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Abstract. Tropospheric nitrogen dioxide (NO») concentrations have declined dramatically over the United
States (USA) and Europe in recent decades. Here we investigate the changes in surface and free-tropospheric O3
accompanied by NO; changes over the USA and Europe in 2005-2020 by assimilating the Ozone Monitoring
Instrument (OMI) and U.S. Air Quality System (AQS) and European AirBase network O3 observations. The
assimilated O3 concentrations demonstrate good agreement with O3 observations. Surface O3 concentrations
are 41.4, 39.5, and 39.5 ppb (parts per billion; USA) and 35.3, 32.0, and 31.6 ppb (Europe) and tropospheric
O3 columns are 35.5, 37.0, and 36.8 DU (USA) and 32.8, 35.3, and 36.4 DU (Europe) in the simulations, as-
similations, and observations, respectively. We find overestimated summertime surface O3 concentrations over
the USA and Europe, which resulted in a surface O3 maximum in July—August in the simulations, which is
in contrast to April in the observations. Furthermore, our analysis exhibits limited changes in surface O3 con-
centrations; i.e., they decreased by —6 % over the USA and increased by 1.5 % over Europe in 2005-2020.
The surface observation-based assimilations suggest insignificant changes in tropospheric O3 columns, namely
—3.0% (USA) and 1.5 % (Europe) in 2005-2020. While the OMI-based assimilations exhibit larger decreases
in tropospheric O3 columns, with —12.0 % (USA) and —15.0 % (Europe) in 2005-2020, the decreases mainly
occurred in 2010-2014, corresponding to the reported slower decline in free-tropospheric NO; since 2010. Our
analysis thus suggests that there are limited impacts of the decline in local emissions on tropospheric O3 over
the USA and Europe and advises more efforts to evaluate the possible contributions of natural sources and trans-
port. The discrepancy in assimilated tropospheric O3 columns further indicates the possible uncertainties in the
derived tropospheric O3 changes.

creases in surface nitrogen dioxide (NO;) concentrations,

The successful emission regulations employed in the United
States (USA) and Europe (Crippa et al., 2016; US EPA,
2023a) have led to dramatic decreases in anthropogenic NOx
emissions (Di et al., 2020; Macdonald et al., 2021; Jiang et
al., 2022). As an important air pollutant, tropospheric ozone
(0O3) is produced when volatile organic compounds (VOCs)
are photochemically oxidized in the presence of nitrogen ox-
ides (NOy). As a major precursor of tropospheric O3, de-

driven by declining NOy emissions, have led to marked de-
creases in surface O3 concentrations over the USA and Eu-
rope in recent decades. For example, Chen et al. (2021) found
a decrease in surface O3 concentrations from approximately
60 to 45 ppb (parts per billion) over the USA in 1990-2019,
Seltzer et al. (2020) showed a decreasing trend of surface O3
by approximately 0.8 ppbyr—! over the USA in 2000-2015,
and Yan et al. (2018) found a decreasing trend of surface O3
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! over Eu-

concentrations by approximately 0.32 ugm™—> yr—
rope in 1995-2014.

While NOy emissions are declining, the shift in the NOy
sources from power generation to industrial and transporta-
tion sectors has led to diminishing effects on NOy emis-
sion controls (Jiang et al., 2022). Furthermore, recent stud-
ies have demonstrated a slowdown in the tropospheric NO,
column decline with respect to surface NO; concentra-
tions over the USA since approximately 2010 (Jiang et
al., 2018; Laughner and Cohen, 2019; Qu et al., 2021). Jiang
et al. (2022) further indicated a slowdown of the decline
in tropospheric NO, columns with respect to surface NO;
concentrations over both the USA and Europe. Unlike sur-
face O3, which is strongly affected by local emissions, free-
tropospheric O3 is more susceptible to the influences of free-
tropospheric sources and sinks, long-range transport, and
stratospheric intrusion (Jiang et al., 2015; Xue et al., 2021;
Trickl et al., 2020). The different trends in surface and free-
tropospheric NO; may thus result in different changes in sur-
face and free-tropospheric O3 over the USA and Europe.

A single O3 tracer mode (tagged O3) of the Goddard Earth
Observing System with Chemistry (GEOS-Chem) model
was developed in Part 1 (Zhu et al., 2023) and was com-
bined with Ozone Monitoring Instrument (OMI) and sur-
face O3 observations in China in 2015-2020 via a sequential
Kalman filter (KF) assimilation system (Tang et al., 2022;
Han et al., 2022). The rapid O3 assimilation capability, with
approximately 91 %-94 % reduction in the computational
cost (Zhu et al., 2023), provides a new opportunity to ex-
tend atmospheric O3 observations and mitigate the influence
of uncertainties in physical and chemical processes (Li et
al., 2019; Chen et al., 2022) and emission inventories (Zheng
et al., 2017; Jiang et al., 2022). As Part 2 of this work, we as-
similate the OMI and U.S. Air Quality System (AQS) and the
European AirBase network O3 observations in this paper to
constrain tropospheric O3 in the USA and Europe in 2005-
2020 with a 0.5° x 0.625° horizontal resolution. A compar-
ative analysis by assimilating satellite and surface O3 obser-
vations is useful for a better characterization of O3 changes
in the surface and free troposphere. Furthermore, this analy-
sis helps evaluate the long-term performance of the GEOS-
Chem model in simulating tropospheric O3 and can provide
new insights into tropospheric O3 changes accompanied by
the reported changes in tropospheric NO;.

This paper is organized as follows: in Sect. 2, we provide
descriptions for the AQS, AirBase, and OMI O3 observa-
tions and the single O3 tracer simulation and assimilation
system used in this work. We refer the reader to Part 1 (Zhu et
al., 2023) for more details about the atmospheric O3 observa-
tions and the development and performance of the single O3
tracer assimilation system. Tropospheric O3 changes in the
USA and Europe in 2005-2020 are demonstrated in Sect. 3
by assimilating atmospheric O3 observations. As shown in
Fig. 1, five regions (i.e., the Great Lakes (no. 1), northeast-
ern USA (no. 2), West Coast (no. 3), middle USA (no. 4),
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and southeastern USA (no. 5)) are defined within the USA
domain, and five regions (i.e., Britain (no. 1), central Europe
(no. 2), western Europe (no. 3), the Iberian Peninsula (no. 4),
and the Apennine Peninsula (no. 5)) are defined within the
European domain, based on anthropogenic NOy emissions
in 2015. Region nos. 1-3 (USA) and region nos. 1-2 (Eu-
rope) are defined as highly polluted (HP) regions by exclud-
ing grids with low and medium anthropogenic NOy emis-
sions. Tropospheric O3 changes over these regions will be
discussed to investigate the possible regional discrepancies
in surface and free-tropospheric O3 changes associated with
different local pollution levels. Our conclusions follow in
Sect. 4.

2 Data and methods

2.1  OMI and surface O3 measurements

The OMI Oj profile retrieval product (PROFOZ v0.9.3,
level 2; Liu et al., 2010; Huang et al., 2017) from the Smith-
sonian Astrophysical Observatory (SAO) was assimilated in
this work. The OMI instrument provides measurements with
global coverage, with backscattered sunlight in the ultravi-
olet visible range from 270 to 500 nm (UV1 270-310 nm;
UV2 310-365 nm; visible 350-500 nm), with a spatial res-
olution of 13 x 24km (nadir view). Following Huang et
al. (2017), the following filters are applied: (1) nearly clear-
sky scenes with an effective cloud fraction < 0.3; (2) solar
zenith angles (SZAs) < 75°; and (3) fitting root mean square
(rms; ratio of fitting residuals to assumed measurement er-
ror) < 2.0. Starting in 2009, anomalies were found in OMI
data and diagnosed as having attenuated measured radiances
in certain cross-track positions. This instrument degradation
has been referred to as the “row anomaly”. To enhance the
quality and stability of data, only across-track positions be-
tween 4 and 11 (within 30 positions in the UV1 channels) are
used in our analysis. This treatment is similar to the produc-
tion of row-isolated data by using across-track positions be-
tween 3 and 18 (within 60 positions in the UV2 channels) in
the OMI-Microwave Limb Sounder (MLS) O3 data (Ziemke
et al., 2019; Wang et al., 2022).

We use in situ hourly surface O3 measurements from the
U.S. AQS and European Environment Agency AirBase net-
works. The AQS and AirBase networks collect ambient air
pollution data from monitoring stations located in urban, sub-
urban, and rural areas. To ensure the long-term stability of the
observation record, we only considered stations with at least
14 years of observation records in 2005-2020. Observations
provided by the AQS and AirBase stations have been widely
used in previous studies to investigate the sources and vari-
abilities in the surface O3 pollution (Shen et al., 2015; Boleti
et al., 2020; He et al., 2022).
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Figure 1. (a) Anthropogenic NOx emissions over the USA in 2015. (b) Region definitions for the Great Lakes (no. 1), northeastern
USA (no. 2), West Coast (no. 3), middle USA (no. 4), and southeastern USA (no. 5). Region nos. 1-3 are defined as highly polluted (HP)
regions by excluding grids with low and medium anthropogenic NOx emissions. (¢) Anthropogenic NOx emissions over Europe in 2015.
(d) Region definitions for Britain (no. 1), central Europe (no. 2), western Europe (no. 3), the Iberian Peninsula (no. 4) and the Apennine
Peninsula (no. 5). Region nos. 1 and 2 are defined as highly polluted (HP) regions by excluding grids with low and medium anthropogenic
NOx emissions. The different colors (red, gray, and green) represent grids with high (highest 15 %), medium (15 %-50 %), and low (lowest

50 %) anthropogenic NOx emissions.

2.2 Single O3 tracer simulation and assimilation system

The GEOS-Chem chemical transport model (http://www.
geos-chem.org, last access: 22 August 2023, version 12.8.1)
is driven by the assimilated meteorological data of the
Modern-Era Retrospective Analysis for Research and Ap-
plications, Version 2 (MERRA-2). The GEOS-Chem full
chemistry simulation includes fully coupled O3—NO4x-VOC-
halogen—aerosol chemistry. Our analysis is conducted on a
nested horizontal resolution of 0.5° x 0.625° over the USA
and Europe, with chemical boundary conditions archived
every 3h from global simulations with 4° x 5° resolution.
Emissions are computed by the Harmonized Emissions Com-
ponent (HEMCO) software. Global default anthropogenic
emissions are from the CEDS (Community Emissions Data
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System; Hoesly et al., 2018). Regional emissions are re-
placed by MEIC (Multi-resolution Emission Inventory for
China) in China, MIX in other regions of Asia (Li et
al., 2017) and National Emissions Inventory (NEI) 2011
in the USA. Open-fire emissions are from the Global Fire
Emissions Database, Version 4 (GFED4; van der Werf et
al., 2010).

Following Jiang et al. (2022), the total anthropogenic NOx
and VOC emissions in the GEOS-Chem model are scaled
with the corresponding bottom-up inventories (MEIC for
China, NEI2014 for the USA, and ECLIPSE for Europe) so
that the modeled surface nitrogen dioxide (NO;) and VOC
concentrations in the a priori simulations are identical to
those found in Jiang et al. (2022) in 2005-2018. The to-
tal anthropogenic NOy and VOC emissions in 2019-2020 in
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China, the USA, and Europe are further scaled based on lin-
ear projections. The total anthropogenic NO, emissions in
the a priori simulations declined by 53 % (USA) and 50 %
(Europe) in 2005-2020. The total anthropogenic VOC emis-
sions in the a priori simulations declined by 19 % (USA) and
33 % (Europe) in 2005-2020. We refer the reader to Jiang
et al. (2022) for the details of the model configuration and
performance, particularly the modeled trends of surface and
tropospheric column NO; in 2005-2018.

A new single O3 tracer mode (tagged O3) was developed
in Part 1 (Zhu et al., 2023) by reading the archived pro-
duction (PO3) and loss (LO3) of O3 provided by the full
chemistry simulation. The major advantage of the single O3
tracer mode is a dramatic reduction in the computational
cost by approximately 91 %-94 % (Zhu et al., 2023). Fig-
ures S1 and S2 in the Supplement show the surface max-
imum daily 8h average (MDAS8) O3 (annual and seasonal
averages) over the USA and Europe in 2005-2020 from the
full chemistry and single O3 tracer simulations (i.e., the a pri-
ori simulations in this work), respectively. We find good spa-
tial (Figs. S1 and S2) and temporal (Fig. S3) consistencies in
surface MDAS8 O3 between the full chemistry and single O3
tracer simulations over the USA and Europe in 2005-2020.
The computational costs (hours of wall time for a 1-year sim-
ulation) are 160.7 and 9.4 h within the nested USA domain
(0.5° x 0.625°) and 103.4 and 6h within the nested Euro-
pean domain (0.5° x 0.625°) in the full chemistry and single
O3 tracer mode, respectively.

The low computational costs of the single O3 tracer mode
allow us to perform O3 assimilations more efficiently. The se-
quential KF was conducted to assimilate AQS, AirBase, and
OMI O3 observations to produce the a posteriori O3 concen-
trations. As a brief description of the assimilation algorithm,
the forward model (M) predicts the O3 concentration (x ) at
time ¢ as follows:

xatzM,xt_L (1)

The optimized O3 concentrations can be expressed as fol-
lows:

X, =xa+G; (yz_Ktxat): 2

where y, is the observation (i.e., OMI or surface O3 observa-
tions), and K, represents the operation operator that projects
the O3 concentrations from the model space to the observa-
tion space. G; is the KF gain matrix, which can be described
as follows:

-1
G =SuK] (KSuK/ +S.) 3)

where S,¢ and S are the model and observation covariances,
respectively. The modeled tropospheric O3 profiles in the
OMI-based assimilation processes are convolved by using
the OMI retrieval averaging kernels. The mixing of O3 pre-
cursors in the planetary boundary layer is considered with a
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simplified planetary boundary layer parameterization in sur-
face observation-based assimilations. We refer the reader to
Part 1 (Zhu et al., 2023) for more details about the develop-
ment and performance of the single O3 tracer assimilation
system by assimilating satellite and surface O3 observations.

3 Results and discussion

3.1 Surface O3 by assimilating surface Oz observations

Figures 2a—e and 3a—e show the annual and seasonal av-
erages of surface MDAS8 O3 observations from U.S. AQS
and European AirBase stations in 2005-2020. Figures 2k—
o and 3k—o further show the annual and seasonal averages
of the a posteriori O3 concentrations by assimilating AQS
or AirBase O3 observations. As shown in Figs. 4 and 5, the
assimilated O3 concentrations (blue lines) show good agree-
ments with surface O3 observations (red lines). The mean
surface MDAS8 O3 values in 2005-2020 are 41.4, 39.5, and
39.5ppb (USA); 40.0, 37.7, and 38.2ppb (Great Lakes);
38.1, 36.4, and 37.4ppb (northeastern USA); 41.6, 41.2,
and 41.0 ppb (West Coast); 42.2, 40.4, and 39.7 ppb (mid-
dle USA); and 44.4, 40.3, and 39.9 ppb (southeastern USA)
in the a priori simulations, a posteriori simulations, and AQS
observations, respectively. The mean surface MDAS O3 val-
ues in 2005-2020 are 35.3, 32.0, and 31.6 ppb (Europe);
29.9, 26.0, and 24.4 ppb (Britain); 30.5, 28.2, and 28.0 ppb
(central Europe); 35.9, 32.5, and 32.3 ppb (western Europe);
40.3, 35.2, and 34.2 ppb (Iberian Peninsula); and 41.8, 35.3,
and 34.0 ppb (Apennine Peninsula) in the a priori simula-
tions, a posteriori simulations, and AirBase observations, re-
spectively.

Similar to China, we find overestimated summertime sur-
face O3 concentrations in the a priori simulations over the
USA and Europe (Figs. 4 and 5). However, in contrast to
the underestimated O3 decline in June—July in China (Zhu et
al., 2023), the overestimated summertime O3 values over the
USA and Europe are caused by overestimated increases in
surface O3 values in July—August, which have led to a sur-
face MDAS O3 maximum in July—August in the simulations.
In contrast, assimilations suggest that surface O3 is broadly at
a maximum level in April over the USA and Europe (Figs. 4
and 5), although the O3 seasonality varies over different re-
gions. We find good agreements in the surface O3 concentra-
tions between a priori and a posteriori simulations over the
USA in seasons outside of summer (Fig. 2p—t), which is in
contrast to the large differences between a priori and a pos-
teriori simulations over Europe (Fig. 3p—t in this work) and
China (Zhu et al., 2023). The inaccurate surface O3 concen-
trations over three continents reveal possible uncertainties in
model simulations, particularly with respect to the contribu-
tions from natural and anthropogenic processes; for example,
the higher temperature and solar radiation can lead to high O3
concentrations in August, whereas the transport of O3 and its
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Figure 2. Surface MDAS8 O3 values over the USA in 2005-2020 (annual and seasonal averages) from the (a—e) AQS stations, (f—j) GEOS-
Chem a priori simulation, and (k-0) GEOS-Chem a posteriori simulation by assimilating AQS O3 observations. (p—t) Bias in the a priori
simulations calculated by a priori minus a posteriori O3 concentrations.
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Figure 3. Surface MDAS O3 values over Europe in 2005-2020 (annual and seasonal averages) from the (a—e) AirBase stations, (f=j) GEOS-
Chem a priori simulation, and (k-0) GEOS-Chem a posteriori simulation by assimilating AirBase O3 observations. (p—t) Bias in the a priori
simulations calculated by a priori minus a posteriori O3 concentrations.
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Figure 4. (a—f) Daily averages of surface MDA8 O3 values over the USA in 2005-2020 from the AQS stations (red) and GEOS-Chem a
priori (black) and a posteriori (blue) simulations by assimilating AQS O3 observations. (g-1) Monthly averages of MDAS O3 values. The

dashed lines in panels (g)—(l) are annual averages.

precursors can lead to high O3 concentrations in April (Par-
rish et al., 2013).

Furthermore, our analysis exhibits high surface MDAS O3
concentrations over the West Coast (41.2 ppb) in the USA.
Except for the West Coast, the assimilated surface MDAS
O3 concentrations are lower over areas with higher anthro-
pogenic NOy emissions over the USA and Europe. For exam-

Atmos. Chem. Phys., 23, 9745-9763, 2023

ple, we found 37.7 and 36.4 ppb in the Great Lakes and north-
eastern USA, respectively, in contrast to 40.4 and 40.3 ppb in
the middle USA and southeastern USA, respectively. More-
over, we found 26.0 and 28.2 ppb in Britain and central Eu-
rope, respectively, which is in contrast to 32.5, 35.2, and
35.3 ppb in western Europe, the Iberian Peninsula, and the
Apennine Peninsula, respectively. The inverse relationships
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Figure 5. (a—f) Daily averages of surface MDAS O3 values over Europe in 2005-2020 from the AirBase stations (red) and GEOS-Chem a
priori (black) and a posteriori (blue) simulations by assimilating AirBase O3 observations. (g-1) Monthly averages of MDAS Os. The dashed

lines in panels (g)—(1) are annual averages.

between surface O3 concentrations and local anthropogenic
NOy emissions indicate the important impacts of natural
sources and meteorological conditions on surface O3z pollu-
tion over the USA and Europe because of a continuous de-
cline in anthropogenic emissions in the past few decades.
This is the opposite of the higher O3 concentrations in ar-
eas with higher local anthropogenic NOy emissions in China

https://doi.org/10.5194/acp-23-9745-2023

(Zhu et al., 2023), where surface O3 pollution is strongly af-
fected by anthropogenic emissions.
3.2 Limited changes in surface Oz concentrations

Following Jiang et al. (2022), the anthropogenic NOy and
VOC emissions over the USA in 2005-2020 declined by
53% (—5.1%yr~") and 19% (—1.4%yr~') in our a pri-

Atmos. Chem. Phys., 23, 9745-9763, 2023
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ori simulations, which is accompanied by slightly decreas-
ing trends in surface MDAS8 O3 in the a priori simulations
(Table 1a) of —0.29 (spring), —0.45 (summer), —0.07 (au-
tumn), and 0.05 (winter) ppbyr~!, and the relative trends
are —0.7 (spring) % yr_l, —0.9 (summer) % yr‘l, —0.2 (au-
tumn) % yr~!, and 0.2 (winter) % yr—!. Similarly, the anthro-
pogenic NOy and VOC emissions over Europe in 2005-2020
declined by 50 % (—4.4 % yr_l) and 33% (—2.7 % yr_l) in
our a priori simulations, which is accompanied by a slightly
increasing trend for surface MDAS8 O3 in the a priori simu-
lations (Table 2a) of —0.07 (spring), —0.07 (summer), 0.07
(autumn), and 0.24 (winter) ppb yr’l, and the relative trends
are —0.2 (spring) % yr~', —0.2 (summer) % yr~!, 0.2 (au-
tumn) % yr~!, and 1.0 (winter) % yr~!. It is surprising to see
the limited changes in surface O3 concentrations in the simu-
lations accompanied by a dramatic decline in anthropogenic
emissions.

We thus further investigate the changes in surface
O3 by assimilating surface Oz observations. As shown
in Table la and Fig. 6k—o, our assimilations suggest
—0.27 (spring), —0.46 (summer), —0.12 (autumn), and
0.11 (winter)ppbyr~' changes in surface MDAS O3
over the USA in 2005-2020, and the relative changes
are —0.6 (spring) % yr~!, —1.0 (summer)%yr—!, —0.3
(autumn) % yr‘l, and 0.4 (winter) % yr‘l. Similarly, as
shown in Table 2a and Fig. 7k-o0, our assimilations sug-
gest —0.04 (spring), —0.03 (summer), 0.09 (autumn),
and 0.19 (winter) ppbyr~! changes in surface MDAS O3
over Europe in 2005-2020, and the relative changes are
—0.1 (spring) % yr_l, —0.1 (summer) %yr‘l, 0.3 (au-
tumn) % yr_l, and 0.9 (winter) % yr_l. In contrast to the un-
derestimated increasing trends in surface O3 concentrations
in the a priori simulations in China (Zhu et al., 2023), we find
broadly consistent trends between simulations and assimila-
tions over the USA and Europe, which confirms the limited
changes in surface O3 concentrations over the USA and Eu-
rope.

The changes in surface O3 concentrations have marked re-
gional and seasonal discrepancies. As shown in Tables S1—
S5 in the Supplement, our assimilations demonstrate stronger
increasing trends in surface O3 concentrations in 2005-
2020 in the winter (0.39ppbyr~—! or 1.5% yr~!) over the
Great Lakes; in the winter (0.36 ppbyr—! or 1.4 % yr—!) over
the northeastern USA; and in the autumn (0.34 ppbyr~! or
0.8% yr~!) and winter (0.29 ppbyr~—! or 1.0% yr~!) over
the West Coast. We also find decreasing trends in surface
O3 concentrations in 2005-2020 in the summer over the
Great Lakes (—0.51ppbyr~' or —1.0% yr~!); northeast-
ern USA (—0.52ppbyr~" or —1.1%yr~!); middle USA
(—0.61 ppbyr~! or —1.3%yr™'); and southeastern USA
(—0.87 ppbyr—! or —1.9 % yr~'). The areas with higher an-
thropogenic NOy emissions such as the Great Lakes and
northeastern USA demonstrate lower surface O3 concentra-
tions and are accompanied by stronger increasing trends in
the winter and weaker decreasing trends in the summer.

Atmos. Chem. Phys., 23, 9745-9763, 2023
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Tables S6-S10 further show the details of tropospheric O3
changes in Europe. Our assimilations demonstrate stronger
increasing trends in surface O3 concentrations in 2005-2020
in the winter over Britain (0.28 ppbyr~! or 1.5%yr~!);
central Europe (0.26ppbyr—! or 1.5% yr—!); western Eu-
rope (0.25ppbyr~' or 1.1 % yr~!); the Iberian Peninsula
(0.17 ppbyr~" or 0.6 % yr~'); and the Apennine Peninsula
(0.18 ppbyr~! or 0.8 % yr~!). We also find decreasing trends
in surface O3 concentrations in 2005-2020 in the summer
(—0.07 ppbyr~! or —0.2 % yr~!) over Britain; in the sum-
mer (—0.10ppbyr~! or —0.2 % yr~!) over the western Eu-
rope; in the summer (—0.20 ppbyr~!' or —0.5% yr~!) over
the Iberian Peninsula; and in the spring (—0.09 ppbyr~! or
—0.2%yr~!) over the Apennine Peninsula. Similar to the
USA, areas with higher anthropogenic NO emissions such
as Britain and central Europe demonstrate lower surface O3
concentrations and are accompanied by stronger increasing
trends in the winter and weaker decreasing trends in the sum-
mer.

Furthermore, Zhu et al. (2023) demonstrated a large dis-
crepancy in the trends of assimilated surface O3 between ur-
ban (i.e., areas with air quality stations) and regional back-
grounds in China in 2015-2020, with 3.0 % yr~! (sampled
at air quality stations) and 1.3 % yr—! (land average). In con-
trast, we did not find a comparable discrepancy over the USA
and Europe because the trends of assimilated surface O3 are
—0.4%yr‘1 (Table la; sampled at AQS O3 observations)
and —0.4 % yr’1 (Table 1b; land average) over the USA; and
—0.2 % yr~! (Table 2a; sampled at AirBase O3 observations)
and 0.0 % yr~! (Table 2b; land average) over Europe. The
difference between China and the USA and Europe suggests
more consistent changes in surface O3 between urban and
regional background areas in the USA and Europe. This im-
plies possible larger relative contributions of regional back-
ground O3 to surface O3 observations in the USA and Eu-
rope, which could be associated with the limited changes in
surface O3 concentrations in 2005-2020 because the regional
background O3 is less sensitive to changes in anthropogenic
NOy and VOC emissions.

3.3 Tropospheric Oz columns by assimilating OMI Oz
observations

Figures S4a—e and S5a—e show the annual and seasonal av-
erages of tropospheric OMI O3 columns in 2005-2020 over
the USA and Europe, respectively. Figures S4k—o and S5k—o
further show the annual and seasonal averages of the a pos-
teriori tropospheric O3 columns by assimilating OMI O3 ob-
servations. The assimilated tropospheric O3 columns show
good agreement with OMI O3 observations because the mean
tropospheric O3 columns over the USA in 2005-2020 (Ta-
ble 1c) are 35.5DU in the a priori simulations and 37.0 and
36.8 DU in the a posteriori simulations and OMI observa-
tions, respectively. The mean tropospheric O3 columns over
Europe in 2005-2020 (Table 2c) are 32.8 DU in the a priori
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Table 2. Averages (with units in ppb or DU) and trends (with units in ppb V\HL or DU V\HLV of surface and tropospheric column O3 concentrations in 2005-2020 over Europe from

observations (AirBase and OMI) and a priori and a posteriori (KF) simulations. (a) The modeled surface O3 are sampled at the locations and times of AirBase surface O3 observations.
(b) The modeled surface O3 are averaged over Europe (land only). (¢) The output O3 profiles from the a priori and a posteriori simulations are convolved with OMI O3 averaging
kernels. (d) The output O3 profiles are not convolved with OMI O3 averaging kernels.

Europe Annual 7 Spring 7 Summer 7 Autumn 7 Winter
Mean 7 Trend 7 Mean 7 Trend 7 Mean 7 Trend 7 Mean 7 Trend 7 Mean 7 Trend
(a) Surface 2005-2020  AirBase 31.6£0.2 | 0.08+0.04 | 38.5+0.1 | —0.02+0.06 | 40.7+02 | 0.01=£0.11 | 2574202 | 0.14+0.05 | 21.4£0.2 | 0.2240.05
(sampled) A priori 353£0.2 | 0.04+003 | 403+02 | —0.07£0.04 | 46.6+0.2 | —0.07+0.09 | 31.5£0.2 | 0.07£0.05 | 229+02 | 0.24=£0.05
KF AirBase  32.0+0.1 | 0.05£0.04 | 38.540.1 | —0.04£0.06 | 41.3£0.2 | —0.03+0.10 | 26.6+£02 | 0.0940.05 | 21.74+0.1 | 0.19£0.04
(b) Surface 2005-2020 A priori 355+0.1 | 0.01£0.02 | 40340.1 | —0.10£0.04 | 46.0+£0.2 | —0.09+0.08 | 31.8£0.2 | 0.0440.04 | 23.9+02 | 0.21£0.05
KF AirBase  32.54+0.1 | 0.01£0.03 | 38.5£0.1 | —0.08+0.04 | 41.1+£0.2 | —0.08£0.09 | 27.74+0.1 | 0.04£0.04 | 22.8+0.1 | 0.17+0.04
(¢) Tropospheric 20052020  OMI 36.4£0.1 | —0.15+0.06 | 37.6+0.1 | —0.33£0.14 | 41.0£0.1 | —0.09+0.08 | 34.5+0.1 | —0.1240.07 | 32.5+0.1 | —0.09£0.11
column A priori 32.840.1 | —0.09+0.03 | 33.6+£0.1 | —0.184+0.06 | 37.3+0.1 | —0.14£0.06 | 31.3£0.1 | —0.03+0.02 | 29.0£0.0 | —0.0240.05
(convolved) KF OMI 353£0.1 | —0.254+0.04 | 37.0+0.1 | —0.40£0.09 | 40.5+0.1 | —0.16=£0.06 | 33.1£0.1 | —0.224+0.04 | 30.4+0.0 | —0.23£0.05
(d) Tropospheric 20052020 A priori 321+0.1 | 0.03£0.03 | 33.74£0.1 | —0.03£0.06 | 37.2£0.1 | 0.06+0.05 | 29.5+0.1 | 0.01£0.04 | 27.94£0.0 | 0.06+0.05
column KF AirBase  31.5£0.1 | 0.03£0.03 | 333+0.1 | —0.03£0.06 | 36.2+0.1 | 0.06+0.05 | 28.8%£0.1 | 0.01£0.04 | 27.7+0.1 | 0.06=0.05
KF OMI 35.940.1 | —0.36+£0.04 | 39.5£0.1 | —0.48+0.07 | 41.4+0.1 | 0.02£0.06 | 32.14+0.1 | —0.38£0.05 | 30.4+£0.0 | —0.58+0.11
2005-2009 KF AirBase 31.240.1 | —0.24£0.08 | 33.1£0.0 | —0.17+0.26 | 35.8+0.1 | —0.39+0.12 | 28.6+0.0 | —0.40£0.21 | 27.3£0.0 | —0.22+0.30
KF OMI 38.1+0.0 | —0.38£0.22 | 41.640.1 | —0.35+0.39 | 40.9£0.1 | —0.06+0.23 | 34.6+£0.0 | —0.7640.33 | 34.94+0.0 | —1.06+£0.44
2010-2014  KF AirBase 31.4+£0.1 | —0.2440.23 | 33.6+0.0 | —0.58£0.46 | 35.840.1 | —0.33+£0.32 | 28.7£0.1 | —0.02+0.30 | 27.4+0.0 | —0.160.34
KF OMI 357£0.1 | —0.824+0.12 | 40.6+0.1 | —1.30£0.25 | 41.6£0.1 | —0.54=+0.33 | 31.5£0.1 | —0.40%0.19 | 28.3+0.0 | —0.69+0.27
2015-2020 KF AirBase  31.740.1 | 0.03+£0.09 | 33.1£0.1 | —0.034+0.20 | 36.8+0.1 | 0.00£0.22 | 28.940.1 | 0.09£0.13 | 28.240.0 | —0.02+0.20
KF OMI 343£0.1 | —0.26+0.11 | 36.9+0.1 | —0.58+0.14 | 41.64+0.1 | —0.28+0.33 | 30.5£0.1 | —0.194+0.15 | 28.5+0.0 | —0.11£0.20
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Figure 6. Trends of surface MDAS8 O3 over the USA in 2005-2020 (annual and seasonal averages) from the (a—e) AQS stations, (f-j) GEOS-
Chem a priori simulation, and (k—-0) GEOS-Chem a posteriori simulation by assimilating AQS O3 observations.
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Figure 7. Trends of surface MDA8 O3 over Europe in 2005-2020 (annual and seasonal averages) from the (a—e) AirBase stations, (f-
J) GEOS-Chem a priori simulation, and (k—0) GEOS-Chem a posteriori simulation by assimilating AirBase O3 observations.

simulations and 35.3 and 36.4 DU in the a posteriori simu-
lations and OMI observations, respectively. However, there
are small deviations in the trends between assimilations and
OMI observations. As shown in Figs. S6-S7, the trends in
the tropospheric O3 columns over the USA in 2005-2020
(Table 1c) are —0.11 DU yr~! in the a priori simulations and

https://doi.org/10.5194/acp-23-9745-2023

—0.16 and —0.01 DU yr~! in the a posteriori simulations
and OMI observations, respectively. The trends in the tropo-
spheric O3 columns over Europe in 2005-2020 (Table 2c)
are —0.09DUyr~! in the a priori simulations and —0.25
and —0.15DUyr™! in the a posteriori simulations and OMI
observations, respectively. These deviations are associated
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with the adjustments to regional O3 boundary conditions in
the nested assimilations by assimilating global OMI O3 ob-
servations, thus reflecting the different changes in OMI O3
between the continents of North America and Europe and
global backgrounds. For example, the mean tropospheric O3
columns over the USA in 2005 are 36.5 DU in OMI obser-
vations and 35.9 and 37.5 DU in the assimilations by reading
a priori and adjusted Oz boundary conditions, respectively.
The mean tropospheric O3 columns over Europe in 2005 are
37.5DU in OMI observations and 34.6 and 36.9 DU in the
assimilations by reading a priori and adjusted O3 boundary
conditions, respectively.

The annual averages of surface MDAS8 O3 in the a priori
simulation and assimilations are 35.3 and 32.0 ppb, with a
relative difference of 10 % over Europe (Table 2a); 41.4 and
39.5 ppb, with a relative difference of 5 % over the USA (Ta-
ble 1a); and 42.9 and 41.8 ppb, with a relative difference of
3 % over China (Zhu et al., 2023). In addition, the annual av-
erages of tropospheric O3 columns in the a priori simulation
and assimilations are 32.8 and 35.3 DU, with a relative dif-
ference of —7 % over Europe (Table 2¢); 35.5 and 37.0DU,
with a relative difference of —4 % over the USA (Table 1c);
and 37.1 and 37.9DU, with a relative difference of —2 %
over China (Zhu et al., 2023). It seems that the GEOS-Chem
model has a better performance in regional averages of sur-
face and free-tropospheric O3 concentrations in China and
the USA than in Europe.

The output O3 profiles from a priori and a posteriori
simulations are convolved with OMI averaging kernels in
Figs. S4-S7. However, the convolution of OMI O3 averag-
ing kernels on the output O3 profiles can affect the weights
of the derived tropospheric columns to O3 at different ver-
tical levels and thus may not accurately represent the actual
tropospheric O3 columns. Figures 8 and 9 further show tro-
pospheric O3 columns from a priori and a posteriori simu-
lations in which the output O3 profiles are not convolved
with OMI averaging kernels. The assimilated tropospheric
O3 columns are 35.6 and 38.7 DU (USA); 36.8 and 40.2 DU
(Great Lakes); 36.8 and 40.3 DU (northeastern USA); 38.1
and 41.9 DU (West Coast); 38.9 and 41.5 DU (middle USA);
and 43.5 and 45.8 DU (southeastern USA) in 2005-2020
by assimilating AQS and OMI O3 observations, respec-
tively. The assimilated tropospheric O3 columns are 31.5
and 35.9 DU (Europe); 29.7 and 34.7 DU (Britain); 30.4 and
349DU (central Europe); 31.8 and 36.4 DU (western Eu-
rope); 33.6 and 38.1 DU (Iberian Peninsula); and 34.0 and
38.2DU (Apennine Peninsula) in 2005-2020 by assimilat-
ing AirBase and OMI O3 observations, respectively. We find
that tropospheric O3 columns obtained by assimilating sur-
face O3 observations are lower than those obtained by assim-
ilating OMI O3 observations. Similar to surface O3 concen-
trations, tropospheric O3 columns are lower over areas with
higher anthropogenic NOy emissions over the USA and Eu-
rope, such as the Great Lakes, northeastern USA, Britain, and
central Europe. This is opposite to the higher tropospheric

Atmos. Chem. Phys., 23, 9745-9763, 2023

R. Zhu et al.: Tropospheric O3 changes in the USA and Europe

O3 columns over areas with higher local anthropogenic NOy
emissions in China (Zhu et al., 2023).

In contrast to the surface MDA8 Oz maximum level in
April in the observations (Figs. 4 and 5), the assimilated tro-
pospheric O3 columns are broadly at maximum level in July—
August over the USA and Europe (Figs. 10 and 11). The
free-tropospheric O3 maximum in the summer has been re-
ported in previous studies. For example, Wespes et al. (2018)
demonstrated a free-tropospheric O3 maximum in summer
over Europe by using Infrared Atmospheric Sounding Inter-
ferometer (IASI) observations; Petetin et al. (2016) exhibited
a free-tropospheric O3 maximum in summer over Europe by
using the values of the Measurement of Ozone and Water Va-
por by Airbus In-Service Aircraft (MOZAIC). We find good
agreement in the seasonality of free-tropospheric O3 between
simulations and assimilations, which is in contrast to the in-
accurate simulation of the seasonality of surface O3 concen-
trations in the simulations. More studies are needed in the
future to explore the sources of this difference in model per-
formance.

Furthermore, Figs. S8§-S9 demonstrate the O3 vertical pro-
files in 2005-2009, 2010-2014, and 2015-2020, respectively.
The assimilation of surface Oz observations leads to de-
creases in O3 concentrations in the lower troposphere but
has small impacts on free-tropospheric O3. In contrast, the
assimilation of OMI O3 observations leads to dramatic en-
hancements in O3 concentrations in the middle and upper tro-
posphere, without noticeable differences between areas with
high and low local anthropogenic NOy emissions. The en-
hancement in free-tropospheric O3 by assimilating OMI O3
observations declined gradually from 2005-2009 to 2015-
2020. The adjustment in free-tropospheric O3 by assimilating
OMI O3 observations in 2015-2020 is larger but comparable
to the adjustment in 2015-2020 in China (Zhu et al., 2023).

3.4 Large decreases in tropospheric O3 columns

Figures 12 and 13 show the trends in tropospheric O3
columns in 2005-2020 from a priori simulations and a
posteriori simulations by assimilating surface and OMI O3
observations. The trends of tropospheric O3 columns in
2005-2020 are —0.07, —0.07, and —0.29 DU yr~! (USA);
—0.03, —0.03, and —0.29 DUyr_1 (Great Lakes); —0.02,
—0.02, and —-0.31DU yr’1 (northeastern USA); —0.02,
—0.01, and —O.26DUyr’1 (West Coast), —0.08, —0.07,
and —0.24 DU yr_1 (middle USA); and —0.19, —0.18, and
—0.28 DU yr~! (southeastern USA) in the a priori simula-
tions and a posteriori simulations by assimilating AQS and
OMI O3 observations, respectively. Moreover, the trends
are 0.03, 0.03, and —O.36DUyr’] (Europe); 0.00, 0.00,
and —0.49 DU yr~! (Britain); 0.04, 0.04, and —0.38 DU yr~!
(central Europe); 0.02, 0.03, and —0.36 DU yr_1 (western
Europe); 0.02, 0.02, and —0.30 DU yr_1 (Iberian Peninsula);
and —0.04, 0.04, and —0.26 DU yr_1 (Apennine Peninsula)
in the a priori simulations and a posteriori simulations by as-
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Figure 8. Tropospheric O3 columns over the USA in 2005-2020 (annual and seasonal averages) from the (a—e) GEOS-Chem a priori simu-
lation, (f=j) assimilations of AQS surface O3 observations, and (k—o0) assimilations of OMI O3 observations. (p—-t) Difference in tropospheric
O3 columns calculated by OMI-based assimilations minus surface observation-based assimilations.
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Figure 9. Tropospheric O3 columns over Europe in 2005-2020 (annual and seasonal averages) from the (a—e) GEOS-Chem a priori simu-
lation, (f—j) assimilations of AirBase surface O3 observations, and (k-o0) assimilations of OMI O3 observations. (p—t) Difference in tropo-
spheric O3 columns calculated by OMI-based assimilations minus surface observation-based assimilations.
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Figure 10. (a—f) Daily averages of tropospheric O3 columns over the USA in 2005-2020 from the GEOS-Chem a priori simulation (black)
and a posteriori simulations by assimilating AQS (blue) and OMI (red) O3 observations. (g-1) Monthly averages of tropospheric O3 columns.

The dashed lines in panels (g)—(l) are the annual averages.

similating AirBase and OMI O3 observations, respectively.
Our analysis thus exhibits dramatically lower decreasing
trends in tropospheric O3 columns in the a priori simula-
tions and assimilations by assimilating surface O3 observa-
tions with respect to OMI-based assimilations.

The limited changes in surface O3 concentrations in the a
priori simulations and assimilations by assimilating surface

Atmos. Chem. Phys., 23, 9745-9763, 2023

O3 observations indicate the limited influence of the decline
in local anthropogenic emissions on surface O3 concentra-
tions in the USA and Europe in 2005-2020. We can thus ex-
pect insignificant influences of the vertical transport of sur-
face O3 on the changes in free-tropospheric O3 over the USA
and Europe in 2005-2020, as illustrated by the flat trends in
tropospheric O3 columns in the a priori simulations and as-
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Figure 11. (a—f) Daily averages of tropospheric O3 columns over Europe in 2005-2020 from the GEOS-Chem a priori simulation (black)
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columns. The dashed lines in panels (g)—(l) are the annual averages.

similations by assimilating surface O3 observations (Figs. 10
and 11), as well as the small impacts of assimilation of sur-
face O3 observations on free-tropospheric O3 (Figs. S8-S9).
However, as indicated by Jiang et al. (2022), tropospheric
OMI NO; columns declined by 36 % and 23 % in 2005-
2018 over the USA and Europe, respectively. Are the large
decreases in tropospheric O3 columns by assimilating OMI

https://doi.org/10.5194/acp-23-9745-2023

O3 observations, i.e., 12.0 % (USA) and 15.0 % (Europe) in
2005-2020, caused by the decline in free-tropospheric NO,?

As indicated by Jiang et al. (2022), tropospheric OMI NO;
columns declined by —7.0 % yr~! (USA) and —4.2 % yr~!
(Europe) in 2005-2010, which was followed by a dra-
matic slowdown in the decreasing trends, i.e., —1.7 % ylr_1
(USA) and —1.2% yr_1 (Europe) in 2010-2018. However,
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Figure 13. Trends of tropospheric O3 columns over Europe in 2005-2020 (annual and seasonal averages) from the (a—e) GEOS-Chem a
priori simulation, (f—j) assimilations of AirBase surface O3 observations, and (k—0) assimilations of OMI O3 observations.

as shown in Table 1d, tropospheric O3 columns obtained by
assimilating OMI O3 observations declined by —0.3 % yr~!,
—23%yr~!, and —0.5%yr~! over the USA in 2005
2009, 2010-2014, and 2015-2020, respectively. Similarly,
tropospheric O3 columns obtained by assimilating OMI O3

observations declined by —1.0% yr~', —2.3%yr~!, and

Atmos. Chem. Phys., 23, 9745-9763, 2023

—0.8% yr~! over Europe (Table 2d) in 2005-2009, 2010—
2014, and 2015-2020, respectively. The OMI-based de-
cline in tropospheric O3 columns over the USA and Europe
mainly occurred in the period with slowing decreases in free-
tropospheric NO; after 2010; in contrast, the dramatic de-
cline in tropospheric NO, columns before 2010 was accom-
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panied by limited changes in free-tropospheric O3. It is thus
difficult to conclude that the large decreases in tropospheric
O3 columns over the USA and Europe in 2010-2014 are
dominated by the decline in local anthropogenic NOy emis-
sions.

We note that our OMI-based analysis could be affected by
the row anomaly issue, although the usage of “row-isolated”
data by using across-track positions between 4 and 11 in this
work is expected to reduce the impacts of the row anomaly.
As shown by Huang et al. (2017), the row anomaly can
lead to discontinuity in the trends in OMI O3 observations
in 2009. However, the large decreases in tropospheric O3
columns over the USA and Europe mainly occurred after
2010. Consequently, we assume a limited influence of the
row anomaly on our conclusion. Furthermore, OMI is sensi-
tive to O3 concentrations in the free troposphere; OMI-based
assimilations are driven by adjusted regional O3 boundary
conditions provided by global OMI O3 assimilations and can
reflect optimized adjustments in both local and global back-
ground O3 concentrations. In contrast, surface observations
are sensitive to local O3 concentrations. Surface observation-
based assimilations are driven by the a priori O3 boundary
conditions, which thus reflects the optimized adjustments in
local contributions and is also affected by lacking optimiza-
tion on the impacts of O3 precursors due to the single O3
tracer simulations. These factors contributed to the differ-
ence in the trends of tropospheric O3 columns by assimilat-
ing surface and satellite observations. Assimilations of both
surface and satellite observations, as shown in this work, are
expected to provide more information for a better character-
ization of the changes and uncertainties in free-tropospheric
0s.

4 Conclusion

As Part 2 of Zhu et al. (2023), which focuses on tropo-
spheric O3 change in China in 2015-2020, this paper investi-
gates the changes in surface and free-tropospheric O3 over
the USA and Europe in 2005-2020 by assimilating OMI,
AQS, and AirBase O3 observations. The assimilated O3 con-
centrations demonstrate good agreement with O3 observa-
tions because surface O3 concentrations are 41.4, 39.5, and
39.5 ppb (USA) and 35.3, 32.0, and 31.6 ppb (Europe) in the
a priori and a posteriori simulations and AQS and AirBase
O3 observations, respectively. Moreover, the tropospheric O3
columns are 35.5, 37.0, and 36.8 DU (USA) and 32.8, 35.3,
and 36.4 DU (Europe) in the a priori and a posteriori sim-
ulations (convolved with OMI retrieval averaging kernels)
and OMI O3 observations, respectively. The modeled sur-
face O3 by GEOS-Chem is overestimated in the summer,
which results in a surface O3 maximum in July—August in
the simulations, which is in contrast to the month of April
in the observations. Conversely, GEOS-Chem demonstrates
a good performance in the simulation of seasonality in free-
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tropospheric O3, which is at a maximum in July—August. In
addition, we find lower surface O3 concentrations over areas
with higher anthropogenic NOy emissions in the USA and
Europe. This is the opposite of the higher O3 concentrations
in areas with higher local anthropogenic NOy emissions in
China (Zhu et al., 2023).

Our analysis exhibits a noticeable decrease in surface O3
concentrations over the USA in the summer by 15% in
2005-2020. However, when accompanied by an approxi-
mately 50 % reduction in NOyx emissions, the changes in sur-
face O3 concentrations are limited in Europe and other sea-
sons in the USA. The annual surface MDAS O3 decreased by
—6 % over the USA and increased by 1.5 % over Europe in
2005-2020, and the decreases in surface O3 concentrations
are weaker over areas with higher local anthropogenic NOy
emissions. Furthermore, the surface observation-based as-
similations suggest insignificant changes in tropospheric O3
columns, with —3.0 % (USA) and 1.5 % (Europe) in 2005-
2020. While the OMI-based assimilations exhibit large de-
creases in tropospheric O3 columns, i.e., —12.0% (USA)
and —15.0 % (Europe) in 2005-2020, the decreases in tro-
pospheric O3 columns mainly occurred in 2010-2014, corre-
sponding to the reported slowing decline in free-tropospheric
NO; that has been seen since 2010 (Jiang et al., 2022). De-
spite the dramatic decline in tropospheric NO,, particularly
the declining tropospheric NO> columns in 2005-2010, our
analysis suggests limited impacts of the decline in local emis-
sions on changes in tropospheric O3 over the USA and Eu-
rope because the rapid decline in tropospheric NO; columns
in 2005-2010 corresponds to relatively flat trends in tropo-
spheric O3. More efforts are suggested for an evaluation of
the contributions of natural sources and transport to tropo-
spheric O3 changes, which is critical for making more effec-
tive policies to reduce O3 pollution.

Code and data availability. The AQS and AirBase surface O3
data can be downloaded from https://discomap.eea.europa.eu/map/
fme/AirQualityExport.htm (EEA, 2023) and https://ags.epa.gov/
aqsweb/airdata/download_files.html#Raw (US EPA, 2023b). The
OMI PROFOZ product can be acquired at https://avdc.gsfc.nasa.
gov/pub/data/satellite/Aura/OMI/V03/L2/OMPROFOZ/ (Yang et
al., 2023). The GEOS-Chem model (version 12.8.1) can be
downloaded from https://doi.org/10.5281/zenodo.3837666 (The
International GEOS-Chem User Community, 2020). The KPP
module for tagged O3 simulations can be downloaded from
https://doi.org/10.5281/zenodo.7545944 (Jiang, 2023).
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