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ABSTRACT: Tropospheric nitrogen dioxide (NO2) poses a
serious threat to the environmental quality and public health.
Satellite NO2 observations have been continuously used to monitor
NO2 variations and improve model performances. However, the
accuracy of satellite NO2 retrieval depends on the knowledge of
aerosol optical properties, in particular for urban agglomerations
accompanied by significant changes in aerosol characteristics. In
this study, we investigate the impacts of aerosol composition on
tropospheric NO2 retrieval for an 18 year global data set from
Global Ozone Monitoring Experiment (GOME)-series satellite
sensors. With a focus on cloud-free scenes dominated by the
presence of aerosols, individual aerosol composition affects the
uncertainties of tropospheric NO2 columns through impacts on the
aerosol loading amount, relative vertical distribution of aerosol and NO2, aerosol absorption properties, and surface albedo
determination. Among aerosol compositions, secondary inorganic aerosol mostly dominates the NO2 uncertainty by up to 43.5% in
urban agglomerations, while organic aerosols contribute significantly to the NO2 uncertainty by −8.9 to 37.3% during biomass
burning seasons. The possible contrary influences from different aerosol species highlight the importance and complexity of aerosol
correction on tropospheric NO2 retrieval and indicate the need for a full picture of aerosol properties. This is of particular
importance for interpreting seasonal variations or long-term trends of tropospheric NO2 columns as well as for mitigating ozone and
fine particulate matter pollution.
KEYWORDS: tropospheric NO2, satellite remote sensing, aerosol composition, retrieval uncertainty, air quality

1. INTRODUCTION
Tropospheric nitrogen dioxide (NO2) is an essential
contributor to air pollution as a primary pollutant with adverse
health outcomes1,2 and as a precursor to the production of
ozone and fine particulate matter.3 As tropospheric NO2
mainly arises from fossil fuel combustions, population growth
and economic development in urban agglomerations have led
to major NO2 hot spots. In the past few decades, socio-
economic changes have introduced a significant impact on
NO2 levels, which have been widely monitored by satellite
spectrometers.4,5 However, such analyses may be accompanied
by large variations in aerosols and potentially subject to large
uncertainties as aerosol interacts with radiation and thus
influences the remote sensing measurements of tropospheric
NO2. The high spatial and temporal variabilities in aerosol
compositions represent complications in properly characteriz-
ing aerosol physical and optical properties, and the

comprehensive influences of aerosol components on satellite
NO2 retrieval remain unclear.
Satellite NO2 observations started with the launch of the

Global Ozone Monitoring Experiment (GOME) in 19956 and
have been continued by follow-up missions such as the
Scanning Imaging Absorption SpectroMeter for Atmospheric
CHartographY (SCIAMACHY)7 and the Global Ozone
Monitoring Experiment-2 (GOME-2).8,9 This series of sensors
provides continuous global measurements at nearly the same
time (equator crossing time in midmorning) and has been
widely used in long- and short-term NO2 variation
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analysis,10−12 chemical model evaluations,13,14 and emission
constraints.15−17

The retrieval of the tropospheric NO2 vertical column is
implemented by dividing the tropospheric slant column by a
tropospheric air mass factor (AMF). For urban agglomerations
where high NO2 and aerosol concentrations are often
correlated, aerosol scattering and absorption contribute to
50% of the tropospheric AMF uncertainty.18 In current
operational NO2 products, aerosol effects can be neglected
through cloud screening18 or implicitly corrected through the
cloud correction, as cloud retrieval partly accounts for the
aerosol effects by retrieving perturbated cloud parameters.19−22

However, such correction cannot fully describe the effects
inherent to aerosol particles and possibly introduces significant
biases to NO2 retrieval.

23,24

To reduce biases related to implicit aerosol correction,
research products have explicitly accounted for aerosol optical
effects on regional NO2 retrieval and found significant
variations of tropospheric NO2 columns by −70 to 90%
under high aerosol loading conditions.25−29 Depending on the
aerosol amount, scattering/absorption properties, and vertical
distribution, the presence of aerosols can either increase or
decrease the sensitivity of satellite NO2 retrieval, and such
effects vary strongly for different chemical compositions of
aerosols. For instance, opposite effects have been noticed for
regions dominated by absorbing black carbon (BC) and by
scattering sulfate and organic aerosols.30−33

Aerosol composition has evolved due to variations in local
anthropogenic emissions associated with economic and
population growth and variations in natural emissions driven
by meteorological conditions.34 The main goal of our study is
to identify and quantify the complex influences of aerosol
composition on satellite NO2 retrieval over urban agglomer-
ations for cloud-free aerosol-dominated scenes. Specifically, we
implement a species-specific aerosol correction on GOME-
type NO2 measurements and investigate the NO2 uncertainty
changes in response to seasonal variations and long-term
trends in aerosol composition. This comprehensive character-
ization of aerosol impacts is of particular importance for an
accurate interpretation of satellite remote sensing measure-
ments, benefiting the analysis of NO2 spatial and temporal
patterns and mitigation of ozone and fine particulate matter
pollution.

2. DATA AND METHODS
2.1. GOME-Type Instruments. The GOME-type UV−

visible spectrometers, GOME, SCIAMACHY, and GOME-2,
fly on sun-synchronous polar orbits with local equator crossing
times of 10:30, 10:00, and 9:30, respectively. GOME is a nadir-
viewing instrument providing NO2 measurements with a
nominal spatial resolution of 320 × 40 km2 and global coverage
in 3 days from April 1996 to June 2003. SCIAMACHY
delivered nadir NO2 measurements from August 2002 until
April 2012, with a spatial resolution of 60 × 30 km2 and a
global coverage achieved in 6 days. Finally, the GOME-2
sensor was included on MetOp-A in October 2006, MetOp-B
in September 2012, and MetOp-C in November 2018.
Originally, GOME-2 had an 80 × 40 km2 footprint covering
the Earth once every 1.5 days. In a tandem operation between
MetOp-A and MetOp-B from July 2013 onward, GOME-2 on
MetOp-A employs an increased spatial resolution of 40 × 40
km2.

2.2. Satellite NO2 Retrieval. The conversion between the
tropospheric vertical column VCDtr and the tropospheric slant
column SCDtr is implemented by division with tropospheric
AMF M

=VCD
SCD

Mtr
tr

(1)

We take SCDtr from the Quality Assurance for Essential
Climate Variables (QA4ECV) version 1.1 NO2 data from
GOME (January 2001 to June 2003), SCIAMACHY (August
2002 to April 2012), and GOME-2/MetOp-A (January 2007
to December 2018) data sets (http://www.qa4ecv.eu). Aiming
at a harmonized multisensor NO2 product, the QA4ECV
project consortium generates total NO2 slant columns based
on the most recent and calibrated level 1 radiances and best-
practice differential optical absorption spectroscopy fitting
algorithm.35,36 The separation of stratospheric and tropo-
spheric contributions to the total slant columns relies on a data
assimilation approach.37 The uncertainty related to the
QA4ECV slant column is on average 0.8 × 1015 molecules
cm−2, and the degradation of uncertainty is relatively stable
(increases by 3% yr−1).36 The stratospheric correction
approach introduces uncertainties by up to 0.5 × 1015

molecules cm−2.37

The quality of the tropospheric NO2 column is strongly
related to tropospheric AMF M, written as the sum of altitude-
dependent AMFs ml (referred to as box-AMFs) of each layer l
from the ground to the tropopause, weighted by NO2 partial
columns xl

38

=M
m b x

x

( )l l l

l l (2)

The box-AMFs ml are determined by a radiative transfer
model, depending on a set of model parameters b⃗, such as
satellite viewing geometry, surface albedo, and the presence of
clouds and aerosols. Our AMFs are calculated using the
Vector-LInearized Discrete Ordinate Radiative Transfer
(VLIDORT) version 2.7 model39 at 437.5 nm. Surface albedo
is described by a GOME-2 Lambertian-equivalent reflectivity
(LER) version 2.1 climatology.40 A priori vertical profiles of
aerosol extinction and NO2 concentrations on a daily basis are
from the Community Atmosphere Model with Chemistry
(CAM-Chem) model simulations (for details, see Sections 2.3
and 2.4). Cloudy pixels with a cloud fraction >0.2 are excluded
from the analysis.
In the framework of QA4ECV, the presence of aerosols can

be considered using cloud screening, independent pixel
approximation, or explicit correction.18 The cloud screening
method (defined as “no aerosol correction”) assumes large
uncertainties in cloud retrieval for small cloud fractions and
applies the simple clear-sky AMF

=M Mclr (3)

The independent pixel approximation (defined as “implicit
aerosol correction”) is based on effective cloud parameters
(assuming that cloud retrieval accounts for aerosol effects on
the light path) and calculates the AMF as a linear combination
of cloudy (Mcld) and clear (Mclr) components, weighted by
cloud radiance fraction ω

= +M M M(1 )cld clr (4)

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c02111
Environ. Sci. Technol. 2024, 58, 7891−7903

7892

http://www.qa4ecv.eu
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c02111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In our retrieval, we apply an “explicit aerosol correction” for
cloud-free pure-aerosol scenarios and use the implicit aerosol
correction for other partially cloudy scenes (based on
consistent surface albedo and a priori NO2 profiles).
Specifically, we assume small cloud fractions (<0.1) and low
cloud heights (<2 km) to be pure aerosols and no clouds,
based on cloud information from the Fast Retrieval Scheme for
Clouds from the Oxygen A-band (FRESCO+) algorithm.41

Similar thresholds have been widely used in previous
works,24,27,42 and 96.7% of these scenes have nonzero aerosol
optical depth (AOD) (0.41 on average) from Moderate
Resolution Imaging Spectroradiometer (MODIS) Collection
6.1 (Figure S1; 10.5067/MODIS/MCD19A2CMG.061). We
average the Level 3 MODIS data set (a spatial resolution of
0.05°) within each GOME-2 pixel with a cloud fraction <0.1
and a cloud height <2 km, and the availability of MODIS AOD
is a good confirmation of cloud-free and aerosol-dominated
scenes as MODIS AOD is retrieved exclusively for cloud-free
scenes.43

In the following, we focus on pure-aerosol conditions and
compare the tropospheric AMFs with explicit aerosol
correction to the ones without aerosol correction, which can
be interpreted as the difference by which the tropospheric
AMF of a clear sky should be adjusted to represent aerosol
effects and can also be interpreted as the difference between
cloud screening and explicit aerosol correction. For individual
aerosol species, we include vertical profiles of AOD, single
scattering albedo, and asymmetry parameter (for the Henyey−
Greenstein phase function) in AMF calculation.
To correct for systematic biases introduced by differences in

technical characteristics, calibration issues, and spatial reso-
lutions, we apply a shift correction on tropospheric NO2
columns from GOME, SCIAMACHY, and GOME-2.11 The
shift correction factors are calculated as the climatological
difference between two data sets for the common period: from
August 2002 to June 2003 for GOME and SCIAMACHY and
from January 2007 to April 2012 for SCIAMACHY and
GOME-2. The GOME-2 data set is used as a reference. Shift
correction factors for the tropospheric NO2 columns with
explicit aerosol correction are shown as examples in Tables S1
and S2. Generally, low biases are noticed for GOME (up to 2.0
× 1016 molecules cm−2) likely as a result of coarse spatial
resolution, in particular for polluted locations with inhomoge-
neous terrains, such as coast or valley.

2.3. CAM-Chem Model Simulations. We take vertical
profiles of species-specific aerosol mass concentrations and
atmospheric NO2 concentrations from CAM-Chem (https://
rda.ucar.edu),44,45 a component of the Community Earth
System Model (CESM). The global simulations employ a 0.9
× 1.25 ° horizontal resolution with 32 vertical levels. The
simulations are driven by Modern-Era Retrospective analysis
for Research and Applications, version 2 (MERRA-2)
meteorological fields.46 The simulations include the new
Model of Ozone and Related chemical Tracers (MOZART-
T1) tropospheric chemical mechanism and the Modal Aerosol
Model with 4 modes (MAM4) aerosol scheme47 with a
Volatility Basis Set (VBS) representation of secondary organic
aerosol (SOA).48 Anthropogenic emissions are taken from
Copernicus Atmosphere Monitoring Service (CAMS) global
anthropogenic emissions (CAMS-GLOB-ANT) version 5.1.49

Biogenic emissions are calculated online using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN)

version 2.1.50 Fire emissions are from the Quick Fire Emissions
Dataset (QFED) based on observed fire detections.51

2.4. Aerosol Optical Property Calculation. We calculate
layer-dependent AOD, single scattering albedo, and asymmetry
parameter from CAM-Chem aerosol mass concentrations
using the Flexible Aerosol Optical Depth (FlexAOD)
postprocessing tool (http://pumpkin.aquila.infn.it/flexaod).52

FlexAOD was originally developed for the Goddard Earth
Observing System with chemistry (GEOS-Chem) model based
on the NASA Codes for Computation of Bidirectional
Reflectance of Flat Particulate Layers and Rough Surfaces.53

We adapt FlexAOD to CAM-Chem by matching the aerosol
speciation with GEOS-Chem,47 including secondary inorganic
aerosol (SIA, containing sulfate and ammonium), primary
organic matter (POM), SOA, BC, fine dust (<10 μm), and sea
salt. Under the assumption of spherical particles, FlexAOD
calculates aerosol optical properties based on the Mie theory.54

All aerosol species are assumed to be distributed with a log-
normal function, with the exception of dust, for which a
gamma distribution is employed. Optical parameters, such as
particle density, dry complex refractive index, and hygroscopic
growth factor, are assigned to each aerosol species simulated by
CAM-Chem (Table S3).52

2.5. Evaluation of Modeled Aerosol Properties. To
assess the quality of the model simulations, we compare the
modeled aerosol properties with independent ground-based
and space-based measurements. Specifically, we validate the
modeled AOD using observations from AErosol Robotic
NETwork (AERONET), known as the global ground-based
network of sun-photometers (http://aeronet.gsfc.nasa.gov).55

We use monthly AERONET version 3 level 2 (cloud-screened
and quality-assured) data at 440 nm.56 We select a total of 15
AERONET sites covering different dominant aerosol types,
and we calculate the daytime model averages within 50 km of
the sites.
Additionally, we compare the CAM-Chem aerosol vertical

distribution with measurements from Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP), carried on the sun-
synchronous Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) satellite (https://asdc.larc.
nasa.gov).57 We use the official monthly cloud-free version 4.2
CALIOP level 3 aerosol profile product at 532 nm, which has a
wide spatial coverage but a coarse horizontal resolution of 2 ×
5 °.58 Moreover, we construct monthly averages on the CAM-
Chem model grid (0.9 × 1.25 °) based on daily version 4.2
CALIOP level 2 aerosol profile data following Liu et al.28 With
the above AERONET sites as representative locations, we
select the closest model/CALIOP grid to the site in space, and
we interpolate model results to the CALIOP overpass time
(13:30 local time). As an indicator of aerosol vertical
distribution, we calculate the aerosol layer height (ALH) for
CAM-Chem and CALIOP data as the average height of
aerosols weighted by vertically resolved aerosol extinction.27,28

Finally, we evaluate the aerosol composition from CAM-
Chem using filter measurements from surface particulate
matter network (SPARTAN), a dedicated ground-based
network with consistent instrumentation and standardized
chemical analysis techniques in diverse global locations with
high population densities.59,60 Filters sample one diurnal cycle
over a 9 day period before being shipped under ambient
conditions to analysis in a central laboratory. Samples were
collected for 2 months to 3 years during 2013−2017 at 11
sites. The BC content is estimated based on surface reflectance

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c02111
Environ. Sci. Technol. 2024, 58, 7891−7903

7893

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c02111/suppl_file/es3c02111_si_001.pdf
https://doi.org/10.5067/MODIS/MCD19A2CMG.061
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c02111/suppl_file/es3c02111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c02111/suppl_file/es3c02111_si_001.pdf
https://rda.ucar.edu
https://rda.ucar.edu
http://pumpkin.aquila.infn.it/flexaod
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c02111/suppl_file/es3c02111_si_001.pdf
http://aeronet.gsfc.nasa.gov
https://asdc.larc.nasa.gov
https://asdc.larc.nasa.gov
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c02111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


measurements using optical rather than chemical techniques.61

The organic matter component is estimated by subtracting the
dry inorganic mass and particle-bound water from the total
mass.59

As shown in Figure S2 and Table S4, the seasonal variations
in AOD and ALH are similarly captured by models and
observations, particularly for urban and rural regions. Biases
are generally within ±0.3 for AOD and ±0.5 km for ALH.
AOD shows a relatively compact scatter for all aerosol types
with correlation coefficients between 0.34 and 0.91 (on average
0.68), while ALH presents a reduced correlation coefficient for
biomass burning and dust aerosols, likely due to increased
uncertainty in describing the magnitude, patterns, and drivers
of biomass burning and dust emissions.62−64 For urban and
rural scenarios, CAM-Chem shows reduced AOD (up to
−0.30) and enhanced ALH (up to 0.40 km), possibly caused
by the exclusion of nitrate aerosol in model simulations and the
coarse resolution of the CALIOP official level 3 product,
respectively. ALH calculated using the monthly level 2 data set
generally shows smaller biases (ranging between −0.26 to 0.27
km; due to the improved spatial resolution) but higher
standard deviations (due to the reduced data availability). In
addition, the comparisons of aerosol single scattering albedo
and asymmetry parameter with AERONET measurements
show biases within ±0.10 and ±0.15, respectively (not shown).
However, the NO2 retrieval is less sensitive to the prescribed
parameters than AOD and ALH.23

From Table S5, the simulated aerosol fractional mass agrees
with SPARTAN composition measurements, with a site-
averaged correlation coefficient of 0.78 for SIA (including
sulfate and ammonium) and 0.72 for organic matter (including
POM and SOA), suggesting CAM-Chem’s skill in capturing
these aerosol source contributions at the global scale. The

correlation is insignificant for BC, despite a low mean bias of
−0.05. Enhanced mean biases of fractional mass are observed
for naturally derived dust (−0.11) and sea salt (0.16)
components. In summary, our validation results indicate that
CAM-Chem simulations are consistent with independent
measurements in urban and rural scenes and are at least
acceptable for biomass burning and natural sources, acting as a
firm basis to provide consistent chemical and physical aerosol
properties over urban agglomerations.

2.6. Evaluation of Modeled NO2 Profile Shapes. We
evaluate the modeled NO2 profile shapes using data from
airborne field campaigns and the reanalysis product. Reanalysis
data are taken from the CAMS EAC4 reanalysis of NO2
profiles at a spatial resolution of 0.75 × 0.75 ° (https://
atmosphere.copernicus.eu).65 In situ NO2 profiles are gathered
from the Deriving Information on Surface Conditions from
Column and Vertically Resolved Observations Relevant to Air
Quality (DISCOVER-AQ) campaign in the United States
(https://www-air.larc.nasa.gov/missions/discover-aq) and the
Korea−United States Air Quality Study (KORUS-AQ)
campaign in South Korea (https://www-air.larc.nasa.gov/
missions/korus-aq). During the flights, data are measured
from the NASA P−3B aircraft using two different instruments:
the four-channel chemiluminescence instrument from the
National Center for Atmospheric Research (NCAR) and the
thermal dissociation laser-induced fluorescence (TD−LIF)
method.66 Here, we average 60 s merged measurements within
1.5 h of CAM-Chem sampling time with a maximum number
of data (18 UTC for DISCOVER-AQ and 00 UTC for
KORUS-AQ) and interpolate CAM-Chem simulations to flight
locations. We calculate a NO2 layer height following the similar
definition of ALH in Section 2.5.

Figure 1. Seasonal mean GOME-2 tropospheric NO2 columns retrieved with explicit aerosol correction VCDexp and differences in tropospheric
NO2 columns retrieved with explicit aerosol correction and no aerosol correction (namely applying clear-sky AMFs; VCDexp-VCDclr) for DJF
(December to February) and JJA (June to August) during 2007−2012. Black circles mark the selected urban agglomerations in Figures 2 to 4
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Table S6 shows the NO2 layer heights from airborne in situ
measurements, reanalysis data, and CAM-Chem simulations.
Overall, the profiles generally show maximum peaks near the
ground for polluted scenes, namely, the winter DISCOVER-
AQ campaign in California and KORUS-AQ in the Seoul
metropolitan area (Figure S3). For such shallow NO2 layers,
CAM-Chem NO2 profiles agree with airborne measurements
with an average −0.03 km bias in the NO2 layer height. In
contrast, the NO2 layers stretch up to 2 km for summer
campaigns with lower pollution levels in Colorado and
Maryland, and CAM-Chem underestimates the NO2 layer
heights by up to −1.31 km. In the case of Texas with stronger
land−sea breeze dynamics, the two airborne instruments show
larger differences, and CAM-Chem underestimates NO2

profiles by −0.28 km on average. Comparing to the CAMS
reanalysis data, CAM-Chem simulations show better con-
sistency with airborne measurements in polluted scenes and
present larger biases for less polluted scenes. The biases are
possibly related to uncertainties in emission inventories and
the coarse resolution for parameterizing meteorology or
chemical processes.

3. RESULTS AND DISCUSSION
Compared to the clear-sky retrieval without aerosol correction,
including the explicit aerosol correction primarily affects the
populated regions (Figure 1), where the urban aerosol is a
complex mixture of primary particulate emissions from
industry, transportation, power generation, and biomass

Figure 2. Monthly mean aerosol-induced NO2 percent differences (VCDexp-VCDclr) over selected urban agglomerations during 2001−2018.
Influences of total AOD (solid lines) and contributions from each aerosol species (bars) are shown. Species include SIA, POM, SOA, BC, dust, and
sea salt. Satellite observations are averaged within 50 km (200 km for GOME) around the city center.
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burning (e.g., POM and BC) and of secondary particles
formed by gas-to-particle conversion mechanisms (e.g., SIA
and SOA).3 The introduction of explicit aerosol correction
broadly increases the tropospheric NO2 columns by up to
about 60% for urban agglomerations in North America,

Europe, and Asia and for desert surfaces in North Africa, the
Middle East, and Australia. Contrastingly, reduced NO2 values
by up to about −30% are mostly noticed over tropical
countries with biomass burning activities and over the ocean
with sea salt aerosol sources. The magnitudes and spatial

Figure 3. NO2 box-AMFs and normalized aerosol AOD and NO2 profiles for New York, Mexico City, Kinshasa, and Beijing. Box-AMFs are shown
for explicit aerosol correction (Exp; SIA, POM, SOA, and total aerosol), implicit aerosol correction [Imp; defined as M = ωMcld + (1 − ω)Mclr],
and clear-sky retrieval (i.e., no aerosol correction). Corresponding tropospheric NO2 AMFs are given next to each label in the legend.
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patterns broadly resemble the results from previous regional
studies.26,27

3.1. Impact on Seasonal Variations. We implement
species-specific explicit aerosol correction on GOME-type
NO2 retrieval for the 30 largest urban agglomerations ranked
by population size in 2000−2035.67 Among aerosol
compositions, SIA and organic aerosols (POM and SOA)
dominate aerosol light extinction (Figure S4) and thus
magnitudes of NO2 retrieval differences/uncertainties (Figure
2) for selected cases, followed by BC and naturally derived
dust and sea salt. The seasonal variations of the NO2 retrieval
differences largely follow the AOD patterns, which are
influenced by emission properties and meteorological con-
ditions, such as relative humidity, precipitation, soil moisture,
boundary layer height, and wind fields.

Overall, enhanced AOD (up to 0.43) and NO2 retrieval
differences (up to 15.1%) from SIA and organic aerosols are
observed for New York, Istanbul, and Beijing in summer (June
to August), arising from strong convection accompanied by a
deeper boundary layer and hygroscopic growth of fine particles
under high humidity conditions.34 In contrast, high AOD (up
to 0.48) and NO2 retrieval uncertainties (up to 32.9%) in
Bombay during winter (December to February) and
postmonsoon (September to November) result from domestic
fuel use from power generation and agricultural crop residue
burning.68,69 Additionally, biomass burning elevates organic
aerosol AOD (up to 0.93) and NO2 retrieval uncertainties (up
to 35.8%) for dry seasons in Rio de Janeiro (August to October
with savanna/grassland fires), Kinshasa (June to August with
woody savanna/shrubland fires), and Jakarta (June to October
with forest fires).

Figure 4. Same as Figure 2 but for annual mean.
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However, seasonality from AOD and NO2 retrieval
uncertainties also exhibits disagreement, and more interest-
ingly, NO2 retrieval uncertainties from different aerosol species
can be the opposite, likely attributed to the species-dependent
differences in the vertical distribution of aerosol relative to
NO2. Taking Beijing as an example (Figure 3), while AOD for
different species generally increases with decreasing altitude, a
larger fraction of the SOA AOD is located near the surface due
to increased precursor emissions. Consequently, NO2 retrieval
sensitivities enhance within and above the SOA layer as a result
of larger scattering probability (i.e., albedo effect), increasing
the tropospheric NO2 AMF by 5.7%. More hygroscopic than
SOA, SIA AOD increases with altitude below 300 m due to the
higher relative humidity and enhances aloft at 3 km due to the
higher aerosol hygroscopicity (corresponding to the increasing
inorganic fraction of the aerosol).60,70 Consequently, NO2
retrieval sensitivities reduce below the SIA aerosol layer as
more photons are scattered back before reaching these
altitudes (i.e., shielding effect), decreasing the tropospheric
NO2 AMF by −7.6%. Such opposite influences can also be
observed, for instance, for New York with an albedo effect for
SOA and shielding effect for SIA. We note here that the
albedo/shielding effect can be underestimated/overestimated,
considering the possible negative bias of the NO2 layer height,
as shown in Section 2.6.
Compared to Beijing or New York, the homogeneous low

altitudes of SIA, POM, and SOA during rainy and cold
September in Mexico City present an albedo effect for NO2
retrieval, enhancing tropospheric AMFs by up to 6.5%. In
contrast, the aerosol layers for biomass burning plumes in
Kinshasa can extend to higher altitudes by up to 4 km, whereas
NO2 is in general more concentrated at lower altitudes due to a
shorter lifetime, introducing a shielding effect for all SIA,
POM, and SOA and reducing tropospheric NO2 AMFs by up
to −40.6%. Moreover, for places and seasons with high
variability in aerosol profile shapes, e.g., Kinshasa in July, the
ALH also plays an important role in explaining the generally
weaker influences from total AOD than from the sum of
independent contributions of each aerosol species, as shown in
Figure 2. Namely, the calculation of total AOD normally
smooths out the different peaks from each species, as shown in
Figure 3.

3.2. Impact on Long-Term Trends. Urban agglomer-
ations are typically sensitive to socioeconomic changes and
characterized by strong variations in both tropospheric NO2
and aerosol, particularly for aerosol loadings (Figure S5) rather
than layer heights (Figure S6). Calculated with a least-squares
linear regression and a trend reversal technique,11 the SIA
AOD (Figure S5) and SIA impacts on NO2 retrieval (Figure 4)
show decreasing trends for New York, Mexico City, Istanbul,
and Beijing, particularly in the past decade with annual declines
up to −0.4% yr−1. This is indicative of reductions in emissions
of primary anthropogenic aerosols and precursor gases
associated with pollution control measures.71 Meanwhile,
Beijing experiences enhancements of POM and SOA AOD,
likely due to the higher emissions of biogenic and
anthropogenic volatile organic compounds as well as increased
atmospheric oxidizing capacity (SOA formation).72,73 Con-
cerning the opposite influences from POM and SOA on NO2
retrieval, such AOD increases are accompanied by a 0.1 and
−0.2% yr−1 trend of NO2 uncertainties, respectively.
On the contrary, the homogeneous NO2 underestimations

introduced by SIA, POM, and SOA enhance annually by up to

0.6% yr−1 for Bombay, related to the rapid urbanization,
manufacturing, agricultural activities, and energy utiliza-
tion.69,74 For biomass burning regions including Rio de
Janeiro, Kinshasa, and Jakarta, humidity-related meteorological
parameters (such as relative humidity, precipitation, and soil
moisture) partly explain the interannual variations of organic
aerosol effects on NO2 retrieval (ranging between −1.1 and
0.06% yr−1) under climate perturbations.34

Compared to SIA and organic aerosols, BC shows minor
impacts on NO2 retrieval (e.g., up to −1.1% for Beijing in
autumn) and smaller annual trends (on average −0.04% yr−1
for Beijing), but such a strongly absorbing aerosol plays an
important role in the determination of single scattering albedo.
The increase in the aerosol-absorbing properties is accom-
panied by reduced single scattering albedo (up to 0.79 for
Beijing), lowering the measurement sensitivities and enhancing
the tropospheric NO2 columns.

33

3.3. Implication for Global NO2 Analysis. As a key
driver of aerosol altitude and amount, Text S1 summarizes the
impacts of aerosol composition on satellite NO2 retrieval for
the full list of urban agglomerations. In short, the NO2 retrieval
uncertainties are mainly contributed by SIA, in particular for
East Asia and South Asia with extended urban agglomerations
(up to 43.5%), and such uncertainties show upward trends
with annual values up to 1.0% yr−1 for South Asia. Organic
aerosols dominate the NO2 retrieval uncertainties in South
America, central Africa, and Southeast Asia with intense
biomass burning events (up to 37.3%). Additionally, countries
such as China and India are considerably influenced by POM
or SOA, with seasonal maxima ranging between −8.9 and
20.1% and long-term trends varying between −1.4 and 0.8%
yr−1. BC shows spatial, seasonal, and interannual patterns
similar to those of SOA, although with much smaller
magnitudes. Influences from the naturally derived dust aerosol
on satellite NO2 retrieval elevate by up to 8.7%, mostly in
spring or summer due to the stronger vertical wind shear,75

while impacts from sea salt mainly enhance in winter as a
consequence of less wet scavenging in the drier and colder
atmosphere.76

The presence of aerosols affects the sensitivities of satellite
NO2 measurements not only directly but also indirectly
through the change of surface albedo (Figure S13). Although
the GOME-2 LER values are filtered for absorbing aerosols
using the absorbing aerosol index measurements, persistent
scattering aerosols possibly introduce an overestimation of
surface albedo.40 Such “brighter” surfaces reflect more
efficiently the light back to the satellite and reduce the aerosol
impacts on NO2 retrieval.

33 Moreover, an issue not addressed
in this study is the role of surface reflectance anisotropy, i.e.,
bidirectional reflectance distribution function (BRDF), which
can be considered in NO2 retrieval using the GOME-2
directionally dependent LER (DLER) database.77 However,
the scattering aerosols generally weaken the importance of the
surface term on the radiation field and thus decrease the BRDF
dependence.78

As our study focuses on cloud-free pure-aerosol scenes, the
seasonal variations and long-term trend of tropospheric NO2
columns do not necessarily equal those of current studies
including both partially cloudy and cloud-free scenes. Never-
theless, our study provides important implications for the
analyses of NO2 patterns and emission constraints. For our
selected cloud-free scenes, while aerosol typically presents
shielding effects (with reduced tropospheric AMFs comparing
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to clear-sky retrieval) for urban agglomerations, such as New
York and Beijing, the use of FRESCO-based implicit aerosol
correction potentially overestimates tropospheric AMFs
(Figure 3) and therefore underestimates tropospheric columns
for elevated and high aerosol pollution, in line with previous
studies.26,79 This is likely due to the underestimated cloud
heights and thus an insufficient shielding effect applied by the
implicit aerosol correction.23 In Table S7 and Figure S14, a
comparison between satellite and ground-based data in
Beijing80 confirms that using explicit aerosol correction
improves the underestimation of tropospheric NO2 columns
(to −16.4%) and that implicit aerosol correction presents the
largest biases (−37.7%), likely caused by the large uncertainties
in effective cloud parameters for small cloud fractions and low
cloud heights. Such heavily polluted site typically poses
challenges for satellite validation due to the averaging of a
local source over a pixel size (80/40 × 40 km2 for GOME-2)
larger than the horizontal sensitivity of the ground-based
measurements (a few kilometers to tens of kilometers),81,82

complicated by the use of coarse-scale surface albedo and a
priori NO2 profiles in satellite retrieval. Moreover, different
aerosol treatments might explain the discrepancies between
satellite- and ground-based observations in urban agglomer-
ations. As shown in Figure 5, in comparison to implicit aerosol
correction, applying explicit aerosol correction or no aerosol
correction better captures the winter peaks in ground-based
data in SIA-dominated Lahore83 and the decreasing trend in
the past decade in Buenos Aires with multiple sources of
aerosols.84

Broadly following the OMI aerosol/cloud treatment scheme
from Max Planck Institute for Chemistry (MPI-C; Lorente et
al., 2017), our retrieval separates the GOME-2 measurements
into pure aerosols (explicit correction; cloud fraction <0.1 and
cloud height <2 km), pure clouds (independent pixel
approximation; cloud height >3 km), and mixtures of aerosols
and clouds, accounting for 32.9, 31.4, and 35.7% of all valid
pixels with cloud fraction <0.2, respectively. For aerosol−cloud
mixtures, while MPI-C applies cloud screening, we still use the
independent pixel approximation (implicit aerosol correction)
as the FRESCO cloud parameters in the O2 A band around
760 nm are less sensitive to aerosols in urban agglomerations,
compared to the widely discussed O2−O2 cloud data at 460−
490 nm.23,26 One reason is the wavelength dependence of the
AOD value, where the AOD at 760 nm is typically a factor of
1.2−3 lower than that at 477 nm, depending on the aerosol

model.85 Moreover, the O2−O2 cloud product is more
sensitive to aerosols due to the application of O2−O2
collision-induced absorption.86 For these aerosol−cloud
mixtures, nevertheless, the retrieval of the cloud fraction and
cloud height is expected to be perturbated by aerosol
properties, and the complex species-dependent aerosol impacts
on NO2 retrieval will be investigated for different cloud
correction models and cloud retrieval algorithms in the near
future. Considering the uncertainties in cloud/aerosol
correction, clear-sky AMFs are recommended to be included
in satellite NO2 products, allowing a comparison between
cloud-screening and implicit aerosol correction.
For future NO2 analysis, the continuing combustion of fossil

fuel and biomass in the Indian subcontinent87 is projected to
promote the uniform NO2 underestimation in the coming
years, while the SIA reduction and SOA enhancement in
Beijing73,88 possibly shift the underestimation of tropospheric
NO2 columns to overestimation. Moreover, events such as
temperature anomaly, El Niño Southern Oscillation (ENSO),
and volcanic eruptions in a changing climate significantly affect
the long-term and short-term changes in aerosol loading34,89

and thus satellite NO2 retrieval. The behavior of these biases
could result in complex and dynamic changes in individual
satellite NO2 products. Our results point toward a necessity
and challenge in improving our knowledge of aerosol
composition and satellite NO2 retrieval, which are of
importance for mitigating ozone and fine particulate matter
pollution.
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Figure 5. Seasonal variations of tropospheric NO2 columns in Lahore and long-term trends in Buenos Aires. Results are shown for explicit aerosol
correction using total AOD and species-dependent AOD (Exp), implicit aerosol correction (Imp), and clear-sky retrieval (with no aerosol
correction).
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