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Abstract Bromine monoxide (BrO) plays an important role in tropospheric chemistry. The state-of-the-
science TROPOspheric Monitoring Instrument (TROPOMI) offers the potential to monitor atmospheric
composition with a fine spatial resolution of up to 5.5 X 3.5 km?2. We present here the retrieval of tropospheric
BrO columns from TROPOMI. We implement a stratospheric correction scheme using a climatological
approach based on the latest GEOS-Chem High Performance chemical transport model, and improve the
tropospheric air mass factor calculation with TROPOMI surface albedo data accounting for the geometrical
dependency. Our product presents a good level of consistency in comparison with measurements from
ground-based zenith-sky differential optical absorption spectroscopy (r = 0.67), aircrafts (r = 0.46), and
satellites (similar spatial distributions of BrO columns). Furthermore, our retrieval captures BrO enhancements
in the polar springtime with values up to 7.8 x 10'3 molecules cm~2 and identifies small-scale emission sources
such as volcanoes and salt marshes. Based on TROPOMI data, we probe a blowing snow aerosol bromine
mechanism in which the snow salinity is reduced to better match simulation and observation. Our TROPOMI
tropospheric BrO product contributes high-resolution global information to studies investigating atmospheric
bromine chemistry.

Plain Language Summary Bromine monoxide (BrO) is an important species that affects the
global chemistry of the troposphere. However, global observations of tropospheric BrO remain challenging
and limited due to the short lifetime and low abundance. In this study, we present a global high-spatial-
resolution tropospheric BrO column product from the TROPOspheric Monitoring Instrument. We describe the
retrieval algorithm and present a comprehensive verification and evaluation. In addition, we use the data set to
investigate sources and sinks on a daily scale for measurement scenarios of BrO enhancements, such as polar
sea ice, volcanic plumes, and salt marshes. We additionally optimize salinity, the key parameter in modeling
blow snow aerosol bromine emissions, by comparing simulation and observation. Our work provides unique
information to studies exploring atmospheric bromine chemistry.

1. Introduction

Bromine monoxide (BrO) influences global tropospheric chemistry by participating in an autocatalytic chemical
cycle that efficiently depletes ozone (Finlayson-Pitts, 2003; Read et al., 2008; Wennberg et al., 1994; von Glasow
et al., 2004) and affects the partitioning of HO, (OH + HO,) (Simpson et al., 2015). Additionally, the chain reac-
tions impact the atmospheric lifetime of methane (Gilman et al., 2010; Long et al., 2014; Steffen et al., 2006),
and the oxidation of dimethyl sulfide (Q. Chen et al., 2018) and elemental mercury (Holmes et al., 2006, 2010;
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Parrella et al., 2012; Saiz-Lopez et al., 2012; Saiz-Lopez and von Glasow, 2012). However, since BrO is a
short-lived radical species (~30 s in the troposphere) with low atmospheric abundance (~1 ppt), observations of
tropospheric BrO remain challenging and limited. We develop here a global tropospheric BrO data set making
use of high-resolution measurements from the TROPOspheric Monitoring Instrument (TROPOMI) (Veefkind
et al., 2012) to provide observational evidence for BrO detection and independent constraints on atmospheric
chemistry models.

Tropospheric BrO chemistry is initiated by the formation of reactive inorganic bromine (Br, = BrO + Br + Br,
+ HOBr + BrCl + IBr + HBr + BrNO, + BrNO,). Sources of tropospheric Br, are primarfly of natural origins
(Schmidt et al., 2016), such as oxidation of bromide from sea salt aerosol (SSA), photolysis and oxidation of
very-short-lived organobromines, and transport from the stratosphere (Abrahamsson et al., 2004; Kerkweg
et al., 2008; Long et al., 2014; Ordéiiez et al., 2012; Saiz-Lopez and von Glasow, 2012; Vogt et al., 1996; von
Glasow et al., 2002a, 2002b; Yang et al., 2005, 2019, 2020). During polar springtime, BrO is produced in large
quantities in the troposphere from an autocatalytic chain reaction cycle (Barrie & Platt, 1997), known as the
“bromine explosion” (Wennberg, 1999), which refers to autocatalytic photochemical and heterogeneous reactions
at condensed surfaces, such as sea ice, brine, snowpack, and SSA (Falk & Sinnhuber, 2018; Fan & Jacob, 1992;
Huang et al., 2020; Ioannidis et al., 2023; Jeong et al., 2022; Sander & Crutzen, 1996; Sander et al., 2006;
Simpson et al., 2007, 2015). Apart from polar regions, localized BrO enhancements are also identified in volcanic
plumes (Bobrowski et al., 2003; Choi et al., 2012; Heue et al., 2011; Surl et al., 2015), over salt lakes (Hebestreit
et al., 1999; Honninger et al., 2004; Stutz et al., 2002), and in the marine boundary layer (Badia et al., 2019;
Newberg et al., 2005; Sander et al., 2003).

Activation of bromine is hypothesized to take place at the acid surfaces of sulfuric aerosol and SSA, where heter-
ogeneous reactions involve the oxidation of halides by O, (R1) to produce HOBr. Then, the uptake of HOBr by
aerosols and cloud droplets (Falk & Sinnhuber, 2018; Prados-Roman et al., 2018; X. Wang et al., 2021) produce
dihalogens (Br, and BrCl) via R2 and R3:

Br~ +O; + H' — HOBr + 0, (R1)
Br~ + HOBr + H* = Br, + H,O (R2)
CI” + HOBr + H" - BrCl + H,0O (R3)

Afterward, photolysis of Br,, BrCl, and HOBr in the troposphere releases bromine radicals (Br-), which react with
oxidizers (including O,) to produce BrO via reactions R4-R7:

Br, &5 2Br- (R4)
BrCl %5 Br- +Cl- (RS)
HOBr 5 Br - +OH (R6)
Br-4+0; —» O, 4+ BrO (R7)

An alternative recycling path of BrO involving HO, constitutes the ozone destruction mechanism (R6-R8):
BrO + HO, — O, + HOBr (R8)

Apart from the heterogeneous reactions (R1-R3), bromine within the condensed phase can also be oxidized by
gas-phase OH radicals (Abbatt et al., 2012; Frinak & Abbatt, 2006; Sjostedt & Abbatt, 2008) as R9:

20H + 2B 2 Br, + 20H (R9)

BrO is commonly used as an observational proxy for total tropospheric reactive bromine. Studies from
ground-based platforms confirm extensive BrO enhancements over the polar regions. From in situ measurements,
both chemical conversion/resonance fluorescence (Avallone et al., 2003) and chemical ionization mass spectrom-
etry (CIMS) (Liao et al., 2011, 2012) indicate a high correlation between the presence of BrO and loss of surface
ozone. Moreover, a significant part of the ground-based monitoring effort has been carried out with differential
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optical absorption spectroscopy (DOAS) instruments in remote sensing. Active long-path DOAS and passive
zenith-sky DOAS (mainly measuring the stratosphere) and multi-axis DOAS (MAX-DOAS) (probing the vertical
structure in the lower troposphere) consistently capture significant BrO enhancements (Hausmann & Platt, 1994;
Hendrick et al., 2007; Honninger et al., 2004; Liao et al., 2011; Peterson et al., 2015; Roscoe et al., 2014; Simpson
etal., 2017; Stutz et al., 2011).

In addition to the ground-based data, observations from flight campaigns reveal widespread free-tropospheric
BrO. For example, airborne CIMS data during research flights such as Co-ordinated Airborne Studies in the
Tropic (Le Breton et al., 2017) and Atmospheric Tomography Mission (ATom) (Veres et al., 2019; Wofsy &
ATom Science Team, 2018) identify BrO elevations in the upper free troposphere associated with tropical
SSA debromination or organobromines oxidation. Moreover, Airborne MAX-DOAS BrO measurements from
CONvective TRansport of Active Species in the Tropics (CONTRAST) (Koenig et al., 2017) and Tropical Ocean
tRoposphere Exchange of Reactive halogen species and Oxygenated volatile organic compounds (TORERO)
(Volkamer et al., 2015) present a C-shaped BrO profile with peaks in both the boundary layer and the upper free
troposphere.

In contrast to ground-based platforms and flight campaigns with high vertical resolution but limited spatial
coverage, satellites provide daily global distribution of total and tropospheric BrO columns. For instance, the
first tropospheric BrO signals from the Global Ozone Monitoring Experiment (GOME) (Burrows et al., 1999)
capture large-scale tropospheric BrO enhancements in the polar springtime (Hollwedel et al., 2004; Platt &
Wagner, 1998; Richter et al., 1998). The spaceborne BrO retrievals are extended by a series of polar-orbiting
nadir spectrometers, such as the SCanning Imaging Absorption spectrometer for Atmospheric CHartographY
(SCIAMACHY) (Bovensmann et al., 1999), Ozone Monitoring Instrument (OMI) (Levelt et al., 2006, 2018), and
Global Ozone Monitoring Experiment-2 (GOME-2) (Callies et al., 2000; Munro et al., 2016).

Satellite BrO products have been widely used to identify localized sources from volcanic eruptions or saline lakes
(Afe et al., 2004; Hormann et al., 2016; Suleiman et al., 2019; Theys, van Roozendael, Errera, et al., 2009). BrO
products have also improved our understanding of the complex polar bromine chemistry. Specifically, compari-
sons with model simulations offer implications for snowpack mechanism by optimizing key parameters, such as
the age of sea ice (Toyota et al., 2011), base emission rate (Herrmann et al., 2021), and bromine content of the
snow (Herrmann et al., 2022). However, the data quality and applications of previous satellite BrO products are
limited by spatial resolution (up to 13 km), instrumental issues (e.g., “row anomalies” for OMI), and retrieval
accuracy (e.g., out-of-date a priori information).

Here, we present a global high-spatial-resolution tropospheric BrO column product from TROPOMI. Launched
in October 2017 onboard the Sentinel-5 Precursor (S-5P) platform, TROPOMI provides nearly daily global cover-
age with a ~2,600 km swath width and a ~13:30 local time (LT) equator crossing time. The spectral resolution is
0.5 nm, and the sampling is 0.2 nm per pixel for the spectral band used in BrO retrieval (McMullan and van der
Meulen, 2013). As the successor of the OMI instrument, TROPOMI has an improved signal-to-noise and a spatial
resolution of about 5.5 X 3.5 km? (7 X 3.5 km? before 6 August 2019). Following the classical three-step DOAS
retrieval, we implement the stratospheric correction scheme using the latest chemical transport model (CTM)
simulations with a full halogen (chlorine, bromine, and iodine) chemistry, and we improve the tropospheric air
mass factors (AMFs) calculation with TROPOMI surface albedo data accounting for the geometrical dependency.

In Section 2, we give a brief introduction to the Goddard Earth Observing System (GEOS)-Chem CTM. In
Section 3, we describe the retrieval algorithm for tropospheric BrO columns. In Section 4, we present the retrieved
stratospheric and tropospheric BrO columns, and we compare the TROPOMI results with independent measure-
ments from satellites, ground-based instruments, and flight campaigns. Additionally, we use the data set to inves-
tigate sources and sinks for measurement scenarios of BrO enhancements, such as polar sea ice, volcanic plumes,
and salt marshes. Finally, we apply the retrieved TROPOMI products to constrain a blowing snow sourced SSA
formation mechanism with an improved salinity value.

2. Modeling BrO With the GEOS-Chem Model

Tropospheric bromine chemistry was first added to GEOS-Chem (http://www.geos-chem.org, last access: 15
June 2022) by Parrella et al. (2012), which introduced the oxidant-aerosol chemistry and quantified the effects on
tropospheric ozone and mercury budgets. Built on that, Eastham et al. (2014) included a stratospheric bromine
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and chlorine scheme; Schmidt et al. (2016) updated the halogen scheme in the troposphere with new heteroge-
neous reactions; Sherwen et al. (2016) presented a tropospheric iodine-bromine coupling scheme to account for
iodine effects on oxidants; Zhu et al. (2019) updated the heterogeneous reactions with a focus on SSA. X. Wang
et al. (2019, 2021) adopted these developments for a comprehensive view of tropospheric halogen chemistry in
GEOS-Chem with an improved representation of bromine and chlorine chemistry.

Apart from updates on the chemistry mechanism, GEOS-Chem is also under independent development regard-
ing the model framework of the GEOS-Chem High Performance (GCHP) version (https://github.com/geoschem/
GCHP, last access: 10 June 2022). To minimize the effects of grid deformation and reduce model bias at high
latitudes, GCHP replaces conventional rectilinear latitude-longitude grids with gnomonic cubed sphere grids. By
incorporating the classical GEOS-Chem shared-memory code into the Earth System Modeling Framework (ESMF)
based framework (MAPL), the efficient GCHP implementation distributes the computation across multiple nodes
while retaining high-fidelity global chemical modeling features (Bindle et al., 2021; Eastham et al., 2018).

We use the GCHP version of GEOS-Chem (v13.0.0) with a detailed tropospheric chemistry mechanism for ozon
e-organic-VOCs-NO -aerosol-halogens (Bey et al., 2001; Schmidt et al., 2016; Sherwen et al., 2016), and the
latest updates on the tropospheric halogen chemistry by X. Wang et al. (2019, 2021). Our simulation is based
on the NASA Global Modeling and Assimilation Office's Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) assimilated meteorological data (Gelaro et al., 2017). The native horizontal
resolution of MERRA-2 (0.5° X 0.625°) is degraded to 2° X 2.5° (C48 resolution for GCHP). The vertical reso-
lution is 72 vertical layers. The dynamic time step is 10 min, and the chemical time step is 20 min. We use the
Community Emissions Data System (CEDS) inventory for anthropogenic emissions (Hoesly et al., 2018), Model
of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2012, 2019) for biogenic emissions,
and Global Fire Assimilation System (GFAS) (Kaiser et al., 2012) for fire emissions. We spin up the model for 1
year to ensure species of interest converge at reasonable non-zero levels before running it for 2019 at a temporal
resolution of 4 hr. Finally, we sample the model results at the overpass time of TROPOMI.

Figure S1 in Supporting Information S1 shows the global budgets and cycling of reactive bromine species in the
troposphere simulated by GCHP. The kinetic and photochemical data compilation utilized in this study is prepared
by the NASA Panel for Data Evaluation and incorporated into the standard full chemical mechanism of GEOS-
Chem (https://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_chemistry_mechanisms, last accessed:
1 November 2023). Figure S1 in Supporting Information S1 indicates that O, + Br~ is one of the primary
initiation steps for the bromine chemistry in the model, alongside HOCI + Br~, CINO, + Br~, BrNO, + Br~,
HOI + Br~, and INO, + Br~. The uncertainty in the reaction rate constant k (O, + Br™) is 0.1 x 107!2 cm® mole-
cules™! s~ estimated by Ninomiya et al. (2000) based on the cavity ring-down technique. This uncertainty is
introduced by a complex heterogeneous multi-step process, and the estimation could be potentially improved by
applying the liquid jet X-ray photoelectron spectroscopy technique (Artiglia et al., 2017).

3. Retrieving Tropospheric BrO Columns

We follow the classical three-step DOAS method (Platt & Stutz, 2008; Theys et al., 2011; Theys, van Roozendael,
Errera, et al., 2009) to derive the tropospheric BrO vertical column density, V, from TROPOMI as:

tropo?

(S = Vitrato X Misrato)
Viropo = s
tropo eropo (D

where S is the total slant column density, V.

«wato 18 the stratospheric vertical column density, M, and M, are

strato tropo
the stratospheric and tropospheric AMFs, respectively. Figure 1 shows the flowchart of our retrieval approach.
This study uses S from Seo et al. (2019) retrieved with a fitting window of 334.6-358.0 nm, optimized on the
basis of sensitivity tests in different measurement conditions. The slant columns show good consistency with
GOME-2B (on board the Meteorological Operational satellite B) and OMI satellite products (Pearson correlation
coefficient r = 0.84) with lower fitting errors and improved detection capability of small-scale hot spots.

3.1. Stratospheric Correction

The stratospheric BrO columns (V) are estimated with simulated stratospheric BrO profiles based on a param-
eterization using dynamical and chemical indicators (Theys, van Roozendael, Errera, et al., 2009). The dynam-
ical impact on the stratospheric BrO distribution is approximated by total ozone columns (inferred by localized
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Chemical transport model Radiative transfer model
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4 ) 4

. TROPOMI TROPOMI - BrO
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\ 4 Y Y

Total BrO SCD Stratospheric BrO VCD AMF

(Seo et al., 2020)
GOME-2B Tropospheric Zenith-sky DOAS
BrO product BrO VCD BrO measurement

Figure 1. Flow diagram of TROPOspheric Monitoring Instrument (TROPOMI) tropospheric BrO retrieval. A parallelogram
represents an input or an output, a rectangle represents a process, and a document symbol represents a product or a model.

Br -ozone correlations), while the chemical effect is reflected by stratospheric nitrogen dioxide (NO,) columns
(iﬂdicating BrO/Br, ratio). Comparisons with ground-based, balloon, and spaceborne stratospheric BrO obser-
vations suggest that this method is reliable and efficient in separating stratospheric and tropospheric columns
(Theys, van Roozendael, Errera, et al., 2009); therefore, it has been applied in previous BrO retrieval studies (e.g.,
Blechschmidt et al., 2016; Bougoudis et al., 2020; Theys et al., 2011). Note that this method is less satisfactory
inside the polar vortex and during ozone-hole conditions (Sihler et al., 2012). For such scenarios, our results
show —5% to +25% differences in BrO tropospheric columns, compared to an independent TROPOMI retrieval
product using a statistical data analysis for stratospheric correction (Herrmann et al., 2022).

To estimate stratospheric BrO columns, we apply GCHP results in 2019 (Section 2) to construct a look-up table
(LUT) containing month, latitude, total ozone column, stratospheric NO, column, and solar zenith angle as
dimensions. Compared with Theys, van Roozendael, Errera, et al. (2009), our LUT uses an increased number of
reference points, such as solar zenith angle (from 5° bins to 3° bins) and latitude (from 10° bins to 3° bins), to
reduce interpolation error. For each TROPOMI pixel, a stratospheric BrO profile is interpolated with the LUT
using the operational TROPOMI total ozone (Garane et al., 2019) and stratospheric NO, (van Geffen et al., 2020)
products. The stratospheric BrO column is then derived by integrating the stratospheric BrO profile between the
tropopause from MERRA-2 (Gelaro et al., 2017) and the top-of-atmosphere. Here, the upper free tropospheric
BrO is assumed to be of stratospheric origin.

3.2. Tropospheric AMF Calculation

The tropospheric AMF (M,

tropo.
vertical column density. Assuming BrO as an optically thin atmospheric absorber, we follow Palmer et al. (2001)

) is defined as the ratio of the tropospheric slant column density to the tropospheric

to calculate M, as:
tropopause

eropo = / S(z)w(z)dz, (2)

0

where S(z) represents the shape factor of BrO at altitude z. w(z) denotes the weighting function, computed using
the Vector Linearized Discrete Ordinate Radiative Transfer model (version 2.7; Spurr, 2006) at 346 nm and stored
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in a LUT as a function of several model inputs, including TROPOMI viewing geometries, surface pressure, and

surface albedo. The calculation of M

<rato TENI€S ON the same model parameters as of M,

tropo’
parameters like surface albedo, cloud properties, and a priori BrO profiles is less strong.

but the dependency on

Surface albedo is calculated from the TROPOMI directionally dependent Lambertian-equivalent reflectivity
(DLER) product (Tilstra, 2022; Tilstra et al., 2021), depending on viewing angles. The TROPOMI DLER prod-
uct is based on newer observations for 2018-2021 with a higher spatial resolution of 0.125° x 0.125° and an
improved treatment of cloud contaminations (Tilstra, 2022), in comparison with the OMI or GOME-2 LER
climatologies (Kleipool et al., 2008; Tilstra et al., 2017). Moreover, the TROPOMI DLER extends the isotropic
Lambertian assumption with a geometric dependence, which describes the surface anisotropy via a parametri-
zation using the viewing angles and requires no external input of bi-directional reflectance distribution function
(Liu et al., 2020, 2021; Tilstra et al., 2021). Compared to the OMI LER climatology, the TROPOMI DLER prod-
uct shows slightly higher values (<5% over polar regions and <8% over clean Pacific Ocean), which can possibly
be related to the degradation of TROPOMI and will be updated with future TROPOMI level-1 data processor
(Tilstra, 2022).

In the presence of clouds, we calculate the AMF following the independent pixel approximation (R. V. Martin
et al., 2002), which defines the AMF as a linear combination of a fully cloudy scene and a clear scene weighted
by cloud fraction. We adopt cloud properties from the TROPOMI operational cloud products based on the Optical
Cloud Recognition Algorithm (OCRA) and Retrieval Of Cloud Information using Neural Networks (ROCINN)
algorithms (Loyola et al., 2018, 2020; Lutz et al., 2016). The TROPOMI OCRA/ROCINN products have been
widely used for cloud correction in TROPOMI trace gas retrievals, such as ozone (Heue, Eichmann, & Valks,
et al., 2021; Heue, Spurr, et al., 2021), sulfur dioxide (SO,) (Theys et al., 2017), formaldehyde (HCHO) (De
Smedt et al., 2018), and NO, (Liu et al., 2021). OCRA/ROCINN apply snow and ice masks to determine snow-
and ice-covered scenes. However, such high reflective surfaces are in general a particular challenge for cloud
algorithms (Latsch et al., 2022) Differences among current TROPOMI cloud products and impacts on our BrO
retrieval will be investigated in the near future.

For the shape factor S(z), we assume a constant tropospheric BrO profile in the first km for high surface albedo
(larger than 0.5) and a Gaussian profile with a maximum at 6 km and a full-width half maximum of 2 km for low
surface albedo (smaller than 0.5), following Theys et al. (2011). This hypothetical BrO profile is broadly in line
with balloon observations in the Arctic (Fitzenberger et al., 2000).

In the following analysis, we filter out pixels with cloud fraction larger than 0.4, difference between the surface
pressure and the cloud pressure larger than 400 hPa, solar zenith angle larger than 75°, and tropospheric AMF
(normalized by geometric AMF) lower than 0.2. We regrid level-2 BrO pixels onto a spatial resolution of
0.5° % 0.5° for monthly data using the oversampling technique from our previous studies (Zhu et al., 2014, 2017),
and we show daily examples using the original resolutions of satellites.

3.3. Error Budget of the Retrieved Tropospheric BrO Columns

We consider three main sources of errors in the retrieval algorithm, including (a) measurement noise and spectral
fitting errors during the slant column fitting, (b) errors in separating stratospheric and tropospheric BrO, and
(c) systematic errors due to uncertainties in model parameters affecting the tropospheric AMF. We use error
propagation (Boersma et al., 2004; De Smedt et al., 2008, 2018; Theys et al., 2011) to derive the total error on the
tropospheric vertical columns (oy,,,) as:

2
2 2 2
o_2 _ L . < O—Smnd ) + ( O-Ssysl > + <0'S5"a(o ) + (S - Sslralo) : GM‘ropo (3)
Viropo N M, tropo M, tropo M, tropo M[%OPO s
where o, , and o, are respectively the random (instrumental noise) and systematic (selection of the physical
and ngmpn stand

model and reference spectra) error on the slant columns. N is the number of ground pixels. o,
for the errors on the stratospheric slant column and the tropospheric AMF, respectively.

strato

O Myopo 18 derived from individual input parameters (Boersma et al., 2004; De Smedt et al., 2008, 2018) as:

2 2 2 2
62 _ aM(mpo . + aA’Ilmpo . + aMll\)pO . + aMuopo . (4)
Miropo - aA_\. As afL fe apdoud Peloud as S ?
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Figure 2. Monthly and zonal averaged stratospheric BrO columns from the GEOS-Chem high performance (GCHP) simulations (a) along with the associated
dynamical (stratospheric Br columns; b) and chemical (BrO/Br,) parameterization (c). Relative error (defined by the ratio of standard deviation to mean) for
stratospheric BrO columns (d) dynamical indicator (e), and chemical indicators (f) are also shown.

aM(mpo

where is the AMF derivative, and 6,4, oy,, op, and o, are typical uncertainties on the surface albedo,

cloud”
parameter

cloud fraction, cloud top pressure, and profile shape, respectively, assessed from the literature or inferred by
comparing with independent data. The typical uncertainties are 0.027 for DLER albedo (Tilstra, 2022; Tilstra
et al., 2021), 0.05 for the OCRA cloud fraction, and 50 hPa for ROCINN cloud pressure (Loyola et al., 2020).

Overall, the retrieval error on monthly averaged tropospheric BrO columns (O-Vlmp() ) is <70%. For the slant column,

os._.is 5 X 10" molecules cm™2, estimated following a statistical method (Boersma et al., 2007) and Oy is

rand

<10%, following Seo et al. (2019). For stratospheric columns, ¢

strato

ground-based measurements (Section 4.3). The overall error of the tropospheric AMF (GMmpa) is <60%, with

is <20%, derived from the comparison with

P)
[& - Oparameter | < 20% for surface albedo, <15% for cloud fraction, <20% for cloud-top height, and <50% for

Iparameter

the profile shape.

4. Results and Discussion
4.1. Stratospheric Correction

Figure 2 shows the stratospheric BrO climatology from GCHP simulations at TROPOMI overpass time. Elevated
stratospheric BrO and Br, (i.e., dynamical indicator) columns are observed for middle and high latitudes due to
lower tropopause height. For the BrO/Br, ratio (i.e., chemical indicator), higher values at low latitudes are related
to low Bry from Br/ozone correlations. Furthermore, seasonal variations for the BrO/Bry ratio are stronger in
middle and high latitudes, primarily due to the natural variations in stratospheric NO,. These seasonal and latitu-
dinal dependencies are broadly consistent with the Belgian Assimilation System for Chemical Observations from
Envisat CTM (Viscardy et al., 2010) climatology from Theys, van Roozendael, Errera, et al. (2009) designed for
satellites with morning overpasses (GOME, SCIAMACHY, and GOME-2) (Figure 13 therein). However, our
climatology result is generally 10% lower than that of Theys, van Roozendael, Errera, et al. (2009), reflecting the
differences in simulation period (2003-2006 for Theys, van Roozendael, Errera, et al., 2009), overpass time (9:30
LT for GOME-2), and chemistry scheme.
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Figure 3. Monthly mean tropospheric BrO columns retrieved from TROPOspheric Monitoring Instrument (TROPOMI) (a; this study) and GOME-2B (b; Theys
etal., 2011) in April 2019. Note that the two panels are with different color bars.

Figure 2 also shows the relative uncertainties on the stratospheric BrO columns and the contributions from the
Br, and BrO/Br, parameterizations, which are calculated from the GCHP model variability. The uncertainties on
the stratospheric BrO columns are dominated by Br,, with high values in middle and high latitudes during the
winter and spring months. For these scenarios with strong variations in both dynamics and chemistry, increased
proportions for BrO/Br, uncertainties are also noticed. The relative uncertainties for BrO are typically <11%,
with uncertainty <10% for Br, and <8% for BrO/Br,.

4.2. Global Distribution of Tropospheric BrO Columns

Figure 3 compares the global distribution of monthly average tropospheric BrO columns from our TROPOMI
retrieval and the GOME-2B product in April 2019. Both satellite products highlight elevated BrO columns
(higher than 5.0 x 10" molecules cm~2) over the Arctic sea ice and snow regions, as captured in earlier satellite
observations (Begoin et al., 2010; Blechschmidt et al., 2016; Richter et al., 2002; Simpson et al., 2007; Zhao
et al., 2016) but higher than in situ studies (~1.8 x 10'3 molecules cm~2) (Liao et al., 2012; Neuman et al., 2010;
Peterson et al., 2015, 2017, 2019) and DOAS observations (Peterson, Pratt, et al., 2016; Peterson, Simpson, &
Nghiem, 2016; Peterson et al., 2017, 2018; Simpson et al., 2017). We find low BrO columns of ~2.2 x 10'3 mole-
cules cm~2 in the tropical and subtropical regions, where BrO columns are primarily from SSA debromina-
tion (R1 and R2) and organobromines oxidation (Sherwen et al., 2016; Simpson et al., 2015; Zhu et al., 2019).
Compared with GOME-2B, TROPOMI provides higher tropospheric BrO columns and lower noise, likely due to
the different spatial resolution (80 x 40 km? for GOME-2), overpass time (9:30 LT for GOME-2), and retrieval
algorithm (Theys, van Roozendael, Errera, et al., 2009; Theys et al., 2011). The generally reduced noise from
TROPOMI indicates improved data quality and lower DOAS fitting residuals. The larger BrO differences in polar
regions mostly reflect the differences in stratospheric correction and/or AMF calculation.

Figure S2 in Supporting Information S1 shows the simulated global distribution of monthly mean tropospheric
BrO in April 2019, which is broadly consistent with satellite measurements in Figure 1 regarding the BrO spatial
distribution. However, GCHP underestimates tropospheric BrO columns by ~75% in polar regions, possibly due
to the missing SSA emission mechanisms over sea-ice-covered areas, such as blowing snow or first-/multi-year
sea ice. Please refer to Section 4.5 for additional discussions regarding polar bromine sources.

Figure 4 shows the total (slant columns normalized by geometric AMF), stratospheric, and tropospheric BrO
columns, and corresponding tropopause height in the Northern Hemisphere from 11-13 April 2019, a designated
period with high-BrO events in the Arctic spring. The pattern of stratospheric BrO columns broadly anticorre-
lates with that of tropopause heights, supporting that the stratospheric correction properly accounts for changes
in tropopause heights by using total ozone columns as indicators. The stratospheric BrO columns can be under-
estimated for particularly low tropopause heights of ~6 km, likely due to the transport of stratospheric BrO into
the free troposphere or the retrieval uncertainty in the stratospheric correction (Salawitch et al., 2010; Theys
et al., 2011). The tropospheric BrO hotspots may originate mainly from precursor emissions over the ice- or
snow-cover surface, as shown in Figure 3.
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Figure 4. Total (a—c), stratospheric (d—f), and tropospheric (g-i) BrO columns from TROPOspheric Monitoring Instrument
(TROPOMI) and tropopause height from Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) (j-1). Results are presented for 11, 12, and 13 in April 2019 in the Northern Hemisphere (30°-90°N).

Figure 5 shows the monthly variations in TROPOMI tropospheric BrO columns over the polar regions during the
spring of 2019. At the beginning of the spring, pronounced tropospheric BrO columns are likely due to the bromine
explosion after the polar night, according to the simulation. In this process, heterogeneous reactions release Br,
and BrCl into the gas phase and contribute the BrO catalytically from the condensed phase (liquid brine or sea ice).
In the following months, BrO values decline gradually as the wet deposition of HBr begins to dominate the sink
of Br, (Zhu et al., 2019). Such a seasonality in BrO columns is similarly captured by GOME, OMI, and GOME-2
(e.g., Begoin et al., 2010; Levelt et al., 2006; Platt & Wagner, 1998; Richter et al., 1998; Theys et al., 2011). The
spatial variations of BrO values may reflect the heterogeneous reactions on sea ice, including the first-year sea
ice (Bougoudis et al., 2020) and the multi-year ice (Herrmann et al., 2022). The discrepancy of BrO distribution
between the northern and southern hemisphere can be additionally influenced under ozone-hole conditions.

Figure 6 shows the seasonal cycle of the retrieved TROPOMI tropospheric BrO columns. Figure S3 in Supporting
Information S1 shows the global distribution of monthly mean BrO columns in 2019. Generally, the seasonal
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Figure 5. Monthly mean TROPOspheric Monitoring Instrument (TROPOMI) tropospheric BrO columns in polar spring
2019 in the Northern Hemisphere (30°~90°N) (a—c) and the Southern Hemisphere (30°-90°S) (d—f).

variations are weak for middle and low latitudes, with the tropospheric BrO values in the range of 2.4 x 10! mole-
cules cm™2 to 4.3 X 10" molecules cm~2. Tropospheric BrO columns show stronger variations at high latitudinal
bands, especially in the springtime. In the polar spring, for example, monthly mean tropospheric BrO columns
can reach 7.8 X 103 molecules cm™2, likely originating from heterogeneous bromine activation from natu-
ral sources (Richter et al., 2011), including sea ice (Choi et al., 2018; Yang et al., 2020), snowpack (Custard
et al., 2017; Peterson et al., 2018; Pratt et al., 2013), and SSA from blowing snow (Blechschmidt et al., 2016;
Domine et al., 2004; Frey et al., 2020; Yang et al., 2008). The standard deviations are 0.3 X 10'3 molecules cm™
to 0.9 X 10'* molecules cm~2 in summer and 0.4 X 10'* molecules cm~2 to 2.4 X 10'3 molecules cm~2 in winter.

4.3. Evaluation With Remote Sensing BrO Measurements

Figure 6 also compares TROPOMI tropospheric BrO columns with MAX-DOAS measurements from the
TORERO (eastern tropical Pacific during January—February 2012; Volkamer et al., 2015) and CONTRAST
(western tropical Pacific during January—February 2014; Koenig et al., 2017) aircraft campaigns. TROPOMI trop-
ospheric BrO columns are generally higher than the TORERO MAX-DOAS results by up to ~1.0 X 10" mole-
cules cm™2, likely due to retrieval errors, differences in the observation periods, and sensitivities of columns to
BrO vertical profiles (satellite measurements present low sensitivity in the lower atmosphere; Koenig et al., 2017,
Liu et al., 2019, 2020; Verhoelst et al., 2021).

Figure 7 compares the tropospheric BrO columns from TROPOMI and TORERO aircraft campaigns over the
tropical Pacific in February, acknowledging the inter-annual variability between 2012 and 2019. The TROPOMI
BrO values along the flight tracks vary from 2.0 X 10'* molecules cm~2 to 3.1 X 10'* molecules cm~2, consist-
ent with the airborne MAX-DOAS measurements. Upon eliminating a background tropospheric BrO level of
1.2 x 10" molecules cm~2 (~1 ppt; Neuman et al., 2010), we observe a correlation coefficient r = 0.46 (Figure
S4 in Supporting Information S1). The discrepancy of ~1.3 x 10'3 molecules cm~? between campaigns and
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Figure 6. Monthly averaged tropospheric BrO columns in 2019 from different latitude bands. The shaded area
represents the standard deviation, defined from BrO columns within each latitude band for a given month. Red crosses
(1.8 x 10" molecules cm~2) and blue triangles (1.6 X 10'3 molecules cm~2) represent tropospheric BrO columns averaged
for the TORERO aircraft campaign (Volkamer et al., 2015; Dix et al., 2016; above the eastern tropical Pacific Ocean) and
the CONvective TRansport of Active Species in the Tropics campaign (Koenig et al., 2017; over the western tropical Pacific
Ocean), respectively. Measurements from aircraft campaigns are calculated by integrating profiles over the altitude range of
the aircraft and horizontally shifted in the figure for presentation purposes.
satellite measurements is possibly due to the reduced SSA emissions in summer, the reduced detection sensi-
tivity of tropospheric BrO in the free troposphere by MAX-DOAS measurements, and imperfect stratospheric
correction in the satellite retrieval. Both TROPOMI and TORERO show higher BrO columns located far from
the coastline in mid-latitudes, while the inland BrO amounts are close to the background values. This land-ocean
contrast likely results from (a) SSA mass difference, with fine component dominating the SSA mass over land,
for which the SSA debromination is more intensive (Zhu et al., 2019); (b) reduced bromine inputs to terrestrial
convection, since the surface influx does not connect with bromine sources (primarily marine in their origin);
CHEN ET AL. 11 of 22
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Figure 7. Tropospheric BrO columns retrieved from TROPOspheric Monitoring Instrument (TROPOMI) in February 2019 (a) and measured during the TORERO
aircraft campaign (Volkamer et al., 2015) in February 2012 (b) over the tropical Pacific Ocean. TORERO observations are displayed along the flight track.
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and (c) increased wash-out of bromine aloft by wet scavenging, since terrestrial convection is increased (Schmidt
et al., 2016; Volkamer et al., 2015; S. Wang et al., 2015).

Figure 8 compares the tropospheric BrO data from TROPOMI, GOME-2B, and ground-based instruments. The
ground-based data are from zenith-sky DOAS measurements over Harestua, Norway (60.22°N, 10.75°E), a station
operated by BIRA-IASB as part of the Network for the Detection of Atmospheric Composition Change (Hendrick
et al., 2007). Figure S5 in Supporting Information S1 additionally shows tropospheric BrO columns from the
MAX-DOAS instrument during springtime from 2012 to 2016 at Utgiagvik, Alaska (71.33°N, 156.67°W)
(Peterson et al., 2015; Simpson et al., 2017, 2018). We average the TROPOMI and GOME-2B pixels within a 50
and 200 km radius, respectively, from the location of the DOAS instrument for each day (Theys et al., 2011), and
we average the ground-based measurements within +1 hr of the TROPOMI overpass time (13:30 LT). A scaling
factor of 1.2, estimated using the 2019 GCHP simulations (Section 2), is additionally applied to GOME-2B meas-
urements to correct the BrO diurnal variation caused by different overpass times.

In Figure 8, space-based and ground-based data show differences in tropospheric BrO columns on an aver-
age of 1.9 x 103 molecules cm~2. A systematic overestimation of TROPOMI tropospheric BrO columns is
observed particularly in wintertime with large solar zenith angles, ranging from 0.2 X 10'* molecules cm~2 to
4.6 x 10" molecules cm~2. This results from the low sensitivity of zenith-sky DOAS instruments close to the
surface (Roscoe et al., 2014). With higher sensitivity in the lower troposphere, the MAX-DOAS measurements
present increased daily variations, for example, in April-May 2013. The difference in tropospheric BrO columns
between TROPOMI and MAX-DOAS is, on average, 0.8 x 10'3 molecules cm~2. In general, our TROPOMI

Tropospheric BrO columns
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Figure 8. Tropospheric BrO columns from TROPOspheric Monitoring Instrument (TROPOMI) and ground-based zenith-sky differential optical absorption
spectroscopy instrument at Harestua (60.22°N, 10.75°E) in February—October 2019. Tropospheric BrO columns from GOME-2B are also shown, with a scaling factor
of 1.2 applied to address the diurnal variations of BrO at different overpass times.
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Figure 9. TROPOspheric Monitoring Instrument (TROPOMI) tropospheric BrO (a) and total SO, (b) columns over the Raikoke volcano (48.29°N, 153.25°E) on the
Kuril Islands after the eruption on 21-22 June 2019. TROPOMI total SO, columns are calculated assuming plume heights of 6.5-7.5 km (mid-troposphere). The open

triangle marks the volcano's location.

retrieval shows improved consistency with ground-based measurements (r = 0.67 for zenith-sky DOAS data,
Figure S6 in Supporting Information S1), in comparison with GOME-2B (r = 0.28, not shown).

4.4. Tropospheric BrO Hotspots According to TROPOMI

Explosive volcanic eruptions typically emit a large amount of ash and reactive gases. In the vicinity of volcanic
activities, high-temperature gas-phase reactions and in-plume heterogeneous chemical processes involving aero-
sols during plume transport lead to high mixing ratios of BrO. The high temperature increases the concentra-
tion of HOBr and accelerates the catalytic cycles (R2), thereby enhancing the production of Br- and BrO (R4
and R7) on the acidic surface of sulfuric aerosols (Gutmann et al., 2018; R. S. Martin et al., 2009; Oppenheimer
et al., 2006; von Glasow, 2010). The high level of BrO in the downwind region is similarly captured by OMI
and GOME-2 studies (Choi et al., 2012; Heue et al., 2011; Theys, van Roozendael, Dils, et al., 2009). In
Figure 9, our TROPOMI tropospheric BrO retrievals report significantly enhanced BrO values from the volcanic
eruption at Raikoke (48.29°N, 153.25°E) from 21-22 June 2019, ranging from 6.5 X 10'* molecules cm~2 to

8.0 X 10" molecules cm™2.

To distinguish between the plume chemistry and the dilution effects, bromine species are usually reported relative
to sulfur (McGonigle et al., 2004; von Glasow et al., 2009). Specifically, SO, is regarded as an optical plume
tracer for observing volcanic eruptions, because its concentration is not significantly affected by the acidity
of the volcanic aerosol or by reactions with other oxidants, and it remains relatively stable in the volcanic plume
over short time scales (minutes to hours). TROPOMI captures the large plume of BrO transported toward the
southeast, with a similar evolution pattern reflected by the TROPOMI SO, product (Hedelt et al., 2019). Our esti-
mation of the BrO/SO, ratio is ~0.9 x 105, which falls within the range of 1.0 X 1076 to 1.0 X 1073 in volcanic
plumes, compiled by Gutmann et al. (2018) (and references therein).

Salt marshes, with facilitated heterogeneous reactions that emit Br, and BrCl into the gas phase, are among the
most localized and strongest sources of tropospheric BrO (Saiz-Lopez and von Glasow, 2012). Ground-based
DOAS instruments observe high BrO concentrations up to 86 ppt over the Dead Sea (Hebestreit et al., 1999;
Matveev et al., 2001; Tas et al., 2005), the Great Salt Lake (Stutz et al., 2002), and Salar de Uyuni (Honninger
et al., 2004). OMI and GOME-2 measurements reveal high BrO columns of up to 1.4 x 10'* molecules cm—
for salt deserts over the Great Salt Lake (Chance, 2006) and the Rann of Kutch (H6rmann et al., 2016). Our
TROPOMI retrieval captures BrO enhancements for a selected salt marsh, the Rann of Kutch in India and
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Figure 10. Tropospheric BrO columns from TROPOspheric Monitoring Instrument (TROPOMI) (a—c) and GOME-2 (d-f) over the Rann of Kutch salt marsh
(24.02°N, 70.14°E) on 18-20 April 2019. The rectangle marks the salt marsh location.

Pakistan, one of the most substantial natural sources of reactive bromine compounds (Hérmann et al., 2016; Seo
et al., 2019). In Figure 10, TROPOMI retrieval from 18 to 20 April 2019, shows distinguished BrO plumes by up
to ~1.1 X 10'* molecules cm~2 with significantly more spatial details than the GOME-2B data sets, highlighting
the ability of TROPOMI to observe small-scale BrO enhancements.

4.5. Implications for Testing Blowing Snow Aerosol Bromine Mechanism

Salinity is one of the most critical parameters in the blowing snow mechanism in model simulations (Yang
et al., 2008, 2010). Arctic snow salinity has been reported by field studies to exhibit a large variability, approxi-
mately ranging from ~0 to 20 practical salinity units (psu) (Krnavek et al., 2012; Nomura et al., 2018; Peterson
et al., 2018; Tonboe et al., 2021). Current models typically apply a uniform snow salinity, that is, 0.1 psu for the
first-year sea ice and 0.05 psu for the multi-year sea ice, over sea ice for the Arctic (Huang et al., 2018, 2020;
Huang & Jaeglé, 2017; Marelle et al., 2021; Swanson et al., 2022). To improve our understanding of the impact
of salinity in models, we compare the retriecved TROPOMI product to model simulations with different snow
salinity values over sea ice (first-year sea ice: 0.01, 0.05, 0.1, 2 psu; multi-year sea ice: half of the snow salinity
over first-year sea ice). Our simulation incorporates a representation of snowpack Br, production from Toyota
et al. (2011), where Br, is emitted upon deposition of precursor species HOBr, BrNO,, and ozone in snowpacks
with adequate salinity, acidity, and depth. Specific chemical equations of Br, emissions from the sunlit snowpack
surface are nevertheless limited (as shown in Figure S1 in Supporting Information S1). Additionally, we also add
a blowing snow SSA production mechanism, which increases aerosol particulate bromide and thus facilitating
heterogeneous recycling of reactive bromine on aerosol surfaces (Huang et al., 2018, 2020; Swanson et al., 2022).
We acknowledge that multiphase reactions on the surface and snowpack photochemistry, for example, OH radi-
cal oxidation of Br~ to produce Br, (Halfacre et al., 2019), are not explicitly represented in the current setup, so
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Figure 11. Tropospheric BrO columns from TROPOspheric Monitoring Instrument (TROPOMI) observations and model simulations with different salinity of snow
(in practical salinity units) on 27 March (a—e) and 5 April (f—j) in 2019 in the Northern Hemisphere (60°-90°N).

that approximated parameterization of the release of Br, may introduce uncertainty into the simulation results.
We apply the satellite averaging kernels to the modeled vertical profiles to remove errors resulting from a priori
profile assumptions, and we interpolate the model outputs to TROPOMI overpass time.

Figure 11 presents the tropospheric BrO columns from TROPOMI and model simulations utilizing different
snow salinity values in the blowing snow scheme. On 27 March (Figures 11a—11e), the TROPOMI products
and all simulations capture the high values of tropospheric BrO columns over the Chukchi Sea, Canadian Arctic
Archipelago, East coast of Greenland island, and East Siberian Sea. However, the use of relatively high snow
salinity (0.05, 0.1, and 2 psu over first-year sea ice) leads to large BrO enhancements over Greenland island and
the seas around it, likely due to an overestimation of SSA production by the blowing snow scheme. Overall,
the simulation with a reduced salinity (0.01 psu) achieves the best agreement with TROPOMI, with a bias of
~2.3 x 10" molecules cm~2. A similar conclusion can be drawn for 5 April (Figures 11f~11j), where using a
salinity of 0.01 improves the consistency with TROPOMI particularly over the Canadian Arctic Archipelago and
east of the coast of Greenland.

Reducing the salinity does not remove all disagreements with satellite data. For both days, the modeled BrO is
overestimated over the Chukchi Sea and the east coast of Greenland island. Additionally, the model (even with
a salinity of 0.01 psu) frequently shows BrO enhancements where the satellite doesn't observe such changes,
especially around Hudson Bay and Baffin Bay. These discrepancies suggest future investigations of additional
key parameters affecting SSA generation in blowing snow schemes, such as humidity, temperature, wind speed,
or snow particle size distribution. Our new TROPOMI BrO product provides independent indirect constraints on
testing new chemistry schemes or critical parameters.

5. Conclusions

We retrieve tropospheric BrO columns from the TROPOMI on the European S-5P platform. The retrieved BrO
data is essential in exploring the chain reactions of bromine species and quantifying their impact on atmospheric
oxidizing capacity. We implement a stratospheric correction scheme using a climatological approach based on
the GCHP CTM. The model is equipped with a full halogen chemistry scheme and grid-stretching capability.
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Additionally, we improve the tropospheric AMF calculation with TROPOMI directionally DLER surface albedo
data accounting for the geometrical dependency.

Our tropospheric BrO retrievals separate the tropospheric and stratospheric contributions from the total BrO
columns and identify seasonal and latitudinal dependencies of tropospheric BrO columns. We find low tropo-
spheric BrO columns of ~2.2 x 10'* molecules cm~2 at middle and low latitudes, possibly from SSA debromi-
nation and organobromine oxidation. Elevated tropospheric BrO columns up to 7.8 x 10! molecules cm=2 are
found over sea ice during the polar spring.

The retrieved TROPOMI tropospheric BrO columns align with the current GOME-2B product regarding the
global distribution. Land-ocean contrast of tropospheric BrO columns over the tropical Pacific Ocean is similarly
captured by TROPOMI satellite product and TORERO aircraft measurements (r = 0.46) with a discrepancy of
less than 1.5 x 10'® molecules cm~2. Compared with ground-based zenith-sky DOAS observations, we obtain a
good consistency with a correlation coefficient of 0.67 and an average difference of 1.9 x 10'3 molecules cm—
for tropospheric BrO.

With a high spatial resolution of up to 5.5 X 3.5 km? and improved signal-to-noise, our TROPOMI product
provides a unique opportunity to investigate the small-scale BrO enhancements from local sources, such as
volcanic eruptions (e.g., at Raikoke, up to 8.0 X 10" molecules cm~2) and salt marsh (e.g., at the Rann of
Kutch, up to 1.1 X 10'* molecules cm~2). Comparing the TROPOMI product with model results provides indirect
independent constraints on the Arctic bromine chemistry, acknowledging the uncertainties in satellite retrievals
and halogen simulations. Model estimates of tropospheric BrO columns are generally improved by assuming a
reduced salinity (0.01 practical salinity units), despite few discrepancies around Hudson Bay and Baffin Bay. Our
TROPOMI BrO product provides high-resolution information for further studies of tropospheric BrO explosion
events monitoring (Peng et al., 2021; Womack et al., 2023; Xia et al., 2022) and studies of bromine simulations
in the troposphere.

In the future, our understanding of tropospheric bromine chemistry would be boosted by investigating the impact
of critical parameters, such as snowpack salinity, snowpack and aerosol acidity, factors regulating direct bromine
emissions from ozone oxidation (O; + Br~), and initial conditions. More extended periods of ground-based
BrO and aerosol bromide measurements, particularly close to local sources, are essential for evaluating bromine
chemical mechanisms and validating satellite retrievals, alongside short-term field campaigns measuring vertical
distributions of relevant gas and aerosol phase species. There are remaining gaps in our understanding of trop-
ospheric bromine chemistry which would benefit from further studies, including data assimilation of multiple
sources of observations and observational constraints on critical chemical parameters, both with modeling efforts.

Data Availability Statement

The monthly tropospheric BrO column product for 2019, Level-2 tropospheric BrO retrieval examples for spring-
time 2019, and configuration files of GEOS-Chem for this study are available on Harvard Dataverse (Y. Chen
et al., 2023). Level-2 tropospheric BrO retrievals and codes are available upon request. Operational TROPOMI
data are accessible via the Copernicus Open Access Hub for ozone (Copernicus Sentinel-5P, 2018a), NO, (Coper-
nicus Sentinel-5P, 2018b), SO, (Copernicus Sentinel-5P, 2018c¢), and cloud (Copernicus Sentinel-5P, 2018d).
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