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Abstract. Satellite observations of NO2 are crucial for track-
ing air pollution and its impacts on health and climate on the
global scale. However, these measurements are affected by
uncertainties arising from instrumental limitations, retrieval
assumptions, and representation errors, making quantifica-
tion of uncertainties critical for reliable data use. In this
study, we assess key sources of uncertainty in tropospheric
NO2 columns from the TROPOMI satellite instrument by
studying the retrieval steps, and by comparing with Pan-
dora and MAX-DOAS ground-based observations. For this
assessment, we make use of high-resolution model simula-
tions available for Europe and the Netherlands. Systematic
errors in the stratosphere–troposphere partitioning of NO2
are identified, with TROPOMI overestimating stratospheric
columns by up to 0.15 Pmolec cm−2 at high northern lati-
tudes during winter, corresponding to tropospheric biases of
up to 1.5 Pmolec cm−2, linked to limitations in the TM5-MP
assimilation and magnified by large air-mass factor ratios
in winter. In comparing satellite and ground-based observa-
tions, representation errors due to sub-pixel horizontal gra-
dients are assessed using high-resolution LOTOS-EUROS
simulations, resulting in uncertainties of approximately 6 %
at polluted locations. Furthermore, major differences in ver-

tical sensitivity between TROPOMI and MAX-DOAS lead
to smoothing errors reaching up to 20 %. Comparisons of
TROPOMI with Pandora direct sun measurements show a
good seasonal agreement. The negative bias obtained when
using the default TM5-MP a-priori profiles is partly mit-
igated with high-resolution CAMS-European a-priori pro-
files. A further reduction of this comparison bias is obtained
when kilometer-scale simulations over the Netherlands are
used, indicating the crucial role of the a-priori spatial reso-
lution in the comparisons. Significant differences in absolute
value and seasonality are observed between the MAX-DOAS
FRM4DOAS, Pandora direct-sun, and Pandora sky-scan, in-
dicative of the uncertainties in the ground-based remote sens-
ing observations. Finally, uncertainties derived from the his-
togram of differences between TROPOMI and ground-based
measurements generally still exceed expectations from the
combination of all estimated uncertainty contributions, indi-
cating that current estimates are likely still optimistic.
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1 Introduction

Nitrogen oxides (NOx = NO+NO2) are major air pollutants.
They are primarily emitted as nitric oxide (NO) from com-
bustion processes and are rapidly converted to nitrogen diox-
ide (NO2) in the atmosphere through reactions with ozone
(O3). NO2 poses risks to human health and environmental
stability (de Vries, 2021) and serves as a widely used tracer
for anthropogenic emissions from sources such as transporta-
tion, power generation, and industry. In addition to its di-
rect impacts, NO2 plays a central role in atmospheric chem-
istry, contributing to the formation of ground-level O3 and
secondary organic and inorganic aerosols (Seinfeld and Pan-
dis, 2006), both of which significantly degrade air quality.
NO2 also contributes to acid rain and nitrogen deposition,
which can affect terrestrial and aquatic ecosystems (Clark et
al., 2013). Consequently, monitoring NO2 is essential for air
quality assessment, emission monitoring, and the develop-
ment of effective mitigation policies to protect public health
and the environment.

Satellite-based observations offer a comprehensive global
view of NO2, including remote regions where ground-based
monitoring stations are rare or unavailable. These observa-
tions complement localized data, enhancing air quality as-
sessments. The advancements in satellite spatial resolution
enable the study of pollution patterns at regional and local
scales, and even allow for the differentiation of specific pol-
lution sources within an area (Goldberg et al., 2021). In ad-
dition, satellite datasets offer consistent historical records,
facilitating long-term trend analysis and evaluating the ef-
fectiveness of air quality policies over time (Zara et al.,
2021). Beyond monitoring, they can also be used to de-
rive observationally constrained emission estimates (Streets
et al., 2013). The TROPOspheric Monitoring Instrument
(TROPOMI) (Veefkind et al., 2012) on the Sentinel-5 Pre-
cursor (S5P) satellite has become a cornerstone of atmo-
spheric monitoring. With its high spatial resolution (up to
3.5× 5.5 km2) and daily global coverage, TROPOMI pro-
vides valuable data for air quality management, including
tracking pollution dynamics (Fan et al., 2021), identifying
emission sources (Beirle et al., 2019a), validating air qual-
ity models (Skoulidou et al., 2021) and supporting air qual-
ity forecasting. Nonetheless, satellite retrievals are subject to
uncertainties arising from factors such as cloud and aerosol
properties, surface albedo, vertical distribution of gases, and
assumptions in radiative transfer models (Boersma et al.,
2004; Chan et al., 2020). Therefore, comparing TROPOMI
NO2 observations with independent measurements is crucial
to ensure the reliability of the data and its subsequent applica-
tions, and also to fully assess uncertainties in the TROPOMI
retrieval process.

Satellite NO2 measurements can be compared against air-
borne (Tack et al., 2021; Riess et al., 2023) or ground-based
remote sensing data (Wang et al., 2020) and model simula-
tions. Airborne measurements provide NO2 profiles at high

horizontal resolution, but they are not regularly conducted on
a global scale, limiting their availability. In contrast, ground-
based instruments operate continuously, providing long-term
reference data at specific locations. Ground-based measure-
ments of NO2 typically rely on three types of UV-VIS Dif-
ferential Optical Absorption Spectroscopy (DOAS) instru-
ments, each providing observations sensitive to different al-
titude ranges. Multi-Axis DOAS (MAX-DOAS) is used for
tropospheric column and lower-tropospheric profile obser-
vations, while Zenith-Scattered-Light DOAS (ZSL-DOAS)
measures the stratospheric column at dawn and dusk. Pan-
dora instruments contribute with direct sun measurements for
total column, and sky-scan measurements for tropospheric
column NO2 retrievals (Verhoelst et al., 2021).

The TROPOMI NO2 product undergoes routine validation
since the beginning of the mission, through the Validation
Data Analysis Facility (VDAF) of the S5P Mission Perfor-
mance Centre (MPC). This validation relies on a comprehen-
sive global network of 31 MAX-DOAS, 25 ZSL-DOAS, and
70 Pandora instruments, as detailed in the quarterly reports
(Lambert et al., 2025). Validation results indicate an over-
all relative difference of −32 % between the TROPOMI of-
ficial L2 tropospheric NO2 product and MAX-DOAS, which
increases to −47 % in highly polluted regions. The relative
difference is −8.5 % for total columns and −3.1 % for the
stratospheric column. Additionaly, several independent stud-
ies have evaluated TROPOMI NO2 product over specific re-
gions using MAX-DOAS (Chan et al., 2020; Dimitropoulou
et al., 2020, 2022; Kun et al., 2022; Wang et al., 2020, 2022)
and Pandora (Griffin et al., 2019; Ialongo et al., 2020; Judd et
al., 2020; Liu et al., 2024; Zhao et al., 2020) measurements.
These studies consistently report relative underestimations of
TROPOMI tropospheric and total NO2 columns compared to
reference measurements. The difference is largely attributed
to uncertainties in the vertical NO2 a-priori profile, derived
from the 1°× 1° TM5-MP model, whose coarse resolution
is insufficient to capture the variations in concentrations near
the hotspots. Several studies have demonstrated that replac-
ing TROPOMI coarse TM5-MP NO2 a-priori vertical pro-
file with a high-resolution alternative provides a more ac-
curate representation of meteorological and chemical fields.
This increases column concentrations near emission sources
by over 30 % and produces steeper concentration gradients
around these areas (Griffin et al., 2019; Ialongo et al., 2020;
Judd et al., 2020; Liu et al., 2020; Zhao et al., 2020; Douros
et al., 2023; Riess et al., 2025; Cifuentes et al., 2025).

Although several studies have compared TROPOMI mea-
surements with various ground-based remote sensing instru-
ments, limited attention has been given to the impact of mea-
surement uncertainties on these comparisons. Each instru-
ment contributes its own uncertainties, arising from limita-
tions in its capabilities, sensitivity to different components
of the atmosphere, errors in the retrieval algorithms, and the
natural variability of the atmosphere. In addition, the com-
parison process itself introduces further uncertainty, as the
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instruments often sample different air masses, have different
spatial and temporal resolutions, different vertical sensitive
profiles, and use distinct proxies or assumptions to estimate
NO2 column densities. These factors can cause differences
between the retrieved NO2 columns that stem from method-
ological and observational differences rather than perfor-
mance alone, and must be addressed for meaningful com-
parisons. Understanding the various sources of uncertainty
in satellite retrievals is essential for accurately assessing
methodological errors. Thoroughly characterizing these un-
certainties helps improve retrieval algorithms, supports ro-
bust validation, and enhances the data usefulness in models
and other interpretative frameworks, such as data assimila-
tion efforts.

The focus of the present research is to study the sys-
tematic uncertainties associated with the TROPOMI NO2
retrieval, to improve the interpretation of intercomparisons
with ground-based remote sensing instruments such as
MAX-DOAS and Pandora. This study seeks to character-
ize not only the uncertainties inherent to the satellite re-
trieval itself but also those arising from the comparison pro-
cess, including differences in spatial representativeness and
viewing geometry between instruments that can result in
different representations of the same atmospheric features.
Furthermore, we quantify the impact of replacing the de-
fault TM5-MP a-priori used in TROPOMI with a Euro-
pean product that uses high-resolution (0.1°× 0.1°) CAMS
models ensemble output to refine the a-priori assumptions
(Douros et al., 2023), and we also discuss the consistency
between the ground-based remote sensing products. To this
end, we employ both total and tropospheric NO2 columns
from TROPOMI, considering the operational product based
on TM5-MP and CAMS models ensemble output a-priori as-
sumptions. For the Netherlands, a third retrieval employing
LOTOS-EUROS a-priori profiles is also considered. Ground-
based reference data include Pandora observations from the
Pandonia Global Network (PGN) and MAX-DOAS mea-
surements retrieved from the Network for the Detection of
Atmospheric Composition Change (NDACC) rapid delivery
(RD) portal. A key contribution of this study is the use of a
long and consistent time series across all datasets included
in the intercomparisons, incorporating TROPOMI data span-
ning more than six and a half years with different a-priori
assumptions for the European domain.

2 Measurement datasets, models, and uncertainties

2.1 TROPOMI

Launched in October 2017, the TROPOMI instrument is a
nadir-viewing spectrometer aboard the S5P polar satellite.
It measures radiation in the ultraviolet, visible, and infrared
spectral regions, allowing the observation of atmospheric
trace gases and aerosols (Veefkind et al., 2012). S5P oper-

ates in a sun-synchronous, ascending orbit with an Equator
overpass time of 13:30 local time (LT). The measured tro-
pospheric NO2 columns have a nadir spatial resolution of
5.5× 7 km2 before 6 August 2019 and 3.5× 5.5 km2 there-
after.

The retrieval of NO2 columns follows a three-step pro-
cess. Initially, the NO2 slant column density (SCD) is de-
rived from TROPOMI’s L1b spectral measurements using a
DOAS fitting technique. Next, the total SCD is separated into
stratospheric and tropospheric components through data as-
similation within the TM5-MP model, which operates at a
horizontal resolution of 1°× 1° (Williams et al., 2017). Fi-
nally, the SCDs are converted into vertical column densities
(VCDs) using total and altitude-dependent air mass factors
(AMFs). These AMFs are influenced by several factors, in-
cluding NO2 vertical profiles from TM5-MP, satellite view-
ing geometry, surface albedo, surface pressure, and the prop-
erties of clouds and aerosols. A more detailed explanation
of the retrieval process can be found in van Geffen et al.
(2022, 2024). The differences between the successive ver-
sions of the NO2 retrieval are summarized in the Product
Readme File (Eskes et al., 2025).

The tropospheric vertical columns of NO2 (Nv,trop) are
calculated using the following equation:

Nv,trop =
Ns−Ns,strat

Mtrop
, (1)

whereNs denotes the total SCD,Ns,strat represents the strato-
spheric contribution to the SCD, and Mtrop is the tropo-
spheric AMF. The three parameters presented in Eq. (1) cor-
respond to nearly independent retrieval steps, each contribut-
ing its own source of uncertainty to the final estimate of NO2
columns (Boersma et al., 2004).

For individual retrievals, uncertainties in Ns include both
random and systematic components. Random uncertainties
primarily arise from instrumental noise and are estimated op-
erationally on a pixel-by-pixel basis, typically ranging from
0.5 to 0.6 Pmolec cm−2 (van Geffen et al., 2020, 2024). Sys-
tematic errors originate from uncertainties in the spectral fit-
ting process, such as wavelength calibration, reference spec-
tra, instrumental spectral characteristics, and temperature-
dependent variations in the NO2 absorption cross-section.
Their contribution, however, is expected to be negligible
(Boersma et al., 2002).

Uncertainties in Ns,strat arise from both the propagation of
errors in the SCD and random errors associated with the as-
similation approach used to separate stratospheric and tro-
pospheric contributions. Errors in the assimilation can result
from inaccuracies in the chemical or meteorological repre-
sentation of the TM5-MP model, or from misclassification of
upper-tropospheric NO2 as stratospheric. In operational set-
tings, theNs,strat uncertainties for TROPOMI are estimated at
0.2 Pmolec cm−2, representing the global root-mean-square
of the observation-minus-forecast residuals over unpolluted
regions (van Geffen et al., 2024). However, it has been noted
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by Rijsdijk et al. (2025) and Glissenaar et al. (2025) that
these errors exhibit both seasonal and latitudinal variability.

Uncertainties in Mtrop are predominantly systematic, aris-
ing from errors in the a-priori NO2 vertical profile and other
model parameters, including cloud fraction and height, sur-
face albedo, and aerosol optical thickness. A random compo-
nent may also be present, attributable to sampling or interpo-
lation errors. Mtrop uncertainties are assessed on a pixel-by-
pixel basis and are generally estimated to be in the range of
30 %–50 % for individual retrievals (van Geffen et al., 2024).

Accordingly, the combined uncertainty (σ ) for an individ-
ual retrieval can be estimated as shown in Eq. (2) under the
assumption that the errors in the three retrieval steps are un-
correlated. When TROPOMI data are averaged spatially or
temporally, the random components of individual uncertain-
ties tend to cancel out, while systematic components persist.
In this context, each source of uncertainty (σm,s) in Eq. (2)
should be adjusted following Eq. (3), where φ represents
the fraction of each component that is correlated (system-
atic) and wi is the weight of each measurement. Details on
the fraction of TROPOMI retrieval errors that are spatially
correlated can be found in Rijsdijk et al. (2025), while the
extent of temporal correlation in these errors is analyzed by
Glissenaar et al. (2025). Note that uncertainties of averaged
(super)observations are thus lower than those associated with
individual pixels, and over clean or remote regions are typi-
cally dominated by σNs,strat , while over polluted areas, σMtrop

constitutes the primary source of uncertainty.

σ =

√(
σNs

)2
+
(
σNs,strat

)2
+
(
σMtrop

)2 (2)

σm,s =

√√√√
(1−φs)

∑n
i=1

(
w2
i σ

2
i,s

)
∑n
i=1w

2
i

+φs

(∑n
i=1

(
wiσi,s

))2∑n
i=1w

2
i

(3)

At the time of this study, TROPOMI data are available in
five different versions spanning the observational time se-
ries (Eskes et al., 2025). Version 2.4 provides reprocessed
data from 30 April 2018 to 25 July 2022, followed by offline
versions v2.4 (until 12 March 2023), v2.5 (until 26 Novem-
ber 2023), v2.6 (until 7 September 2024), v2.7.1 (until
20 November 2024), and v2.8 (current version). The record
from 30 April 2018 to 26 November 2023 can be consid-
ered as one consistent dataset, with minor differences be-
tween versions v2.4 and v2.5. However, version 2.6 intro-
duced modifications in cloud retrieval that affected NO2 val-
ues, generally resulting in lower concentrations, and it is ad-
vised to discard data from this version. Version 2.7.1 incor-
porated a new albedo dataset, while v2.8 further refined the
cloud retrieval.

Additionally, Douros et al. (2023) introduced a Euro-
pean TROPOMI product that replaces the original TM5-
MP prior with profiles from the CAMS regional ensemble
analysis and global models, significantly improving the spa-
tial resolution to 0.1°× 0.1°. This product is publicly avail-
able (https://www.temis.nl/airpollution/no2_cams.php, last

access: 9 April 2026) and covers the same time period as the
standard TROPOMI dataset and is processed for the retrieval
versions discussed above. This product results in increased
column levels over the hotspots, as illustrated in Fig. 1. Initial
validation conducted by Douros et al. (2023) showed that this
product outperforms the standard TROPOMI version. Fur-
ther details on how to replace TROPOMI operational a-priori
are outlined in the Product User Manual (Eskes et al., 2024),
and in Douros et al. (2023).

In this study, we use TROPOMI NO2 observations re-
trieved with TM5-MP and CAMS a-priori profiles for the pe-
riod 1 May 2018 to 31 December 2024, consisting of the v2.4
reprocessed data and subsequent offline versions up to v2.8.
The v2.6 offline data are excluded from the analysis, follow-
ing the product readme file (Eskes et al., 2025). To improve
data reliability, pixels with a quality assurance value below
0.75 are removed, effectively filtering out pixels with cloud
radiance fractions greater than 0.5 and reducing the influence
of uncertain retrievals (Eskes et al., 2024; van Geffen et al.,
2022, 2024). For Europe, this means that approximately 45 %
of the observations are included.

2.2 Pandora

The Pandora instrument is a ground-based spectrometer de-
signed to measure sunlight in the UV-VIS spectral range
(280–525 nm) with a high spectral resolution of 0.6 nm (Her-
man et al., 2009). It delivers high-quality radiance measure-
ments from direct-sun observations or sky scans, facilitating
the retrieval of total and tropospheric column densities, as
well as vertical profile information, for trace gases such as
NO2, O3, SO2, H2O and CH2O (Tzortziou et al., 2023; Her-
man et al., 2019).

NO2 total vertical column densities are obtained through
direct-sun (DS) measurements, during which the instrument
actively tracks the sun to capture direct sunlight. SCDs are
derived using a DOAS technique within the 400-470 nm
spectral range, and subsequently converted to total column
densities by applying direct-sun geometry AMF (Herman et
al., 2009; Cede et al., 2025). Direct-sun measurements are
essential for validation and evaluation because they provide
low uncertainties in the AMF, as they are nearly independent
of radiative transfer models (RTM) and atmospheric compo-
sition knowledge (Zhao et al., 2020).

In sky-scan mode, the Pandora instruments can retrieve
tropospheric NO2 and provide vertical profile information.
For this, sky radiance measurements are performed at multi-
ple pointing zenith angles (PZA, minimally at 0, 60, 75, 88,
and 89°) at a fixed azimuth. It is important to note that PZA
values are referenced to the zenith; therefore, a PZA of 75°
corresponds to an elevation angle of 15° when referenced to
the horizon. These radiance measurements are used to derive
SCDs of NO2 as well as the O2–O2 dimer. The SCDs of the
O2–O2 dimer are used to determine a representative AMF.
This AMF is then applied to the difference in NO2 SCDs at
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Figure 1. Comparison of TROPOMI tropospheric NO2 columns for July 2018 using different a-priori profiles. Shown are results retrieved
with TM5-MP and CAMS a-priori profiles at different resolutions. (a) TROPOMI with TM5-MP a-priori profile (1°× 1° resolution).
(b) TROPOMI with CAMS a-priori profile (0.1°× 0.1° resolution). (c) Absolute difference between TROPOMI retrieved with CAMS and
TM5-MP a-priori profiles (d) Relative difference (%) between TROPOMI retrieved with CAMS and TM5-MP a-priori profiles.

different elevation angles to calculate the tropospheric col-
umn (Marais et al., 2021; Cede, 2024; Cede et al., 2025).

In this study, we use total NO2 column measurements
processed with retrieval version rnvs3p1-8 and tropospheric
column measurements processed with the retrieval version
rnvh3p1-8, using Blick Processing Software 1.8 (Cede et al.,
2025; Cede, 2024). Data from 18 stations across Europe, as
listed in Table 1, are analyzed, with their locations shown
in Fig. 2. Pandora column measurements are filtered by se-
lecting only data with quality flags 0, 1, 10, and 11, which
indicate assured or non-assured high- and medium-quality
data. The monthly mean time series of filtered and collocated
Pandora DS and sky-can observations with TROPOMI are
shown in Figs. B1 and B2, respectively, indicating the peri-
ods of data availability for each station analyzed in this study.

As described by Cede (2024), uncertainties in Pandora
NO2 retrievals are categorized into three types based on their
correlation structure: independent (zero correlation, repre-
senting random errors), common (infinite correlation, rep-
resenting systematic errors), and structured (partially cor-
related, with correlation greater than zero but not infinite).

At the Level 1 (L1) stage, the uncertainties currently re-
ported mainly concern the independent uncertainty compo-
nent, which stems from instrumental detector noise and at-
mospheric variability. At the spectral fitting level (L2fit), ad-
ditional uncertainties are introduced that are more system-
atic and structured in nature. These arise from the field cal-
ibration technique (MLE) (Herman et al., 2009), including
the estimation of the SCD amount and temperature in the
reference spectra, effective height, and sampling, as well as
from structured contributions due to other gases present in
the fitting window. In the final L2 data product, uncertain-
ties caused by AMF errors, mainly associated with the se-
lected effective height of the NO2 layer in DS algorithm, are
also included. Pandora files include independent, common,
and structured uncertainties for total NO2 (DS algorithm),
but only independent uncertainties for tropospheric columns
(Sky-scan algorithm). In this study, we supplement the tro-
pospheric uncertainty estimates with an additional common
uncertainty of 20 %, adopted as a conservative approxima-
tion to enable more consistent comparisons.
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Table 1. PGN and MAX-DOAS sites used for validation.

Instrument Site name Instrument number Latitude Longitude Altitude [m] Institute

Pandora Athens 119 37.99 23.78 130 PGN1

Berlin 132 52.46 13.31 100 PGN1

Bremen 21 53.08 8.81 50 PGN1

Brussels-Uccle 162 50.80 4.36 107 PGN1

Bucarest 111 44.34 26.01 93 PGN1

Cabauw 118 51.97 4.93 3 PGN1

Cologne 67 50.94 6.98 50 PGN1

Davos 120 46.80 9.83 1590 PGN1

Granada 238 37.16 −3.61 680 PGN1

Helsinki 105 60.20 24.96 97 PGN1

Innsbruck 106, 110 47.26 11.39 616 PGN1

Juelich 30 50.91 6.41 94 PGN1

Lindenberg 130 52.29 14.12 127 PGN1

Rome IAA 138 42.11 12.64 92 PGN1

Rome ISAC 115 41.84 12.65 117 PGN1

Rome SAP 117 41.90 12.52 75 PGN1

Thessaloniki 240 40.63 22.96 60 PGN1

MAX-DOAS Athens 008 38.05 23.86 532 IUP Bremen2

Bremen 002 53.10 8.85 46 IUP Bremen2

Brussels-Uccle 011 50.80 4.36 125 BIRA-IASB3

Cabauw 006, 008 51.97 4.93 3 KNMI4

DeBilt 002, 004, 007 52.10 5.18 22 KNMI4

Heidelberg 001 49.42 8.67 145 IUP Heidelberg5

Mainz 001, 002, 003, 004 49.99 8.23 160 MPIC6

Thessaloniki 008 40.63 22.96 80 AUTH-LAP7

1 Pandonia Global Network. 2 Institute for Environmental Physics, University of Bremen. 3 Royal Belgian Institute for Space Aeronomy. 4 Royal
Netherlands Meteorological Institute. 5 Institute of Environmental Physics, University of Heidelberg. 6 Max Planck Institute for Chemistry. 7 Laboratory
of Atmospheric Physics, Aristotle University of Thessaloniki.

2.3 MAX-DOAS

The Multi-Axis Differential Optical Absorption Spec-
troscopy (MAX-DOAS) technique is a remote sensing
method designed to measure the vertical and horizontal dis-
tributions of atmospheric trace gases and aerosols (Hon-
ninger et al., 2004; Dimitropoulou et al., 2020). This tech-
nique utilizes spectroscopic observations of scattered sun-
light in the UV-VIS spectral range at various elevation view-
ing angles (typically 2, 4, 6, 8, 10, 12, 15, 30, and 90°)
with respect to the horizon, and a DOAS technique to de-
rive SCDs. By observing sunlight scattered across different
angles, MAX-DOAS instruments achieve greater sensitivity
to near-surface absorbers and can retrieve vertical profile in-
formation, which enhances the accuracy of measurements
within the lower atmosphere (Honninger et al., 2004).

The Fiducial Reference Measurements for DOAS
(FRM4DOAS) initiative, led by the European Space Agency
(ESA), aims to ensure the harmonization and quality
assurance of MAX-DOAS measurements across different lo-
cations and instruments. FRM4DOAS provides a centralized
data processing system, standard retrieval algorithms, and

intercomparisons to improve data consistency for satellite
validation and air quality studies. By establishing reference
measurements, FRM4DOAS enhances the reliability of
MAX-DOAS data for use in atmospheric monitoring net-
works and climate research (Van Roozendael et al., 2024).
Publicly accessible MAX-DOAS measurements following
FRM4DOAS guidelines are provided by the NDACC RD
data portal (https://www-air.larc.nasa.gov/missions/ndacc/,
last access: 9 April 2026).

In the FRM4DOAS operational processor, NO2 retrieval
is performed using the Mexican MAX-DOAS Fit (MMF)
(Friedrich et al., 2019), which employs an optimal estima-
tion method (OEM) and provides vertical profiles and av-
eraging kernels (AKs) on a pre-defined altitude grid from
0 to 4 km using 200 m steps. An alternative approach, pro-
cessed in parallel, is the Mainz Profile Algorithm (MAPA)
(Beirle et al., 2019b), which employs a parameterized pro-
file shape method. MAPA is used to constrain the MMF
data; therefore, only MMF data consistent with the MAPA
results are uploaded to the NDACC RD portal. The MMF al-
gorithm retrieves data in two sequential steps: first, it deter-
mines the aerosol profile, followed by the trace gas retrieval,
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Figure 2. Map of FRM4DOAS MAX-DOAS and PGN Pandora sites used for validating the TROPOMI NO2 product.

which incorporates the retrieved aerosol profile into its for-
ward model. Both steps follow the same structure, consisting
of a forward model and an inversion algorithm. According
to Friedrich et al. (2019), tropospheric NO2 retrievals using
the MMF algorithm are influenced by random noise, smooth-
ing errors, spectroscopic uncertainties, and systematic for-
ward model errors. The total retrieval uncertainty in the tro-
pospheric column is estimated at 20.3 %, with major contri-
butions from smoothing (12.5 %), aerosol extinction profile
errors (5.1 %), spectroscopy (3.0 %), and measurement noise
(2.4 %).

This study uses data from 8 stations, centrally processed
using the FRMDOAS.01.01 processor with the MMF re-
trieval algorithm, constrained with MAPA (Van Roozendael
et al., 2024). Table 1 provides a description of the stations,
while their locations are shown in Fig. 2. Furthermore, the
monthly mean time series of filtered and collocated MAX-
DOAS observations with TROPOMI is shown in Fig. B3,
illustrating the periods of data availability.

2.4 LOTOS-EUROS

LOTOS-EUROS is a three-dimensional offline chemical
transport model (CTM) developed in the Netherlands, used
for operational air quality forecasts in the Netherlands and
throughout Europe (Manders et al., 2017). In this study, we
use LOTOS-EUROS version 2.2.009 to generate an hourly,
high-resolution (1.3× 1.7 km2) NO2 dataset covering the
Netherlands for the period 2019–2023. The simulations are
carried out using 12 vertical layers, reaching from the surface
up to approximately 9 km altitude.

The simulations use a one-way nesting with three do-
mains: a parent domain over Europe (15° W–35° E, 35–
70° N), an intermediate domain over northwestern Europe
(2–16° E, 47–56° N), and a high-resolution target domain
over the Netherlands (3.1–7.5° E, 50.3–53.7° N). The model
is driven by ECMWF Integrated Forecast System (IFS). Eu-
ropean emissions are obtained from the CAMS-REG-v5.1
inventory (Kuenen et al., 2022), whereas emissions for the
Netherlands and adjacent areas within the target domain are
derived from the national Emission Registration (ER; https:
//www.emissieregistratie.nl/, last access: 9 April 2026) and
the Gridding Emission Tool for ArcGIS (GrETA) datasets,
available at 1× 1 km2 resolution. Annual emissions are tem-
porally disaggregated using monthly, daily, and hourly pro-
files by source category, and vertically distributed by sector,
with industrial and power plant emissions allocated accord-
ing to typical stack heights. Further details are provided in
Manders et al. (2021).

LOTOS-EUROS is a contributing model to the CAMS Eu-
ropean air-quality ensemble, which provides forecasts of key
atmospheric pollutants based on an ensemble of advanced
chemical transport models. Within CAMS, LOTOS-EUROS
is routinely evaluated against in situ monitoring networks
and TROPOMI satellite retrievals, as well as benchmarked
against the performance of the other ensemble members
(Peuch et al., 2022; Colette et al., 2025). The model has also
participated in multiple intercomparison exercises, in which
it has consistently shown strong performance (Bessagnet et
al., 2016; Colette et al., 2017; Vivanco et al., 2018). With
the specific emission dataset and model configuration applied
in this study, the resulting simulations have been evaluated
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against TROPOMI satellite observations and ground-based
measurements over the Netherlands as part of the Nationaal
Kennisprogramma Stikstof (NKS) program (Dammers et al.,
2026).

2.5 Comparison uncertainties

Differences in the way satellite and ground-based instru-
ments sample atmospheric NO2 contribute to the uncertain-
ties when comparing measurements from these instruments.
As schematically illustrated in Fig. 3, MAX-DOAS (and
also Pandora sky-scan observations) measure NO2 from the
ground along the telescope line of sight at varying elevation
angles, capturing contributions from local emissions within
a few kilometers. Indeed, according to Irie et al. (2011), the
horizontal spatial representativeness of MAX-DOAS mea-
surements for the lowest 1 km thick layer spans 3–11 km in
the UV and 3–15 km in the VIS. In contrast, satellite obser-
vations sample NO2 from space and report average columns
over the satellite footprint (3.5× 5.5 km2 at nadir). This dif-
ference in observation geometry also results in each instru-
ment having different sensitivities to atmospheric NO2 as a
function of altitude. As shown in the inset of Fig. 3, MAX-
DOAS is most sensitive to near-surface NO2, as indicated
by its AKs, which peak near the surface and decrease with
altitude. In contrast, TROPOMI is less sensitive to surface
concentrations, with AKs that are low near the surface and
increase with altitude.

Overall, ground-based and satellite observations have dif-
ferent spatial and temporal resolutions and sample partly
different air masses, which introduces a representation er-
ror when comparing the measurements from the instruments.
For example, in a traditional (single-axis) MAX-DOAS in-
strument, the line of sight always points in the same direc-
tion. If that direction happens to intersect a localized pol-
luted area, the MAX-DOAS measurement will reflect higher
concentrations, whereas TROPOMI, which averages over its
entire footprint, is expected to report lower concentrations
by including cleaner surrounding areas. Additional differ-
ences between instrument measurements may arise from in-
consistencies in the retrieval methods, such as the choice of
temperature-dependent cross-sections, the fitted species in
the DOAS steps, or the treatment of aerosols (Lambert et al.,
2025; Verhoelst et al., 2021).

Note that when comparing two instruments, the statistical
distribution of the differences between their measurements
is expected to fall within the range defined by the combined
uncertainties of the individual instruments and the represen-
tation errors inherent to the comparison. This can be esti-
mated as shown in Eq. (4), under the assumption that satel-
lite, ground-based, and representation uncertainties are un-
correlated.

σcomparison =

√
(σTROPOMI)

2
+
(
σground−based

)2
+
(
σrepresentation

)2 (4)

3 Methodology to estimate uncertainties and
intercomparison approach

The methods employed in this study consist of three main
components. First, we re-estimate stratospheric systematic
errors in the TROPOMI retrieval to better characterize its un-
certainty budget. Second, we establish a representation un-
certainty to account for differences in spatial sampling and
vertical sensitivity when comparing TROPOMI data with
ground-based remote sensing instruments. Finally, an inter-
comparison between TROPOMI and the ground-based in-
struments is performed, incorporating the revised TROPOMI
uncertainty estimates, along with those from the ground-
based data and the previously evaluated representation ef-
fects.

3.1 Stratospheric retrieval uncertainties in TROPOMI

In the TROPOMI retrieval, the separation of the total SCD
into stratospheric and tropospheric components is performed
using a data assimilation system. When the CTM simula-
tion of the stratospheric NO2 column closely matches the
TROPOMI SCDs over clean oceanic regions during the as-
similation, the difference between the observed total SCDs
and the assimilated stratospheric SCDs is effectively inter-
preted as the tropospheric SCD within the TROPOMI field
of view. Uncertainties in the stratospheric partition are thus
mainly caused by errors in the chemistry-transport model
TM5-MP and in the data assimilation analysis and short-
range forecast. The discrepancy between observations and
model forecasts (OmF) over unpolluted scenes provides an
upper bound on the uncertainty of the model grid-cell mean
stratospheric NO2 columns (Dirksen et al., 2011). In remote,
unpolluted regions, the total NO2 column is dominated by
its stratospheric component; consequently, OmF differences
can be attributed largely to errors in the modeled strato-
spheric contribution itself. Rijsdijk et al. (2025) analyzed the
root-mean-square error (RMSE) of the OmF differences for
TROPOMI as a function of latitude and day of year to derive
uncertainty estimates for the stratospheric column. This ap-
proach provides a more realistic assessment of stratospheric-
column uncertainty than the operational values based on the
global mean RMSE. In the present study, our focus is on
identifying systematic patterns in the OmF that can reveal bi-
ases in the stratospheric column and subsequently be propa-
gated into the tropospheric estimates. To this end, we analyze
OmF data at a monthly resolution. We use TROPOMI geo-
metrical NO2 vertical columns, calculated as the slant col-
umn divided by the geometrical AMF, for the period 2019–
2021, regridded into superobservations at a spatial resolution
of 1°× 1° to match the TM5-MP model grid. These superob-
servations are compared with TM5-MP-forecasted total NO2
columns for the same period. Following the methodology of
Rijsdijk et al. (2025) and Glissenaar et al. (2025), the OmF
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Figure 3. Illustration of collocated satellite and MAX-DOAS measurement modes over the city of Utrecht. The inset shows the annual
mean averaging kernels for MAX-DOAS and TROPOMI at the De Bilt station. Note that the illustration is not to scale and is intended as a
schematic representation.

analysis is restricted to clean regions, defined here as pixels
with tropospheric NO2 columns below 0.8 Pmolec cm−2.

3.2 Representation uncertainty due to horizontal
gradients

We employ high-resolution (approximately 1.3× 1.7 km2)
simulations from the LOTOS-EUROS model over the
Netherlands to investigate the fine-scale spatial variability
of NO2 and to assess how much of this variability can be
resolved by a typical TROPOMI pixel, and how that com-
pares with a ground-based observation. The analysis focuses
on the regions surrounding the ground-based instruments at
Cabauw and De Bilt. Cabauw is situated in a relatively homo-
geneous environment, whereas De Bilt exhibits strong con-
centration gradients that vary markedly with wind direction
(Vlemmix et al., 2015).

To quantify the representation uncertainty associated with
comparing TROPOMI observations to ground-based mea-
surements, we implemented the following procedure. First,
we defined a grid of 4× 4 LOTOS–EUROS model pixels
(6.8× 5.2 km2), approximating the average TROPOMI pixel
size (6× 5.5 km2). The bounding box was initially posi-
tioned such that it contained the model pixel whose coordi-
nates coincide with each ground-based station. We then cal-
culated the mean concentration over the 4× 4 grid at a typ-
ical TROPOMI overpass time (13:30 LT) and estimated the

error relative to the single model pixel corresponding to the
station location. To emulate the quasi-random offset between
TROPOMI pixel footprints and the station location, the 4× 4
box was systematically shifted while keeping the station co-
ordinates fixed, so that the station occupied each of the 16
pixels within the box. Finally, for each day, we computed the
root-mean-square error (RMSE) across all 16 configurations
to quantify the representativeness error.

While the preceding analysis characterizes the random er-
rors that may arise when comparing individual TROPOMI
observations with ground-based measurements, we also
sought to investigate potential systematic effects. To do
so, we applied the same procedure described above using
seasonal model averages instead of daily outputs, thereby
mimicking aggregated TROPOMI observations. In this way,
short-term variability in the chemical fields and meteorol-
ogy is averaged out, isolating the more persistent compo-
nents of the representativeness error. As an additional step,
we repeated the analysis at both daily and seasonal scales
using a larger modeling box of 10× 14 pixels (roughly
13× 24 km2), corresponding to the nominal ground foot-
print of Ozone Monitoring Instrument (OMI) at nadir. OMI
is an earlier-generation satellite instrument (the predeces-
sor of TROPOMI) which also provides retrievals of tropo-
spheric NO2 columns. By comparing OMI-equivalent aggre-
gated satellite columns to ground-based measurements, we
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aim to assess how the coarser spatial resolution of OMI, com-
pared to TROPOMI, affects the representation of horizontal
gradients and the consistency between satellite and ground-
based observations.

3.3 Representation uncertainty due to vertical
sensitivity of the instruments

Beyond the spatial and temporal mismatches between
remote-sensing instruments that must be addressed for mean-
ingful intercomparisons, each measurement exhibits distinct
characteristics stemming from its sensitivity to different at-
mospheric layers and the prior atmospheric composition pro-
files employed in the retrieval process (Rodgers and Connor,
2003; von Clarmann, 2014). To better understand if two re-
mote sensing instruments agree within the bounds of their
known limitations, it is possible to estimate a smoothing er-
ror (Ssmoothing), defined by Rodgers and Connor (2003) using
the following equation:

Ssmoothing = (a1− a2)
T Sc(a1− a2), (5)

where a1 and a2 are the respective AKs of the instruments,
and Sc represents the a-priori covariance matrix of the com-
parison ensemble. Note that Sc is a square matrix with n× n
elements, where n is the number of vertical levels used in the
retrieval of the remote sounding instrument. Each element in
Sc can be estimated as defined by Rodgers (2000):

Si,j = ε
{
(yi − yi)

(
yj − yj

)}
, (6)

where ε is the expected value operator, y is the ensemble
a-priori at a given vertical level, and y is the mean a-priori
ensemble of the remote sounding instruments at that same
level.

In this study, we estimate the smoothing error arising
from the comparison of the TROPOMI operational product
and MAX-DOAS FRM4DOAS measurements using Eq. (5).
We restrict our analysis to the period 2019–2020 because
TROPOMI L2 files do not routinely provide the a-priori pro-
file information used in the retrieval, and reconstructing this
information is computationally demanding. We present re-
sults for the stations in Athens, Bremen, De Bilt, and Mainz,
which offer a good number of collocated MAX-DOAS and
TROPOMI measurements over these two years (see Fig. B3).
A key consideration in this procedure is that the TROPOMI
a-priori profiles and AKs are interpolated to match the ver-
tical resolution of the MAX-DOAS FRM4DOAS retrievals.
This introduces a mismatch because MAX-DOAS data are
only available up to 4 km, whereas TROPOMI provides AKs
and a-priori profiles for the full atmospheric column. To en-
sure comparability, TROPOMI information is therefore trun-
cated to the vertical extent of the MAX-DOAS retrievals. The
resulting smoothing error estimates are reported by season to
investigate potential seasonal variability at this scale.

3.4 Satellite and ground-based intercomparison
approach

We assess the TROPOMI total NO2 column by comparing it
with Pandora direct sun observations. For this analysis, we
use the TROPOMI summed total column, which represents
the sum of the retrieved stratospheric and tropospheric ver-
tical column densities. As explained in the ATBD (van Gef-
fen et al., 2024), this is not equal to the standard total col-
umn retrieval reported in the TROPOMI L2 file. The summed
product reduces the dependence on the prior TM5-MP pro-
file, and in particular on the ratio between the stratospheric
and tropospheric sub-column, helping to mitigate potential
systematic retrieval errors (van Geffen et al., 2022; Ialongo
et al., 2020). TROPOMI tropospheric NO2 observations are
compared with MAX-DOAS and Pandora sky-scan measure-
ments. Additionally, we tested the consistency between the
ground-based instruments by comparing them directly with
each other, without the constraint of matching the TROPOMI
overpass time.

To ensure spatial collocation when comparing with the
satellite, TROPOMI measurements are matched to the cor-
responding Pandora and MAX-DOAS instruments when a
valid TROPOMI pixel footprint encompasses the coordi-
nates of the ground-based equipment. For temporal align-
ment, MAX-DOAS and Pandora observations are averaged
within a 1 h window (±30 min) centered on the TROPOMI
satellite overpass time. For comparisons exclusively between
ground-based instruments, temporal matching is performed
by taking the timestamp of each MAX-DOAS observation
and averaging all Pandora measurements within a 1 h win-
dow. Note that the choice of time window influences both
the number of collocations and the associated comparison er-
rors. As illustrated in Fig. B4, the difference between MAX-
DOAS FRM4DOAS and Pandora DS observations, after sub-
traction of the stratospheric component, decreases when the
time window is reduced from 60 to 10 min; however, approx-
imately half of the coincident observations are lost. There-
fore, a 1 h time window is selected to preserve a sufficient
number of collocations for robust statistical evaluation.

The agreement between TROPOMI and ground-based
measurements is assessed using mean bias (MB), normal-
ized mean bias (NMB), root mean square error (RMSE), cor-
relation coefficient (R), and regression slopes. Regression
is performed using the reduced major axis (RMA) method,
which is preferred when both the dependent and indepen-
dent variables are subject to measurement uncertainty. Un-
like standard least-squares regression, which minimizes only
the vertical deviations and can underestimate the true slope.
Detailed definitions of these statistical metrics can be found
in Appendix A.

To account for instrument uncertainties in the comparison,
we use the following approach. For TROPOMI, we used the
uncertainties provided in the L2 operational files for each
individual retrieval and adjusted them for stratospheric er-
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rors as estimated in this study and by Rijsdijk et al. (2025).
When calculating monthly or longer-term averages, these un-
certainties were scaled by a factor of 0.3 to reflect only the
correlated errors, following the recommendation of Glisse-
naar et al. (2025). For MAX-DOAS, the NDACC files report
uncertainties associated solely with spectroscopy and mea-
surement noise; we therefore added an additional error com-
ponent based on Friedrich et al. (2019), who suggest a total
retrieval uncertainty of 20.3 %. For Pandora direct-sun obser-
vations, we used the independent, common, and structured
uncertainties provided in the data files, resulting in uncer-
tainties of about 5 %. In the case of Pandora sky-scan obser-
vations, where only independent uncertainties are reported,
we included an additional 20 % common (systematic) error,
in line with what is assumed for MAX-DOAS retrievals.

Based on the instrument uncertainties described above, to-
gether with a representation error estimated later in this study
(see Sect. 4.2 and 4.3), we calculate the combined uncer-
tainty for the comparisons using Eq. (4). Table 2 summarizes
the average instrument uncertainties over the study period
and across the stations included in this analysis. The values
reported here reveal a pronounced seasonality in the smooth-
ing term, and they also show that the Pandora DS measure-
ments exhibit notably lower uncertainties compared with the
other measurement types.

4 Results of the uncertainty assessment

4.1 Influence of stratospheric biases on the TROPOMI
retrieval

Uncertainties in the stratospheric NO2 column of TROPOMI
were recently assessed by Rijsdijk et al. (2025), who evalu-
ated the RMSE of OmF differences over unpolluted scenes,
binned by latitude and season. We replicate this approach
here, and the results are shown in Fig. B5. Note that the
current TROPOMI retrieval uncertainty estimate uses a fixed
mean value of 0.2 Pmolec cm−2. Nonetheless, there is a clear
seasonal and latitudinal dependence, the largest uncertainties
occur between 30 and 60° during Northern Hemisphere win-
ter, reaching up to 0.4 Pmolec cm−2. Rijsdijk et al. (2025)
attribute this behavior to elevated stratospheric NO2 concen-
trations in the Northern Hemisphere, which amplify abso-
lute errors. The uncertainty of the stratospheric NO2 col-
umn further depends on the quality of the data assimilation
and the observation geometry, both of which vary with lati-
tude and season (van Geffen et al., 2020, 2024). Larger re-
trieval uncertainties and modeling deficiencies in NO2 sim-
ulations during winter have also been reported by Douros et
al. (2023). Moreover, polar regions are not observed during
winter due to the absence of sunlight, resulting in an accu-
mulation of model biases over the dark pole, further degrad-
ing stratospheric column estimates at high latitudes in late
winter. TROPOMI stratospheric NO2 is routinely evaluated

against NDACC ZSL-DOAS measurements, demonstrating
agreement within 3 % across seasonal and latitudinal varia-
tions (Lambert et al., 2025).

In addition to assessing the magnitude of the uncertain-
ties, we also investigate the systematic direction (bias) of the
associated errors, which is relevant for our study. Figure 4
illustrates the monthly-mean OmF for TROPOMI superob-
servations aggregated onto the TM5-MP grid. Note that al-
though the quantities are derived from geometric NO2 ver-
tical columns, restricting the analysis to remote, unpolluted
scenes ensures that the tropospheric contribution is minimal.
Under these conditions, discrepancies in the column can be
interpreted predominantly as biases in the stratospheric com-
ponent. A pronounced seasonal signal is observed, charac-
terized by persistently negative OmF values during the bo-
real winter (November–March), most notably at high north-
ern latitudes. This behavior indicates that the model fore-
casts systematically exceed the TROPOMI observations dur-
ing this period, implying a positive bias in the estimated
stratospheric column under wintertime conditions.

The magnitude of the stratospheric NO2 errors is rel-
atively small, as illustrated in Fig. 4. Near the European
coastline along the Atlantic, errors are on the order of
0.4 Pmolec cm−2. However, these values may be influenced
by outflow from continental pollution, and therefore may
also include remaining contributions from tropospheric NO2
rather than representing purely stratospheric errors. In con-
trast, in the more remote and cleaner regions of the Atlantic
(indicated by the red square in Fig. 4), which serve as a
better proxy for stratospheric-only errors, the values peak
at 0.15 Pmolec cm−2 (11 %) in December. The stratospheric
bias shows a clear seasonal pattern, with errors of 9 % in win-
ter, 3 % in autumn and spring, and approximately −1 % in
summer.

Biases in the stratospheric column propagate directly into
the posterior estimates of tropospheric NO2. Because the tro-
pospheric component is obtained by subtracting the strato-
spheric column from the total, any overestimation of the
stratospheric contribution leads to a systematic underestima-
tion of the tropospheric column. This impact is further am-
plified by the ratio of stratospheric to tropospheric AMFs.
This ratio, shown in Table 3 for De Bilt as representative
values for North-West Europe, exhibits a pronounced sea-
sonal variability, approaching 10 in winter and decreasing
to about 3 in summer due to the changing solar zenith an-
gle and profile shape. Consequently, even small stratospheric
biases will be amplified under winter conditions, leading to
underestimations of retrieved tropospheric NO2 columns of
1.53 Pmolec cm−2 in December, the most critical month. In
summer, the stratospheric errors are minimal and, together
with the lower AMF ratio, result in negligible propagation
into the tropospheric column.

It is important to remember that the tropospheric errors
presented below originate from a stratospheric bias estimated
over a remote area in the North Atlantic Ocean and then am-
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Table 2. Individual retrieval uncertainties for each of the instruments sample at the locations of the European stations included in this study.

Instrument DJF MAM JJA SON

TROPOMI TM5-MP (tropospheric) 2.07 (34.2 %) 1.46 (33.3 %) 0.96 (32.9 %) 1.56 (33.6 %)
TROPOMI TM5-MP (total) 2.04 (26.8 %) 1.61 (21.4 %) 0.98 (14.8 %) 1.45 (21.6 %)
MAX-DOAS 1.85 (20.2 %) 1.15 (20.3 %) 0.81 (20.2 %) 1.38 (20.2 %)
Pandora DS 0.33 (3.3 %) 0.57 (6.0 %) 0.65 (7.4 %) 0.40 (4.6 %)
Pandora Sky-scan 1.23 (20.0 %) 1.00 (20.0 %) 0.81 (20.0 %) 1.00 (20.0 %)
Representation error (horizontal gradients) 0.44 (4.6 %) 0.56 (6.3 %) 0.61 (7.7 %) 0.54 (5.7 %)
Representation error (smoothing error) 1.05 (16.5 %) 0.30 (6.2 %) 0.13 (4.4 %) 0.65 (13.3 %)

Uncertainties provided in Pmolec cm−2 and in percentage within brackets. Representation errors estimated for De Bilt station as representative of
Northern Europe. Smoothing errors were estimated only for the comparisons between TROPOMI with TM5-MP a-priori and MAX-DOAS
FRM4DOAS.

Figure 4. Observation minus forecast for the geometric vertical columns (slant column divided by the geometrical AMF) for all months,
and averaged over 3 years 2019–2021. Areas with no data or mean tropospheric column above 0.8 Pmolec cm−2 are removed (white). Also
shown are the average wind speed and direction at 20 hPa. The red square indicates a remote, clean area over the Atlantic used to estimate
the average stratospheric bias. Although derived from total NO2 columns, focusing on remote, unpolluted scenes minimizes the tropospheric
contribution, allowing discrepancies to be interpreted mainly as stratospheric biases.
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Table 3. Estimate of stratospheric systematic NO2 biases per month, derived from the monthly-averaged OmF analysis over a clean Atlantic
region and its propagation into the tropospheric column computed from the ratio of the stratospheric divided by the tropospheric AMF.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Stratospheric bias −0.13 −0.10 −0.06 −0.02 −0.02 0.03 0.01 0.00 −0.01 −0.03 −0.09 −0.15
AMF ratio 9.24 7.86 5.16 3.83 3.42 3.10 3.06 3.29 4.02 6.36 7.84 10.18
Propagated tropospheric bias −1.20 −0.79 −0.31 −0.08 −0.07 0.09 0.03 0.00 −0.04 −0.19 −0.71 −1.53

∗ Biases provided in Pmolec cm−2. ∗∗ Stratospheric to tropospheric AMF ratios derived for Cabauw station as a representative value for North-West Europe.

plified using AMF ratios representative of a northwestern Eu-
ropean station. These errors therefore indicate the potential
bias that could occur in the northwestern European region.
The precise magnitude of the bias at a given station is diffi-
cult to quantify, as tropospheric errors in polluted regions are
not solely attributable to biases in the stratospheric partition.
They may also be influenced by additional factors, including
unmodeled emission sources, simplifications or inaccuracies
in the chemical schemes, and local variability.

4.2 Representation error due to horizontal gradients

Figure 5 presents the average simulated tropospheric NO2
VCD over the city of Utrecht across different seasons, gener-
ated with the LOTOS-EUROS model at a spatial resolution
of approximately 1.3× 1.7 km2. The figure also indicates the
pixel corresponding to the coordinates of the two ground sta-
tions in the Netherlands, Cabauw and De Bilt, as well as
the surrounding area (6.8× 5.2 km2) encompassing neigh-
boring pixels, which approximates the footprint of an average
TROPOMI observation (6× 5.5 km2) centered on the coordi-
nates of these stations.

When considering seasonal averages, the NO2 VCDs
around the Cabauw station show weaker spatial gradients
than those observed on day-to-day timescales, leading to a
relatively homogeneous spatial distribution. The represen-
tation uncertainty estimated from the seasonal averages re-
mains low throughout the year, with a mean error of 0.9 %.
In contrast, the area surrounding the De Bilt station exhibits
more heterogeneous VCDs, yielding a mean representation
error of 2.1 %, nearly twice that estimated for Cabauw. The
representation errors at the Cabauw station are smaller, as it
is a relatively uniform background site located at some dis-
tance from major NO2 emission sources like the A12 high-
way, the Rotterdam harbor and industries, or Utrecht city;
thus, horizontal concentration gradients are on average weak.
In contrast, the De Bilt station is located just outside the city
of Utrecht, with urban areas and highways to the west and
more rural landscapes to the east, leading to stronger hori-
zontal concentration gradients.

It should be noted that the values discussed above are de-
rived from average modeled concentration fields over ex-
tended time periods (seasonal and annual scales); as a re-
sult, day-to-day variations in emissions and meteorology are
averaged out, leading to smoother concentration gradients.

When the representation errors are computed on a daily basis,
the uncertainties increase, with annual mean values reach-
ing 4.7 % at Cabauw and 6.0 % at De Bilt (Errors by season
are provided in Table 4). Thus, when satellite and ground-
based measurements are compared at daily (orbit-by-orbit)
scale, representation errors become an important source of
uncertainty. The uncertainty arises from horizontal gradients
at scales smaller than a TROPOMI pixel, which are aver-
aged out in the TROPOMI observations. This averaging in-
troduces biases when comparing TROPOMI data with mea-
surements from ground-based instruments, which are sensi-
tive to air masses in the specific direction of their field of
view. The magnitude of this bias depends on the local condi-
tions at each station, as the strength of concentration gradi-
ents is influenced by nearby emission sources and local mete-
orological factors. Note also that errors are smaller in winter
than in summer, which can be attributed to the extended life-
time of NO2 during winter, resulting in a more spatially ho-
mogeneous NO2 field with reduced concentration gradients
within a TROPOMI pixel.

In this study, because the high-resolution model is lim-
ited to the Netherlands domain, we treat the representation
errors estimated for the De Bilt station (6 % of the NO2
VCD) as a suitable proxy for the error that may arise when
comparing TROPOMI observations with other ground-based
remote-sensing sites in the European network. Nevertheless,
we recommend estimating this value individually for each
station whenever possible. Indeed, the magnitude of repre-
sentation error is strongly dependent on site-specific emis-
sion patterns and geographical characteristics, both of which
determine the strength of horizontal NO2 gradients within a
satellite pixel. Stations located near strong emission sources,
such as urban centers, industrial facilities, or major trans-
portation corridors, often experience pronounced spatial vari-
ability in NO2 concentrations. This effect has been illustrated
by Pinardi et al. (2020), who showed substantial variability in
subpixel horizontal gradients across several locations world-
wide and quantified their impact on comparisons between
ground-based and GOME-2A and OMI satellite retrievals.
Topography can further amplify these gradients. For exam-
ple, at stations such as Innsbruck, which is situated within
a narrow Alpine valley, atmospheric pollutants can become
confined by surrounding mountainous terrain. Under stable
meteorological conditions, this confinement may lead to the
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Figure 5. Tropospheric columns of NO2, in Pmoleccm−2 as simulated by LOTOS-EUROS for the four seasons in 2019. Shown are the city
of Utrecht, the Netherlands, and its surroundings. The De Bilt and Cabauw measurement sites are indicated by the dots, and the box around
them approximates the footprint of an average TROPOMI observation. The horizontal gradients around the sites will lead to systematic
representation errors in the comparison with the satellite.

Table 4. Representation uncertainty between TROPOMI and ground-based instruments due to horizontal gradients.

Day-by-day Season average

Cabauw De Bilt Cabauw De Bilt

DJF 0.32 (3.6 %) 0.44 (4.6 %) 0.05 (0.6 %) 0.20 (2.1 %)
MAM 0.39 (4.7 %) 0.56 (6.3 %) 0.08 (1.0 %) 0.09 (0.9 %)
JJA 0.44 (5.9 %) 0.61 (7.7 %) 0.08 (1.0 %) 0.20 (2.5 %)
SON 0.43 (4.5 %) 0.54 (5.7 %) 0.10 (1.0 %) 0.25 (2.1 %)
Entire year 0.40 (4.7 %) 0.54 (6.0 %) 0.08 (0.9 %) 0.19 (2.1 %)

Uncertainty values are provided in Pmolec cm−2 and in percentage between brackets.

accumulation of pollutants in the urban basin while adjacent
areas remain comparatively cleaner. As a result, strong spa-
tial contrasts in NO2 concentrations can develop over rela-
tively short horizontal distances, increasing the representa-
tion error when comparing local ground-based observations
with satellite pixels that average over tens of square kilo-
meters. Also, coastal stations may exhibit representation er-
rors arising from heterogeneous surface types within a single
satellite pixel. For instance, a TROPOMI pixel covering the
region around Thessaloniki may include both land and sea
surfaces. Because emission sources and atmospheric chem-
istry differ substantially between these environments, the re-
sulting spatial gradients can also be significant.

For context, we also estimated the representation error as-
sociated with comparing OMI NO2 fields to ground-based

observations. Detailed values are provided in Table C1,
which shows that representation errors increase substantially
relative to TROPOMI. For example, at the De Bilt station,
day-by-day representation errors averaged to an annual value
of about 6 % for TROPOMI, whereas for OMI they in-
creased to approximately 14 %. The smaller value obtained
for TROPOMI reflects, at least in part, the higher spatial
resolution of TROPOMI compared to OMI, which reduces
the spatial averaging within each pixel and therefore limits
the smoothing of horizontal NO2 gradients. This reduction
in pixel size directly mitigates representation errors, particu-
larly in urban or industrialized regions where NO2 concen-
trations can vary strongly over short distances. This is con-
sistent with previous findings from Pinardi et al. (2020), who
showed that horizontal dilution effects increase with satellite
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footprint size. Nonetheless, even with TROPOMI finer res-
olution, representation uncertainty remains a non-negligible
component of the total error budget and should be consid-
ered when interpreting satellite–ground comparisons. Future
work could benefit from high-resolution regional model sim-
ulations across Europe to better constrain these uncertainties
at the station level and to account for their dependence on
emission strength, boundary layer dynamics, and seasonally
varying transport processes.

4.3 Representation errors due to the vertical
instrument sensitivity

Figure 6 shows the vertical sensitivity of TROPOMI and
MAX-DOAS expressed through their AK profiles. Here we
see that ground-based observations have an enhanced sensi-
tivity to lower tropospheric layers due to their position at the
surface in combination with the low elevation viewing an-
gles, whereas TROPOMI exhibits a reduced sensitivity near
the (dark) surface and stronger signals from NO2 in higher
layers. These differences in sensitivity imply a dependence
of the comparison on the a-priori profiles and must be ac-
counted for to avoid misinterpretation of satellite–ground
discrepancies. It is also important to note that MAX-DOAS
offers a finer vertical sampling, with data available at 200 m
intervals from the surface up to 4 km. However, its verti-
cal coverage is more limited compared to TROPOMI, which
provides information for the entire atmospheric column. The
a-priori NO2 profiles used to inform the retrievals for both
TROPOMI and MAX-DOAS are shown in Fig. 6. The MAX-
DOAS a-priori profiles decrease exponentially with altitude
and remain nearly identical across seasons, whereas the re-
trieved profiles display some seasonal dependence, showing
higher surface values in winter and autumn. This behavior is
similar to the TROPOMI TM5-MP a-priori profiles, which
also exhibit seasonal variability.

Using the AKs and a-priori profiles, we estimated
the smoothing error for the intercomparison between the
TROPOMI and MAX-DOAS instruments by season, follow-
ing Eq. (5). The results are summarized in Table 5. Smooth-
ing errors are largest in winter (DJF) and autumn (SON).
For example, during winter, the errors rise to almost 20 %
at Bremen and De Bilt. This is consistent with the earlier
discussion showing that both the TROPOMI a-priori and the
MAX-DOAS a-posteriori profiles exhibit their highest near-
surface NO2 concentrations during these periods. Because
TROPOMI has limited sensitivity to the boundary layer,
whereas MAX-DOAS is highly sensitive to near-surface
NO2, discrepancies between the instruments are greatest un-
der conditions of strong surface pollution, as reflected in the
elevated smoothing errors. In spring and summer, smoothing
errors are smaller but still non-negligible, ranging from 3 %
to 9 % across the analyzed stations.

4.4 Consistency between ground-based instruments

Before comparing satellite and ground-based observations, it
is important to first assess the consistency among ground-
based remote-sensing instruments. This step allows for
isolating instrument- and retrieval-specific differences that
could otherwise obscure the interpretation of satellite–
ground discrepancies. To do this, we use the complete set of
ground-based measurements rather than restricting the anal-
ysis to periods coinciding with satellite overpasses, maxi-
mizing data coverage and enabling a more robust evalua-
tion of inter-instrument comparability. We analyze collocated
observations from MAX-DOAS FRM4DOAS retrievals and
Pandora DS and sky-scan products at three stations (Bre-
men, Cabauw, and Thessaloniki). Temporal matching is per-
formed by taking the timestamp of each MAX-DOAS ob-
servation and averaging all Pandora measurements within a
±30-minute window; cases without valid matches are dis-
carded. For interpretation, monthly averages are then com-
puted, ensuring that an equal number of observations from
each dataset is included. The resulting comparisons are pre-
sented in Fig. 7. As an additional reference, we include Pan-
dora DS measurements after subtracting the stratospheric
contribution reported in the PGN L2 files. These strato-
spheric values are derived using an external OSIRIS-based
climatology. We adopt the DS-derived tropospheric columns
as a baseline for the comparisons between ground-based
instruments because direct-sun observations generally pro-
vide the most accurate and lowest-uncertainty measurements
among the available ground-based techniques.

Overall, MAX-DOAS FRM4DOAS retrievals exhibit
good agreement with the DS-minus-stratosphere observa-
tions during summer across all three stations. In contrast,
during winter months, MAX-DOAS FRM4DOAS tropo-
spheric columns tend to be higher, especially at Bremen
(20 %) and Cabauw (22 %), indicating a seasonal depen-
dence in the consistency between the two datasets at these
locations. At these same stations, we further observe in-
stances in winter in which the tropospheric MAX-DOAS
FRM4DOAS columns approach or even exceed the Pandora
DS total columns.

The apparent overestimation of tropospheric VCDs de-
rived from MAX-DOAS measurements in winter, relative DS
measurements from which model stratospheric column con-
tributions have been subtracted, can be partly attributed to
a selection effect. During winter, significantly fewer MAX-
DOAS and DS observations are valid, as indicated by the
observation counts in Fig. 7. This reduction is mainly due
to more frequent overcast conditions and lower light levels.
Consequently, the number of coincident observations is re-
duced, which limits the robustness of the statistical analysis
in winter. In addition, we find that the quality control ap-
plied to the FRM4DOAS tropospheric NO2 VCD retrievals
from MAX-DOAS measurements tends to favor conditions
with elevated NO2 concentrations during winter. As illus-
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Figure 6. Comparison of TROPOMI TM5 and MAX-DOAS FRM4DOAS tropospheric AKs and a-priori vertical profiles at De Bilt station.
TROPOMI data are vertically interpolated to match the MAX-DOAS vertical grid.

Table 5. Seasonal smoothing errors for comparisons between MAX-DOAS FRM4DOAS and TROPOMI with TM5-MP a-priori for 2019–
2020.

DJF MAM JJA SON

Athens 0.78 (13.3 %) 0.21 (5.7 %) 0.08 (4.0 %) 0.67 (18.4 %)
Bremen 1.28 (21.5 %) 0.15 (4.1 %) 0.14 (6.1 %) 0.52 (11.5 %)
De Bilt 1.31 (18.9 %) 0.30 (6.0 %) 0.18 (4.4 %) 0.82 (13.7 %)
Mainz 0.85 (12.3 %) 0.52 (9.1 %) 0.12 (3.1 %) 0.60 (9.5 %)
Average 1.05 (16.5 %) 0.30 (6.2 %) 0.13 (4.4 %) 0.65 (13.3 %)

Uncertainty values are provided in Pmolec cm−2 and in percentage between brackets.

trated in Fig. B6, MAX-DOAS NO2 retrievals using a ge-
ometric approximation increase in December from 7.7 to
8.9 Pmolec cm−2 (approximately 15 %) when MAPA flag-
ging is used as a constraint, compared to retrievals without
flagging. Furthermore, differences in viewing geometry be-
tween ground-based instruments may lead to the sampling of
different air masses, thereby affecting the comparison. The
importance of consistent viewing directions between MAX-
DOAS and Pandora instruments has been highlighted by Bae
et al. (2025), who reported an improvement of approximately
10 % in agreement, expressed as the mean relative difference
(MRD), when viewing geometries were better aligned. As
an illustrative example, we consider the MAX-DOAS station
in Bremen, which operates with multiple viewing azimuth

angles (VAA). Restricting the analysis to a single viewing
direction can substantially affect the comparison with other
ground-based instruments (see Fig. B7). In particular, larger
discrepancies are observed when using observations at a
VAA of 180°, compared to those at 270 and 295° at this par-
ticular station.

The Pandora sky-scan observations are consistently lower
than both the MAX-DOAS FRM4DOAS and the Pandora
DS-minus-stratosphere tropospheric columns throughout the
entire year at all three stations. Relative to the DS, the sky-
scan retrievals exhibit annual mean biases of −14 % at Bre-
men, −15 % at Cabauw, and −26 % at Thessaloniki. The
sky-scan algorithm represents a simplified approach within
the optimal estimation framework, which may partly explain
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Figure 7. Monthly mean comparison of tropospheric and total NO2 ground-based observations. The upper panels show MAX-DOAS
FRM4DOAS tropospheric columns (FRM4DOAS, red), Pandora sky-scan tropospheric columns (Sky, blue), Pandora direct-sun tropospheric
columns obtained by subtracting the stratospheric component from the Pandora climatology (DS minus PGN strat, green), and Pandora direct-
sun total columns (DS, gray). The middle panels show the relative differences between Pandora direct-sun tropospheric columns (DS minus
PGN strat) and MAX-DOAS FRM4DOAS (red) and Pandora sky-scan (blue) tropospheric measurements. The lower panels show the number
of collocated observations for each analyzed station.

the larger biases. Nevertheless, the agreement for the sea-
sonal variability is reasonable, indicating that the sky-scan
observations remain a valuable source of information for
subsequent intercomparisons with satellite observations.

4.5 Sensitivity of TROPOMI tropospheric comparisons
with the ground-based observations

As previously discussed, there is a substantial spread among
the values reported by the different ground-based instru-
ments. To evaluate how this variability affects the intercom-
parison with TROPOMI, Fig. 8 presents the monthly time
series of ground-based retrievals collocated with the satel-
lite measurements. In contrast to Fig. 7, only ground-based
observations averaged within ±30 min of each TROPOMI
overpass are retained, which reduces both the number of co-
incident observations and their temporal coverage through-
out the day.

The TROPOMI retrievals using CAMS a-priori are near
the middle of the ground-based ensemble, and all observa-
tion types exhibit broadly consistent seasonal behavior. An
exception is the MAX-DOAS FRM4DOAS product, which
at both Bremen and Cabauw shows elevated NO2 columns
during winter, as previously mentioned when comparing the
ground-based instruments alone. Note that in Fig. 8 we in-
clude two DS-derived tropospheric retrievals, one obtained

by subtracting the stratospheric component from the PGN
L2 product, and another using the stratospheric component
from the TROPOMI S5P L2 product. The results from these
two approaches are very similar, even though the PGN strato-
spheric field is climatology-based, whereas the S5P strato-
spheric field is obtained through assimilation within the
NO2 retrieval. Using the S5P stratospheric component yields
slightly lower tropospheric columns, but the differences are
minor for stations like Bremen and Cabauw.

Figure B8 presents a quantitative comparison of the
TROPOMI retrievals using CAMS a-priori with each
ground-based dataset. At Bremen and Cabauw, comparisons
with Pandora sky-scan measurements indicate relative posi-
tive biases of 8 % and 11 %, respectively. In contrast, compar-
isons with MAX-DOAS FRM4DOAS suggest relative neg-
ative biases of −20 % and −10 %. When using the DS re-
trieval corrected with the S5P stratospheric component, the
resulting biases are also negative, at −14 % and −10 % for
the same stations. These results indicate that the inferred
TROPOMI bias and overall performance are dependent on
the choice of ground-based reference dataset.
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Figure 8. Monthly-averaged seasonal cycle of total and tropospheric NO2 columns from TROPOMI with CAMS a-priori, Pandora direct
sun (DS) and sky-scan (sky), and MAX-DOAS FRM4DOAS (FRM4DOAS) measurements at stations with collocated observations.

5 TROPOMI NO2 inter-comparison with
ground-based observations

5.1 TROPOMI total NO2 column vs. Pandora

We found a strong consistency between TROPOMI total
column measurements and Pandora DS observations, with
correlation coefficients reaching up to 0.79 when high-
resolution CAMS a-priori profiles were employed (Fig. 9).
The TROPOMI operational retrievals using the TM5-MP a-
priori show a low bias of approximately 23 % relative to
Pandora, which is substantially reduced to 12 % when up-
dated with CAMS European a-priori profiles. In addition,
both the regression slope and the RMSE improve with the
a-priori replacement, with the RMSE decreasing from 3.7 to
3.1 Pmolec cm−2, further highlighting the enhanced agree-
ment between the two datasets when CAMS a-priori in-
formation is used. The improvements obtained when using
CAMS a-priori profiles instead of TM5-MP are primarily at-
tributed to the higher spatial resolution of the CAMS mod-
els ensemble, which enables a more accurate representation
of emissions and meteorological processes. This enhanced
resolution improves the depiction of horizontal NO2 gradi-
ents and provides a spatial scale more consistent with that of
TROPOMI observations.

Monthly averages of NO2 total column, shown in Fig. 10,
illustrate that TROPOMI consistently captures the seasonal
variability observed by Pandora at all European stations
throughout the year. This agreement holds across nearly all
stations evaluated, indicating that TROPOMI retrievals, par-
ticularly when using the CAMS a-priori, reliably reproduce
the temporal patterns measured by ground-based observa-
tions. One striking difference is observed in Helsinki during
the winter months. The retrieval over snow in v2.4 was char-

acterized by large uncertainties and likely overestimations
over snow. In v2.8 the scene pressure retrieval was improved,
mainly due to an updated FRESCO cloud algorithm that now
uses two spectral windows and a corrected reflectance error
definition. As a result, reductions in NO2 over snow by a fac-
tor of two have been reported (van Geffen et al., 2024). This
improvement is expected to enhance wintertime comparisons
in an upcoming TROPOMI reprocessing.

We analyzed the distribution of differences between
TROPOMI and Pandora total column measurements to as-
sess whether the instruments agree within their respective
uncertainty ranges. The results for each station are presented
in Fig. B9. In these plots, the black line represents the ex-
pected distribution of differences, derived by combining the
satellite, ground-based, and representation uncertainties as
described in Eq. (4). The blue and red lines correspond to
the observed distributions of differences, fitted with Gaussian
functions, obtained when comparing TROPOMI data using
TM5-MP (blue) and CAMS (red) a-priori profiles. The fitted
distributions of differences across all evaluated stations are
nearly identical for the TM5-MP and CAMS TROPOMI re-
trievals; however, the offset is smaller when CAMS a-priori
profiles are used. Therefore, the subsequent discussion fo-
cuses exclusively on the CAMS-based results.

The uncertainties derived from fitting the differences
between instruments are consistent with those expected
from Eq. (4) for the Cabauw station. Here, the fitted
and expected uncertainties are nearly identical (1.96 and
1.98 Pmolec cm−2). At Berlin, Bremen, Brussels, Cologne,
Helsinki, Lindenberg, and Rome IAA, the fitted uncertainties
are slightly higher but remain within 25 % of the expected
values. In contrast, Bucarest and Granada show differences
of approximately 35 %. More substantial deviations are ob-
served at Innsbruck, Julich, Rome_ISAC, and Rome_SAP,
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Figure 9. Scatter plot of TROPOMI versus Pandora total NO2 column observations aggregated across 18 European stations. Left: operational
TROPOMI retrievals using TM5-MP a-priori profiles at 1°× 1° resolution. Right: TROPOMI retrievals using CAMS a-priori profiles at
0.1°× 0.1° resolution (Douros et al., 2023).

where the fitted uncertainties exceed the expected ones by
more than 60 %. The largest discrepancies occur at Athens
and Thessaloniki, where the fitted uncertainties are more
than twice the expected values. For example, the presence
of mountainous terrain surrounding the ground station in
Athens, and the combination of land, coastal, and mountain-
ous areas within the satellite footprint in Thessaloniki, may
explain the higher uncertainties observed at these sites. These
results suggest that the uncertainty estimates for the individ-
ual instruments or the representation errors derived in this
study may be somewhat optimistic. Alternatively, the dis-
crepancies could indicate the presence of additional sources
of uncertainty that have not yet been accounted for in the
current analysis.

5.2 Dependence on the a-priori

The comparisons show that the replacement of the coarse
global TM5 1°× 1° simulations by the CAMS regional
0.1°× 0.1° reduces the negative bias substantially. CAMS
better resolves the cities and major hotspots, but the resolu-
tion of these CAMS simulations is still limited compared to
the actual length scales of variability for NO2 and also com-
pared to the resolution of TROPOMI. The question therefore
remains whether the comparison biases may further reduce if
even higher resolution model profiles are used.

To further evaluate the impact of the a-priori replacement
on the consistency between TROPOMI and Pandora observa-
tions, we included a third TROPOMI retrieval using LOTOS-
EUROS high-resolution simulation results at 1.3× 1.7 km2

as the a-priori. This analysis focused on the period 2019–
2023 and the Cabauw station, for which modeling outputs
were available. The comparison results are summarized in

Fig. 11. Both the CAMS and LOTOS-EUROS a-priori pro-
files show a clear improvement over the default TM5-MP a-
priori. The negative bias is reduced from 12 % in the default
TM5-MP version to 6 % with CAMS and nearly 0 % with
LOTOS-EUROS. In addition to the bias, the RMSE and re-
gression slopes also improve in both cases compared to the
default TM5-MP configuration. It is worth noting that the
higher spatial resolution of LOTOS-EUROS enables a more
accurate representation of concentration hotspots and gradi-
ents. This may be the main reason why the lowest bias among
all options is obtained here. However, the LOTOS-EUROS
model differs from the ensemble model in CAMS, and part
of the profile changes may be due to modeling aspects in-
stead of resolution alone. But we can conclude that detailed
quantitative validation studies require high-resolution model
profiles.

5.3 TROPOMI tropospheric NO2 compared to
Pandora sky-scan

Comparisons between TROPOMI tropospheric NO2
columns and Pandora sky-scan observations, similar to those
performed for the total NO2 column validation, demonstrate
good agreement, with correlation coefficients up to 0.79, as
shown in Fig. 12. On average, TROPOMI exhibits a low
bias of approximately 20 % when using the default TM5-MP
a-priori profiles. This bias is reduced to nearly 0 % when
CAMS a-priori profiles are employed.

Figure 13 presents monthly averaged tropospheric NO2
columns, demonstrating that TROPOMI reliably reproduces
the seasonal patterns observed by Pandora across the year.
Lower NO2 levels are recorded in summer, reflecting en-
hanced photochemical activity and lower emission rates.
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Figure 10. Monthly-averaged seasonal cycle comparison between the TROPOMI sum of tropospheric and stratospheric column with Pandora
direct-sun total NO2 column observations. Shaded areas around the lines represent the total uncertainty for each measurement type.

Conversely, the highest columns are observed during winter,
corresponding to increased anthropogenic emissions and less
efficient photochemical removal processes. While the sea-
sonal trends between TROPOMI and Pandora are in good
agreement, slight differences in magnitude are attributed to
differences in spatial representativeness, vertical sensitivity,
or retrieval assumptions.

The uncertainties obtained from fitting the distribution of
differences between TROPOMI and Pandora sky-scan mea-
surements (Fig. B10), similar to the DS results, show good

agreement with those expected from Eq. (4) for the sta-
tions Berlin, Bremen, Brussels, Cabauw, Cologne, Davos,
Granada, Helsinki, and Rome_SAP, with relative differences
below 20 %. In contrast, the fitted uncertainties for Bucarest,
Julich, Lindenberg, Rome_IAA, and Rome_ISAC are 50 %–
60 % higher than expected, while at Athens, Innsbruck, and
Thessaloniki, the fitted values exceed the expected ones by
more than 70 %.
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Figure 11. Scatter plot between TROPOMI and Pandora total NO2 column observations at Cabauw station for 2019–2023. Left panel: the
operational TROPOMI retrievals with TM5-MP 1°× 1° resolution a-priori profiles. Center panel: TROPOMI retrievals based on CAMS
a-priori profiles at 0.1°× 0.1° resolution. Right panel: TROPOMI retrievals based on LOTOS-EUROS a-priori profiles at 1.3× 1.7 km2

resolution.

Figure 12. Scatter plot of TROPOMI versus Pandora tropospheric NO2 column observations aggregated across 18 European stations. Left:
operational TROPOMI retrievals using TM5-MP a-priori profiles at 1°× 1° resolution. Right: TROPOMI retrievals using CAMS a-priori
profiles at 0.1°× 0.1° resolution (Douros et al., 2023).

5.4 TROPOMI tropospheric NO2 with MAX-DOAS
FRM4DOAS

In comparison with MAX-DOAS measurements, TROPOMI
tropospheric NO2 exhibits a strong correlation, with a co-
efficient of 0.82 when using CAMS a-priori, as illustrated
in Fig. 14. TROPOMI with TM5-MP a-priori underesti-
mates NO2 concentrations in comparison with MAX-DOAS
FRM4DOAS retrieval, with a mean bias of approximately
30 %, consistent with the values reported by Lambert et al.
(2025) in the operational validation of TROPOMI. This un-
derestimation is reduced to about 15 % when CAMS a-priori
profiles are used instead of TM5-MP. The residual biases af-

ter replacing the a-priori profiles may indicate the need for
even higher-resolution a-priori information. They may also
stem from vertical smoothing errors between the instruments.
For TROPOMI with TM5-MP a-priori profiles, this issue is
discussed in Sect. 4.3, where such errors can reach up to
20 %.

The agreement between TROPOMI and MAX-DOAS
measurements exhibits a clear seasonal pattern, with larger
biases during winter months. During this period, MAX-
DOAS FRM4DOAS values tend to exceed those from
TROPOMI at all evaluated stations except Athens, as shown
in Fig. 15. The Athens site is a special case because the
MAX-DOAS instrument is positioned on a hill overlooking
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Figure 13. Monthly-averaged seasonal cycle comparison between the TROPOMI tropospheric column with Pandora sky-scan tropospheric
NO2 column observations. Shaded areas around the lines represent the total uncertainty for each measurement type.

the city, causing it to miss part of the near-surface NO2. As
previously discussed in Sect. 4.4, MAX-DOAS FRM4DOAS
generally reports higher values than the other ground-based
instruments during winter. The larger errors observed in this
season can be explained by several factors. Such as the re-
duced number of collocated observations, which increases
the uncertainty, and the greater variability and steeper ver-

tical gradients of NO2 in winter heighten the impact of the
differences in the vertical sensitivity of the instruments.

The distribution of differences between TROPOMI and
MAX-DOAS measurements (Fig. B11) indicates that the fit-
ted deviations exceed those expected from the reported un-
certainties at all stations. The fitted deviations at Bremen,
Brussels, Cabauw, De Bilt, and Mainz are less than 25 %
higher than expected, while Heidelberg shows an excess of
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Figure 14. Scatter plot of TROPOMI versus MAX-DOAS FRM4DOAS tropospheric NO2 column observations aggregated across 8 Euro-
pean stations. Left: operational TROPOMI retrievals using TM5-MP a-priori profiles at 1°× 1° resolution. Right: TROPOMI retrievals using
CAMS a-priori profiles at 0.1°× 0.1° resolution (Douros et al., 2023).

Figure 15. Monthly-averaged seasonal cycle comparison between the TROPOMI tropospheric column with MAX-DOAS FRM4DOAS
tropospheric NO2 column observations. Shaded areas around the lines represent the total uncertainty for each measurement type.

approximately 40 %. The largest discrepancies are observed
at Athens and Thessaloniki, where the fitted deviations are
more than 60 % higher than expected.

An alternative approach for comparing MAX-DOAS and
TROPOMI data, and for reducing the smoothing error aris-
ing from differences in a-priori profiles and vertical sensitivi-
ties, is to reproduce the retrieval of one instrument by adjust-
ing the retrieval of the other (Rodgers and Connor, 2003).

In Fig. B12, we apply the TROPOMI AKs to the retrieved
MAX-DOAS NO2 profiles to construct a MAX-DOAS tro-
pospheric column that reflects the a-priori information and
vertical sensitivity used by TROPOMI. This transformation
yields a MAX-DOAS product that is effectively independent
of the original MAX-DOAS a-priori profile shape, allowing
a more consistent comparison with the TROPOMI retrievals.
We find an improved correspondence between TROPOMI
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and MAX-DOAS when using the modified retrieval, particu-
larly during the summer months. However, even after apply-
ing the modification, the bigger differences in winter between
the two instruments persist.

5.5 Summary of comparisons and uncertainties

TROPOMI demonstrates good agreement with both total
and tropospheric NO2 columns measured by Pandora in
direct-sun and sky-scan modes, with high correlation coef-
ficients (0.79) and a clear representation of seasonal vari-
ability. In contrast, comparisons with MAX-DOAS tropo-
spheric columns reveal larger biases during winter. In gen-
eral, TROPOMI with the standard TM5-MP a-priori exhibits
a negative bias relative to ground-based instruments. Re-
placing the TM5-MP a-priori with CAMS substantially re-
duces this bias. On a station-by-station basis (Fig. 16 for
absolute values and Fig. B13 for relative values), the agree-
ment between TROPOMI and both Pandora total columns
and MAX-DOAS tropospheric columns improves at all sta-
tions, while for Pandora-derived tropospheric columns, the
agreement improves at most of the analyzed stations.

The uncertainties derived from the differences between
TROPOMI and the ground-based instruments, summarized
in Fig. 17, are generally higher than the expected uncertain-
ties calculated using Eq. (4). This suggests that the uncer-
tainties in TROPOMI, ground-based measurements, and rep-
resentation may be somewhat optimistic, or that additional
factors contributing to the overall uncertainty have not been
accounted for. For example, residual errors may still arise
from the representation uncertainty. Due to the limited spa-
tial coverage of our high-resolution CTM simulations, which
are restricted to the Netherlands domain, the impact of sub-
pixel variability within a TROPOMI pixel was estimated
only for the De Bilt station and subsequently generalized to
the other stations included in this study. However, station-
specific geographical and emission characteristics may lead
to different representation uncertainty estimates. We there-
fore strongly recommend estimating this uncertainty param-
eter individually for each station when the necessary infor-
mation is available. In addition, one aspect not addressed in
this study is the directional sampling of the ground-based in-
struments (MAX-DOAS and Pandora operating in sky-scan
mode). At most stations, the viewing azimuth angle (VAA)
remains fixed, which limits the ability to characterize the
horizontal distribution of NO2 around the measurement site.
Dual-scan MAX-DOAS observations that vary the VAA can
better capture this horizontal variability and thereby improve
comparisons with satellite measurements (Dimitropoulou et
al., 2020). In addition, the uncertainty estimates for individ-
ual TROPOMI retrievals rely on simplified assumptions re-
garding errors in surface albedo and cloud parameters used as
inputs to the retrieval algorithm. These assumptions are like-
wise approximate and could be refined. Moreover, errors in
albedo and cloud properties are treated as uncorrelated con-

tributions, whereas in reality they exert a correlated influence
on NO2 retrievals, an effect that is only partially accounted
for in the current methodology.

Despite the optimistic uncertainty estimated the agreement
is good for most of the analyzed stations, with notable ex-
ceptions at Athens, Innsbruck, and Thessaloniki. The com-
plex topography surrounding these sites is a likely contribu-
tor to the increased uncertainty. Athens is enclosed by moun-
tains to the north (Parnitha, Penteli), east (Hymettos), and
west (Egaleo), while the Saronic Gulf to the south restricts
air-mass dispersion within the basin (Skoulidou et al., 2021;
Grivas et al., 2008). Furthermore, the local MAX-DOAS in-
strument is also installed on one of these surrounding hills,
introducing additional representativeness differences relative
to the satellite footprint. Thessaloniki combines coastal ter-
rain along the Thermaic Gulf with mountainous influences
from Mount Hortiatis, creating pronounced sea–land breezes
and valley–mountain circulations that produce strong hori-
zontal gradients and rapidly varying air masses (Skoulidou
et al., 2021; Moussiopoulos et al., 2009). Innsbruck is lo-
cated in the narrow Inn Valley, where steep mountain walls
tightly constrain atmospheric flow and favor strong spatial
heterogeneity in pollutant distributions. Such complex orog-
raphy generates concentration gradients at scales smaller
than TROPOMI’s spatial resolution, and the semi-random
pixel location of TROPOMI on each orbit can result in re-
trievals that alternately emphasize coastal, urban, or moun-
tainous sectors (Thessaloniki, for example). Ground-based
instruments, by contrast, are highly sensitive to local inho-
mogeneities within their line of sight, further amplifying dif-
ferences with the coarse satellite footprint. Additionally, the
chemical transport models used to provide a-priori vertical
profiles for TROPOMI, whether standard TM5-MP (1°× 1°)
or based on higher-resolution CAMS (0.1°× 0.1°), cannot
adequately resolve fine-scale variability in emissions, land-
use patterns, meteorology, and pollutant dispersion. As a re-
sult, the a-priori information used in the retrievals is sub-
optimal in these complex environments, contributing to the
observed inconsistencies between satellite and ground-based
NO2.

6 Conclusions

In this study, we present a comparison between TROPOMI
NO2 retrievals and ground-based measurements from Pan-
dora direct-sun, Pandora sky-scan, and MAX-DOAS re-
trievals. The analysis focuses on Europe and the Netherlands,
because of the availability of high-resolution modelling data
used as a-priori profiles in the TROPOMI retrievals. Our
main findings are:

– Importance of using high-spatial-resolution a-priori
profiles. The replacement of the default TM5-MP a-
priori profiles (1°× 1° resolution) with high-resolution
CAMS European forecasts (0.1°× 0.1°) substantially
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Figure 16. Distributions of the absolute differences between TROPOMI and ground-based observations, using TM5-MP (blue) and CAMS
(red) a-priori profiles. Results are shown for individual stations (vertical) for the Pandora total column (left), tropospheric column (middle),
and MAX-DOAS FRM4DOAS (right) comparisons.

improves the agreement between TROPOMI and
ground-based observations. On average, the bias be-
tween TROPOMI and Pandora total column measure-
ments decreases from 23 % to 12 %, while the bias for
Pandora tropospheric columns is reduced from 20 % to
nearly 0 %. Similarly, the bias between TROPOMI and
MAX-DOAS FRM4DOAS tropospheric columns de-
creases from 30 % to 15 %. The use of high-resolution
a-priori profiles provides a more realistic representa-
tion of three-dimensional concentration gradients near
emission hotspots. For validation studies over Europe,
we recommend using the European TROPOMI NO2
product (Douros et al., 2023), available at https://www.
temis.nl/airpollution/no2_cams.php (last access: 9 April
2026). If feasible, using an a-priori profile with even
higher spatial resolution could further improve the val-
idation. As demonstrated for the Cabauw station, the
bias between TROPOMI and Pandora DS observations
further decreases when high-resolution kilometer-scale
LOTOS-EUROS a-priori profiles are applied. In fact,
the enhancement obtained when moving from CAMS
to LOTOS-EUROS is comparable to the improvement
achieved when replacing TM5-MP with CAMS. It

should be noted that relative comparisons between mod-
els and TROPOMI NO2 using AKs are independent
of the a-priori profile shape; therefore, either the op-
erational global TROPOMI product or the European
CAMS product can be used for a model evaluation that
is retrieval a-priori independent.

– Results from the various ground-based instruments and
retrievals differ. We find substantial differences among
the various ground-based products, as demonstrated at
sites hosting both Pandora and MAX-DOAS instru-
ments. In particular, the MAX-DOAS FRM4DOAS
product exhibits a more pronounced seasonal cycle than
the other retrievals (and than TROPOMI), with no-
tably larger wintertime columns. The Pandora direct-
sun product is especially suitable as a reference, as its
AMFs are simpler and more stable than those of the
sky-scan and MAX-DOAS techniques, as indicated by
the smaller estimated retrieval uncertainties presented
in Table 2. Significant differences are also observed in
the TROPOMI–ground-based comparisons across loca-
tions, suggesting that local setup and topography influ-
ence the results. To achieve quantitative validation, it
is therefore essential to better understand the discrep-
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Figure 17. TROPOMI, ground-based and representation uncertainties for the intercomparisons. The combined uncertainties are estimated as
shown in Eq. (4). The fitted uncertainties correspond to the standard deviation obtained from a Gaussian fit to the distribution of differences
between TROPOMI (with CAMS a-priori) and the ground-based measurements.

ancies among instruments, retrieval methods, and site
characteristics.

– Closure of the error budget. The total uncertainty in
the comparisons arises from three main sources: the
TROPOMI retrieval, the ground-based retrievals, and
representation effects. The combined uncertainty from
these components is compared with the width of the ob-
served histogram of differences. Overall, we find that
the differences between TROPOMI and the ground-
based instruments generally exceed the estimated un-
certainties. This suggests that the individual uncer-
tainty estimates for TROPOMI, the ground-based mea-
surements, and representation effects may be too opti-
mistic, or that additional factors have not yet been ac-
counted for. The largest discrepancies between fitted
and expected uncertainties are observed at Athens, Inns-
bruck, and Thessaloniki, indicating the presence of site-
dependent systematic effects.

– Spatial representation error. High-resolution model
simulations over the Netherlands were used to quan-
tify representation errors arising from the different air
masses sampled by TROPOMI and the ground-based

instruments. Over Cabauw and De Bilt, the represen-
tation errors are estimated to be 4.7 % and 6.0 %, re-
spectively, when evaluated on an orbit-by-orbit basis.
For comparison, the representation error between OMI
and the ground-based instruments at De Bilt was esti-
mated at approximately 14 %.

– Kernel differences and a-priori dependence. The com-
parison between satellite and ground-based measure-
ments is complicated by their markedly different av-
eraging kernel profiles. Consequently, the results are
highly sensitive to the shape of the a-priori profile, a
quantity that remains largely uncertain due to the lim-
ited availability of vertical NO2 profile measurements.
We analysed the resulting smoothing errors for the com-
parison between TROPOMI (using TM5-MP a-priori
profiles) and the MAX-DOAS FRM4DOAS retrievals,
finding associated uncertainties of up to 20 % and high-
est in winter.

– Wintertime bias over NW Europe. We investigated one
source of systematic uncertainty in the TROPOMI NO2
retrieval, namely the stratospheric bias. We found that
positive biases in the stratospheric column are most pro-
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nounced during the winter months at higher northern
latitudes, on the order of 0.15 Pmolec cm−2. This error
likely arises from limitations of the TM5-MP assimila-
tion during winter, when the lack of observational con-
straints reduces the model accuracy. Errors in the strato-
sphere propagate into the estimation of the tropospheric
column later on and can reach up to 1.5 Pmolec cm−2.

Although the analysis presented in this study focuses on
the European domain, primarily due to the availability of a
long-term alternative TROPOMI product with an improved
retrieval, the conclusions are expected to be broadly appli-
cable to other regions. In particular, our results highlight the
importance of improving the spatial resolution of the a-priori
profiles used in satellite retrievals. Replacing the standard
profiles derived from TM5 with higher-resolution informa-
tion can substantially enhance the representation of local-
ized emission hotspots and horizontal gradients in trace-gas
columns. Such improvements lead to better agreement be-
tween satellite-derived columns and ground-based remote-
sensing measurements, and we therefore recommend im-
plementing higher-resolution a-priori information whenever
feasible. Furthermore, the methodologies described here for
estimating both vertical and horizontal representation errors
are transferable and can be applied in other regions or obser-
vational networks, provided that high-quality, high-spatial-
resolution model simulations are available. Finally, the sea-
sonal dependence of the errors identified in this study is
likely to differ among regions; further investigation at re-
gional and site-specific scales is required to fully characterize
these seasonal effects and to determine how the uncertainties
identified here translate to other geographical contexts.

Appendix A: Statistical performance metrics

This appendix presents the mathematical formulations
used to compute key performance metrics for validat-
ing TROPOMI product. The metrics used are mean bias
(MB), normalized MB (NMB) and root mean squared error
(RMSE), and their formulations are provided below.

MB=
n∑
i=1

(Ti −Gi) , (A1)

NMB=
∑n
i=1 (Ti −Gi)∑n

i=1Gi
, (A2)

RMSE=

√∑n
i=1(Ti −Gi)

2

n
, (A3)

where n represents the total number of collocated observa-
tions, T is the TROPOMI observation, and G is the ground-
based observation.
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Appendix B: Supporting figures

Figure B1. Monthly mean time series of collocated Pandora DS and TROPOMI total column observations at the stations analyzed in this
study.
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Figure B2. Monthly mean time series of collocated Pandora sky-scan and TROPOMI tropospheric column observations at the stations
analyzed in this study.
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Figure B3. Monthly mean time series of collocated MAX-DOAS FRM4DOAS and TROPOMI tropospheric column observations at the
stations analyzed in this study.

Figure B4. Differences between MAX-DOAS FRM4DOAS NO2 tropospheric columns and Pandora direct-sun observations (with the PGN
stratospheric component subtracted) as a function of the time window used for temporal alignment at the Bremen station for the period
2018–2024.
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Figure B5. Zonal average of the root-mean-square error (RMSE, left) and Normalized RMSE (NRMSE, right) in the TROPOMI total column
observation minus forecast over multiple years (2019–2021).

Figure B6. Monthly MAX-DOAS NO2 vertical column densities retrieved using either a geometrical approximation or MAPA, under dif-
ferent flagging criteria. The geometrical approximation own flagging refers to retaining only measurements for which twice the absolute
difference between the VCD at 30 and 15°, normalized by their sum, is less than 15 %. The top panel shows comparisons based on monthly
data aggregated by the median, the middle panel shows aggregation using the mean, and the bottom panel presents the number of collocated
observations for each applied flagging scheme.
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Figure B7. Monthly mean comparison of tropospheric and total NO2 ground-based observations at Bremen, discriminated by viewing az-
imuth angle (VAA). The upper panels show MAX-DOAS FRM4DOAS tropospheric columns (FRM4DOAS, red), Pandora sky-scan tropo-
spheric columns (Sky, blue), Pandora direct-sun tropospheric columns obtained by subtracting the stratospheric component from the Pandora
climatology (DS minus PGN strat, green), and Pandora direct-sun total columns (DS, gray). The middle panels show the relative differences
between Pandora direct-sun tropospheric columns (DS minus PGN strat) and MAX-DOAS FRM4DOAS (red) and Pandora sky-scan (blue)
tropospheric measurements. The lower panels show the number of collocated observations for each analyzed station.

Figure B8. Scatter plot intercomparing TROPOMI tropospheric NO2 retrievals using CAMS a-priori profiles and four different ground-based
retrieval methods. Ground-based methods are MAX-DOAS FRM4DOAS, Pandora sky-scan, Pandora DS minus PGN L2 stratospheric NO2,
and Pandora DS minus TROPOMI S5P L2 stratospheric NO2.
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Figure B9. Histograms of differences between TROPOMI and Pandora total NO2 column observations. The black line shows the expected
difference distribution (from combined uncertainties; Eq. 4), while the blue and red lines show Gaussian-fitted observed differences for
TROPOMI using TM5-MP and CAMS a-priori profiles, respectively.
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Figure B10. Histogram of differences between TROPOMI and Pandora tropospheric NO2 column observations. The black line shows the
expected difference distribution (from combined uncertainties; Eq. 4), while the blue and red lines show Gaussian-fitted observed differences
for TROPOMI using TM5-MP and CAMS a-priori profiles, respectively.
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Figure B11. Histogram of differences between TROPOMI and MAX-DOAS FRM4DOAS tropospheric NO2 column observations. The
black line shows the expected difference distribution (from combined uncertainties; Eq. 4), while the blue and red lines show Gaussian-fitted
observed differences for TROPOMI using TM5-MP and CAMS a-priori profiles, respectively.

Figure B12. Monthly mean NO2 column comparison: default MAX-DOAS FRM4DOAS retrieval (red) and MAX-DOAS retrieval smoothed
with TROPOMI AKs (green), versus TROPOMI retrievals using the TM5-MP a-priori (blue).

https://doi.org/10.5194/amt-19-2437-2026 Atmos. Meas. Tech., 19, 2437–2477, 2026



2472 F. Cifuentes et al.: TROPOMI NO2 uncertainty over Europe

Figure B13. Distributions of the relative differences between TROPOMI and ground-based observations, using TM5-MP (blue) and CAMS
(red) a-priori profiles. Results are shown for individual stations (vertical) for the Pandora total column (left), tropospheric column (middle),
and MAX-DOAS FRM4DOAS (right) comparisons.

Appendix C: Supporting tables

Table C1. Representation uncertainty between OMI and ground-based instruments due to horizontal gradients.

Day-by-day Season average

Cabauw De Bilt Cabauw De Bilt

DJF 0.88 (9.9 %) 1.05 (10.9 %) 0.13 (1.5 %) 0.43 (4.5 %)
MAM 1.06 (12.5 %) 1.33 (14.8 %) 0.30 (3.6 %) 0.28 (3.1 %)
JJA 1.15 (15.3 %) 1.46 (18.4 %) 0.15 (2.0 %) 0.44 (5.5 %)
SON 1.16 (12.2 %) 1.32 (14.0 %) 0.24 (2.5 %) 0.49 (5.2 %)
Entire year 1.06 (12.3 %) 1.29 (14.4 %) 0.08 (2.4 %) 0.41 (4.5 %)

Uncertainty values are provided in Pmolec cm−2 and in percentage between brackets
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Data availability. The TROPOMI L2 NO2 datasets are publicly
accessible. The default product, which uses TM5-MP a-priori
data, can be obtained via the Copernicus Data Space Ecosys-
tem (https://doi.org/10.5270/S5P-9bnp8q8, Copernicus Sentinel-
5P, 2021), while the version incorporating CAMS a-priori
data is available through the Tropospheric Emission Moni-
toring Internet Service (TEMIS) portal (https://www.temis.nl/
airpollution/no2_cams.php, last access: 9 April 2026). PGN data
can be obtained from the Pandonia data archive (http://data.
pandonia-global-network.org/, last access: 9 April 2026) or via API
for Python-based queries (https://api.pandonia-global-network.org/
docs, last access: 9 April 2026). MAX-DOAS observations, cen-
trally processed according to the FRM4DOAS specifications, are
publicly available through the NDACC RD Data Host Facility
(https://www-air.larc.nasa.gov/missions/ndacc/, last access: 9 April
2026). Modeling outputs from LOTOS-EUROS can be provided
upon request.
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