airborne measurements within the respec-
tive TROPOMI pixel. Vertical error bars represent the re-
ported precision of the TROPOMI tropospheric NO2 VCD.
Error bars are shown only for these three examples to illus-
trate their magnitude and are not shown in the following plots
for a better visibility of the data. An investigation of the dif-
ferent available TROPOMI NO2 data versions compared to
the AirMAP data with their different behavior (scatter, bias)
gives further insight into the influence of different a priori
assumptions made within each retrieval.

Figure 9a shows coincidences between the TROPOMI op-
erational OFFL V01.03.02 data and the AirMAP data, with a
high correlation coefficient of 0.86, a slope of 0.38± 0.02, an
offset of 2.54± 0.15×1015 molec.cm−2, and a median rela-
tive difference of −9 % with an interquartile range of −28 %
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Figure 8. Daily maps of tropospheric NO2 VCDs demonstrating how AirMAP data are matched to TROPOMI measurements. (top row)
TROPOMI PAL V02.03.01 tropospheric NO2 VCDs where qa_value > 0.75. (middle row) AirMAP tropospheric NO2 VCDs with overlaid
TROPOMI pixel outlines that fulfill the co-location criteria of a coverage of at least 75 % and AirMAP measurements ±30 min around the
S5P overpass. (bottom row) AirMAP tropospheric NO2 VCDs scaled to the TROPOMI pixel.

Figure 9. Scatter plots of TROPOMI NO2 VCDs vs. co-located AirMAP NO2 VCDs for different versions of TROPOMI data: (a) operational
OFFL V01.03.02, (b) V01.03.02 based on the CAMS NO2 profiles, and (c) PAL V02.03.01. AirMAP measurements are considered as co-
located and gridded to the TROPOMI pixel if they are taken ±30 min around the S5P overpass and are covering at least 75 % of the
TROPOMI pixel. The horizontal error bars represent the 10th and 90th percentiles of airborne measurements within the TROPOMI pixel.
Vertical error bars show the reported precision of the TROPOMI tropospheric NO2 VCD. Error bars on the TROPOMI measurements are
shown to illustrate their magnitude and are not shown for all further plots for better visibility of the data.
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to +16 %. All statistics of the comparisons between the dif-
ferent TROPOMI tropospheric NO2 VCDs data versions and
the AirMAP measurements are summarized in Table A1 in
Appendix A. Figure A11 shows box-and-whisker plots sum-
marizing the bias and spread of the difference between the
TROPOMI versions and AirMAP tropospheric NO2 VCDs.
The regression parameters and their standard errors are cal-
culated for the plotted data points. Taking the uncertainties
of the data points into account and considering the parame-
ters of the orthogonal distance regression over the complete
range of these uncertainties yields a standard deviation of
0.14 for the slope and 0.39×1015 molec.cm−2 for the offset.
The slope of 0.38 is significantly lower than the 0.68 from
comparisons of TROPOMI NO2 OFFL V01.03.02 data and
aircraft measurements in the New York City and Long Island
Sound region reported by Judd et al. (2020) and the 0.82 from
comparisons of TROPOMI and APEX measurements over
Brussels and Antwerp reported by Tack et al. (2021).

The scientific TROPOMI data V01.03.02 CAMS based on
the OFFL data V01.03.02 has the objective to investigate the
influence of the NO2 profile information by replacing the
1◦× 1◦ TM5 NO2 profiles with the spatially more highly
resolved 0.1◦× 0.1◦ CAMS-based profiles. The scatter plot
comparing this TROPOMI data version with the AirMAP
data is presented in Fig. 9b and shows a correlation coeffi-
cient of 0.86 and a slope of 0.41± 0.02. The median relative
difference improves from−9 % to−5 %. The correlation has
not changed compared to the original data version and the
slope increased only slightly, demonstrating that the replace-
ment of the NO2 profile has only a small impact on this data
set. In general, the replacement of the NO2 profile increases
the dynamical range of NO2 VCDs, with the largest impact
(5 %–30 %) in emission hot spots, but is dependent on the lo-
cation and conditions (Douros et al., 2023). Tack et al. (2021)
observed an increasing slope from 0.82 to 0.93 from the orig-
inal data version to the version using the CAMS regional a
priori over Belgium. Thus, the relative difference in slope
between the original V01.03.02 and the V01.03.02 CAMS
data is similar, i.e., 13 % in Tack et al. (2021) and 8 % in this
study.

Since several validation activities already reported that
the NO2 data V01.02–01.03 are biased low, a modi-
fied TROPOMI NO2 retrieval led to the development
of V02.03.01 and a complete mission reprocessing (see
Sect. 3.1.3). The comparison of this TROPOMI product PAL
V02.03.01 with the AirMAP data in Fig. 9c shows much
more scatter, with a correlation coefficient that is signifi-
cantly poorer than for the OFFL V01.03.02 product, chang-
ing from 0.86 to 0.76. The slope, however, increased by more
than a factor of 2 from 0.38± 0.02 to 0.83± 0.06, demon-
strating that the updates in the new TROPOMI NO2 data
version have a large impact on the analyzed data set from the
Rhine-Ruhr region. Due to the large scatter and driven by the
large number of measurements with tropospheric NO2 VCDs
of less than about 7 ± 0.15× 1015 molec.cm−2, the PAL

V02.03.01 product has a positive median relative difference
of +20 % with an interquartile range of −14 % to +66 %
(see Fig. A11). As described in Sect. 3.1.3, the main change
from V01.03 to V02.03.01 is the switch to the FRESCO-
wide product, which provides more realistic higher cloud
altitudes for measurements with cloud fractions larger than
zero. Only 1 out of the 117 TROPOMI pixels used in this
study has a cloud fraction of zero. Higher cloud altitudes re-
sult in decreased tropospheric AMFs and therefore higher
tropospheric NO2 VCDs. With the update many of the 117
data points show increased TROPOMI VCDs and are now
closer or even over the 1 : 1 line and thus increasing the slope
and the median relative difference. However, there is a lower
branch of data points (with low TROPOMI NO2, but large
AirMAP NO2 VCDs) that is not very affected by the mod-
ifications in the new data version and still matches the pat-
tern of the OFFL V01.03.02 comparison (Fig. 9a). Compar-
isons of coincidences between the AirMAP and TROPOMI
OFFL V01.03.02 and PAL V02.03.01 data, on the basis
of single days, show different magnitudes of the described
impact from the TROPOMI data version change (see Ap-
pendix Figs. A8 and A9). The addressed lower branch vis-
ible in the overall comparison of TROPOMI PAL V02.03.01
and AirMAP (Fig. 9c) is dominated by observations from
17 September and is linked to cloud pressures close to the
surface even after the change from FRESCO-S to FRESCO-
wide (see Fig. A9, where points are color coded in terms
of the surface and cloud pressure difference). In the OFFL
V01.03.02 product, 110 out of 117 pixels and thus 97 %
of the TROPOMI observations were found to have cloud
heights very close to the surface (within 50 hPa), which is not
realistic, especially not for such a large amount of observa-
tions. In the new PAL V02.03.01 product, the cloud retrieval
yields a cloud height close to the surface for 28 out of 117
pixels, resulting in a better slope of the regression line. How-
ever, since some scenes remain problematic, it results in more
scatter. Previous studies showed that for scenes with low
clouds, i.e., close to the surface, a height that is even closer
to the surface was retrieved by the original FRESCO imple-
mentation. Since the cloud algorithm does not discriminate
between clouds and aerosols, this also holds for low aerosol
layers. In many cases, FRESCO then retrieves the surface
height, which is incorrect (Compernolle et al., 2021; van Gef-
fen et al., 2022b). Observations during the flights and VIIRS
images of the campaign measurement days revealed nearly
perfect cloud-free conditions during the measurements over
the target areas. Thus, the high cloud pressures are sus-
pected to be caused by a higher aerosol load, which is iden-
tified as cloud. This assumption can be supported by the pre-
operational TROPOMI AOT product (de Graaf, 2022). The
daily maps depicted in Fig. A4 in Appendix A show a quite
variable AOT over the region and between the different days,
without any obvious correlation with the TROPOMI tropo-
spheric NO2 VCD. The highest AOT is found on 17 Septem-
ber spanning the pixels that show much lower tropospheric
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NO2 VCDs than seen by AirMAP and cause the lower branch
in the scatter plot.

6.1 Cloud effects

For TROPOMI the tropospheric NO2 VCDs are corrected
for cloud and aerosol effects by the AMFs accounting
for cloud-contaminated pixels using a combination of a
cloudy tropospheric AMF and a clear-sky tropospheric AMF
(AMFtrop, clr). The determined cloud radiance fraction from
the NO2 window is on average 0.21± 0.10 with a maximum
of 0.48. As mentioned before, based on observations during
the measurement flights, VIIRS images and the TROPOMI
AOT product these clouds detected by the cloud retrieval
must be mostly aerosols, which are identified as clouds in
the cloud correction. For nearly cloud-free observations, the
cloud correction is more an aerosol correction (Boersma
et al., 2011). To investigate the impact of the cloud correc-
tion on the TROPOMI tropospheric NO2 VCDs, we calcu-
lated VCDs without this correction, VCDtrop, nocc, using the
following equation:

VCDtrop, nocc =
VCDtrop ·AMFtrop

AMFtrop, clr
. (6)

Figure 10b shows the scatter plot between the TROPOMI
PAL V02.03.01 tropospheric NO2 VCD without cloud cor-
rection and the AirMAP tropospheric NO2 VCD, having a
high correlation of 0.85, a slope of 0.73± 0.04, and a median
relative difference of+16 %. For comparison, Fig. 10a again
shows the original PAL V02.03.01 tropospheric NO2 VCD
data with the original cloud correction, having a correlation
of 0.76, a slope of 0.83± 0.06, and a median relative differ-
ence of +20 %. The data version without cloud correction
does not show the discussed lower branch anymore, and the
upper branch is reduced. Hence, the product without cloud
correction has a much better correlation and illustrates that
the two branches are caused by the cloud correction.

To investigate the effect of TROPOMI observations with
cloud pressures close to the surface, we use an additional co-
incidence criterion separating the TROPOMI data into ob-
servations in which clouds and aerosols are respectively re-
trieved close to the surface and cases in which this is not
the case. As in Judd et al. (2020), the criterion is look-
ing for differences between the cloud pressure and the sur-
face pressure (1CS). However, in contrast with Judd et al.
(2020), data with 1CS> 50 hPa are kept, and the observa-
tions for which low clouds are retrieved are filtered out or
replaced. The limit of 50 hPa is chosen based on the re-
ported uncertainty of the cloud pressure retrieval (van Gef-
fen et al., 2022a). For the 117 coincident pixels from the 6
measurement days, this criterion reduces the number of co-
incidences in the PAL V02.03.01 to 89. Thus, the cloud re-
trieval of PAL V02.03.01 yields a cloud height close to the
surface for 23 % of the observations. In comparison, this is
true for 53 % of the TROPOMI observations of V01.02 used

in Judd et al. (2020) and for 97 % in V01.03.02 used in this
study. Figure 10c shows the scatter plot of the TROPOMI
PAL V02.03.01 vs. the co-located AirMAP NO2 VCDs lim-
ited to pixels with surface and cloud pressure differences of
1CS> 50 hPa. Compared to the unfiltered PAL V02.03.01
product, the slope and correlation increased from 0.83± 0.06
to 0.96± 0.06 and 0.76 to 0.84. The median relative differ-
ence increased from +20 % to +29 %. As a next step we re-
placed the 28 observations with cloud pressures close to the
surface with the VCDs without cloud correction. In this way,
the number of coincidences is maintained. Figure 10d shows
the result with a slope of 0.89± 0.05, a correlation of 0.84,
and a median relative difference of +26 %.

The new TROPOMI data V02.03.01 provide a more realis-
tic estimate of the cloud pressure for a large part of the mea-
surements as compared to earlier data versions. However, for
certain cases with a higher aerosol load, which is treated as a
cloud in the cloud retrieval, the cloud pressures remain close
to the surface and lead to negatively biased TROPOMI tro-
pospheric NO2 VCDs. Whether the cloud correction actually
improves the NO2 results in the presence of aerosols depends
on the details of the vertical distributions of aerosols and
NO2. In some cases, the results can be better if no cloud cor-
rection is made. To investigate this further, additional infor-
mation about the vertical distributions of aerosols and NO2
in the campaign area is needed.

6.2 NO2 profile shape and surface reflectivity effects

To evaluate the influence of the auxiliary data, such as sur-
face reflectivity or a priori NO2 vertical profiles, on the
TROPOMI NO2 data, we developed a custom TROPOMI
NO2 product based on the retrieval of the PAL V02.03.01
product, named IUP V02.03.01, with the possibility to
change auxiliary data used within the retrieval.

Figure 11a shows the comparison between the IUP
V02.03.01 tropospheric NO2 VCD and the AirMAP VCDs
in dark blue. The PAL V02.03.01 data are shown in light
blue (for details and regression statistics, see Fig. 9c). The
correlation is 0.76, as in the PAL data comparison. The
slope of 0.88± 0.06 is slightly higher than the 0.83± 0.06
and within the uncertainties. Since the agreement between
the PAL V02.03.01 and the IUP V02.03.01 version is fairly
good, we assume that the effects of changing auxiliary data
would be similar for the PAL V02.03.01 product.

To demonstrate the impact of more highly resolved a priori
NO2 vertical profiles on the PAL V02.03.01 data, we recalcu-
lated AMFs and the tropospheric NO2 VCDs using a priori
tropospheric profiles from the regional 0.1◦× 0.1◦ CAMS-
Europe analyses for altitudes between the surface and 3 km
as described in Sect. 3.1.4. These IUP V02.03.01 REG tro-
pospheric NO2 VCDs are compared to the AirMAP data in
Fig. 11b. Using the spatially more highly resolved NO2 pro-
files in the IUP V02.03.01 retrieval increases the slope from
0.88± 0.06 (IUP V02.03.01) to 1.00± 0.07 (IUP V02.03.01
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Figure 10. Scatter plots of TROPOMI NO2 VCDs vs. co-located AirMAP NO2 VCDs for different versions of TROPOMI data: (a) PAL
V02.03.01, (b) PAL V02.03.01 without cloud correction, (c) PAL V02.03.01 only pixels with a surface and cloud pressure difference of
1CS> 50 hPa, and (d) PAL V02.03.01 pixels where 1CS< 50 hPa are replaced by NO2 VCDs without cloud correction.

REG), while maintaining nearly the same correlation of 0.75
as compared to 0.76. With a relative difference in slope of
14 %, the change shows a slightly larger impact than the 8 %
we found for changing the a priori NO2 profile information
from TM5 to CAMS-Europe for the OFFL V01.03.02 data
set. Using the spatially more highly resolved profile infor-
mation has the effect that the profile shape over source re-
gions is improved in the sense that there is more NO2 near the
ground, which decreases the AMF and thus increases the tro-
pospheric NO2 VCD and compensates for the reduced sensi-
tivity of TROPOMI to trace gases close to the surface. This
has a larger effect in the case of the more realistic lower cloud
pressures of the PAL V02.03.01 data. Observations for which
the cloud pressure is still determined to be close to the sur-
face, which are represented by the lower branch of points,
are less affected by the change to the more highly resolved
profiles. In combination with the improved cloud treatment,

however, the improved NO2 profiles reveal their positive im-
pact.

Recalculating AMFs with the regional CAMS NO2 pro-
files and the TROPOMI LER results in the IUP V02.03.01
REG LER product. Figure 11c compares the IUP V02.03.01
REG TROPOMI LER and AirMAP tropospheric NO2 VCD,
showing a slope of 1.02± 0.07 and a correlation of 0.74.
Compared to the IUP V02.03.01 REG data (Fig. 11b), the
slope increased slightly from 1.00± 0.07 to 1.02± 0.07, and
the correlation hardly changed (from 0.75 to 0.74). The
median relative difference changed from +31 % to +24 %.
This comparison shows that replacing the OMI LER with
the TROPOMI LER data only has a small impact on the
TROPOMI NO2 VCD retrieval for our data set. Differences
between the OMI LER and TROPOMI LER are rather small
in the campaign region and in the NO2 fit window but can
be larger in other regions, and a change would thus have a
greater impact there.
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Figure 11. Scatter plots of TROPOMI NO2 VCDs vs. co-located AirMAP NO2 VCDs for different versions of TROPOMI data: (a) the IUP
V02.03.01 in dark blue and the PAL V02.03.01 in light blue, with regression information given for IUP V02.03.01, (b) the IUP V02.03.01
with regional CAMS profiles replacing the TM5 profile information, (c) the IUP V02.03.01 with regional CAMS profiles and TROPOMI
LER replacing the OMI LER, and (d) the IUP V02.03.01 with regional CAMS profiles and TROPOMI DLER.

Recalculating AMFs with the regional CAMS NO2 pro-
files and the TROPOMI DLER result in the IUP V02.03.01
REG DLER product, which is compared to the AirMAP
data in Fig. 11d. The implementation of the DLER product
leads to decreased TROPOMI NO2 VCDs as compared to
the products using OMI LER (Fig. 11b) or TROPOMI LER
(Fig. 11c) and results in a slope of 0.95± 0.07 and a median
relative difference of+21 % with a correlation of 0.75. Thus,
the directional aspect of the surface reflectivity only plays a
small role in the tropospheric NO2 retrieval in the campaign
region with nearly cloud-free conditions (mean cloud radi-
ance fraction= 0.21± 0.10) during the measurement days.
As for the comparison between OMI LER and TROPOMI
LER, it should be pointed out that this result is specific to
the area, month, and cloud conditions, as the reflectivity in-
fluences the cloud height retrieval and thus also the AMF.
Larger differences could, for example, be expected for snow-
covered surfaces with high reflectivity. Figure A10 in Ap-

pendix A shows scatter plots of the TROPOMI tropospheric
NO2 VCD retrieved with TROPOMI LER and TROPOMI
DLER for the 117 TROPOMI pixels used throughout the
study and for larger areas up to one full orbit. All compar-
isons show only minor influences from the directional com-
ponent. Since only TROPOMI observations made in Septem-
ber are compared, no larger snow-covered areas are expected,
and a more detailed analysis including a different period and
area would be needed to investigate possible larger differ-
ences.

All statistics of the comparisons between the different
TROPOMI tropospheric NO2 VCDs data versions and the
AirMAP measurements are summarized in Table A1 and the
box-and-whisker plots in Fig. A11 in Appendix A.
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7 Conclusions

The presented comparisons have shown that the airborne
imaging DOAS measurements performed by the AirMAP
instrument are specifically well suited for validating the
TROPOMI tropospheric NO2 VCDs. The airborne data set
provides independently measured tropospheric NO2 VCDs
from seven mapping flights during the S5P-VAL-DE-Ruhr
campaign in North Rhine-Westphalia from 12 to 18 Septem-
ber 2020 covering in total 117 TROPOMI ground pixels on
six of the days. These flights were accompanied by ground-
based stationary and mobile car DOAS instruments. The im-
portant advantage of airborne imaging DOAS measurements
is the mapping of the NO2 variability within a satellite foot-
print, quantifying the expected differences (representative er-
rors) between satellite and surface measurements at a fixed
location.

The ground-based stationary measurements conducted by
different types of DOAS instruments (two Zenith-DOAS,
two MAX-DOAS, two Pandora) deployed at different loca-
tions in the flight area provide independent, high-precision,
and well-established data for the evaluation of the AirMAP
retrievals. The AirMAP tropospheric NO2 VCDs are highly
correlated (r = 0.88) with the stationary ground-based VCDs
with a slope of 0.90± 0.09. Due to limited overflight possi-
bilities, the comparison is limited to in total 25 coincident
measurements.

The car DOAS measurements have the advantage that they
are mobile, can cover larger and more diverse areas, and
can be better synchronized to the AirMAP measurements.
They have a high temporal resolution and are coordinated
in the AirMAP flight area to gather many co-located mea-
surements. The evaluation of the AirMAP NO2 VCD consid-
ers 572 coincident measurements that are highly correlated
(r = 0.89) with a slope of 0.89± 0.02.

The combination of the two independent data sets to
assess the AirMAP data gives confidence for using the
AirMAP tropospheric NO2 VCD data set to evaluate the
TROPOMI products. Despite the fairly good spatial resolu-
tion of the TROPOMI measurements, the spatial variability
within TROPOMI pixels can be large and cannot be fully
captured by ground-based instruments. The AirMAP data,
having a resolution of about 100 m× 30 m, create a link be-
tween the ground-based and TROPOMI measurements with
a nadir resolution of 3.5 km× 5.5 km. Airborne measure-
ments are more representative of the satellite measurements
than point measurements as a large number of TROPOMI
pixels can be fully mapped in a relatively short time.

For the comparison of TROPOMI and AirMAP tropo-
spheric NO2 VCDs, only TROPOMI pixels that are at least
75 % mapped by AirMAP and measurements that are less
than ±30 min separated in time are used. This results in 117
TROPOMI pixels coinciding with AirMAP measurements
during the six flights. Due to nearly cloud-free conditions
during the measurement days, the cloud radiance fraction re-

trieved in the TROPOMI NO2 spectral window was on aver-
age 0.21± 0.10 with a maximum of 0.48, and thus all mea-
surements were below the recommended filter criterion of
0.5.

We evaluate the TROPOMI tropospheric NO2 VCD data
from 12 to 18 September 2020 using the two data products
OFFL V01.03.02 and PAL V02.03.01 and scientific data ver-
sions. One scientific version is based on the OFFL V01.03.02
with a replacement of the a priori NO2 profiles from the
TM5 model by the CAMS-Europe and CAMS-global prod-
uct, and one scientific product reproduces the PAL V02.03.01
in which different a priori assumptions are replaced and their
effects investigated.

The different TROPOMI and AirMAP data sets are cor-
related with correlation coefficients between 0.74 and 0.86,
slopes of 0.38± 0.02 to 1.02± 0.07, and relative mean dif-
ferences between −9 % and 31 %. The operational OFFL
V01.03.02 and the scientific V01.03.02 CAMS product show
a clear underestimation of TROPOMI compared to the
AirMAP tropospheric NO2 VCDs with a slope of 0.38± 0.02
and 0.41± 0.02 and median relative differences of−9 % and
−5 %, respectively. Both products show a high correlation
with a correlation coefficient of 0.86.

The updates implemented in the TROPOMI PAL
V02.03.01 product increase the slope from 0.38± 0.02 to
0.83± 0.06 but result in much more scatter and reduce the
correlation from 0.86 to only 0.76, demonstrating the large
impact of the modifications on the analyzed data set. Due
to the large scatter and driven by the large number of mea-
surements with tropospheric NO2 VCDs of less than about
7± 0.15×1015 molec.cm−2, the PAL V02.03.01 product has
a median relative difference of +20 % with an interquartile
range of −14 % to +66 %. The main change influencing the
tropospheric NO2 VCD is the switch from the FRESCO-S
to the FRESCO-wide product, which results in more realistic
higher cloud altitudes and therefore decreased tropospheric
AMFs and higher tropospheric NO2 VCDs. In the analyzed
TROPOMI data set many of the data points are affected by
the modifications and are thus closer or even over the 1 : 1
line and increase the slope and the median relative differ-
ence. However, there is a lower branch with low TROPOMI
NO2 VCDs but large AirMAP NO2 VCDs that still shows
cloud pressures close to the surface. The clearly decreased
correlation is mainly caused by this separation of the data
into two branches, with one branch around the 1 : 1 line and
a second with low biased TROPOMI observations close to
the distribution seen in OFFL V01.03.02.

We found that the TROPOMI observations on the lower
branch are dominated by the observations from a single day
and are linked to cloud pressures that are still close to the
surface as in the OFFL V01.03.02 product, i.e., they are not
affected much by the modifications. Due to nearly cloud-free
conditions during the measurement flights, the high cloud
pressures are suspected to be caused by a higher aerosol load
(which is identified as cloud) and are not accounted for ade-
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quately in the cloud correction. This assumption is supported
by the TROPOMI AOT product, which shows a high AOT
for the pixels that show much lower tropospheric NO2 VCDs
than seen by AirMAP and cause the lower branch in the scat-
ter plot.

Comparing TROPOMI PAL V02.03.01 VCDs without
cloud correction with the AirMAP VCDs decreases the slope
from 0.83± 0.06 to 0.73± 0.04 and the median relative dif-
ference from +20 % to +16 % but brings the two branches
together, which improves the correlation from 0.76 to 0.84.
This illustrates that the two branches are caused by the cloud
correction. We introduced an additional criterion that filters
TROPOMI observations with surface to cloud pressure dif-
ferences of less than 50 hPa, i.e., clouds close to the sur-
face, and either excluded these pixels or replaced them with
the NO2 VCDs without cloud correction. This increases the
slope from 0.83± 0.06 to 0.96± 0.06 and 0.89± 0.05 and
improves the correlation from 0.76 to 0.84, respectively.
Thus, we saw that the PAL V02.03.01 NO2 product provides
a more realistic estimate of the cloud pressure for a large part
of the measurements as compared to earlier data versions,
but for certain cases with a higher aerosol load, cloud pres-
sures remain close to the surface and lead to negatively bi-
ased TROPOMI tropospheric NO2 VCDs and a larger scat-
ter. Therefore, in some cases the results can be better if no
cloud correction is made.

We developed a custom TROPOMI NO2 product based on
the retrieval of the PAL V02.03.01 but replacing the TM5 a
priori NO2 profiles with the spatially more highly resolved
CAMS-Europe product for altitudes up to 3 km. This modi-
fication increases the slope from 0.88± 0.06 to 1.00± 0.07
with consistent correlation.

Replacing the OMI LER data with the more highly re-
solved TROPOMI LER or DLER data in the NO2 fit win-
dow only has a small impact on the TROPOMI NO2 VCDs
of our data set and the comparison to the AirMAP data.
The slope increases from 1.00± 0.07 to 1.02± 0.07 using
the TROPOMI LER and decreases to 0.95± 0.07 using the
TROPOMI DLER. The influence of the surface reflectivity
on the VCD retrieval is rather small in the campaign re-
gion but can be larger in other regions or seasons, espe-
cially regarding snow-covered surfaces and different cloud
conditions, as the reflectivity influences the cloud height re-
trieval and thus the AMF. A larger impact is expected when
applying the TROPOMI DLER in the NIR-FRESCO cloud
retrieval, affecting the NO2 retrieval through adjusted cloud
parameters.

In summary, a validation has been presented of the
TROPOMI tropospheric NO2 retrievals based on airborne
mapping flights supported by ground-based stationary and
car DOAS measurements. We found that the modifications in
the cloud pressure retrieval in the TROPOMI PAL V02.03.01
data product lead to more realistic lower cloud pressures and
thus larger tropospheric NO2 VCDs for a large part of the an-
alyzed observations compared to the OFFL V01.03.02 prod-

uct. While this improves the slope, it significantly increases
the scatter. The results can be improved for cases with high
aerosol load and retrieved cloud pressures close to the sur-
face if no cloud correction is made. Spatially more highly re-
solved a priori NO2 profile information can further increase
the tropospheric NO2 VCDs, while the application of the
TROPOMI LER and DLER had only small effects. Further
validation activities on the TROPOMI PAL V02.03.01 data
product using larger data sets in more regions with different
pollution levels, surface reflectances, and aerosol and cloud
conditions would help to evaluate the performance of the
TROPOMI NO2 product under different conditions and con-
firm the results found in this data set. After reprocessing of
the new V02.04 NO2 retrieval, which has a consistent imple-
mentation of the TROPOMI DLER climatology in the NO2
fit window and the NIR band for the cloud retrieval, com-
parisons to the campaign data set can investigate the impact
of this modification. The presented validation strategy can be
assigned to future validation activities for upcoming satellite
missions such as GEMS, TEMPO, Sentinel-4, and Sentinel-
5.
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Appendix A

Table A1. Statistics of the comparisons between the different TROPOMI tropospheric NO2 VCD data versions and AirMAP measure-
ments: slope and offset ± standard deviation (SD) of the orthogonal distance regression, median relative difference, and Pearson correlation
coefficient.

TROPOMI NO2 data version Slope±SD Median Offset±SD Correlation
difference (%) (×1015 molec.cm−2) coefficient

OFFL V01.03.02 0.38± 0.02 −9 2.54± 0.15 0.86
OFFL V01.03.02 CAMS 0.41± 0.02 −5 2.63± 0.16 0.86
PAL V02.03.01 0.83± 0.06 20 1.71± 0.42 0.76
PAL V02.03.01, AirMAP AOT= 0.003 0.81± 0.06 24 1.89± 0.41 0.76
PAL V02.03.01, AirMAP AOT= 0.6 0.82± 0.06 17 1.66± 0.43 0.76
PAL V02.03.01 no cloud correction (no cc) 0.73± 0.04 16 2.12± 0.29 0.85
PAL V02.03.01 1CS> 50 hPa 0.96± 0.06 29 1.76± 0.41 0.84
PAL V02.03.01 1CS> 50 hPa replaced with no cc 0.89± 0.05 26 1.93± 0.37 0.84

IUP V02.03.01 0.88± 0.06 26 1.56± 0.45 0.76
IUP V02.03.01 REG 1.00± 0.07 31 0.99± 0.51 0.75
IUP V02.03.01 REG TROPOMI LER 1.02± 0.07 24 0.86± 0.54 0.74
IUP V02.03.01 REG TROPOMI DLER 0.95± 0.07 21 0.96± 0.50 0.75

Figure A1. Tropospheric NO2 VCD of the TM5-MP (1◦× 1◦) and the CAMS regional (0.1◦× 0.1◦) analysis for the campaign region on
17 September 2020, interpolated to TROPOMI pixels and oversampled to a 0.03◦× 0.03◦ resolution.
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Figure A2. NO2 profile used in the SCIATRAN tropospheric AMF calculations. The profile is based on old WRF-Chem model runs and
scaled to the typical boundary layer height during the measurement days around noon.

Figure A3. Scatter plots of TROPOMI PAL V02.03.01 tropospheric NO2 VCDs vs. co-located AirMAP tropospheric NO2 VCDs with an
(a) AOT of 0.003, (b) AOT of 0.3, and (c) AOT of 0.6. AirMAP measurements are considered as co-located and gridded to the TROPOMI
pixel if they are taken ±30 min around the S5P overpass and are covering at least 75 % of the TROPOMI pixel.
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Figure A4. Daily maps of (top) TROPOMI AOT at 440 nm where the qa_value is> 0.5 and (bottom) TROPOMI PAL V02.03.01 tropospheric
NO2 VCDs where the qa_value is > 0.75. Black boxes represent TROPOMI pixel outlines that fulfill the co-location criteria of having an
AirMAP coverage of at least 75 % and AirMAP measurements performed ±30 min around the S5P overpass (see also Fig. 8).

Figure A5. Scatter plot between co-located car DOAS measure-
ments (±5 min time window) of MPIC and BIRA car DOAS
data vs. IUP car DOAS tropospheric NO2 VCDs averaged within
200 m× 200 m grid boxes and 5 min time intervals. The data points
from the BIRA and MPIC car DOAS instrument are color coded
in red and green, respectively. The thick solid black line repre-
sents the orthogonal distance regression. Error bars represent the
error in the tropospheric NO2 VCD retrieval, averaged within the
200 m× 200 m grid boxes and 5 min time intervals.

Figure A6. The same as Fig. 6 but with different error bars. Scat-
ter plot showing the stationary ground-based NO2 VCDs averaged
in a time interval of 20 min closest to the AirMAP overpass data,
which are averaged over a 500 m× 500 m box around the station
site. Error bars represent the 10th and 90th percentile within the
500 m× 500 m grid boxes and 20 min time intervals.
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Figure A7. Similar to Fig. 7 but with different error bars. Scatter plots showing co-located car DOAS (±15 min window from the aircraft
overpass) and AirMAP NO2 VCDs using grid boxes of 500 m× 500 m and 15 min time intervals. The data points from BIRA, MPIC, and
IUP car DOAS instruments are color coded as red, green, and orange, respectively (a). The color coding in panel (b) shows the time difference
between the AirMAP and car DOAS measurements. Error bars represent the 10th and 90th percentile within the 500 m× 500 m grid boxes
and 15 min time intervals.

Figure A8. Daily scatter plots of TROPOMI operational OFFL V01.03.02 tropospheric NO2 VCDs vs. co-located AirMAP tropospheric
NO2 VCDs for the 6 measurement days. Points are color coded to show the surface and cloud pressure difference. AirMAP measurements
are considered as co-located and gridded to the TROPOMI pixel if they are taken ±30 min around the S5P overpass and are covering at least
75 % of the TROPOMI pixel.
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Figure A9. The same as Fig. A8 but for TROPOMI PAL V02.03.01 tropospheric NO2 VCDs vs. co-located AirMAP tropospheric NO2
VCDs for the 6 measurement days.

Figure A10. Scatter plots of TROPOMI IUP V02.03.01 tropospheric NO2 VCDs with TROPOMI LER and TROPOMI DLER for (a) the
117 TROPOMI pixels coinciding with the AirMAP measurements used throughout the study, (b) a larger orbit segment over western Europe
on 13 September 2020, and (c) one full orbit including the campaign area on 13 September 2020. All data are quality and cloud filtered using
the qa_value of 0.75.
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Figure A11. Box-and-whisker plots summarizing the bias and spread of the difference between the different TROPOMI versions and
AirMAP tropospheric NO2 VCDs. The green line inside the box represents the median relative difference. Box bounds mark the 25th
and 75th percentiles, while the whiskers represent the 5th and 95th percentiles.

Data availability. TROPOMI data from July 2018 onward are
freely available via https://s5phub.copernicus.eu/ (last access:
21 February 2022; Sentinel-5P Pre-Operations Data Hub, 2022).
The reprocessed PAL V02.03.01 data product is freely avail-
able via https://data-portal.s5p-pal.com/products/no2.html (last ac-
cess: 5 April 2022; S5P PAL Data Portal, 2022). The TROPOMI
pre-operational AOT product is freely available via https://
data-portal.s5p-pal.com/products/aot.html (last access: 4 Febru-
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ary 2023; Pandonia Global Network, 2023). The TROPOMI
DLER database is freely available via https://www.temis.nl/surface/
albedo/tropomi_ler.php (last access: 4 February 2023; KNMI-
TEMIS, 2023). The ERA5 reanalysis data are freely available from
the Copernicus Climate Change (C3S) climate data store (CDS)
(https://doi.org/10.24381/cds.adbb2d47, Hersbach et al., 2018TS3 ).

Author contributions. All co-authors contributed to the campaign
either as participants and instrument operators, during campaign
preparation and/or follow-up data analysis, or by providing their
data of the individual instruments. ACM, AR, ASc, KL, JPB, AM,
FT, MVR, TW, TR, and DS designed, planned, and organized the
S5P-VAL-DE-Ruhr campaign. Airborne, car and ground-based sta-
tionary measurements were performed by KL, AR, ACM, TB, ASe,
KK, LKB, FW, AM, FT, CF, ED, MVR, VK, SDo, SDö, BL, MR,
CB, KU, TW, TR, BB, DSD, and NA. The airborne data were an-
alyzed by ACM and KL. The car DOAS data were analyzed by
KL, VK, and AM. The ground-based stationary data were ana-
lyzed by KL, AR, ASe, AM, CF, and MMF. Radiative transfer cal-
culations with SCIATRAN were performed by TB. HE provided
the TROPOMI CAMS product and expertise in the operational
TROPOMI NO2 product. KL and ACM performed the final data
analysis. KL, AR, ASc, ACM, TB, ASe, and JPB interpreted the
results of the study and wrote the paper with feedback and contri-
butions from all other co-authors.

Competing interests. At least one of the (co-)authors is a member
of the editorial board of Atmospheric Measurement Techniques. The
peer-review process was guided by an independent editor, and the
authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. Copernicus Sentinel-5P level-2 NO2 data are
used in this study. Sentinel-5 Precursor is a European Space
Agency (ESA) mission on behalf of the European Commission
(EC). The TROPOMI payload is a joint development by ESA
and the Netherlands Space Office (NSO). The Sentinel-5 Precur-
sor ground segment development has been funded by the ESA and
with national contributions from the Netherlands, Germany, Bel-
gium, and UK. We acknowledge the free use of the TROPOMI
surface DLER database provided through the Sentinel-5p+ Innova-
tion project of the European Space Agency (ESA). The TROPOMI
surface DLER database was created by the Royal Netherlands Me-
teorological Institute (KNMI). Authors acknowledge AERONET-
Europe for providing calibration services. AERONET-Europe is
part of ACTRIS-IMP project that received funding from the Eu-
ropean Union (H2020-INFRADEV-2018-2020) under grant agree-
ment no. 871115. We would like to acknowledge the Umwelt-
und Verbraucherschutzamt Stadt Köln for providing the location
and support for the Pandora Cologne measurement site and Ulrich
Quass for providing the location and support for the Zenith-DOAS
instrument. We thank the pilot of the aircraft, Jeremy Gordon, for
his calm and professional flights, as well as his guidance in all mat-
ters related to the aircraft and weather conditions.

https://s5phub.copernicus.eu/
https://data-portal.s5p-pal.com/products/no2.html
https://data-portal.s5p-pal.com/products/aot.html
https://data-portal.s5p-pal.com/products/aot.html
http://data.pandonia-global-network.org/
https://www.temis.nl/surface/albedo/tropomi_ler.php
https://www.temis.nl/surface/albedo/tropomi_ler.php
https://doi.org/10.24381/cds.adbb2d47


30 K. Lange et al.: Validation of Sentinel-5P TROPOMI tropospheric NO2 products

Financial support. This research has been supported by
the Deutsches Zentrum für Luft- und Raumfahrt (grant
no. 50 EE 1709A) and the European Space Agency (grant
no. 4000128426/19/NL/FF/ab; QA4EO Atmospheric Composition
Uncertainty Field Studies Project).

The article processing charges for this open-access
publication were covered by the University of Bremen.

Review statement. This paper was edited by Robyn Schofield and
reviewed by three anonymous referees.

References

Airyx GmbH: SkySpec Compact Instrument v.200, https://airyx.de/
wp-content/uploads/2022/05/SkySpec-Compact_v200.pdf, last
access: 14 July 2022.

Beirle, S., Kühl, S., Puk, ı̄te, J., and Wagner, T.: Retrieval of tropo-
spheric column densities of NO2 from combined SCIAMACHY
nadir/limb measurements, Atmos. Meas. Tech., 3, 283–299,
https://doi.org/10.5194/amt-3-283-2010, 2010.

Boersma, K. F., Eskes, H. J., Dirksen, R. J., van der A, R. J.,
Veefkind, J. P., Stammes, P., Huijnen, V., Kleipool, Q. L., Sneep,
M., Claas, J., Leitão, J., Richter, A., Zhou, Y., and Brunner, D.:
An improved tropospheric NO2 column retrieval algorithm for
the Ozone Monitoring Instrument, Atmos. Meas. Tech., 4, 1905–
1928, https://doi.org/10.5194/amt-4-1905-2011, 2011.

Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, V.,
Ladstätter-Weißenmayer, A., Richter, A., DeBeek, R.,
Hoogen, R., Bramstedt, K., Eichmann, K.-U., Eisinger, M.,
and Perner, D.: The Global Ozone Monitoring Experiment
(GOME): Mission Concept and First Scientific Results, J.
Atmos. Sci.s, 56, 151–175, https://doi.org/10.1175/1520-
0469(1999)056<0151:TGOMEG>2.0.CO;2, 1999.

Cede, A., Tiefengraber, M., Gebetsberger, M., and Spinei Lind,
E.: Pandonia Global NetworkData Products Readme Document,
Tech. rep., PGN-DataProducts-Readme, version 1.8-6, 31 De-
cember 2022, https://www.pandonia-global-network.org/home/
documents/reports (last access: 4 February 2023), 2022.

Chameides, W. and Walker, J. C. G.: A photochemical the-
ory of tropospheric ozone, J. Geophys. Res., 78, 8751–8760,
https://doi.org/10.1029/JC078i036p08751, 1973.

Compernolle, S., Argyrouli, A., Lutz, R., Sneep, M., Lambert,
J.-C., Fjæraa, A. M., Hubert, D., Keppens, A., Loyola, D.,
O’Connor, E., Romahn, F., Stammes, P., Verhoelst, T., and
Wang, P.: Validation of the Sentinel-5 Precursor TROPOMI
cloud data with Cloudnet, Aura OMI O2–O2, MODIS, and
Suomi-NPP VIIRS, Atmos. Meas. Tech., 14, 2451–2476,
https://doi.org/10.5194/amt-14-2451-2021, 2021.

Constantin, D.-E., Merlaud, A., Van Roozendael, M., Voiculescu,
M., Fayt, C., Hendrick, F., Pinardi, G., and Georgescu,
L.: Measurements of Tropospheric NO2 in Romania Us-
ing a Zenith-Sky Mobile DOAS System and Compar-
isons with Satellite Observations, Sensors, 13, 3922–3940,
https://doi.org/10.3390/s130303922, 2013.

Danckaert, T., Fayt, C., Van Roozendael, M., De Smedt, I., Letocart,
V., Merlaud, A., and Pinardi, G.: QDOAS Software user man-

ual Version 3.2, https://uv-vis.aeronomie.be/software/QDOAS/
QDOAS_manual.pdf (last access: 14 July 2022), 2017.

de Graaf, M.: TROPOMI ATBD of theAerosol Optical Thick-
ness, Tech. rep., S5P-KNMI-L2-0033-RP, Issue 3.0.0, https://
data-portal.s5p-pal.com/products/aot.html, last access: 21 De-
cember 2022.

Donner, S.: Mobile MAX-DOAS measurements of the tropo-
spheric formaldehyde column in the Rhein-Main region, Mas-
ter’s thesis, University of Mainz, http://hdl.handle.net/11858/
00-001M-0000-002C-EB17-2 (last access: 15 August 2022),
2016.

Douros, J., Eskes, H., van Geffen, J., Boersma, K. F., Compernolle,
S., Pinardi, G., Blechschmidt, A.-M., Peuch, V.-H., Colette, A.,
and Veefkind, P.: Comparing Sentinel-5P TROPOMI NO2 col-
umn observations with the CAMS regional air quality ensemble,
Geosci. Model Dev., 16, 509–534, https://doi.org/10.5194/gmd-
16-509-2023, 2023.

Dubé, K., Randel, W., Bourassa, A., Zawada, D., McLinden, C.,
and Degenstein, D.: Trends and Variability in Stratospheric
NOx Derived From Merged SAGE II and OSIRIS Satellite
Observations, J. Geophys. Res.-Atmos., 125, e2019JD031798,
https://doi.org/10.1029/2019JD031798, 2020.

Eskes, H. and Eichmann, K.: S5P MPC Product Readme Nitro-
gen Dioxide, Tech. rep., Report S5P-MPC-KNMI-PRF-NO2, is-
sue 2.2, 20 July 2022, ESA, https://sentinel.esa.int/web/sentinel/
technical-guides/sentinel-5p/products-algorithms, last access:
23 September 2022.

Eskes, H., van Geffen, J., Boersma, F., Eichmann, K.-U., Apitu-
ley, A., Pedergnana, M., Sneep, M., Veefkind, J. P., and Loyola,
D.: Sentinel-5 precursor/TROPOMI Level 2 Product User Man-
ual Nitrogendioxide, Tech. rep., Report S5P-KNMI-L2-0021-
MA, issue 4.1.0, 11 July 2022, ESA, https://sentinel.esa.int/web/
sentinel/technical-guides/sentinel-5p/products-algorithms (last
access: 3 January 2023), 2022.

Fishman, J. and Crutzen, P. J.: The origin of ozone in the tropo-
sphere, Nature, 274, 855–858, https://doi.org/10.1038/274855a0,
1978.

Friedrich, M. M., Rivera, C., Stremme, W., Ojeda, Z., Arellano,
J., Bezanilla, A., García-Reynoso, J. A., and Grutter, M.: NO2
vertical profiles and column densities from MAX-DOAS mea-
surements in Mexico City, Atmos. Meas. Tech., 12, 2545–2565,
https://doi.org/10.5194/amt-12-2545-2019, 2019.

Hendrick, F., Pinardi, G., Van Roozendael, M., Apituley, A.,
Piters, A., Richter, A., Wagner, T., Kreher, K., Friess, U., and
Lampel, J.: Fiducial Reference Measurements for Ground-Based
DOAS Air-Quality Observations, Deliverable D13 ESA Con-
tract No. 4000118181/16/I-EF, https://frm4doas.aeronomie.
be/ProjectDir/Deliverables/FRM4DOAS_D13_Campaign_
Planning_Document_20161021_final.pdf (last access: 14 July
2022), 2016.

Herman, J., Cede, A., Spinei, E., Mount, G., Tzortziou, M.,
and Abuhassan, N.: NO2 column amounts from ground-
based Pandora and MFDOAS spectrometers using the direct-
sun DOAS technique: Intercomparisons and application to
OMI validation, J. Geophys. Res.-Atmos., 114, D13307,
https://doi.org/10.1029/2009JD011848, 2009.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A.,
Muñoz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum, I.,
Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut, J.-N.:

https://airyx.de/wp-content/uploads/2022/05/SkySpec-Compact_v200.pdf
https://airyx.de/wp-content/uploads/2022/05/SkySpec-Compact_v200.pdf
https://doi.org/10.5194/amt-3-283-2010
https://doi.org/10.5194/amt-4-1905-2011
https://doi.org/10.1175/1520-0469(1999)056<0151:TGOMEG>2.0.CO;2
https://doi.org/10.1175/1520-0469(1999)056<0151:TGOMEG>2.0.CO;2
https://www.pandonia-global-network.org/home/documents/reports
https://www.pandonia-global-network.org/home/documents/reports
https://doi.org/10.1029/JC078i036p08751
https://doi.org/10.5194/amt-14-2451-2021
https://doi.org/10.3390/s130303922
https://uv-vis.aeronomie.be/software/QDOAS/QDOAS_manual.pdf
https://uv-vis.aeronomie.be/software/QDOAS/QDOAS_manual.pdf
https://data-portal.s5p-pal.com/products/aot.html
https://data-portal.s5p-pal.com/products/aot.html
http://hdl.handle.net/11858/00-001M-0000-002C-EB17-2
http://hdl.handle.net/11858/00-001M-0000-002C-EB17-2
https://doi.org/10.5194/gmd-16-509-2023
https://doi.org/10.5194/gmd-16-509-2023
https://doi.org/10.1029/2019JD031798
https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-5p/products-algorithms
https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-5p/products-algorithms
https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-5p/products-algorithms
https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-5p/products-algorithms
https://doi.org/10.1038/274855a0
https://doi.org/10.5194/amt-12-2545-2019
https://frm4doas.aeronomie.be/ProjectDir/Deliverables/FRM4DOAS_D13_Campaign_Planning_Document_20161021_final.pdf
https://frm4doas.aeronomie.be/ProjectDir/Deliverables/FRM4DOAS_D13_Campaign_Planning_Document_20161021_final.pdf
https://frm4doas.aeronomie.be/ProjectDir/Deliverables/FRM4DOAS_D13_Campaign_Planning_Document_20161021_final.pdf
https://doi.org/10.1029/2009JD011848


K. Lange et al.: Validation of Sentinel-5P TROPOMI tropospheric NO2 products 31

ERA5 hourly data on single levels from 1959 to present, Coper-
nicus Climate Change Service (C3S) Climate Data Store (CDS)
[data set], https://doi.org/10.24381/cds.adbb2d47, 2018.TS4

Heue, K.-P., Richter, A., Bruns, M., Burrows, J. P., v. Friede-
burg, C., Platt, U., Pundt, I., Wang, P., and Wagner, T.: Valida-
tion of SCIAMACHY tropospheric NO2-columns with AMAX-
DOAS measurements, Atmos. Chem. Phys., 5, 1039–1051,
https://doi.org/10.5194/acp-5-1039-2005, 2005.

Hilboll, A., Richter, A., Rozanov, A., Hodnebrog, Ø., Heckel, A.,
Solberg, S., Stordal, F., and Burrows, J. P.: Improvements to the
retrieval of tropospheric NO2 from satellite – stratospheric cor-
rection using SCIAMACHY limb/nadir matching and compari-
son to Oslo CTM2 simulations, Atmos. Meas. Tech., 6, 565–584,
https://doi.org/10.5194/amt-6-565-2013, 2013a.

Hilboll, A., Richter, A., and Burrows, J. P.: Long-term changes
of tropospheric NO2 over megacities derived from multiple
satellite instruments, Atmos. Chem. Phys., 13, 4145–4169,
https://doi.org/10.5194/acp-13-4145-2013, 2013b.

Huijnen, V., Eskes, H. J., Poupkou, A., Elbern, H., Boersma, K.
F., Foret, G., Sofiev, M., Valdebenito, A., Flemming, J., Stein,
O., Gross, A., Robertson, L., D’Isidoro, M., Kioutsioukis, I.,
Friese, E., Amstrup, B., Bergstrom, R., Strunk, A., Vira, J.,
Zyryanov, D., Maurizi, A., Melas, D., Peuch, V.-H., and Zere-
fos, C.: Comparison of OMI NO2 tropospheric columns with an
ensemble of global and European regional air quality models, At-
mos. Chem. Phys., 10, 3273–3296, https://doi.org/10.5194/acp-
10-3273-2010, 2010.

Ibrahim, O., Shaiganfar, R., Sinreich, R., Stein, T., Platt, U., and
Wagner, T.: Car MAX-DOAS measurements around entire cities:
quantification of NOx emissions from the cities of Mannheim
and Ludwigshafen (Germany), Atmos. Meas. Tech., 3, 709–721,
https://doi.org/10.5194/amt-3-709-2010, 2010.

Ingmann, P., Veihelmann, B., Langen, J., Lamarre, D., Stark,
H., and Courrèges-Lacoste, G. B.: Requirements for the
GMES Atmosphere Service and ESA’s implementation con-
cept: Sentinels-4/-5 and -5p, Remote Sens. Environ., 120, 58–69,
https://doi.org/10.1016/j.rse.2012.01.023, 2012.

Jacob, D. J., Heikes, E. G., Fan, S.-M., Logan, J. A., Mauzerall,
D. L., Bradshaw, J. D., Singh, H. B., Gregory, G. L., Talbot,
R. W., Blake, D. R., and Sachse, G. W.: Origin of ozone and NOx
in the tropical troposphere: A photochemical analysis of aircraft
observations over the South Atlantic basin, J. Geophys. Res.-
Atmos., 101, 24235–24250, https://doi.org/10.1029/96JD00336,
1996.

Judd, L. M., Al-Saadi, J. A., Szykman, J. J., Valin, L. C., Janz,
S. J., Kowalewski, M. G., Eskes, H. J., Veefkind, J. P., Cede,
A., Mueller, M., Gebetsberger, M., Swap, R., Pierce, R. B.,
Nowlan, C. R., Abad, G. G., Nehrir, A., and Williams, D.: Evalu-
ating Sentinel-5P TROPOMI tropospheric NO2 column densities
with airborne and Pandora spectrometers near New York City
and Long Island Sound, Atmos. Meas. Tech., 13, 6113–6140,
https://doi.org/10.5194/amt-13-6113-2020, 2020.

Kim, J., Jeong, U., Ahn, M.-H., Kim, J. H., Park, R. J., Lee, H.,
Song, C. H., Choi, Y.-S., Lee, K.-H., Yoo, J.-M., Jeong, M.-J.,
Park, S. K., Lee, K.-M., Song, C.-K., Kim, S.-W., Kim, Y. J.,
Kim, S.-W., Kim, M., Go, S., Liu, X., Chance, K., Miller, C. C.,
Al-Saadi, J., Veihelmann, B., Bhartia, P. K., Torres, O., Abad,
G. G., Haffner, D. P., Ko, D. H., Lee, S. H., Woo, J.-H., Chong,
H., Park, S. S., Nicks, D., Choi, W. J., Moon, K.-J., Cho, A.,

Yoon, J., kyun Kim, S., Hong, H., Lee, K., Lee, H., Lee, S.,
Choi, M., Veefkind, P., Levelt, P. F., Edwards, D. P., Kang,
M., Eo, M., Bak, J., Baek, K., Kwon, H.-A., Yang, J., Park,
J., Han, K. M., Kim, B.-R., Shin, H.-W., Choi, H., Lee, E.,
Chong, J., Cha, Y., Koo, J.-H., Irie, H., Hayashida, S., Kasai,
Y., Kanaya, Y., Liu, C., Lin, J., Crawford, J. H., Carmichael,
G. R., Newchurch, M. J., Lefer, B. L., Herman, J. R., Swap,
R. J., Lau, A. K. H., Kurosu, T. P., Jaross, G., Ahlers, B., Dob-
ber, M., McElroy, C. T., and Choi, Y.: New Era of Air Quality
Monitoring from Space: Geostationary Environment Monitoring
Spectrometer (GEMS), B. Am. Meteorol. Soc., 101, E1–E22,
https://doi.org/10.1175/BAMS-D-18-0013.1, 2020.

Kleipool, Q. L., Dobber, M. R., de Haan, J. F., and Lev-
elt, P. F.: Earth surface reflectance climatology from 3
years of OMI data, J. Geophys. Res.-Atmos., 113, D18308,
https://doi.org/10.1029/2008JD010290, 2008.

KNMI-TEMIS: TROPOMI surface LER & DLER database,
KNMI-TEMIS [data set], https://www.temis.nl/surface/albedo/
tropomi_ler.php, last access: 4 February 2023.

Kreher, K., Van Roozendael, M., Hendrick, F., Apituley, A., Dim-
itropoulou, E., Frieß, U., Richter, A., Wagner, T., Lampel, J.,
Abuhassan, N., Ang, L., Anguas, M., Bais, A., Benavent, N.,
Bösch, T., Bognar, K., Borovski, A., Bruchkouski, I., Cede, A.,
Chan, K. L., Donner, S., Drosoglou, T., Fayt, C., Finkenzeller, H.,
Garcia-Nieto, D., Gielen, C., Gómez-Martín, L., Hao, N., Henz-
ing, B., Herman, J. R., Hermans, C., Hoque, S., Irie, H., Jin, J.,
Johnston, P., Khayyam Butt, J., Khokhar, F., Koenig, T. K., Kuhn,
J., Kumar, V., Liu, C., Ma, J., Merlaud, A., Mishra, A. K., Müller,
M., Navarro-Comas, M., Ostendorf, M., Pazmino, A., Peters, E.,
Pinardi, G., Pinharanda, M., Piters, A., Platt, U., Postylyakov,
O., Prados-Roman, C., Puentedura, O., Querel, R., Saiz-Lopez,
A., Schönhardt, A., Schreier, S. F., Seyler, A., Sinha, V., Spinei,
E., Strong, K., Tack, F., Tian, X., Tiefengraber, M., Tirpitz, J.-
L., van Gent, J., Volkamer, R., Vrekoussis, M., Wang, S., Wang,
Z., Wenig, M., Wittrock, F., Xie, P. H., Xu, J., Yela, M., Zhang,
C., and Zhao, X.: Intercomparison of NO2, O4, O3 and HCHO
slant column measurements by MAX-DOAS and zenith-sky UV–
visible spectrometers during CINDI-2, Atmos. Meas. Tech., 13,
2169–2208, https://doi.org/10.5194/amt-13-2169-2020, 2020.

Levelt, P. F., van den Oord, G. H., Dobber, M. R., Malkki, A.,
Visser, H., de Vries, J., Stammes, P., Lundell, J. O., and Saari,
H.: The ozone monitoring instrument, IEEE T. Geosci. Remote,
44, 1093–1101, 2006.

Löhnert, U., Schween, J. H., Acquistapace, C., Ebell, K., Maahn,
M., Barrera-Verdejo, M., Hirsikko, A., Bohn, B., Knaps, A.,
O’Connor, E., Simmer, C., Wahner, A., and Crewell, S.: JOYCE:
Jülich Observatory for Cloud Evolution, B. Am. Meteorol. Soc.,
96, 1157–1174, https://doi.org/10.1175/BAMS-D-14-00105.1,
2015.

Lorente, A., Boersma, K. F., Stammes, P., Tilstra, L. G., Richter,
A., Yu, H., Kharbouche, S., and Muller, J.-P.: The importance
of surface reflectance anisotropy for cloud and NO2 retrievals
from GOME-2 and OMI, Atmos. Meas. Tech., 11, 4509–4529,
https://doi.org/10.5194/amt-11-4509-2018, 2018.

Meier, A. C., Schönhardt, A., Bösch, T., Richter, A., Seyler,
A., Ruhtz, T., Constantin, D.-E., Shaiganfar, R., Wagner, T.,
Merlaud, A., Van Roozendael, M., Belegante, L., Nicolae,
D., Georgescu, L., and Burrows, J. P.: High-resolution air-
borne imaging DOAS measurements of NO2 above Bucharest

https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.5194/acp-5-1039-2005
https://doi.org/10.5194/amt-6-565-2013
https://doi.org/10.5194/acp-13-4145-2013
https://doi.org/10.5194/acp-10-3273-2010
https://doi.org/10.5194/acp-10-3273-2010
https://doi.org/10.5194/amt-3-709-2010
https://doi.org/10.1016/j.rse.2012.01.023
https://doi.org/10.1029/96JD00336
https://doi.org/10.5194/amt-13-6113-2020
https://doi.org/10.1175/BAMS-D-18-0013.1
https://doi.org/10.1029/2008JD010290
https://www.temis.nl/surface/albedo/tropomi_ler.php
https://www.temis.nl/surface/albedo/tropomi_ler.php
https://doi.org/10.5194/amt-13-2169-2020
https://doi.org/10.1175/BAMS-D-14-00105.1
https://doi.org/10.5194/amt-11-4509-2018


32 K. Lange et al.: Validation of Sentinel-5P TROPOMI tropospheric NO2 products

during AROMAT, Atmos. Meas. Tech., 10, 1831–1857,
https://doi.org/10.5194/amt-10-1831-2017, 2017.

Merlaud, A.: Development and use of compact instruments for tro-
pospheric investigations based on optical spectroscopy from mo-
bile platforms, Presses univ. de Louvain, ISBN 978-2-87558-
128-0, 2013.

Merlaud, A., Tack, F., Constantin, D., Georgescu, L., Maes, J.,
Fayt, C., Mingireanu, F., Schuettemeyer, D., Meier, A. C., Schö-
nardt, A., Ruhtz, T., Bellegante, L., Nicolae, D., Den Hoed, M.,
Allaart, M., and Van Roozendael, M.: The Small Whiskbroom
Imager for atmospheric compositioN monitorinG (SWING) and
its operations from an unmanned aerial vehicle (UAV) during
the AROMAT campaign, Atmos. Meas. Tech., 11, 551–567,
https://doi.org/10.5194/amt-11-551-2018, 2018.

Merlaud, A., Belegante, L., Constantin, D.-E., Den Hoed, M.,
Meier, A. C., Allaart, M., Ardelean, M., Arseni, M., Bösch, T.,
Brenot, H., Calcan, A., Dekemper, E., Donner, S., Dörner, S.,
Balanica Dragomir, M. C., Georgescu, L., Nemuc, A., Nicolae,
D., Pinardi, G., Richter, A., Rosu, A., Ruhtz, T., Schönhardt, A.,
Schuettemeyer, D., Shaiganfar, R., Stebel, K., Tack, F., Nico-
lae Vâjâiac, S., Vasilescu, J., Vanhamel, J., Wagner, T., and Van
Roozendael, M.: Satellite validation strategy assessments based
on the AROMAT campaigns, Atmos. Meas. Tech., 13, 5513–
5535, https://doi.org/10.5194/amt-13-5513-2020, 2020.

Pandonia Global Network: PGN data archive, Pandonia Global Net-
work [data set], http://data.pandonia-global-network.org/, last
access: 4 February 2023.

Platt, U. and Stutz, J.: Differential Optical Absorp-
tion Spectroscopy, Springer-Verlag GmbH, 598 pp.,
https://doi.org/10.1007/978-3-540-75776-4, 2008.

Popp, C., Brunner, D., Damm, A., Van Roozendael, M., Fayt, C.,
and Buchmann, B.: High-resolution NO2 remote sensing from
the Airborne Prism EXperiment (APEX) imaging spectrometer,
Atmos. Meas. Tech., 5, 2211–2225, https://doi.org/10.5194/amt-
5-2211-2012, 2012.

Prunet, P., Bacour, C., Price, I., Muller, J. P., Lewis, P.,
Vountas, M., von Hoyningen-Huene, W., Burrows, J. P.,
Schlundt, C., Bréon, F. M., Gonzales, L., North, P., Fischer,
J., and Domenech, C.: A Surface Reflectance DAtabase for
ESA’s Earth Observation Missions (ADAM), ESA Final Re-
port NOV-3895-NT-12403, Noveltis, https://nebula.esa.int/sites/
default/files/neb_study/1089/C4000102979ExS.pdf (last access:
TS5 ), 2013.

Richter, A. and Burrows, J.: Tropospheric NO2 from
GOME measurements, Adv. Space Res., 29, 1673–1683,
https://doi.org/10.1016/S0273-1177(02)00100-X, 2002.

Rozanov, V., Rozanov, A., Kokhanovsky, A., and Burrows, J.: Ra-
diative transfer through terrestrial atmosphere and ocean: Soft-
ware package SCIATRAN, J. Quant. Spectrosc. Ra., 133, 13–71,
https://doi.org/10.1016/j.jqsrt.2013.07.004, 2014.

Sentinel-5P Pre-Operations Data Hub: Offline L2 NO2, Sentinel-5P
Pre-Operations Data Hub [data set], https://s5phub.copernicus.
eu/, last access: 21 February 2022.

S5P-PAL Data Portal: TROPOMI PAL V02.03.01 NO2, S5P-
PAL Data Portal NO2 [data set], https://data-portal.s5p-pal.com/
products/no2.html, last access: 5 April 2022.

S5P-PAL Data Portal: TROPOMI pre-operational AOT, S5P-PAL
Data Portal AOT [data set], https://data-portal.s5p-pal.com/
products/aot.html, last access: 4 February 2023.

Schönhardt, A., Altube, P., Gerilowski, K., Krautwurst, S., Hart-
mann, J., Meier, A. C., Richter, A., and Burrows, J. P.: A wide
field-of-view imaging DOAS instrument for two-dimensional
trace gas mapping from aircraft, Atmos. Meas. Tech., 8, 5113–
5131, https://doi.org/10.5194/amt-8-5113-2015, 2015.

Schreier, S. F., Richter, A., and Burrows, J. P.: Near-surface
and path-averaged mixing ratios of NO2 derived from car
DOAS zenith-sky and tower DOAS off-axis measurements in
Vienna: a case study, Atmos. Chem. Phys., 19, 5853–5879,
https://doi.org/10.5194/acp-19-5853-2019, 2019.

Shaiganfar, R., Beirle, S., Sharma, M., Chauhan, A., Singh, R.
P., and Wagner, T.: Estimation of NOx emissions from Delhi
using Car MAX-DOAS observations and comparison with
OMI satellite data, Atmos. Chem. Phys., 11, 10871–10887,
https://doi.org/10.5194/acp-11-10871-2011, 2011.

Spinei, E., Cede, A., Swartz, W. H., Herman, J., and Mount,
G. H.: The use of NO2 absorption cross section tem-
perature sensitivity to derive NO2 profile temperature and
stratospheric–tropospheric column partitioning from visible
direct-sun DOAS measurements, Atmos. Meas. Tech., 7, 4299–
4316, https://doi.org/10.5194/amt-7-4299-2014, 2014.

Tack, F., Merlaud, A., Iordache, M.-D., Danckaert, T., Yu, H., Fayt,
C., Meuleman, K., Deutsch, F., Fierens, F., and Van Roozendael,
M.: High-resolution mapping of the NO2 spatial distribution over
Belgian urban areas based on airborne APEX remote sensing, At-
mos. Meas. Tech., 10, 1665–1688, https://doi.org/10.5194/amt-
10-1665-2017, 2017.

Tack, F., Merlaud, A., Meier, A. C., Vlemmix, T., Ruhtz, T., Ior-
dache, M.-D., Ge, X., van der Wal, L., Schuettemeyer, D., Arde-
lean, M., Calcan, A., Constantin, D., Schönhardt, A., Meuleman,
K., Richter, A., and Van Roozendael, M.: Intercomparison of four
airborne imaging DOAS systems for tropospheric NO2 mapping
– the AROMAPEX campaign, Atmos. Meas. Tech., 12, 211–236,
https://doi.org/10.5194/amt-12-211-2019, 2019.

Tack, F., Merlaud, A., Iordache, M.-D., Pinardi, G., Dimitropoulou,
E., Eskes, H., Bomans, B., Veefkind, P., and Van Roozendael, M.:
Assessment of the TROPOMI tropospheric NO2 product based
on airborne APEX observations, Atmos. Meas. Tech., 14, 615–
646, https://doi.org/10.5194/amt-14-615-2021, 2021.

Tilstra, L.: TROPOMI ATBD of the directionally dependent sur-
face Lambertian-equivalent reflectivity, Tech. rep., KNMI Re-
port S5P-KNMI-L3-0301-RP, Issue 1.2.0, https://www.temis.nl/
surface/albedo/tropomi_ler.php, last access: 13 September 2022.

Vandaele, A., Hermans, C., Simon, P., Carleer, M., Colin, R., Fally,
S., Mérienne, M., Jenouvrier, A., and Coquart, B.: Measure-
ments of the NO2 absorption cross-section from 42 000 cm−1

to 10 000 cm−1 (238–1000 nm) at 220 K and 294 K, J. Quant.
Spectrosc. Ra., 59, 171–184, https://doi.org/10.1016/S0022-
4073(97)00168-4, 1998.

van Geffen, J., Eskes, H., Boersma, K., and Veefkind, J.:
TROPOMI ATBD of thetotal and tropospheric NO2
data products, Tech. rep., 5P-KNMI-L2-0005-RP, Issue
2.4.0, https://sentinel.esa.int/documents/247904/2476257/
sentinel-5p-tropomi-atbd-no2-data-products, last access:
18 December 2022a.

van Geffen, J., Eskes, H., Compernolle, S., Pinardi, G., Verhoelst,
T., Lambert, J.-C., Sneep, M., ter Linden, M., Ludewig, A.,
Boersma, K. F., and Veefkind, J. P.: Sentinel-5P TROPOMI NO2
retrieval: impact of version v2.2 improvements and comparisons

https://doi.org/10.5194/amt-10-1831-2017
https://doi.org/10.5194/amt-11-551-2018
https://doi.org/10.5194/amt-13-5513-2020
http://data.pandonia-global-network.org/
https://doi.org/10.1007/978-3-540-75776-4
https://doi.org/10.5194/amt-5-2211-2012
https://doi.org/10.5194/amt-5-2211-2012
https://nebula.esa.int/sites/default/files/neb_study/1089/C4000102979ExS.pdf
https://nebula.esa.int/sites/default/files/neb_study/1089/C4000102979ExS.pdf
https://doi.org/10.1016/S0273-1177(02)00100-X
https://doi.org/10.1016/j.jqsrt.2013.07.004
https://s5phub.copernicus.eu/
https://s5phub.copernicus.eu/
https://data-portal.s5p-pal.com/products/no2.html
https://data-portal.s5p-pal.com/products/no2.html
https://data-portal.s5p-pal.com/products/aot.html
https://data-portal.s5p-pal.com/products/aot.html
https://doi.org/10.5194/amt-8-5113-2015
https://doi.org/10.5194/acp-19-5853-2019
https://doi.org/10.5194/acp-11-10871-2011
https://doi.org/10.5194/amt-7-4299-2014
https://doi.org/10.5194/amt-10-1665-2017
https://doi.org/10.5194/amt-10-1665-2017
https://doi.org/10.5194/amt-12-211-2019
https://doi.org/10.5194/amt-14-615-2021
https://www.temis.nl/surface/albedo/tropomi_ler.php
https://www.temis.nl/surface/albedo/tropomi_ler.php
https://doi.org/10.1016/S0022-4073(97)00168-4
https://doi.org/10.1016/S0022-4073(97)00168-4
https://sentinel.esa.int/documents/247904/2476257/sentinel-5p-tropomi-atbd-no2-data-products
https://sentinel.esa.int/documents/247904/2476257/sentinel-5p-tropomi-atbd-no2-data-products


K. Lange et al.: Validation of Sentinel-5P TROPOMI tropospheric NO2 products 33

with OMI and ground-based data, Atmos. Meas. Tech., 15, 2037–
2060, https://doi.org/10.5194/amt-15-2037-2022, 2022b.

Veefkind, J., Aben, I., McMullan, K., Förster, H., De Vries, J., Ot-
ter, G., Claas, J., Eskes, H., De Haan, J., Kleipool, Q., et al.TS6 :
TROPOMI on the ESA Sentinel-5 Precursor: A GMES mission
for global observations of the atmospheric composition for cli-
mate, air quality and ozone layer applications, Remote Sens. En-
viron., 120, 70–83, 2012.

Verhoelst, T., Compernolle, S., Pinardi, G., Lambert, J.-C., Eskes,
H. J., Eichmann, K.-U., Fjæraa, A. M., Granville, J., Niemeijer,
S., Cede, A., Tiefengraber, M., Hendrick, F., Pazmiño, A., Bais,
A., Bazureau, A., Boersma, K. F., Bognar, K., Dehn, A., Don-
ner, S., Elokhov, A., Gebetsberger, M., Goutail, F., Grutter de
la Mora, M., Gruzdev, A., Gratsea, M., Hansen, G. H., Irie, H.,
Jepsen, N., Kanaya, Y., Karagkiozidis, D., Kivi, R., Kreher, K.,
Levelt, P. F., Liu, C., Müller, M., Navarro Comas, M., Piters, A. J.
M., Pommereau, J.-P., Portafaix, T., Prados-Roman, C., Puente-
dura, O., Querel, R., Remmers, J., Richter, A., Rimmer, J., Rivera
Cárdenas, C., Saavedra de Miguel, L., Sinyakov, V. P., Stremme,
W., Strong, K., Van Roozendael, M., Veefkind, J. P., Wagner,
T., Wittrock, F., Yela González, M., and Zehner, C.: Ground-
based validation of the Copernicus Sentinel-5P TROPOMI NO2
measurements with the NDACC ZSL-DOAS, MAX-DOAS and
Pandonia global networks, Atmos. Meas. Tech., 14, 481–510,
https://doi.org/10.5194/amt-14-481-2021, 2021.

Wagner, T., Ibrahim, O., Shaiganfar, R., and Platt, U.: Mobile
MAX-DOAS observations of tropospheric trace gases, Atmos.
Meas. Tech., 3, 129–140, https://doi.org/10.5194/amt-3-129-
2010, 2010.

Wu, F. C., Xie, P. H., Li, A., Chan, K. L., Hartl, A., Wang, Y.,
Si, F. Q., Zeng, Y., Qin, M., Xu, J., Liu, J. G., Liu, W. Q., and
Wenig, M.: Observations of SO2 and NO2 by mobile DOAS in
the Guangzhou eastern area during the Asian Games 2010, At-
mos. Meas. Tech., 6, 2277–2292, https://doi.org/10.5194/amt-6-
2277-2013, 2013.

Zoogman, P., Liu, X., Suleiman, R., Pennington, W., Flittner,
D., Al-Saadi, J., Hilton, B., Nicks, D., Newchurch, M., Carr,
J., et al.TS7 : Tropospheric emissions: Monitoring of pollution
(TEMPO), J. Quant. Spectrosc. Ra., 186, 17–39, 2017.

https://doi.org/10.5194/amt-15-2037-2022
https://doi.org/10.5194/amt-14-481-2021
https://doi.org/10.5194/amt-3-129-2010
https://doi.org/10.5194/amt-3-129-2010
https://doi.org/10.5194/amt-6-2277-2013
https://doi.org/10.5194/amt-6-2277-2013


Remarks from the language copy-editor

CE1 Yes, this is correct. Numbers lower than ten are only presented as numerals when used with units or with measurements
of time (in this case days).

Remarks from the typesetter

TS1 According to our standards, changes like this must first be approved by the editor. Please provide a detailed explanation
for those changes that can be forwarded to the editor. Upon approval, we will make the appropriate changes. Thank you
for your understanding.

TS2 Please confirm.
TS3 Please confirm.
TS4 Please confirm.
TS5 Please provide date of last access.
TS6 Please provide all author names and make sure that all authors are listed in the correct order (last name, initial(s)) as we
would like to avoid inserting errors at this stage.
TS7 Please provide all author names and make sure that all authors are listed in the correct order: last name, initial(s).

34


	Abstract
	Introduction
	The S5P-VAL-DE-Ruhr campaign
	Instruments and data sets
	S5P TROPOMI
	TROPOMI NO2 operational OFFL V01.03.02 product
	Scientific TROPOMI NO2 V01.03.02 CAMS product
	TROPOMI NO2 PAL V02.03.01 product
	Scientific TROPOMI NO2 IUP V02.03.01 product
	TROPOMI data set

	AirMAP
	AirMAP data retrieval
	AirMAP campaign data set

	Car DOAS instruments
	IUP car DOAS instrument and data retrieval
	MPIC car DOAS instrument and data retrieval
	BIRA car DOAS instrument and data retrieval
	Car DOAS campaign data set

	Ground-based instruments
	Zenith-DOAS
	MAX-DOAS measurement truck
	BIRA SkySpec MAX-DOAS
	Pandora


	Evaluating airborne tropospheric NO2 VCD with stationary ground-based data
	Evaluating airborne tropospheric NO2 VCD with car DOAS data
	Evaluating TROPOMI tropospheric NO2 VCD with AirMAP tropospheric NO2 VCD data
	Cloud effects
	NO2 profile shape and surface reflectivity effects

	Conclusions
	Appendix A
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

