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Abstract: The aim of this paper is to evaluate the surface concentration of nitrogen dioxide (NOz2)
inferred from the Sentinel-5 Precursor TROPOspheric Monitoring Instrument (S5P/TROPOMI) NO2
tropospheric column densities over Central Europe for two time periods, the summer of 2019 and
the winter of 2019-2020. Simulations of the NO: tropospheric vertical column densities and surface
concentrations from the LOng-Term Ozone Simulation — EURopean Operational Smog (LOTOS-
EUROS) chemical transport model are also applied in the methodology. More than two hundred in-
situ air quality monitoring stations, reporting to the European Environment Agency (EEA) air qual-
ity database, are used to carry out comparisons with the model simulations and the space-borne
inferred surface concentrations. Stations are separated into seven types (urban traffic, suburban traf-
fic, urban background, suburban background, rural background, suburban industrial and rural in-
dustrial) in order to examine the strengths and shortcomings of the different air quality markers,
namely the NO2 vertical column densities and NO: surface concentrations. SSP/TROPOMI NO: sur-
face concentrations are inferred by multiplying the fraction of the satellite and model NO: vertical
column densities with the model surface concentrations. The estimated inferred TROPOMI NO:
surface concentrations are examined further with the altering of three influencing factors: the model
vertical levelling scheme, the versions of the TROPOMI NO: data and the air mass factors applied
to the satellite and model NO: vertical column densities. Overall, the inferred TROPOMI NO: sur-
face concentrations show a better correlation with the in-situ measurements for both time periods
and all station types, especially for the industrial stations (R>0.6) in winter. The calculated correla-
tion for background stations is moderate for both periods (R~0.5 in summer and R>0.5 in winter),
whereas for traffic stations it improves in the winter (from 0.20 to 0.50). After the implementation
of the air mass factors from the local model, the bias is significantly reduced for most of the station
types, especially in winter for the background stations, ranging from +0.49% for the urban back-
ground to +10.37% for the rural background stations. The mean relative bias in winter between the
inferred S5P/TROPOMI NO: surface concentrations and the ground-based measurements for indus-
trial stations is about -15%, whereas for traffic urban stations it is approximately -25%. In summer-
time, biases are generally higher for all station types, especially for the traffic stations (~ -75%), rang-
ing from -54% to -30% for the background and industrial stations.
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1. Introduction

Nitrogen oxides (NOx= NO + NO2) play a significant role in the tropospheric chem-
istry and have a negative impact on air quality. Nitrogen dioxide (NO) is a precursor of
tropospheric ozone and aerosols [1-3] and has been associated with premature deaths and
high mortality rates [4, 5]. The short lifetime and the high spatial variability of NO2emis-
sion sources traditionally limited the spatial representativity of monitoring of NO2loads
in non-background locations with in-situ measurements only. The quantification of the
spatial variability of NO2 concentrations from satellite observations bridges this spatial
gap. There are multiple satellite instruments providing space-borne measurements that
are able to detect emission sources at high spatio-temporal resolution on a global scale
and are used to develop methods for estimating NO: surface concentrations and improv-
ing forecasting models [6].

Previous studies directly compared satellite NO2 vertical column densities with
ground-based measurements over Helsinki and have shown a mean relative bias of 10%
[7] while a strong spatial correlation (R=0.8) is reported over the USA [8]. Due to the lim-
ited number of ground-based stations and the fact that NO: satellite columns are not
truly representing ground-level measurements, new methodologies were developed aim-
ing to derive NO: surface concentrations from satellite vertical column densities with the
use of chemical transport models [9-16]. In particular, a high correlation coefficient (up to
0.86) was reported between satellite derived NO: surface concentrations and ground-
based measurements, with a tendency for higher correlations over polluted areas, in
northern USA [9]. Satellite-derived NO: surface concentration trends for the period of
1996-2012 have shown decreasing NO: loads over North America, western Europe and
Asia-Pacific and were found to be highly correlated with in-situ measurements especially
over non-rural areas (R~0.8) [12]. Moreover, inferred satellite NO:2 surface concentrations
reported improved correlation coefficients with ground-based measurements over China
compared to the correlation coefficients calculated between forward model simulations
and in-situ measurements [14]. A new algorithm for the derivation of satellite NO: surface
concentrations has shown a significant improvement in the correlation coefficients be-
tween the Sentinel-5 Precursor TROPOspheric Monitoring Instrument (S5P/TROPOMI)
inferred concentrations and ground-based observations [15, 16]. More recently, machine
learning techniques have been developed for the derivation of satellite NO:2 surface con-
centrations showing promising results [17-19]. Hence, it is evident that the derivation of
NO:zsurface concentrations from satellite observations has introduced new capabilities in
the monitoring of air quality at the ground, contributing to the implementation of emis-
sion-reduction strategies and the development of health studies.

In this work, NO2 surface concentrations are derived from TROPOMI NO: tropo-
spheric vertical column densities (VCDs) and LOng-Term Ozone Simulation — EURopean
Operational Smog (LOTOS-EUROS) chemical transport model (CTM) simulations follow-
ing the methodology described in [9]. The inferred TROPOMI NO: surface concentrations
are validated with in-situ measurements reported by the European Environment Agency
(EEA) stations over central Europe and for two studied periods, June-July 2019 and De-
cember 2019-January 2020. Three different setups are applied for estimating the satellite
NO: surface concentrations and the results are examined based on three influencing quan-
tities, namely the levelling scheme of the LOTOS-EUROS CTM, the product version of the
TROPOMI NO: data and the air mass factors (AMFs) used in each setup. The study is
structured as follows. In Section 2 all the involved datasets are described in detail and the
methodology is presented. In Section 3.1 the results are presented, and the impacts of the
tested influencing factors are discussed. Section 3.2 presents the optimal setup used in this
work. Finally, Section 4 summarizes the main findings of this study.

2. Materials and Methods
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2.1. Datasets
2.1.1. S5P/TROPOMI NO: tropospheric vertical column densities

The TROPOspheric Monitoring Instrument (TROPOMI) is a passive, nadir-viewing
spectrometer onboard the European Space Agency (ESA) Sentinel-5 Precursor (S5P) sat-
ellite [20], launched in October 2017. TROPOMI provides measurements of various trace
gas columns, aerosol, and cloud properties in four channels (UV, visible, IR and SWIR)
with a very high spatial resolution of 3.5 km? x 7 km? (3.5 km?2 x 5.5 km? as of August 2019),
from an ascending sun-synchronous polar orbit [21-23]. The high spatial resolution com-
bined with an improved signal-to-noise ratio compared to previous space-borne instru-
ments allows the detection of local anthropogenic emission sources [8,24-26]. The tropo-
spheric NO2 VCD retrieval is performed in the 405-465 nm range. TROPOMI data are gen-
erated with the DOMINO (Dutch OMI NO) algorithm, which is also used for the Ozone
Monitoring Instrument (OMI) data production [27,28]. Details about the standard opera-
tional NO2 product can be found in the Algorithm Theoretical Basis Document [22] and
the Product User Manual [29].

In this work we use offline v1.3 and v2.3 S5P/TROPOMI tropospheric vertical column
densities (VCDs) for two sensing periods (June-July 2019 and December 2019-January
2020). According to the latest validation report [30], a mean negative bias of -32% is found
in the tropospheric column densities between TROPOMI v1.3 and MAX-DOAS ground-
based data from 27 stations. The bias depends on the pollution level at the station, being
positive over clean areas (18%) and negative (-46%) over highly polluted areas, but over-
all, within the mission requirement of 50%. The low TROPOMI tropospheric VCDs over
highly polluted areas have led to the implementation of improvements in the TROPOMI
NO: retrieval algorithm leading to version 2.3. The new TROPOMI v2.3 data, publicly
available via the ESA Sentinel-5P Product Algorithm Laboratory (SSP-PAL) show, on av-
erage, higher tropospheric VCDs up to 10-40% compared to the v1.3 data, depending on
the level of pollution and season, especially in winter over mid and high latitudes [23].
Comparisons with ground-based data show that v2.3 TROPOMI data reduces the mean
bias of the tropospheric columns from -32% to -23%, the stratospheric from -6% to -3%
and the total column bias from -12% to -5%, respectively [23].

For the purposes of this study, we use observations of scenes that are mostly cloud-
free with an associated quality flag higher than 0.75. The daily orbital files for the sensing
periods are gridded onto a 0.05° x 0.1° grid covering the European domain. Figure 1 de-
picts the TROPOMI v1.3 (Figure 1a) and v2.3 (Figure 1b) tropospheric VCDs for December
2019 and their differences (Figure 1c). The same maps for June 2019 are shown in Figure
Al. The v2.3 columns show higher values (by 16% on average) over highly polluted areas,
namely the Po valley in northern Italy, the cities of Essen, Dusseldorf and Koln in western
Germany and the cities of Rotterdam, Brussels, and Paris. The differences are more pro-
nounced in winter, whereas slightly higher NO2 VCDs in v1.3 TROPOMI data are ob-
served over a handful of rural and background areas located in central Germany. More
specifically, the TROPOMI v2.3 tropospheric VCDs are about 3% higher in June and July
compared to the v1.3 dataset, whereas in winter, v2.3 data are by 11%-18% higher for the
whole domain. Over the hotspots mentioned above, the bias is approximately 13% in sum-
mer and ranges between 16%-26% in winter, as reported in [23].


https://doi.org/10.20944/preprints202208.0400.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 August 2022 d0i:10.20944/preprints202208.0400.v1

4 of 28
TROPOMI v1.3 NO, VCD | December 2019 - TROPOMI v2.3 NO, VCD | December 2019 16 TROPOMI | v1.3-v2.3 December 2019 20
58°N 2 23 Vo 58°N L2 g Pas 58°N 7 P '
2l . & L , ¥ i o (%
56°N 56°N : 15
8 8
1.0
= T £ T E T
5 5 5 § 5 :
z el =4 ey =4 FO5 T
« 6 2 o 6 o 0 2
o g 9 ] g
= ) =) 9 = Loo 2
o o V (= () o
he) 2 3 2 3 =)
[} (5] ) a [} 2
° 49 =t 49 B —0s5 S
= 9 =1 S b= )
[} z © 3 © =
- | —
t-1.0
2 2
-15
36°N 1: ~ 36°N ~
} 0 - -2.0
2°E 4°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 2°E 4°E 6°E 8°E 10°E 12°F 14°E 16°E 18°E ° 0° 2°E 4°E 6°E 8°E 10°E 12°F 14°E 16°E 18°E
Longitude [degrees East] Longitude [degrees East] Longitude [degrees East]
(a) (b) ()

Figure 1. Mean TROPOMI tropospheric NO2 vertical column densities [in 10'> molec/cm?] for De-
cember 2019 (a) version 1.3; (b) version 2.3 ; (c) Absolute differences between v1.3 and v2.3.

2.1.2. LOTOS-EUROS CTM simulations

In this work, the LOTOS-EUROS chemical transport model is used [31]. LOTOS-EU-
ROS is one of the nine state-of-the-art models used in the Copernicus Atmosphere Moni-
toring Service (CAMS) to provide air quality forecasts to a broad range of users. It simu-
lates distinct components (e.g., oxidants, primary aerosol, and heavy metals) in three di-
mensions in the lower atmosphere [32]. The model has been used in a wide range of air
quality studies and has been extensively evaluated against in-situ measurements. A
model evaluation against ground-based measurements over two major Greek cities has
shown that the modelled NO: surface concentrations show a high spatial correlation of
0.86 and a moderate underestimation of about 10% [33]. When compared to industrial
stations located near power plants in Greece, LOTOS-EUROS NO:2 surface concentrations
mean seasonal bias improves to 2 pg/m?from 10 pg/m?, after assimilating the space-borne
TROPOMI NO: observations [34]. The model has also been recently used to estimate
changes in NO: emissions due to the COVID-19 pandemic restrictive measures [26] and
to study NO:z concentrations attributed to shipping activity in the Mediterranean and the
Black Sea basin [35]. Both studies show significant agreement with TROPOMI satellite
observations (R~0.95).

For this study, we use the LOTOS-EUROS v2.02.001 open-source version and more
specifically the NO:2 tropospheric vertical column densities and NO: surface concentra-
tions over the central European domain and selected pixels representative of the ground-
based stations locations. A nested domain configuration was used. Two model runs with
different spatial resolutions were performed to maximize the smooth transition of dynam-
ics between a coarser European domain and a refined central European domain. The first
[outer] run covers the European domain from 15°W to 45°E and from 30°N to 60°N with
a horizontal resolution of 0.25° x 0.25°. Boundary and initial conditions of this run are
obtained from the CAMS global near-real time (NRT) product with a spatial resolution of
35 km x 35 km. The second [inner] run was performed for central Europe , from 2°E to
18°E and from 39°N to 55°N with a horizontal resolution of 0.05° x 0.10° (latitude x longi-
tude). Boundary conditions of the inner run are obtained from the lower resolution outer
domain. The model simulations are driven by operational meteorological data from the
European Centre for Medium-Range Weather Forecasts (ECMWF) with a horizontal res-
olution of 7 km x 7 km [36]. Finally, the CAMS-REG (CAMS regional European emissions)
v4.2 for the year 2017 available at 0.05° x 0.10° [37] is the anthropogenic emission inven-
tory used in the model.
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2.1.3 CAMS Satellite Operator (CSO)

The CAMS Satellite Operator (CSO, https://ci.tno.nl/gitlab/cams/cso, last accessed
30/06/2022) is a toolbox to facilitate assimilation of satellite observations in regional air
quality models. It contains two main entities: a pre-processor that can be used to down-
load and convert satellite data, in particular TROPOMI data, and an observation operator
that can be added to the source code of a model simulation. With this operator, the module
can perform simulations of the satellite retrievals and use them in a data assimilation pro-
cedure. The observation operator is included in the LOTOS-EUROS source code, and it is
used to provide simulations, as described below.

More specifically, the TROPOMI tropospheric NO: retrieval product (yr) is treated by
CSO as a profile with one layer from the surface up to 200 hPa. The simulation of a re-
trieval product from a model state does not require an a priori profile and is denoted with:

ys = Atrop *H*x (1)

where:

e  ysis the simulated retrieval defined on n:=1 a single layer;

e Avtor s the tropospheric averaging kernel with shape (nr, na); in this product na = 34,
the number of a priori layers covering the full atmosphere;

. X is a concentration profile defined on model layers covering the full atmosphere;
values above 200 hPa will actually be ignored;

e H extracts a simulated profile from the model using vertical and horizontal interpo-
lation.

The tropospheric averaging kernel is derived from equation (2)
Atrop[;/l] = M/Mtrop[l]*A , 1< ltp
Aror[:1]1=0,121yp @

using the following entities from the retrieval product:
e  Ais the total column averaging kernel
e M s the scalar total column air mass factor
e  Mmop is the tropospheric column air mass factor
e  lypis the index of the layer containing the tropopause in the a priori profile.

The air mass factors in the TROPOMI product are based on simulations with the TM5-MP
global atmospheric model [38] at the coarser resolution of 0.5°x0.5°. Thus, the air mass
factors do not represent the strong gradients near high emitting sources. This can be im-
proved by replacing the original tropospheric averaging kernels of the retrieval, depend-
ing on the a priori profiles of the TM5-MP model, with the LOTOS-EUROS higher resolu-
tion model profiles. As described in [29], the first step is to estimate an alternative tropo-
spheric air mass factor using the alternative a priori profile (%,), in our case a LOTOS-
EUROS simulation:

Mtrop(fa) = Mtrop* (Atmp * H * fa) / (Z;tpl(H * fa)l (3)

This is used to obtain the updated retrieval and tropospheric averaging kernel as scaled
versions of the original variables, as described in equations (4) and (5).

Ir(%q) = (Muop/MTP(R,)) * yr 4)
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ATV (R) = M/ TP (3,) * Aver ®)

Thus, the new simulations can be estimated by replacing the variables in equation (1), ini-
tially with equation (5) and then with equation (3).

Js(Xq) = Atrop (Xa) "H*%,
= (Muop/M7OP (%)) * Atop*H*%,

_ mtrop _ Atrov 5 (6)
METOP (AtTOPHR ) /(5P (H * £); @

lORACEEN}

The effect of the aforementioned process is illustrated in Figure 2. Figure 2a shows
the original TROPOMI v2.3 NO2 VCDs while Figure 2b depicts the TROPOMI v2.3 NO:
VCDs after the application of the local air mass factor correction described in equations
(4) and (5). Figure 2c shows the differences between those two datasets for December 2019.
The updated TROPOMI v2.3 NO2 VCDs with the local air mass factor correction show
sharper gradients, especially over highly polluted areas in western Germany, the Nether-
lands, Belgium, the Po valley, and cities such as Paris, Rome, and Naples. Increased NO2
concentrations can also be observed over rural and background areas in central Germany
and eastern France. Over the whole domain, the updated NO2 VCDs are higher by ap-
proximately 20% when compared to the original NO2 VCDs. Over hotspots, the updated
TROPOMI v2.3 NO: VCDs show higher levels by approximately 18% for both periods,
while over rural areas concentrations are higher by 16% and 22% for the summer and
winter period, respectively.

Note that assimilation is not applied for the purposes of this study. The NO: products
from the CSO process will be used as input for the estimation of TROPOMI inferred NO:
surface concentrations, as described in detail in the methodology.

TROPOMI v2.3 NO; VCD TROPOMI v2.3 NO; VCD updated AKs TROPOMI v2.3 | old AKs-updated AKs

December 2019 10 December 2019 1 December 2019
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Figure 2. Mean TROPOMI NO:2 VCDs [in 10 molec/cm?] for December 2019: (a) Original TROPOMI
v2.3 retrievals; (b) TROPOMI VCDs after the application of LOTOS-EUROS air mass factor
correction; (c) Absolute differences between the VCDs with the TM5-MP profiles and the updated
profiles.
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2.1.3. European Environmental Agency in-situ measurements

Hourly in-situ measurements of NOzsurface concentrations over central Europe are
obtained from the European Environment Agency (EEA) (https://discomap.eea.eu-
ropa.eu/map/fme/AirQualityExport.htm, last accessed on 11/07/2022). The European air
quality database includes information concerning the monitoring of air quality from all
the member countries of the European Union (EU) and additionally some countries that
cooperate with the EEA. This dataset will be used for the evaluation of the satellite derived
NO: surface concentrations and the LOTOS-EUROS simulations. In-situ measurements at
11:00 UTC were chosen as representative of the overpass time of S5P for June, July, De-
cember 2019, and January 2020.

For this work, data from 236 stations were used over 20 locations in central Europe
(Figure 3). The choice of the station location was not arbitrary and specific criteria were
considered. The stations had to be distributed all over the domain, thus comparisons
could be made for various regions and area types (traffic, background, rural, etc.). The
stations are categorized in the EEA database in the following types: urban traffic (81), sub-
urban traffic (7), urban background (86), suburban background (30), rural background
(19), suburban industrial (6), and rural industrial (7).

Study Domain

&E 8°E 12°E 16°E

Figure 3. Study domain [red box] and location of the ground-based stations [green boxes].

2.2. Methodology

The objective of this work is to estimate NO: surface concentrations inferred from
S5P/TROPOMI NO: tropospheric VCDs using as input LOTOS-EUROS CTM simulations.
The basis of the methodology is described by equation (7), originally applied in [9]. Ac-
cording to equation (7), the derived NO: satellite concentrations are equal to the fraction
of the NO2 VCDs of the satellite and the chemical transport model multiplied by the sur-
face concentration of the lowest vertical layer of the model.

So = (Qo /Qc) * Sc (7)

where:

e S, inferred TROPOMI NO: surface concentration

e  Sc NO:zsurface concentration of the t model

e Qg NO: tropospheric VCDs of the model and

e o, NO:ztropospheric VCDs from the satellite observations.
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The model vertical profiles are obtained for 11:00 UTC, corresponding to the closest
time of the TROPOMI overpass over the domain. Three surface datasets are estimated
based on three different setups involving the various datasets of the simulations and the
satellite retrievals. More specifically, the first dataset of the inferred TROPOMI NO:2 sur-
face concentrations is derived by using as input the TROPOMI v1.3 and v2.3 NO: tropo-
spheric VCDs and the a priori LOTOS-EUROS NO: tropospheric VCDs and surface con-
centrations. The second dataset includes the CSO simulations where the TM5-MP averag-
ing kernels are applied to the LOTOS-EUROS vertical profiles. Finally, the third dataset is
derived by applying the satellite and model NO2 VCDs, updated with the new air mass
factors and averaging kernels, and the a priori LOTOS-EUROS NO:2 surface concentrations
to equation (7). Table 1 describes the model and satellite datasets used in each setup ap-
plied to the methodology to derive the inferred NOzsatellite surface concentrations prod-
ucts, as discussed above.

Table 1: Datasets and their products involved in each setup in order to estimate TROPOMI inferred
NO:z2 surface concentrations.

Datasets

Setup 1/Baseline

Setup 2

Setup 3

LOTOS-EUROS

A priori NOzsur-
face concentrations

NO:surface con-
centrations and

A priori NOz2 sur-
face concentra-

and a priori NO2 NO2 VCDs with tions and NO2

VCDs TM5-MP AKs VCDs with up-
dated AMFs and

AKs

TROPOMI Original NO2 VCD | Original NO: VCD NO:2 VCD with

updated AMFs
and AKs

Surface products TROPOMI inferred | TROPOMI inferred TROPOMI in-
NO:z surface con- NO: surface con- ferred NO:z sur-

centration centrations with face concentra-

TM5-MP AKs

tions with model

air mass factors
correction

The modelled and inferred TROPOMI NO: surface concentrations of the closest pix-
els to the station locations are selected to carry out comparisons with the EEA in-situ
measurements. To ease the understanding of the process, we provide here a first example
of the results discussed in detail further on. Figure 4 shows the derived satellite NO:z sur-
face concentrations [in pg/m?] for July 2019 [left column] and for January 2020 [right col-
umn] based on the three setups shown in Table 1. Figure 4a,b depict the inferred TRO-
POMI v2.3 NO: surface concentrations of the first setup with the original TROPOMI v2.3
product and the a priori LOTOS-EUROS simulations. Figure 4c,d show the second setup
of inferred NO:2 surface concentrations with the inclusion of the CSO simulations and the
application of the TM5-MP averaging kernels on the LOTOS-EUROS profiles. Finally, Fig-
ure 4e,f illustrate the third setup of the estimated NO: satellite surface concentrations with
the updated averaging kernels (AKs) and air mass factors. It is evident that as we move
from the case of not applying AKs (Figure 4a,b), to applying the original TROPOMI TM5-
MP AKs (Figure 4c,d) and to applying the updated CSO AKs (Figure 4e,f), the inferred
NO: surface concentration increases, for both time periods. The road transport and ship-
ping emitting lanes appear clearly in the second and third setups, even more pronounced
in the third setup for the month of July in the Po valley and the Adriatic Sea. For January
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2020 the third setup shows overall higher NO: concentrations, as expected, compared to
the other two setups and sharper gradients in the vicinity of the highs of the Po valley and
southern Germany.

TROPOMI v2.3 inferred NO, surface concentration TROPOMI v2.3 inferred NO, surface concentration
Setup 1 | July 2019 Setup 1 | January 2020
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Figure 4. Mean TROPOMI v2.3 inferred NO: surface concentrations [in pg/m?] for July 2019 [left
column] and January 2020 [right column] for each setup, calculated using the (a, b) LOTOS-EUROS
model output; (¢, d) LOTOS-EUROS output after application of the TM5-MP averaging kernels; (e,
f) TROPOMI and LOTOS-EUROS products after application of the CSO AMFs.

3. Results

3.1 Investigation on influencing quantities

In this section, the most prominent quantities that affect the methodology are studied
and the results are analyzed. The aim of the derivation of satellite NO2 surface concentra-
tions is mainly to provide information at locations where ground-based stations do not
exist. Therefore, each involved quantity needs to be studied in detail and cross-validated
with in-situ measurements. Three instances and their imprint on the results are examined;
the vertical levelling scheme used in the LOTOS-EUROS CTM and the CSO operator sim-
ulations (Section 3.1.1), the versions of the SSP/TROPOMI satellite data (Section 3.1.2), and
the new updated air mass factors estimated through the CSO process (Section 3.1.3).

3.1.1. LOTOS-EUROS vertical levelling scheme

Initially, the effect of the LOTOS-EUROS CTM vertical levelling scheme on the re-
sults is examined. There are three methods to define vertical layers in the LOTOS-EUROS
configuration; the mixed-layer definition, the hybrid-layer definition and the meteo-level
definition [39]. The meteo level definition, used in this study, adopts the level definition of
the meteorological data. Layer interfaces can be defined as pressures or heights above the
surface, depending on the meteorological data. This option can be more realistic when
using the model at high resolution, depending on the application and resolution of the
input meteorology.

In this work, the meteo-level definition is used in order to keep the model as con-
sistent as possible to the ECMWF meteorological data. Two different meteo-levelling
schemes are applied on the model runs. The first setup of model simulations, which is the
base setup (hereafter mentioned as meteo12 levelling scheme), uses 12 vertical layers and the
second setup (hereafter mentioned as meteo34 levelling scheme) uses the same configuration
as the ECMWF model with 34 vertical layers. The meteol2 model simulations extend to
approximately 9 km whereas the meteo34 extend to 30 km. Both schemes include eight
layers on top of the model, 20 and 42 total layers in total, respectively, filled by the bound-
ary conditions in order to have full atmosphere to simulate total NO2 columns. The first
three layers of both schemes are identical. In the meteo12, a coarsening of the layers is
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LOTOS-EUROS NO; surface concentration | July 2019

Model level: 1 | meteol2

taking place after the first three model levels, whereas the second setup is more detailed
providing information on each vertical layer corresponding to the ECMWEF vertical layers.
The meteol2 scheme is very efficient in terms of computation time while the meteo34 is
computationally more expensive [40]. Figure 5 shows the LOTOS-EUROS NO: surface
concentration of the first model layer for both levelling schemes for a zoomed-in area,
covering the regions of the Netherlands, Belgium, and western Germany. At first glance,
no significant differences can be spotted between the meteol12(Figure 5a) and the meteo34
levelling schemes (Figure 5b) NO:z surface concentrations. By observing the absolute dif-
ferences between the NO:2 surface concentrations of the meteo34 and the meteo12 schemes
however (Figure 5c¢), it is evident that the meteo34 levelling scheme results in slightly
higher concentrations over high emitting land areas by a mean of +1.2 pug/m?and sharper
gradients over hotspots but generally lower concentrations over the sea. The same pattern
is observed also in the winter months (Figure A2) .

LOTOS-EUROS NO; surface concentration | July 2019 meteo34 - meteol2 | July 2019

Model level: 1 | meteo34 2.0

STy
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Figure 5. Effect of the two levelling schemes on the LOTOS-EUROS NO: surface concentration sim-
ulations [in pg/m?] for July 2019: (a) meteol2 levelling scheme; (b) meteo34 levelling scheme; (c)
Absolute difference between the meteo34 and meteo12 levelling schemes.

4°E S°E 6°E 7E 8°E

A more detailed look of the differences between the two levelling schemes is shown
in the vertical profiles of the modelled NO: concentrations in Figure 6 for June 2019 and in
Figure A3 for January 2020. Layer interfaces are defined as heights above surface according
to the ECMWF data. Figure 6a and Figure A3a show the vertical profiles of a hotspot pixel
while Figure 6b and Figure A3b depict the vertical profiles of a rural pixel. Figure 6c and
Figure A3c show the differences between the two vertical schemes. Both hotspot and rural
pixels are selected as the closest to a traffic and a rural station in the Netherlands, within
the city of Amsterdam. Differences between the vertical profiles of the two levelling
schemes are calculated for the first 12 common reference heights, namely the top of each
layer from the meteol2 scheme, for both hotspot and rural pixels (Figure 6¢c and Figure
A3c). In both summer and winter, the meteo34 scheme shows higher concentrations for
the first 3 layers. On the contrary, meteol2 shows higher NO2 concentrations between the
fifth and the ninth layer (between 0.12 and 1.5 km) while for higher layers the differences
become negligible. Differences are more pronounced for the hotspot pixel, where the me-
teo34 levelling scheme shows higher NO2 concentrations for the first three layers by 0.2
pg/mdin June 2019 and by 0.9 pg/m? for January 2020 (Figure A3c). The rural differences
are an order of magnitude smaller than for hotspot pixels. Overall, for the first model layer,
which is used to derive satellite NO:2 surface concentrations, the meteo34 levelling scheme
shows 2-4% higher concentrations over the hotspot pixel and 6-10% over the rural pixel for
both periods. For the whole central European domain and the first model layer, the me-
teo34 levelling scheme shows approximately 5% higher NO: concentrations for the sum-
mer months and 3% for the winter months.
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Figure 6. LOTOS-EUROS NO:2 concentration vertical profiles for June 2019. In red color the meteo12
levelling scheme profiles and in blue the meteo34 levelling scheme profiles: (a) Hotspot pixel; (b)
Rural pixel; (c) Differences between the profiles of the two methods for the hotspot [purple] and the
rural [green] pixel and for the first 12 model layers.

The LOTOS-EUROS NO: surface concentrations of the first layer from both levelling
schemes are applied to the third setup (Table 1). Inferred TROPOMI v2.3 NO2surface concentra-
tions are then estimated for each station type and studied period. The output is two surface
products, updated with the new air mass factors and averaging kernels, derived from the two
different levelling schemes. Those newly estimated datasets are intercompared for all station
types and studied periods in order to assess the effect of the levelling scheme to the implemented
methodology.

Figure 7 shows the scatter density plots of rural background (Figure 7a) and rural indus-
trial (Figure 7c) stations for the two levelling schemes (Figure 7b and d) for the winter period.
NO:2 TROPOMI inferred surface concentrations show an overall good agreement with the in-situ
measurements for both station types with correlation coefficients between 0.53 and 0.7. More
specifically, the rural background NO: surface concentrations derived from the meteo12 level-
ling scheme show a correlation of 0.53 and slope of 0.67, whereas the concentrations derived
from the meteo34 levelling scheme show a slightly higher correlation (0.55) and a slope of 0.75.
Rural industrial correlations are 0.70 and 0.67 and the slopes are 0.79 and 0.94, respectively.

Table 2 and Error! Reference source not found. summarize the correlation coefficient,
slope, and relative bias of the comparison between the inferred NO2 TROPOMI v2.3 surface con-
centrations, derived from each levelling scheme, and the in-situ measurements for the winter
and the summer period, respectively. Overall, the use of the meteo34 levelling scheme leads to
improvements for almost all statistical parameters examined. The urban and suburban traffic
stations bias is reduced, from -24.55% to -20.70% and from -26.90% to -23.18%, respectively. Sub-
urban industrial stations bias is lower in the case of the meteo34 levelling scheme (-9.70%) com-
pared to the meteol2 (-15.66%) and the rural industrial stations bias is significantly improved
from -15.57% to -4.32%. For background stations the mean relative bias is slightly higher in the
case of the meteo34 levelling scheme for all station types by ~5%-7%. Slopes are closer to the 1:1
line for the meteo34 levelling scheme derived NO:2 surface concentrations, except for the urban
background stations. Correlation coefficients are very similar for both levelling schemes with
the highest being calculated for the industrial stations (0.63, 0.62 for the suburban-industrial and
0.7, 0.67 for the rural-industrial stations) and the lowest for the traffic stations (0.47,0.48 for the
urban-traffic and 0.43, 0.45 for the suburban-traffic).
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In summertime (Error! Reference source not found.), correlations and slopes are generally
significantly lower compared to wintertime. For traffic stations, correlations range from 0.10 to
0.32 and slopes from 0.03 to 0.14. Relative biases are extremely high for both levelling schemes
(~-75%), showing an overall poor agreement with the in-situ data. This might be attributed to
the higher underestimation of the in-situ measurements by the model compared to the winter
months. The situation improves for the background stations with better statistical indicators,
especially for the meteo34 levelling scheme derived NO2 surface concentrations. Relative biases
are lower for the meteo34 levelling scheme by approximately 8% compared to the meteo12. Fi-
nally, industrial stations show the highest correlations of all the station types (ranging from 0.58-
0.63) and the relative bias is lower by ~5% for the meteo34 levelling scheme derived surface
products.

Overall, the meteo34 levelling scheme yields a better agreement with the in-situ measure-
ments. Slopes are closer to 1 and biases are lower for the majority of the station types, except for
the background stations in winter, where a modest overestimation of the ground-based meas-
urements is found. The only significant drawback of applying the meteo34 levelling scheme to
a larger dataset and longer period is that this option is computationally more expensive.
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Figure 7. Scatter density plots between the station NO: surface concentration [x axis] and the in-
ferred TROPOMI surface concentration [y axis] with the updated AMFs for the winter period of
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2019-2020. (a) Rural background stations meteol2 levelling scheme comparison; (b) Rural back-
ground stations meteo34 levelling scheme comparison; (¢) Rural industrial meteol2 levelling
scheme comparison; (d) Rural industrial meteo34 levelling scheme comparison.

Table 2. Statistics of the comparisons between the inferred and in-situ NO:z surface concentrations
for the two levelling schemes in winter.

Meteo12 levelling scheme Meteo34 levelling scheme

Station type R Slope Relative R Slope  Relative

Bias (%) Bias (%)

Urban traffic 0.47 0.81 -24.55% 0.48 0.85 -20.70%
Suburban traffic 0.43 0.65 -26.90% 0.45 0.69 -23.18%

Urban background | 0.58 1.11 +7.40% 0.58 1.13 +12.00%
Suburban background | 0.48 0.78 +3.90% 0.49 0.86 +10.90%
Rural background 0.53 0.67 +10.37% 0.55 0.75 +18.29%
Suburban industrial | 0.63 0.76 -15.66% 0.62 0.82 -9.70%
Rural industrial 0.7 0.79 -15.57% 0.67 0.94 -4.32%

3.1.2 S5P/TROPOMI versions comparison

Another quantity that affects the results is the product version of the TROPOMI trop-
ospheric NO2 VCDs. Figure 1c and Figure Alc have already shown differences between
the TROPOMI v1.3 and the TROPOMI v2.3 NO:2 tropospheric VCDs. TROPOMI v2.3 NO:
concentrations are higher by approximately 3% in summer and by 11%-18% in winter.
Both v1.3 and v2.3 TROPOMI tropospheric VCDs are used as input in the implemented
methodology for all the possible setups (Table 1). Here, the imprint on the derived NO2
surface concentrations of the third setup is shown for the winter period. The meteol2 lev-
elling scheme was applied for the LOTOS-EUROS simulations due to computational rea-
sons.

Figure 8 shows the scatter density plots of the urban traffic and background stations
between the inferred TROPOMI v1.3 and v2.3 NO: surface concentrations of the third
setup and the in-situ measurements, for the winter period. Both versions of TROPOMI
inferred NO: surface concentrations show nearly identical moderate correlations for both
urban traffic and background stations (Figure 8). However, the relative bias is much im-
proved, and the slope is closer to 1 in the case of the TROPOMI v2.3 inferred data, indi-
cating that the concentrations of the latter dataset are closer to the ground-based truth.

The statistical indicators of Table 3 show a significant improvement for the TRO-
POMI v2.3 derived NO: surface concentrations for all station types except from the rural
background stations. More specifically, the mean absolute bias of the urban and suburban
traffic stations decreases from 15.46 pg/m? to 10.46 ug/m3 and from 20.19 ug/m?3to 11.53
pg/m?, while there is a significant improvement in the slopes. Urban and suburban back-
ground TROPOMI v2.3 NO:2 mean absolute bias is improving from 3.86 pg/m? to -2.21
pg/m3and from 2.27 pg/m3to -0.89 pg/m?. Rural background TROPOMI v1.3 NO:zinferred
surface concentrations lie close to the ground-based stations measurements with a mean
absolute bias of 0.05 pg/m?3, whereas the TROPOMI v2.3 slightly overestimate the in-situ
measurements with a bias of -1.97 pg/m3. Slopes do not show a major improve-
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Figure 8. Scatter density plots between urban station NO2 surface concentrations and inferred TRO-
POMI v1.3 [left column] and v2.3 [right column] NO: surface concentrations for the winter period:
(a, b) Urban traffic stations; (¢, d) Urban background stations.

ment for the TROPOMI v2.3 background inferred NO:2 surface concentrations. This is pos-
sibly related to the known lingering background values issues of the TROPOMI tropo-
spheric NO:z data [22]. Finally, suburban and rural industrial TROPOMI v1.3 inferred prod-
ucts show a higher bias compared to the TROPOMI v2.3 inferred data, by approximately
15%. Slopes are higher for the industrial TROPOMI v2.3 inferred products, improving
from ~0.58 to ~0.78, reinforcing the fact that TROPOMI v2.3 inferred NO:2 surface concen-
trations correlate better with the in-situ measurements. Correlation coefficients are not in-
cluded in Table 3, as they are shown extensively in Table 2 and are nearly identical for both
TROPOMI versions comparisons. For the summer period (Table A2), inferred TROPOMI
v2.3 NO: surface concentrations are slightly higher for all station types by approximately
2 pg/md. Relative biases are lower by approximately 5%, 14% and 13% for the traffic, back-
ground and industrial stations, respectively.

Overall, the comparisons between the TROPOMI versions and the in-situ measure-
ments have clearly shown that the TROPOMI v2.3 inferred NO: surface concentrations,
after the application of the updated air mass factors, correlate much better with the
ground-based measurements.
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Table 3. Statistics of the comparison between TROPOMI v1.3 and v2.3 inferred NO2 surface concen-
trations with the in-situ measurements for the winter period.

TROPOMI v1.3 TROPOMI v2.3
Station type slope Absolute Relative | slope Absolute Relative
bias * Bias (%) bias * Bias (%)
Urban traffic 0.71 15.46 -35.41% | 0.81 10.64 -24.55%
Suburban traffic 0.48 20.19 -44.93% | 0.65 11.53 -26.90%
Urban background 091 3.86 -12.78% | 1.11 -2.21 7.40%
Suburban background | 0.73 2.27 -9.94% | 0.78 -0.89 3.90%
Rural background 0.66 0.05 -0.25% | 0.67 -1.97 10.37%
Suburban industrial 0.56 7.46 -31.79% | 0.76 3.77 -15.66%
Rural industrial 0.59 7.55 -38.03% | 0.79 3.05 -15.57%

*in ug/m3

3.1.3 Application of the updated Air Mass Factors

Another important ingredient in the derivation of NO: satellite surface concentra-
tions is the application of the updated air mass factors and averaging kernels to the satel-
lite retrievals (equation 4) and the model simulations (equation 6) described in the CSO
operator process. Therefore, the NO: surface products of all possible setups (Table 1) and
their comparisons with the in-situ measurements are examined in order to determine if
the application of the updated air mass factors and averaging kernels improve the results.
As concluded in the previous section, TROPOMI v2.3 is the optimal for the derivation of
satellite NO2 surface concentrations, and it is therefore used as input in all setups. For the
LOTOS-EUROS simulations, the meteo12 levelling scheme was applied to the model con-
figuration, since computational time is important, as the differences between the two lev-
elling schemes are not so important for this analysis.

Figure 9 illustrates the relative bias between the inferred TROPOMI NO: surface con-
centrations of all setups and the in-situ measurements, as well as between the LOTOS-
EUROS a priori NO:2surface concentrations and in-situ measurements. The relative bias is
extremely high for all setups for the urban and the suburban traffic stations, improving
from ~-90% of the first setup to ~-78% of the third setup. For all different types of back-
ground stations, we find an improved relative bias. Urban background relative bias im-
proves significantly from ~-77% to ~-45% and from ~-72% to ~-30% for the suburban back-
ground stations of the third setup. Rural background stations relative bias also improves
for the third setup from ~-78% to -53% albeit this improvement is not as remarkable as the
urban- and suburban- background stations. Finally, for the suburban and rural industrial
stations the bias is notably decreasing from ~-73% to ~-51% and from ~-60% to ~-35%,
respectively. Worth mentioning is the fact that LOTOS-EUROS relative bias is quite low
(~-8%) for the rural industrial stations compared to the other datasets. This can be at-
tributed to the fact that TROPOMI v2.3 NO: data seem to underestimate NO: levels over
the selected rural industrial pixels.

During the winter period (Figure 9b), there is an obvious improvement in the relative
bias of all the involved parameters with the in-situ measurements for all the station types
compared to the summer period results (Figure 9a). Overall, inferred TROPOMI v2.3 NO:
surface concentrations derived from the third setup seem to provide a more realistic prod-
uct, closer to the ground-based truth compared to the baseline setup. More specifically,
the bias of the urban and suburban traffic stations shows a remarkable improvement, ~-
25% and ~-27%, respectively, by approximately 20%-30% when compared to the first
setup. Suburban and rural industrial stations bias for the third setup is approximately ~-
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16%, almost 15% lower for both station types compared to the first setup. For the back-
ground stations, a reversal of the sign of the relative bias is evident, considering the abso-
lute levels of NO: over the background stations, but still is the lowest compared to the
other station types. Inferred TROPOMI v2.3 NOz surface concentrations slightly overesti-
mate urban and suburban background in-situ measurements by 7.4% and 3.9%, whereas
the overestimation is higher (10.37%) for the rural background stations. It is apparent that
the second setup [blue color] shows a lower bias for the background stations (0.49%, 1.40%
and 5.96%). This can be attributed to the enhancement of the TROPOMI NOz tropospheric
VCDs by the application of the updated air mass factors and averaging kernels. Finally,
inferred TROPOMI NO: surface concentrations, derived from the baseline setup, show
the highest discrepancies with the in-situ measurements for all the station types.
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Figure 9. Relative bias of the comparisons of the NOz surface products derived for the four setups
with the in-situ measurements. With red color the pair of LOTOS-EUROS and in-situ data, with
green the pair of inferred TROPOMI v2.3 and in-situ data, with blue the pair of inferred TROPOMI
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v2.3 with the TM5 profiles and in-situ data and with purple the inferred TROPOMI v2.3 with the
updated profiles and in-situ data: (a) summer 2019; (b) winter 2019/2020

The effect of the air mass factors is better illustrated in the scatter plots of Figure 10.
Suburban background (Figure 10a-c) and industrial (Figure 10d-f) stations are depicted.
Figure 10a, d, shows the scatter plots between the in-situ measurements and the inferred
TROPOMI NO: surface concentrations of the first, baseline, setup derived from equation
7. Figure 10b, e and Figure 10c, f, show the same comparisons including the inferred TRO-
POMI NO: surface concentrations of the second and the third setup, respectively. The
TROPOMI inferred NO: surface concentrations of the second setup are calculated with
the application of the TM5-MP averaging kernels to the LOTOS-EUROS simulations,
whereas the inferred NO2 surface concentrations of the third setup are estimated with the
application of the updated air mass factors and averaging kernels on both the TROPOMI
data and the model simulations. Animprovement of the slope is found for both the second
and third setup, from 0.71 to 0.77 and 0.78 and from 0.63 to 0.73 and 0.76, respectively.
This statistical indicator shows that the third setup is performing better compared to the
other two setups, and the derived NO:2 surface concentrations are closer to the ground-
based data. Correlation coefficients are moderate for the suburban background station
(R~0.5) and good for the suburban industrial stations (R~0.65), varying insignificantly for
each setup.

Concluding, it is obvious that the TROPOMI inferred NO:2 surface concentrations of
the third setup perform overall better. Biases are significantly lower for the summertime
period. For the wintertime period there is a remarkable improvement for the traffic and
industrial stations, whereas for the background stations a slight overestimation is found
which however does not exceed the threshold of 10%. We should underline the fact that
the second setup performs better for the background stations.
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Figure 10. Scatter density plots of the suburban background [upper row] and suburban industrial
[lower row] stations for the winter period between the in-situ measurements and the inferred TRO-
POMI v2.3 NO: surface concentrations: (a, d) TROPOMI derived NO: surface concentrations of the
first setup; (b, €) TROPOMI derived NO: surface concentrations of the second setup; (c, f) TROPOMI
derived NO: surface concentrations of the third setup.

3.2 Optimal setup

We have already shown the effect of the three prominent influencing quantities on
the satellite derived NO: surface concentrations. The application of the meteo34 levelling
scheme on the model simulations generates higher inferred TROPOMI NO:2 surface con-
centrations over land, resulting in a lower bias for all the station types during both peri-
ods, except from the background stations during the winter months. Although the results
are generally improved, we proceeded using the meteol2 levelling scheme mainly due
the high computational time required for the meteo34 levelling scheme simulations. TRO-
POMI v2.3 NO: tropospheric VCDs perform better, and the performance is further en-
hanced with the application of the updated air mass factors on both the TROPOMI data
and the model simulations. Hence, the optimal setup comprises of the TROPOMI v2.3
NO:z VCDs, the meteol2 levelling scheme LOTOS-EUROS simulations and the updated
air mass factors and averaging kernels applied on the satellite data and the LOTOS-EU-
ROS simulations (setup 3 in Table 1).

The simplified Lamsal equation (Equation 7) introduced significant capabilities in the
derivation of satellite NO2 surface concentrations. However, the simple application of the
a priori model simulations and original satellite data on equation 7 produces poor results
when compared to ground-based data, as shown in Figure 11. Overall, the NO: surface
concentrations derived from the optimal setup offer a better match with the ground-based
measurements for both studied periods. During summer, background and industrial sta-
tions exhibit the lowest bias. The differences with the in-situ measurements range between
3-6 pug/m?and are lower by 2-4 ug/m® when compared to the differences of the baseline
setup with the ground-based data. Traffic urban and suburban stations show a high mean
absolute bias of 28 pg/m?3 and 25 pg/m3 with the in-measurements but this is still much
improved compared to the derived NO:z surface concentrations from the baseline setup.

During winter, the inferred NO: surface concentrations of the optimal setup lie close
to the ground-based concentrations of the background stations, with the lowest biases
calculated for urban, suburban and rural areas, -2.22 pg/ms3, -0.89 ug/m? and -1.97 ug/ms3,
respectively. This can be attributed to the high known NO: loads observed by TROPOMI
over background areas [23] and the enhancement of NO: levels due to the application of
the updated air mass factors and averaging kernels. Industrial stations differences are 3-4
pg/m? almost 50% lower than the baseline setup. Finally, traffic stations bias shows major
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improvement with a mean value of ~11 pg/m?, notably lower by~8-10 pig/m? than the base-
line setup. Note that the TROPOMI and LOTOS-EUROS resolution is, unavoidably, too
low to properly resolve the high concentrations at traffic stations, resulting in higher bi-
ases. However, the implementation of the local air mass factors to the satellite NO2 VCDs
and the model simulations do reduce the bias at the traffic stations. Table 4 shows analyt-
ically the mean NO: surface concentrations of the EEA stations, of the baseline and the
optimal setup for both studied periods, summarizing the aforementioned findings.
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Figure 11. Absolute bias [in pg/m?] between the in-situ measurements and the inferred TROPOMI
v2.3 NO: surface concentrations for the first [green] and the third [purple] setups: (a) summer pe-
riod; (b) winter period.
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Itis clear that the ad hoc implementation of the described baseline methodology with
the original satellite and model data results in significant discrepancies with the ground-
based truth. The product improves significantly when accounting for the effect of the new
TROPOMI product version, averaging kernels and airmass factors. Thus, the derivation
of NO: surface concentrations is a complicated problem that requires sufficient knowledge
on the existing methodologies and quantities that can bring the results closer to the
ground truth.

Table 4. In-situ and TROPOMI v2.3 inferred mean NOz surface concentrations and standard devia-
tions [in pg/m?] for the first and third setups and both periods.

Summer period Winter period
Station type In-situ Setup 1 Setup 3 In-situ Setup 1 Setup 3
Urban traffic 36.02 + 6.00 3.46 +1.86 8.02+2.83 | 43.34+6.58 25.00+5.00 32.70+5.72

Suburban traffic 31.52 +5.61 3.04+£1.74 6.77+2.60 | 42.87+6.55 18.90+4.35 31.34+5.60
Urban background 13.92+£3.73 3.21+£1.79 757275 | 2930+£548 23.06+4.80 32.20+5.67
Suburban background | 10.81 + 3.29 3.03+1.74 754275 | 2285+478 17.21+4.15 23.73+4.87
Rural background 5.90 +2.43 1.31+1.15 273+1.65 | 1896+4.35 1527+3.91 20.93+4.87
Suburban industrial 11.86 + 3.44 3.19+1.79 575+£240 | 24.06+491 16.08+4.01 20.29+4.58
Rural industrial 8.49 +291 3.45+1.86 547+234 | 19.59+443 13.53+3.68 16.54+4.07

4. Conclusions

The aim of this study is to derive NO:z surface concentrations over Central Europe
from the SSP/TROPOMI instrument. To achieve this objective, we implemented the meth-
odology originally described by the work of [9], for three different setups. The first setup,
which is the baseline setup, includes the a priori TROPOMI v1.3 and v2.3 tropospheric
NO:z VCDs and the a priori LOTOS-EUROS simulations of NO2 VCDs and surface concen-
trations. The second setup includes the a priori TROPOMI NO: VCDs and the LOTOS-
EUROS simulations, in which the averaging kernels of the TM5-MP model have been ap-
plied. Finally, the third setup includes the modified TROPOMI and LOTOS-EUROS NO:
tropospheric VCDs after the application of the updated air mass factors and averaging
kernels via the CSO process and the a priori LOTOS-EUROS NO: surface concentrations.
The derived concentrations from all setups are compared with EEA in-situ measurements.
Furthermore, three important influencing quantities that directly affect the results,
namely the LOTOS-EUROS levelling scheme, the TROPOMI NO: product versions and
the updated air mass factors and averaging kernels, were examined thoroughly. The main
findings of the study are summarized below.

e  The LOTOS-EUROS meteo34 vertical levelling scheme showed overall improved sta-
tistical indicators. Slopes are closer to 1, and the relative bias is lower. In particular,
the relative bias in summer is lower for traffic stations by approximately 2%, for back-
ground stations by 7-9% and for the industrial stations by 5% compared to the rela-
tive bias of the meteo12 scheme. During winter, traffic and industrial stations relative
bias is lower by 4-11%. Meteo34 background stations inferred NO2 TROPOMI v2.3
surface concentrations are higher by 5-7% compared to the meteo12. Overall, the me-
teo34 levelling scheme performs better but it is computationally more expensive.
Thus, the meteo12 levelling scheme was implemented in the further experiments.

e TROPOMI v2.3 inferred NO: surface concentrations showed overall a better agree-
ment with the ground-based measurements. The relative bias is lower by ~10% and
~18% for the traffic urban and suburban stations compared to the TROPOMI v1.3
derived surface datasets. Urban and suburban background stations show a slightly
lower bias of 5-6%, whereas the rural background stations bias is higher (~10%) than
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the TROPOMI v1.3 bias (~-0.25%). Finally, suburban and rural industrial inferred

TROPOMI v2.3 NO: surface concentrations show an improved relative bias with the

ground-based data (from ~-35% to ~15%).

e  The derived TROPOMI v2.3 NO: surface concentrations, updated with the air mass
factors and averaging kernels from the local model (third setup), lie closer to the
ground-based truth for both periods. In summer, biases are high for the traffic sta-
tions (~-70%) and moderate for background and industrial stations, ranging from -
50% to -30%, improving significantly compared to the first setup. In winter, traffic
and industrial stations bias improves from -50% to -25% and from -30% to -15%. Back-
ground stations inferred NO: surface concentrations slightly overestimate the
ground-based measurements in winter. In this case, the second setup shows a lower
bias for the urban (+0.49%), suburban (+1.40%) and rural (+5.96%) background sta-
tions compared to the third setup (+7.40%, +3.90% and +10.37%, respectively). This
enhancement can be attributed to the sharper gradients included in the updated air-
mass factors. Comparisons between the first and the third setups, show an average
improvement of 24% and 18% in the bias of summer and winter, respectively.

e  The implemented methodology performs better for the background and industrial
stations for both periods. This may be attributed to the fact that TROPOMI and LO-
TOS-EUROS resolution is too low to properly resolve the high concentrations at traf-
fic stations, resulting in higher net biases.

e  Results are better in winter for all station types. Model simulations are obtained only
at 11:00 UTC, which is the closest time to the TROPOMI overpass. The model under-
estimates the in-situ NO2 surface concentrations during daytime and the underesti-
mation is higher in summer. This might be attributed to the higher photolysis rate of
NO: in summer (higher solar radiation, low cloud-cover), which is maximized in the
early afternoon. Summertime NO: levels are significantly lower and closer to the
emission sources compared to the winter period when the NOx lifetime is higher and
local transport of emissions is more pronounced. Low resolution (0.10° x 0.05°) model
simulations and satellite observations cannot detect emissions at station level, espe-
cially in summer, due to representation issues related to the location of the stations.
Differences between both periods might also be partly attributed to the anthropo-
genic NOx emissions used in the model, as they refer to year 2017.

Overall, the derived TROPOMI v2.3 NO:2 surface concentrations of the third setup
show the best agreement with the in-situ measurements. The ultimate goal of this study
is to provide inferred SSP/TROPOMI NO:2 surface concentrations with a reliable method-
ology, for areas where in-situ measurements are not available. The third, optimal, setup
seems to respond sufficiently to this task with room for improvement.
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Appendix A
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Figure A1. Mean TROPOMI v2.3 NO: vertical column densities [in 10'> molec/cm2] for December
2019 (a) version 1.3; (b) version 2.3 ; (c) Absolute differences between v1.3 and v2.3
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Figure A2. Effect of the two levelling schemes on the CSO NO surface concentration simulations
[in pg/m?3] for January 2020]: (a) meteo12 levelling scheme; (b) meteo34 levelling scheme; (c) meteo34
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Figure A3. NO: concentration vertical profiles for January 2020. With red color the new levelling
scheme profiles and with blue the ECMWF levelling scheme profiles: (a) Hotspot pixel; (b) Rural
pixel; (c) Differences between the profiles of the two methods for the hotspot [purple] and the rural

[green] pixel and for the model’s first 12 layers.

Table A1. Statistics of the comparisons between the inferred and in-situ NO: surface concentrations

for the two levelling schemes and the summer period.

New levelling scheme

Meteo levelling scheme
Station type R Slope Relative R Slope  Relative
Bias (%) Bias (%)
Urban traffic 0.32 0.13 -77.96% 0.32 0.14 -75.14%
Suburban traffic 0.10 0.03 -78.52% 0.11 0.04 -76.18%
Urban background 0.46 0.38 -45.68% 0.45 0.42 -38.90%
Suburban background | 0.52 0.49 -30.58% 0.50 0.54 -21.04%
Rural background 0.46 0.23 -54.31% 0.44 0.24 -47.58%
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Suburban industrial 0.58 0.29 --51.54% 0.58 0.32 -46.01%
Rural industrial 0.63 0.34 -37.47% 0.61 0.36 -32.30%

Table A2: Statistics of the comparison between TROPOMI v1.3 and v2.3 inferred NO: surface con-
centrations with the in-situ measurements for the summer period.

TROPOMI v1.3 TROPOMI v2.3
Station type slope Absolute Relative | slope Absolute Relative
bias * Bias (%) bias * Bias (%)
Urban traffic 0.11 29.45 -81.80% | 0.81 28.00 -77.74%
Suburban traffic 0.02 25.88 -81.60% | 0.65 24.75 -78.52%
Urban background 0.31 7.98 -56.50% | 1.11 6.35 -45.61%
Suburban background | 0.39 4.82 -43.77% | 0.78 3.27 -30.25%
Rural background 0.19 3.47 -59.21% | 0.67 3.17 -53.79%
Suburban industrial 0.19 7.76 -64.19% | 0.76 6.11 -51.54%
Rural industrial 0.23 4.40 -49.90% | 0.79 3.02 -36.62%

*in pg/m?
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