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Abstract. Early versions of satellite nadir-viewing UV SO,
data products did not explicitly account for the effects of
snow/ice on retrievals. Snow-covered terrain, with its high
reflectance in the UV, typically enhances satellite sensitivity
to boundary layer pollution. However, a significant fraction
of high-quality cloud-free measurements over snow is cur-
rently excluded from analyses. This leads to increased uncer-
tainties of satellite emission estimates and potential seasonal
biases due to the lack of data in winter months for some high-
latitudinal sources. In this study, we investigated how Ozone
Monitoring Instrument (OMI) and TROPOspheric Monitor-
ing Instrument (TROPOMI) satellite SO, measurements over
snow-covered surfaces can be used to improve the annual
emissions reported in our SO, emissions catalogue (ver-
sion 2; Fioletov et al., 2023). Only 100 out of 759 sources
listed in the catalogue have 10 % or more of the observa-
tions over snow. However, for 40 high-latitude sources, more
than 30 % of measurements suitable for emission calcula-
tions were made over snow-covered surfaces. For example,
in the case of Norilsk, the world’s largest SO, point-source,
annual emission estimates in the SO, catalogue were based
only on 3—-4 summer months, while the addition of data for
snow conditions extends that period to 7 months. Emissions
in the SO, catalogue were based on satellite measurements
of SO, slant column densities (SCDs) that were converted
to vertical column densities (VCDs) using site-specific clear-
sky air mass factors (AMFs), calculated for snow-free con-

ditions. The same approach was applied to measurements
with snow on the ground whereby a new set of constant, site-
specific, clear sky with snow AMFs was created, and these
were applied to the measured SCDs. Annual emissions were
then estimated for each source considering (i) only clear-
sky and snow-free days, (ii) only clear-sky with snow days,
and (iii) a merged dataset (snow and snow-free conditions).
For individual sources, the difference between emissions es-
timated for snow and snow-free conditions is within +20 %
for three-quarters of smelters and oil and gas sources and
with practically no systematic bias. This is excellent consis-
tency given that there is typically a factor of 3-5 difference
between AMFs for snow and snow-free conditions. For coal-
fired power plants, however, emissions estimated for snow
conditions are on average 25 % higher than for snow-free
conditions; this difference is likely real and due to larger pro-
duction (consumption of coal) and emissions in wintertime.

1 Introduction

Sulfur dioxide (SO») is a major air pollutant that plays an im-
portant role in atmospheric chemistry, contributes to aerosol
formation, adversely affects the environment and human
health, and impacts climate (Fischer et al., 2019; Hansell and
Oppenheimer, 2010; Longo et al., 2010; Robock, 2000). SO,
also leads to acid deposition that affects terrestrial ecosys-
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tems (Dentener et al., 2006; Hutchinson and Whitby, 1977;
Vet et al., 2014; Fedkin et al., 2018). Most of atmospheric
SO, is a result of human activity, and the major sources of
anthropogenic emissions are coal-burning power plants, oil
refineries, and smelters (Klimont et al., 2013; Smith et al.,
2011), while volcanoes are the primary natural source of SO,
(Carn et al., 2017; Oppenheimer et al., 2011). A proper ac-
count for SO, content in the atmosphere is necessary for cli-
mate, weather, and air quality models (e.g., Liu et al., 2018;
Stenchikov et al., 2021; Ukhov et al., 2020). Such models re-
quire information about SO, emissions from anthropogenic
and natural (mostly volcanic) sources.

The history of satellite SO, measurements in the Earth’s
atmosphere goes back to 1982, when volcanic SO, from
the El Chichén eruption in 1982 was first retrieved from
measurements of the Total Ozone Mapping Spectrome-
ter (TOMS) and the Solar Backscatter Ultraviolet (SBUV)
instruments on the Nimbus 7 satellite (Krueger, 1983;
McPeters et al., 1984). Over the last 2 decades, several satel-
lite UV-visible instruments have been used for the moni-
toring of atmospheric SO;. They include the Global Ozone
Monitoring Experiment (GOME) in 1995-2011 (Eisinger
and Burrows, 1998; Khokhar et al., 2008); the SCanning
Imaging Absorption spectroMeter for Atmospheric CHar-
tographY (SCIAMACHY) in 2002-2012 (Bovensmann et
al., 1999; Lee et al., 2009); the Global Ozone Monitoring
Experiment-2 (GOME-2) instrument, 2006—present (Bram-
stedt et al., 2004; Callies et al., 2000; Nowlan et al., 2011;
Rix et al., 2012); and the Ozone Mapping and Profiler Suite
(OMPS), 2011-present (Zhang et al., 2017). However, the
spatial resolution of these instruments was not very high,
above about 40 km, which made it difficult to monitor small
emission sources.

Satellite SO, measurements with high spatial resolution
that is sufficient to detect hundreds of SO, emission sources
started with the launch of the Dutch—Finnish Ozone Monitor-
ing Instrument (OMI) (Levelt et al., 2018, 2006) on NASA’s
Earth Observing System (EOS) Aura spacecraft (Schoe-
berl et al., 2006) in 2004. OMI has the spatial resolution
as fine as 13km x 24km at nadir and is able to provide
daily, nearly global maps of SO, vertical column densities
(VCDs; Krotkov et al., 2016; Li et al., 2020c). The TRO-
POspheric Monitoring Instrument (TROPOMI) (Theys et al.,
2017) on the ESA Copernicus Sentinel-5 Precursor space-
craft (Veefkind et al., 2012), launched in 2017, has even
higher spatial resolution, 5.5km x 3.5km, and also is able
to provide daily global coverage.

Satellite measurements of SO, are available in the form of
VCDs that represent the total number of molecules in a ver-
tical column per a unit of area. VCDs and SO; emissions es-
timated from them are used for multiple applications such as
the evaluation of long-term changes and trends on a regional
and global scale in SO, VCDs (Krotkov et al., 2016) and sur-
face concentrations (Kharol et al., 2017) and the assessment
of the efficiency of industrial clean technology solutions in
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reducing of SO, emissions (lalongo et al., 2018; McLin-
den et al., 2020). Such measurements are also an impor-
tant source of information about volcanic SO, (Carn et al.,
2013; Inness et al., 2022; Krueger et al., 1995; McCormick
et al., 2013), and volcanic SO, is used to estimate volcanic
carbon dioxide (CO;) fluxes (Fischer et al., 2019). Satellite
SO, VCDs are also used to estimate emissions from anthro-
pogenic SO, sources (Fioletov et al., 2013, 2015; McLinden
etal., 2012, 2020; Qu et al., 2019) and to update the available
emissions inventories (Liu et al., 2018; Ukhov et al., 2020).

A global catalogue of large SO, sources (hereafter referred
to as the “SO; catalogue”) and their emissions estimated
from satellite SO, VCD observations was developed (Fiole-
tov et al., 2016; McLinden et al., 2016). The SO, catalogue
has been updated to version 2 recently (Fioletov et al., 2023).
This version 2 covers the 2005-2022 period and contains
information on a total of 759 point sources emitting from
about 10 to more than 4000 kt yr’1 of SO;. The SO, cata-
logue also includes information about the country and source
type, so data can be grouped and summed by them. The SO,
catalogue contains annual emission estimates for 106 volca-
noes, 477 power plants, 74 smelters, and 102 sources related
to the oil and gas industry. Satellite data from version 2 of
OMI and OMPS, as well as from a recent version of the SO,
TROPOMI dataset, were used to estimate emissions for the
version 2 SO, catalogue.

Early versions of satellite SO, data products were based on
retrieval algorithms that estimated SO, slant column density
(SCD) first and then converted it to VCD using a single con-
version factor that corresponds to typical snow-free surface
conditions (Khokhar et al., 2005; Lee et al., 2008; Thomas
et al., 2005). For example, in the original OMI algorithm,
all SCD values were then converted to planetary boundary
layer (PBL) VCDs by applying a constant air mass factor,
AMF = 0.36, that was appropriate for anthropogenic pollu-
tion in the eastern USA in summer (Krotkov et al., 2008,
2006; Li et al., 2013). Subsequently, PBL AMFs were cal-
culated using a climatological SO, profile and information
about surface reflectivity, solar zenith angle, and other char-
acteristics (Lee et al., 2009; Li et al., 2020c; Theys et al.,
2017). For example, Lee et al. (2009) used shapes of SO;
profiles determined from a global 3-D model of tropospheric
chemistry (GEOS-Chem) along with a surface reflectivity
climatology and information about cloud cover and aerosols.
McLinden et al. (2014) calculated site-specific AMFs based
on information about the local climatological surface reflec-
tivity, aerosols, and boundary layer height assuming that all
SO; is in the boundary layer. Based on that approach, es-
timated emissions reported in the version 1 and 2 SO, cat-
alogues were calculated using a single site-specific AMF
that corresponds to measurements under snow-free condi-
tions only (Fioletov et al., 2016, 2023). Thus, potentially
high-quality measurements collected under snow conditions
were excluded from the emission estimates, increasing the
uncertainties of the estimates and introducing potential bi-
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ases due to the lack of data in winter months for some high-
latitudinal sources.

More recently, NASA version 2 (V2) of the principal com-
ponent analysis (PCA) algorithm for OMI and OMPS data
processing used updated a priori SO, vertical profiles that
were calculated using the Goddard Earth Observing System
Version 5 (GEOS-5) global model and the corresponding
OMI pixel-specific AMFs (Li et al., 2020a, b, c¢). Thus, V2
SO, data included VCDs calculated over snow and ice us-
ing OMI-measured Lambertian equivalent scene reflectivity
(LER) and are in a better agreement with summertime values
(Li et al., 2020c). In this study, we consider two datasets of
satellite SO, measurements taken under snow-on-the-ground
conditions: (1) the NASA OMI V2 SO, VCD dataset and (2)
the dataset based on OMI and TROPOMI SCDs converted to
VCDs using two site-specific time-independent AMF values
calculated for each source — one for conditions with snow
and another for conditions without snow on the ground. Both
datasets are used to calculate SO, point-source emissions in
order to improve the existing global catalogue of large SO»
sources and their emissions (Fioletov et al., 2023). The study
is focused on OMI data analysis because of its 18-year-long
record of observations with a spatial resolution suitable for
emission estimates for hundreds of sources. TROPOMI data
have a superior spatial resolution but a much shorter record
and were mostly used for some illustrations. We did not use
OMPS data in this study because the number of measure-
ments is not large enough to reliably estimate emissions un-
der snow conditions for most of the sources.

This article is organized as follows: the datasets and AMF
values are described in Sect. 2. Section 3 discusses the differ-
ences between emissions estimated for conditions with and
without snow on the ground and provides an overview of the
estimated emissions using all data (with and without snow on
the ground). Section 4 summarizes the findings of the study.

2 Datasets and emission estimates

The OMI and TROPOMI Level 2 SCD datasets, data selec-
tion criteria, and the emission calculation algorithm used in
this study are identical to those in Fioletov et al. (2023),
and we just briefly review them here. However, we in-
cluded measurements taken in the presence of snow on
the ground that were previously excluded from the emis-
sions calculations. The estimated annual emission rates
are given in metric kilotonnes of SO, per year (ktyr—!),
and the VCD values are given in Dobson units (DU,
1 DU =2.69 x 10'% molec.cm™2).

2.1 OMI data
OMI was launched on NASA’s Earth Observing System

(EOS Chemistry) Aura satellite on 15 July 2004 (Schoe-
berl et al., 2006). Aura is on a sun-synchronous polar orbit
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that crosses the Equator at about 13:45 local mean time. The
OMI spatial resolution is 13 km x 24 km at nadir and up to
30km x 100 km at the swath edges (de Graaf et al., 2016).
The OMI wide swath (~ 2600 km) is divided into 60 cross-
track positions; the first and last 10 cross-track positions were
excluded from our analysis to limit the across-track pixel
width from 24 to about 40 km. About half of OMI pixels have
been affected by a field-of-view blockage and stray light (the
so-called “row anomaly”) since 2007 (Levelt et al., 2018),
and they were also excluded from our analysis.

In this study, we used the OMI V2 SO, PCA (OMSO2
V2) data (Li et al., 2020a) aimed at anthropogenic SO, pol-
lution for the period 2005-2022. Only measurements with
solar zenith angles (SZAs) less than 70° are used. In the V2,
a priori SO, vertical profiles are based on average GEOS-
5 global model simulations (72 vertical layers, 0.5° latitude
by 0.667° longitude resolution) for the period 2004-2014.
Monthly climatological profiles are calculated for each grid
cell and then used as a priori profiles in the SO, VCD re-
trievals. There are two potential issues in this approach. First,
the period may not reflect the present emission levels as SO»
emission sources and their emission levels are changing over
time. Second, such climatological profiles represent “aver-
age” conditions within the model grid cell, which could be
different from plume profiles near pollution sources (i.e., the
signals near the emission sources are diluted by the relatively
coarse spatial resolution as compared with the resolution of
OMI pixels). While such profiles near the source assume high
concentrations in the boundary layer, if we move away from
the source, the model-simulated SO, profile is more heavily
weighted towards the free troposphere due to fewer emis-
sions in the boundary layer and chemical loss and deposi-
tion in the boundary layer. As a result, the air mass factors
(AMF = SCD/VCD) depend on the distance from the source:
they are lower over the source and get larger further away
from it. Both of these issues affect the emission estimates
based on OMSO2 V2 VCD data.

Another dataset of VCDs used for emission estimates in
this study is also based on OMSO2 V2 data but uses a differ-
ent approach to calculate VCDs. OMSO2 V2 also provides
SO, SCDs produced by spectral fitting using SO, absorp-
tion cross sections. In the SO, catalogue, these SCDs were
converted to VCDs using a site-specific air mass factor that
is constant over time (AMF;oyrce = SCD/VCD) calculated at
Environment and Climate Change Canada (ECCC), as dis-
cussed in Sect. 2.4 (McLinden et al., 2014). The same ap-
proach is used here; however, two AMFs are calculated for
each source: for snow and snow-free conditions. We will re-
fer to these AMFs as “ECCC AMFs”.

A +10% empirical correction is applied to OMI VCDs
for the version 2 SO, catalogue (Fioletov et al., 2023). This is
done to match the values from the original SO, catalogue that
were validated against available emission inventories. This
is a relatively small correction compared to uncertainties in
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AMF and lifetime (18 % and 35 %, respectively; Fioletov et
al., 2023).

2.2 TROPOMI data

While this study is largely focused on OMI data, we also use
TROPOMI measurements for some illustrations and com-
parisons. TROPOMI was launched on the ESA Copernicus
Sentinel-5 Precursor satellite on 13 October 2017 (Veefkind
et al., 2012). The instrument contains a UV spectrometer
that is used to retrieve SO,. The TROPOMI detector has
450 cross-track positions. We excluded the first and last
20 of them since their measurements have a relatively high
noise level (Fioletov et al., 2020). The TROPOMI spatial
resolution for the centre of the swath was approximately
7km x 3.5km until 6 August 2019 when it was improved
to 5.5km x 3.5 km.

Here, we use TROPOMI data processed by the
Covariance-Based Retrieval Algorithm (COBRA) (Theys et
al., 2021) for the period from 1 April 2018 to 31 December
2022. Similar to the OMI analysis, only data with SZA < 70°
are used for the study. Note that TROPOMI and OMI SO,
SCD retrieval algorithms use different SO, cross-section
temperature (203 and 293 K, respectively). As a result, re-
ported TROPOMI SCDs are 22 % lower than they would be
if retrieved using cross sections for 293 K (see Theys et al.,
2017, their Fig. 6). For this reason, we increase TROPOMI
SCDs used in this study by 22 % (see also Fioletov et al.,
2020; Theys et al., 2017). For TROPOMI, the same con-
version of SCD to VCD with the same site-specific ECCC
AMFs as for OMI is used.

2.3 Emission estimates

The emission calculation algorithm was identical to that used
to calculate emissions for the SO, catalogue (Fioletov et al.,
2015, 2016, 2023). It is based on the fitting algorithm to es-
timate the average total SO, mass at and downwind of the
source in order to derive emissions, assuming a constant life-
time. The pixel-based SO, VCDs were fit to a 2-D exponen-
tially modified Gaussian plume dispersion function (Fiole-
tov et al., 2016) that depends on the wind speed and direc-
tion at the pixel location at the time of satellite overpass. The
parameter of the fit represents the total SO, mass emitted
from the source. As we are interested in annual emissions,
the fitting was done using all pixels near the source collected
over 1 year. The exact fitting area depends on the wind speed
and emission strength as described by Fioletov et al. (2016).
The wind speed and direction are obtained from the most re-
cent ERAS reanalysis wind data (C3S, 2017). A recent study
shows that ERAS data are reliable and have practically no
bias on offshore and flat onshore locations, although wind
uncertainties are greater at mountainous and coastal sites
(Gualtieri, 2022). Available from ERAS, U and V (west—
east and south—north, respectively) wind component data are
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grouped into 1 km thick layers, and the mean wind speed and
direction are calculated for each level as done for the origi-
nal catalogue. The winds for the layer that corresponds to the
height of a source are used by the algorithm.

As in the SO, catalogue, the fitting function depends on
two prescribed non-linear parameters: the plume width and
SO, effective lifetime (or decay time, t). The plume width is
related to the size of satellite pixels and the spatial extent of
the source plume, and it should not depend on the presence of
snow. The same values as in the SO, catalogue were used for
the plume width (20 km for OMI and 15 km for TROPOMI).
We also used the same value of T =6h for the lifetime for
both snow and snow-free conditions for all sources. The life-
time uncertainty is one of the major contributors to the over-
all uncertainty of the emission estimates. For snow-free con-
ditions (i.e., for the SO, catalogue), it was estimated that
for 80 % of all sources t is between 3 and 9.5h with the
mean of about 6h (Fioletov et al., 2016). If 7 is included
as one of the fitting parameters, owing to its non-linear na-
ture, the emission uncertainties may become too large, partic-
ularly for small sources. A single prescribed 7 value reduced
random uncertainties of emission estimates, although it po-
tentially introduces a multiplicative bias in estimated values
for some sources (Fioletov et al., 2016). For snow condi-
tions, we tested the same value of T =6h and found that,
on average, the estimated emissions have only a small (3 %—
4 %) bias compared to those for snow-free conditions (see
also Sect. 3.3). A single value for snow and snow-free con-
ditions also substantially simplifies the algorithms because
otherwise it is not clear how to treat days with partial snow
cover around the source.

The chemical SO lifetime is much longer than T =6h.
It is 13-19h in summer and about 50h in winter accord-
ing to in situ measurements and model calculations (Lee et
al., 2011). This suggests that the used decay time t =6h is
more related to the plume dispersion that brings SO, VCDs
below the instrument sensitivity level rather than to the SO,
chemical destruction. If the dispersion is not very different
in winter and summer, then the decay times could be also
similar in the two seasons. Or, perhaps, the lifetime in the
plume is substantially different from that under background
conditions. It is difficult to obtain t directly from the satel-
lite SO, VCD data fitting because the number of sources with
snow conditions and the number of measurements for snow
conditions are rather limited. Norilsk is probably the only
place where such estimates can be reliably done where all
three parameters of the fitting (see Fioletov et al., 2015) are
estimated from the data. The calculations for Norilsk show
T values of 84h=+0.5h and 7.5h+0.7h (20 intervals) for
snow and snow-free conditions, respectively, i.e., different
by about 10 %. As t is a parameter of the fitting function,
the overall impact of this difference in the t value to the es-
timated emission is even less; the emissions for snow and
snow-free conditions calculated with these t values are dif-
ferent by only about 3.5 %, and they are different by about

https://doi.org/10.5194/amt-16-5575-2023



V. E. Fioletov et al.: Estimation of anthropogenic and volcanic SO, emissions

6 % from the emission values calculated for the T = 6 h value
using the standard SO, catalogue one-parameter algorithm.
Estimates of T using TROPOMI data show similar results:
T =7.4£1.3h for snow and 6.2 £ 0.6 h for snow-free con-
ditions in 2018-2022. This shows that an approximation of
6 h for the SO, lifetime is reasonable and ensures consistency
throughout the emission estimates.

As part of the OMI Level 1B to Level 2 processing, be-
fore the SO; retrieval, cloud radiance fraction (CRF), cloud
optical centroid pressure, and effective scene pressure are de-
rived using the OMCLDRR algorithm (Joiner and Vasilkov,
2006; Vasilkov et al., 2008). This information is essential to
correctly interpret the SO, SCDs and to calculate the AMF.
OMI itself cannot discriminate between snow and clouds as
both act as strong reflectors of UV and visible light. Hence,
the OMI cloud algorithm uses an external snow/ice flag from
the Near-real-time Ice and Snow Extent (NISE) dataset. Mis-
diagnosing the presence of snow, and the reflectivity of snow
if it is present, can lead to errors in the cloud fraction and
dependent products (see, e.g., Vasilkov et al., 2010).

Emission estimates were done for pixels with and without
snow on the ground under “clear sky” conditions. For snow-
free pixels, clear sky conditions were defined as those with a
CREF of less than 0.3. For snow-covered pixels, the clear sky
conditions were determined from comparisons of terrain and
effective scene pressures (ESPs). In OMI Version 2 data, the
ESP from the OMCLDRR algorithm is compared with the
terrain pressure. If the difference is within 50 hPa, the pixel
was considered cloud-free and CRF was set to O (Li et al.,
2020). If it is greater that 100 hPa, then the pixel was likely
cloudy, and CRF was set to 1. For pixels having scene and
terrain pressure differences between 50 and 100 hPa, “unam-
biguous cloud detection is not possible” (Li et al., 2020c),
but CRF was set to 0. We tested both the 50 and 100 hPa cut-
off limits for determination of the clear sky conditions for
several sources. It appears that there is no systematic differ-
ence in estimated emissions between the two limits; however,
the number of clear sky pixels is 20 %—40 % larger for the
100 hPa limit than for the 50 hPa limit, making the emission
uncertainties smaller. For this reason, we used the 100 hPa
limit in this study.

Similarly, TROPOMI COBRA data contain information
about the terrain and cloud top pressure taken from the
TROPOMI cloud product (Loyola et al., 2018). In the case
of TROPOMI, we also applied the condition that the differ-
ence between the terrain and cloud top pressure should be
less than 100 hPa. It should be noted that OMI scene pressure
may be different from the TROPOMI cloud top pressure data
product; however, the comparison of these two data products
is outside the scope of this paper.

2.4 Site-specific AMFs

As in the previous studies (Fioletov et al., 2016; McLinden et
al., 2016), pre-calculated site-specific and time-independent
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AMF values were used to calculate the SO, VCDs and emis-
sions for each source location. Here, two different AMF val-
ues are calculated for each emission source: one for snow-
free conditions (as in the previous publications) and another
for the snow-on-the-ground conditions. The AMF calcula-
tion method is based on a general approach from McLinden
et al. (2014), modified as described in Fioletov et al. (2022).
The AMFs were calculated for a subsample of OMI observa-
tions within 100 km of the emission source coordinates. Ev-
ery 100th observation from every third year was used, which
yields several thousand observations and is sufficient to rep-
resent conditions (cloud fraction, viewing and solar geom-
etry, and seasonal sampling) for a given source. As before,
AMFs were calculated using the MODIS MCD43C3 (v6.1)
reflectance data (Schaaf et al., 2002). MODIS LER (43C3)
albedo at 477 nm is used, with albedo calculated separately
for snow and snow-free conditions. For snow-free condi-
tions, an annually varying monthly mean was used consider-
ing only snow-free MODIS pixels, and the MODIS 477 nm
albedo is mapped to SO, wavelengths using OMI 0.5° cli-
matology at a ratio of 342 to 477 nm albedos (see McLinden
et al., 2014; Sect. 3.2.2). For snow conditions, the 477 nm
albedo is used as is.

For snow conditions, a single snow albedo map was cre-
ated by considering all years and months using pixels with a
snow flag of 1. The final, site-specific AMFs were the aver-
age over these individual AMFs, separating them into snow
and snow-free categories. Note that the SO, profile is esti-
mated based on the elevation of the source and a climato-
logical boundary layer height (as a function of latitude, lon-
gitude, month, and UTC hour) from von Engeln and Teix-
eira (2013), assuming a constant mixing ratio in the boundary
layer and zero elsewhere.

The snow cover information was obtained from measure-
ments from the Interactive Multisensor Snow and Ice Map-
ping System (IMS) (Helfrich et al., 2007), which has been
shown to be one of the best for identifying snow on the
ground (Cooper et al., 2018). While the OMI data files con-
tain information about snow/ice obtained from the NISE
database, this product is known to frequently misidentify
snow as no snow when the layer is thin (McLinden et al.,
2014; Cooper et al., 2018). Thus, the IMS snow data were
used for both OMI (24 km data product) and TROPOMI
(4 km data product). The use of a single, consistent product
is preferred to avoid possible sampling differences when data
from other instruments are used for emission calculations for
the merged SO, catalogue.

Although the NASA VCD retrievals do not explicitly cal-
culate AMFs, we obtained an effective AMF by taking the
ratio of SCD to VCD in order to better understand the dif-
ferences between emission estimates from the two datasets.
“NASA AMFs” were calculated for each source as a me-
dian value of the SCD to VCD ratios for all pixels within
a 25 km radius around the source. As mentioned in Sect. 2.1,
the NASA AMFs depend on the distance from the source:
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they are lower over the source and get larger further away
from it. We used a small area around the source with a 25 km
radius to have a better representation for AMF in the plume.
A further reduction in the radius does not change the AMF
value but increases the estimate uncertainty. For the ECCC
AMFs, the profiles are determined by the PBL height and
therefore are nearly constant within 200-300 km around an
emission source used for satellite data fitting.

It should be also mentioned that snow-covered pixels were
included in the previous OMI and TROPOMI NO, data prod-
ucts and their analysis using an approach that is similar to
that presented in this study (O’Byrne et al., 2010; van der A
et al., 2020; van Geffen et al., 2022).

3 Results
3.1 Source statistics

At present, there are 759 sources of emissions listed in the
SO, catalogue (Fioletov et al., 2023), but many of them are
located at low latitudes where snow conditions are very rare.
Figure 1 shows a map of the sources where OMI measure-
ments are available in the presence of snow on the ground.
The size of the dots on the map is proportional to the fraction
of measurements under snow conditions among all measure-
ments suitable for emission estimates. Most of the industrial
sources are in Russia, Canada, Kazakhstan, and a region in
northwest China. There are also several volcanic sources in
Alaska and Kamchatka. The largest fraction, about 60 %, is at
four sites in northern Russia, including Norilsk, the world’s
largest anthropogenic SO, point source. The fraction is less
than 10 % for most of the US and European sources. For a
total of 100 sources the fraction is more than 10 %, and we
focus this study on the analysis of data from these sources.
Note that the utilized snow cover information from IMS does
not cover the Southern Hemisphere. This is not a problem
since sources in the Southern Hemisphere do not normally
have snow on the ground. The only exceptions are the Erebus
volcano in Antarctica and the South Sandwich Island volca-
noes (Michael and Montagu), but they are always covered by
snow. There are also several volcanic sources in the northern
and southern latitudes located on small islands that we did
not consider in this study: while the volcanoes themselves
may have snow cover, the islands are small and surrounded
by open ocean.

As snow reflects more light than snow-free surfaces, the
SCD values over snow are higher, and VCD values are over-
estimated if AMF for a snow-free albedo is used to convert
SCD to VCD. This overestimation is illustrated in Fig. 2,
which shows the 2005-2022 mean SO, SCDs and VCDs for
snow and snow-free conditions for Norilsk. SCDs for snow
conditions are about 7 times greater than those for snow-free
conditions; however, VCDs are very similar.
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The ratio of AMF for snow conditions to AMF for snow-
free conditions is calculated to estimate potential biases if
measurements over snow are used to calculate VCD using a
snow-free AMF. If the ratio is close to 1, then there is no need
to introduce an additional AMF for snow conditions. Figure 3
shows the map of such ratios calculated for ECCC AMFs.
The ratios are higher over the plains in the USA and Kaza-
khstan, as well as over the Canadian and Russian tundra, and
lower over boreal forests in Alaska, Canada, and Russia. The
results for NASA AMFs are similar (not shown), although
there are also some differences. The absolute values of the ra-
tios are typically higher for ECCC AMFs (the range is from
1 to 8) than for NASA AMFs (the range is from 1 to 6). Note
that for NASA AMFs the NISE snow/ice flag is known to
miss some snow. There are also two sources in northern Rus-
sia (marked by a red ellipse), where the difference between
NASA and ECCC ratios is particularly large. These sources
came online after 2012, and their emissions are likely not
included in the GEOS-5 model simulations from which the
a priori vertical profiles are derived for the NASA OMSO2
algorithm. Therefore, modelled profiles used in the standard
OMSO?2 V2 retrievals over that region would not have any
surface enhancements, and this leads to errors in AMF.

To investigate these ratios and their distribution further, we
plotted scatter diagrams of the NASA and ECCC AMFs and
a scatter diagram of NASA and ECCC ratios for all sources
(Fig. 4). On average, ECCC ratios are smaller than NASA
ratios: the average values for all sources are 2.2 and 3.8, re-
spectively. For sources located above 2000 m a.s.1. (above sea
level), the AMFs for conditions with and without snow are
not very different, and there are no large differences between
NASA and ECCC AMFs. The snow to snow-free AMF ratios
for such sources are not very large; all are between 1.3 and
2.2 for both NASA and ECCC datasets. NASA and ECCC
AMFs for snow conditions are not very different from the
snow-free AMFs, with the majority of the values between
1 and 2. The largest difference between NASA and ECCC
AMFs for no-snow conditions can be seen for sources lo-
cated below 300 m a.s.l. (the light green diamonds in Fig. 4).
While ECCC AMEFs for these sources are between 0.2 and
0.4, the NASA AMFs range from 0.2 to 1.3. This difference
probably occurs because no-snow, clear-sky NASA AMFs
are more sensitive to the choice of a priori profiles for low-
altitude sources. The two largest NASA AMFs belong to the
sources in northern Russia mentioned above where a priori
profiles are unreliable.

Thus, there are some differences between mean ECCC
and NASA AMFs that are largely caused by different as-
sumptions regarding a priori SO, profile shapes. The ECCC
AMF assumptions are more suitable for emission estimates
since they better represent the SO, profile within a plume,
while the NASA AMF assumptions are more suitable for av-
erage conditions. Since this study is focused on emissions,
the presented results are based on ECCC AMFs, except for
some case study illustrations, where results for both AMFs
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Figure 1. Emission sources detected with OMI observations over snow or ice. The map shows the sites and the fraction of OMI satellite
pixels that are suitable for emission estimates (with SZA < 70 and CF < 0.3) for these sites as a percentage of all satellite pixels suitable for

such estimates. The symbol size is proportional to that fraction.
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Figure 2. Mean OMI SO, slant (a, b) and vertical (¢, d) column density over Norilsk for snow-free (a, ¢) and snow (b, d) conditions for
the period 2005-2022. ECCC AMFs were used for the VCD calculations. Data are smoothed by the oversampling technique with a 25 km
averaging radius. Slant column values for snow conditions are about 7 times greater than those for snow-free conditions.
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Figure 3. The ratio between AMFs for snow conditions to AMFs for snow-free conditions for ECCC AMFs. Two recently built sources that
are not included in the inventories and therefore do not have reliable NASA AMFs are marked by the red circle.
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in the inventories and therefore do not have reliable NASA AMFs are marked by the red circles and ellipses.

are shown to further demonstrate the differences in estimated
emissions.

3.2 Case studies

Figure 5 shows four examples of SO, annual emissions time
series estimated for snow and snow-free conditions using
NASA and ECCC VCDs derived from OMI and TROPOMI

Atmos. Meas. Tech., 16, 5575-5592, 2023

data. The green lines represent emission estimates for snow-
free conditions, i.e., the same data as in the version 2 SO
catalogue. The cyan lines show emissions estimated using
data with snow on the ground, i.e., data that were not used
in the SO, catalogue. There are also two estimates of emis-
sions based on all data. The red line is the average of the
estimates for conditions with and without snow weighted us-
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ing an inverse-variance weighting method. This approach can
be considered as a quick correction of the existing SO, cat-
alogue when emissions are estimated using only pixels with
snow, and then those emission estimates are merged with the
existing “snow-free” catalogue values. The blue line repre-
sents the emission estimates based on all data (with and with-
out snow on the ground).

Kliuchevskoi is a volcanic source in Kamchatka, where
observations over snow account for 35 % of all measure-
ments suitable for emission estimates. Volcanic degassing
emissions are variable; nevertheless both snow and snow-
free data show a similar variability except perhaps in 2018,
when emissions under snow conditions were about 5 times
larger than under no-snow conditions (Fig. Sa—c). This could
be explained by high emission levels in the winter—spring
time. TROPOMI data do not show the same high emission
values in 2018; however, no TROPOMI data were available
from January to mid-April. This example also shows that
the weighted average of emission estimates under snow and
no-snow conditions may not reflect the total annual emis-
sions correctly. The no-snow estimates show low emissions
with small spread, while estimates for snow conditions were,
probably, highly variable with large standard deviations and
therefore had a low weight. Emission estimates based on
all data provide a value close to the mean of emissions un-
der snow and no-snow conditions. As Kliuchevskoi is about
5000 m high, the ECCC and NASA AMF values, as well as
emission estimates, are very similar for these two data ver-
sions.

Karabash is a copper smelter in the Ural region of Russia,
where observations over snow account for 31 % of all mea-
surements. It is expected that smelter emissions would not
change very much with the season. Figure Se confirms this,
as the ECCC AMF-based estimates with and without snow
are almost identical in most years. The standard deviation
of the difference between these estimates is only 14kt yr~!
(about 12 %). Estimates based on NASA data demonstrate
larger (even twice larger in 2011) emissions when data for
snow conditions are used.

East Lambeishor is an oil treatment plant in northern Rus-
sia that processes fluid mixtures of oil, gas, and water from
oil wells; removes hydrogen sulfide; and prepares the oil
for further use. It is one of the two sources mentioned in
Sect. 2.1 where the difference between NASA and ECCC
ratios is particularly large. The plant started its operation in
about 2014, and therefore its emissions were not properly
reflected in the inventories used to derive model SO, pro-
files for the NASA retrievals. NASA AMFs for snow-free
conditions are almost the same as for snow conditions (1.3
and 1.8, respectively), and the ratio is only 1.4, while it is
5 for ECCC AMFs. Snow and snow-free conditions each ac-
count for half of the total number of measurements. Figure Sh
shows that ECCC estimates for snow and snow-free con-
ditions are similar, while NASA estimates for snow condi-
tions in 2015-2020 are 2.5 or more times larger than that for
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snow-free conditions (Fig. 5g). The ECCC AMF-based es-
timates show similar emissions for both conditions for most
years. The emission uncertainties for snow-free conditions
are much larger than for snow conditions. In 2019, the emis-
sions for snow-free conditions were about zero, although the
uncertainty of this estimate was large, about 50ktyr—!. The
2019 weighted average (the red line in Fig. 5h) is determined
by the emission value for snow conditions and is nearly iden-
tical to the estimated annual emissions in the 3 previous
years. TROPOMI data also show that emissions for snow-
free conditions in 2019 are about 80 kt yr_l, i.e., very close to
the OMI-estimated values for snow conditions. This example
demonstrates that additional measurements under snow con-
ditions can substantially improve the satellite annual emis-
sion inventory.

The proper way to validate the estimated emissions for
snow and snow-free conditions is to compare them with reli-
able inventories of reported point-source emissions. Such in-
ventories are available for the USA and Europe, but as Fig. 1
shows, the number of measurements for snow conditions is
too small for validation. There is, however, information about
annual emissions for Canadian and some Russian sources.
Three examples are given below.

The Angarsk source (Fig. 5j—1) represents a cluster of two
coal-fired power plants (Thermal Power Stations 9 and 10)
located 8 km apart in the Irkutsk region of Russia. These
plants provide steam, heat, and electricity, and it is expected
that their emissions are higher during the cold season when
the plant outputs are used to heat buildings in local resi-
dential and industrial areas. As Fig. 5j and k show, emis-
sions for snow conditions are 2-5 times greater than those
for snow-free conditions for both ECCC and NASA AMF-
based datasets. Uncertainties and inter-annual variations in
emission estimates are large for this source. It is interesting
to note that the total emissions are rather stable. This ex-
ample illustrates that there are sources with very large sea-
sonal variations in emissions. Note that there are also other
industrial sources in the region, e.g., the Angarsk oil refin-
ery, that also contribute to total emissions from the Angarsk
source. TROPOMI data show (Fig. 51), in general, total emis-
sions that are similar to those from OMI, although the spread
between snow and no-snow estimates is not as large as for
OML. The average 2005-2022 estimated Angarsk SO, emis-
sions are 122, 31, and 66 kt yr’1 for snow, snow-free, and all
conditions, respectively (for ECCC AMFs). The reported an-
nual total emissions from the two power plants were available
for 2018-2020 from the Reports on the State and Protection
of the Environment in the Irkutsk region (in Russian, https:
/Iwww.ecoindustry.ru/gosdoklad/view/570.html, last access:
23 November 2022). They were from 75 to 97ktyr—!.
Thus, emissions based on OMI snow-free data (on average,
33 ktyr~! in 2018-2020) are largely underestimated, and ad-
ditional data for the snow conditions, which account for 35 %
of all measurements, produce more realistic annual emission
estimates (on average, 72kt yr~! in 2018-2020).
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Figure 5. Time series of estimated annual emissions from OMI NASA dataset (the left column), OMI ECCC AMF-based dataset (the middle
column), and TROPOMI ECCC AMF-based dataset (the right column). The lines represent estimates based on all data (blue), on data for
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Norilsk smelters are the world’s largest industrial point
source, and column SO; values over Norilsk are high
(Fig. 2). High Norilsk SO, VCDs are clearly seen by satel-
lite instruments working in the IR and UV spectral intervals
(Bauduin et al., 2014; Fioletov et al., 2013; Li et al., 2020c;
Walter et al., 2012). Norilsk is located in Central Siberia at
69.36° N (above the Arctic Circle). The polar night there lasts
45d, and observations with SZA <70° are available only
from March to September. The mean annual temperature is
around —10°C with only 84d a year with the temperature
above 0 °C. The snow cover on average lasts for 247 d (Shik-
lomanov and Laruelle, 2017), and only 3 summer months are
typically snow-free. Measurements over snow account for
60 % of all suitable measurements. Thus, the annual emis-
sion estimates in the SO; catalogue are actually based on just
3—4 months of data, and the addition of snow-covered days
to the emission estimates doubles that length.

Norilsk emissions are published annually in the
Reports on the State and Protection of the En-
vironment in the Krasnoyarsk region (in Rus-
sian, http://krasecology.ru/Data/Docs/%D0% A1%D0
9%B2%D0%BE%D0%B4%D0%BD%D1%8B%D0%B9
9%20%D0%94%D0%BE %D0%BA %D0%BB %D0%B0
%D0%B4%20-%202021.pdf, last access: 23 November
2022). Reported and estimated emissions for Norilsk are
shown in Fig. 6a. For the ECCC AMF-based data, the aver-
age difference between estimated and reported emissions is
—3%, 0%, and —6.4 % for all conditions, snow-free condi-
tions, and snow conditions, respectively, while the standard
deviations are 9.3 %, 10.3%, and 15.0%, respectively.
Estimates based on all data are typically closer to reported
emissions compared with estimates based on data either
with or without snow (Fig. 6a). The biases between reported
and estimated emissions are within the 20 uncertainties and
are not unexpected since several factors could produce a
multiplicative bias in the estimated emissions (Fioletov et
al., 2016).

Flin Flon copper and zinc smelter was one of the
largest SO, emission sources in North America, although
its emissions were nearly 10 times fewer than the No-
rilsk emissions. The Canadian annual point-source SO
emission data are available from the National Pollu-
tant Release Inventory (NPRI; https://www.canada.ca/
en/services/environment/pollution-waste-management/
national-pollutant-release-inventory.html, last access: 5
December 2022). Smelter operations ceased on 11 June
2010. Flin Flon is located at 54.77°N and typically has
snow cover from November to April and a snow-free surface
in May—September; therefore, about 37 % of all OMI data
over Flin Flon suitable for emission estimates are from
snow conditions. Our estimated emissions for Flin Flon are
typically lower than the reported ones. In the case of all data
and ECCC AMFs, the difference is about 15 % (Fig. 6b).
The difference is even larger (about 20 %) if only snow-free
data are used. Nevertheless, all estimated emissions show
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high values in 2005-2009, a steep decline in 2010, and
values near zero thereafter.

3.3 Overall statistics

Annual emissions were estimated for conditions with and
without snow, and these estimates were compared with the
results summarized in Table 1. First, the mean annual emis-
sions for the two types of conditions (snow and snow-free)
were calculated for every source, and then these mean val-
ues were averaged among all sources within that source cat-
egory (power plant, smelter together with oil and gas, vol-
cano). Only sources with mean annual emissions exceed-
ing 20kt yr~! over the 2005-2022 period for both snow and
snow-free conditions were used to avoid the impact of small
sources with high emission uncertainties. Finally, the percent
difference between the mean values for conditions with and
without snow was calculated for each group. The calculations
were done using ECCC AMF-based data.

As Table 1 shows, there is a 3 %—4 % average differ-
ence (estimates for the snow conditions are larger) between
snow and snow-free conditions for smelters and oil- and gas-
related sources, as well as for volcanos. This difference is rel-
atively small, taking into account that the estimates are based
on two independent subsets of data and are within the statis-
tical uncertainty. As for individual sources, for three-quarters
of smelters and oil- and gas-related sources, the difference is
within 20 %. For power plants, however, the average dif-
ference, at about 25 %, is much larger than for other types of
sources; i.e., power plants have an additional 20 % difference
between snow and snow-free conditions compared to, e.g.,
smelters. This is consistent with the fact that most of them
serve as a source of heat during the cold season and/or are
responding to a higher energy demand during the cold sea-
son and therefore produce more emissions during that time
than during the warm season. The largest difference between
the snow- and snow-free-based estimates occurs at Angarsk,
as discussed in Sect. 3.2.

The overall impact of additional measurements for snow
conditions on estimated total annual emissions for four main
regions is shown in Fig. 7. The largest differences between
the current SO, catalogue (i.e., for snow-free conditions) and
the emission estimates that include observations over snow
can be seen for power plants in the region of Russia plus
Kazakhstan. As discussed, it is likely due to larger power
generation during the cold season. The difference is particu-
larly large for the thermoelectrical power station at Angarsk
(see Sect. 3.2). Overall the annual power plant emissions in
that region are 15 % higher (13 % without Angarsk) if mea-
surements over snow are included. In contrast, smelters and
oil- and gas-related sources in that region show only a 2 %
difference in estimated emissions when data for snow condi-
tions are added, although the fraction of measurements over
snow is nearly the same for both cases (about 30 %). The
standard deviation of the difference is also nearly the same
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Figure 6. Reported and OMI-based estimated SO, emissions for Norilsk (a) and Flin Flon (b). Reported emissions (solid dark red line) and
emissions estimated by applying ECCC AMFs and using all data (solid green line) and only pixels without (dashed orange line) and with
(dashed blue line) snow on the ground. The error bars represent 20 uncertainties.

Table 1. The average and standard deviation of the difference (%) between emission estimates based on OMI measurements for snow and
snow-free conditions calculated using ECCC AMFs. The difference between the mean emissions for the period 2005-2021 was calculated
first for each source, and then the average of these differences was calculated. The total number of sources is also shown. Only sources with
mean emissions exceeding 20kt yr—! for both snow and snow-free conditions were included.

Source type Number of Average  Standard deviation of

sources difference (%) the difference (%)
Power plants 27 25.8 333
Smelters and oil and gas 34 4.2 20.6
Volcanos 7 32 273

in both cases (about 6 %). The total emissions from five
Ukrainian power plants are also higher, although the mean
difference is only 6 % due to warmer winter conditions, as il-
lustrated by the total number of days with snow on the ground
(10 %). All sources in China with 10 % or more observations
over snow are in the northwestern part of the country. Al-
though most of them are power plants, the addition of data
with snow on the ground practically does not change the av-
erage emission estimates (the difference is only 1.5 %). For
Canada, the mean difference is about 6 %, and it is largely
caused by the difference for two major sources: the Flin Flon
and Thompson smelters, which were shut down in 2010 and
2018, respectively. Aside from some biases, the estimates
based on snow-free data and all data are consistent: the stan-
dard deviation of the difference between annual emissions
for them is between 6 % and 12 % for all regions.

4 Summary and discussion

In this study we investigated how satellite SO, measure-
ments over snow-covered surfaces can be used to improve
the “top down” emissions reported in the snow-free SO, cat-
alogue. OMI data for 2005-2022 were used in the study,
and the same emission estimation algorithm as in the SO,
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catalogue (Fioletov et al., 2016, 2023) was applied. Only
100 out of 759 sources listed in the catalogue have 10 % or
more of the observations over snow. However, for 40 sources,
more than 30 % of measurements suitable for emission cal-
culations were taken over snow-covered surfaces. The addi-
tion of data for snow conditions is particularly important at
high-latitudinal sites. For example, in the case of the Norilsk
smelters, the world’s largest SO, point-source, annual emis-
sion estimates in the original SO, catalogue were based only
on 3—4 summer months; additional data for snow conditions
extend that period to 7 months.

The SO, catalogue was based on satellite measurements
of SO, SCDs that were converted to VCDs using single site-
specific constant ECCC AMFs, calculated for snow-free con-
ditions. The same approach was applied to measurements
with snow on the ground; a new set of constant site-specific
AMFs was created and applied to SCDs to obtain VCDs for
snow conditions. Then, the emissions were estimated using
these VCDs for snow conditions, as well as using a merged
dataset of VCDs for snow and snow-free conditions. It was
found that emissions estimated for snow conditions using
ECCC AMFs on average are consistent with those estimated
for snow-free conditions for volcanic sources, smelters, and
oil- and gas-related sources (there is a small, 3 %—4 % bias
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Figure 7. Total emissions for different regions and source types estimated using (blue line) all data (i.e., with and without snow on the
ground) and (orange line) only snow-free data. The mean difference between the two estimates, standard deviation of the difference (sigma),
and the fraction of satellite measurements taken over snow-covered surfaces are also shown. Only emission sources where at least 10 % of
total measurements were taken over snow are included in this analysis. Estimates based on OMI data are shown.

between them). For power plants, emissions estimated for
snow conditions are on average 25 % higher than for snow-
free conditions. This is likely because many power plants are
also used as a heat source in the wintertime.

Similar emission estimates based on NASA OMI V2 VCD
data show larger biases for snow and snow-free conditions.
Biases are about 20 % for volcanic sources, 38 % for smelter
and oil and gas sources, and more than 60 % for power plants.
Analysis of the AMF factors (calculated as a median ratio
of SCD to VCD) suggests that the difference between such
NASA AMFs for snow and snow-free conditions is typically
1.5-2 times less than that for ECCC AMFs. The reason for
that is relatively high NASA AMFs for some sources at low
elevation under snow-free conditions that can be explained
by non-optimal a priori profiles in the retrievals.

https://doi.org/10.5194/amt-16-5575-2023

The approach to establish a priori SO, profiles in the
NASA dataset is based on a climatology from chemistry and
transport model (CTM) output that may not be optimal for
emission estimates, particularly over the areas around iso-
lated point sources. It is important that the AMFs represent
the vertical profile in the plumes correctly in order for the
emission estimation algorithms to be accurate. For the NASA
dataset, cases are combined when SO; is in the plume and
then outside the plume, i.e., without SO; in the boundary
layer. Therefore, the vertical profile represents the “average”
conditions that may not describe the vertical distribution in
the plume correctly. This effect is particularly important in
the areas where SO, emission sources are not properly ac-
counted for in the CTM model or in the areas where the spa-
tial resolution of a global model does not sufficiently resolve
the gradient in SO; in the boundary layer (e.g., around ma-
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jor point sources). Examples of oil and gas sources in north-
ern Russia suggest that AMFs created from incorrect a pri-
ori SO profiles can lead to unrealistic emission estimates
(e.g., can be overestimated by a factor of 4). On the other
hand, if the SO, is in the free troposphere or stratosphere,
e.g., for emissions from volcanic eruptions, an incorrect a
priori profile would underestimate volcanic VCDs. The bet-
ter approach is to make assumptions about the vertical pro-
file based on the source of SO,, e.g., from local pollution
or from remote volcanic eruptions, to calculate the final re-
trieved SO, VCD value.

In summary, it is worth adding data in snow-covered con-
ditions for the annual emission estimates. If we use just two
ECCC AMFs (one for snow and the other for snow-free con-
ditions), these AMFs always have some uncertainties due to
uncertainties in the input parameters. Moreover, the snow
albedo changes depending on snow depth and age. Thus,
there could be some systematic differences between SO, val-
ues (and emissions) retrieved under snow and snow-free con-
ditions. Nevertheless, as shown for individual sources, the
difference between emissions estimated for snow and snow-
free conditions is within £20 % for three-quarters of smelters
and oil and gas sources. This is a reasonable agreement given
that there is typically a 3-5 times difference between AMFs
for conditions with and without snow (Fig. 3c). With just a
few exceptions, such as Norilsk, the snow-covered observa-
tion conditions represent less than 40 % of all observations
for typical sites with snow cover suitable for emission esti-
mates. Therefore, adding snow conditions introduces the bias
that is typically less than 20 % x 0.4 = 8 %, which is not very
large compared to the overall uncertainties of OMI-based an-
nual emission estimates that are about 50 % (Fioletov et al.,
2016). We also saw that the difference between winter and
summer emissions could be as large as 100 % for some power
plants. Thus, adding observations with snow-covered condi-
tions could be important to account for seasonal changes in
emissions. We are planning to include data for snow condi-
tions for emission estimates in the next version of the SO,
catalogue. The emission estimates could be further improved
in the future if more accurate AMF estimates for different
albedo conditions and better estimates of winter and summer
decay times become available.

Data availability. The OMI Version 2 SO, data are
publicly available from the Goddard Earth Sciences
(GES) Data and Information Services Center (DISC)
(https://doi.org/10.5067/Aura/OMI/DATA2022, Li et al., 2020a).
The TROPOMI COBRA SO, dataset is available from the SSP-PAL
Data Portal (https://data-portal.s5p-pal.com/products/so2cbr.html,
last access: 8 November 2023, Copernicus SSP-PAL, 2023). The
version 2 SO, point-source catalogue is available from the NASA
GES DISC (https://doi.org/10.5067/MEASURES/SO2/DATA406,
Fioletov et al., 2022). The IMS snow data are available from
the National Snow and Ice Data Center, University of Colorado
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