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Abstract. Quantifying the global bromine monoxide (BrO)
budget is essential to understand ozone chemistry better. In
particular, the tropospheric BrO budget has not been well
characterized. Here, we retrieve nearly a decade (Febru-
ary 2012—July 2021) of stratospheric and tropospheric BrO
vertical columns from the Ozone Mapping and Profiling
Suite Nadir Mapper (OMPS-NM) on board the Suomi Na-
tional Polar-orbiting Partnership (Suomi-NPP) satellite. In
quantifying tropospheric BrO enhancements from total slant
columns, the key aspects involve segregating them from
stratospheric enhancements and applying appropriate air
mass factors. To address this concern and improve upon
the existing methods, our study proposes an approach that
applies distinct BrO vertical profiles based on the pres-
ence or absence of tropospheric BrO enhancement at each

pixel, identifying it dynamically using a satellite-derived
stratospheric-ozone-BrO relationship. We demonstrate good
agreement for both stratosphere (r =0.81-0.83) and tropo-
sphere (r =0.50-0.70) by comparing monthly mean BrO
vertical columns from OMPS-NM with ground-based ob-
servations from three stations (Lauder, Utqiagvik, and
Harestua). Although algorithm performance is primarily as-
sessed at high latitudes, the OMPS-NM BrO retrievals suc-
cessfully capture tropospheric enhancements not only in po-
lar regions but also in extrapolar areas, such as the Rann of
Kutch and the Great Salt Lake. We also estimate random un-
certainties in the retrievals pixel by pixel, which can assist
in quantitative applications of the OMPS-NM BrO dataset.
Our BrO retrieval algorithm is designed for cross-sensor ap-
plications and can be adapted to other space-borne ultravio-
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let spectrometers, contributing to the creation of continuous
long-term satellite BrO observation records.

1 Introduction

Inorganic bromine compounds (Bry) contribute significantly
to the loss of ozone (O3) in the stratosphere through catalytic
reaction cycles (Lary, 1996; Salawitch et al., 2005; Yung
et al., 1980), especially exerting synergistic interactions with
chlorine compounds in polar regions (Chipperfield and Pyle,
1998; Lee et al., 2002; McElroy et al., 1986; Sinnhuber et al.,
2009). Stratospheric Bry, compounds originate mainly from
the photolysis or oxidation of organic brominated substances.
The most abundant long-lived organic source gas is methyl
bromide (CH3Br), emitted primarily by natural oceanic pro-
cesses (L. Hu et al., 2012) and by anthropogenic activities
such as agriculture (Choi et al., 2022). Long-lived halons
also contribute to the stratospheric Bry budget, transported
from their anthropogenic emission sources (Fraser et al.,
1999). Another contributor to stratospheric Br, amounts is
the transport of very short-lived bromine source gases, such
as bromoform (CHBr3) (Pfeilsticker et al., 2000; Salaw-
itch et al., 2005), released mainly from marine life-forms
(e.g., macroalgae and phytoplankton) (Butler et al., 2007;
Raimund et al., 2011).

Bromine chemistry also affects O3 concentrations and the
oxidizing capacity in the troposphere (von Glasow et al.,
2004; Saiz-Lopez and von Glasow, 2012; Simpson et al.,
2015). Bry can be present in the free troposphere, associ-
ated with the decomposition of organic bromine compounds
(Bognar et al., 2020; Dvortsov et al., 1999; Fitzenberger
et al., 2000; Koenig et al., 2017; Schauffler et al., 1999;
Sturges et al., 2000; Wamsley et al., 1998; Wang et al., 2015).
Furthermore, ground- and aircraft-based measurements iden-
tified Bry even in the boundary layer, particularly in polar re-
gions (Bognar et al., 2020; Hausmann and Platt, 1994; Hon-
ninger and Platt, 2002; Peterson et al., 2015, 2017, 2018;
Saiz-Lopez et al., 2007; Simpson et al., 2017), volcanic
plumes (Bobrowski et al., 2003; Bobrowski and Platt, 2007;
Bobrowski and Giuffrida, 2012; Boichu et al., 2011; Dinger
et al., 2018; Kelly et al., 2013; Liibcke et al., 2019; Warnach
et al., 2019), the marine boundary layer (Leser et al., 2003;
Koenig et al., 2017; Saiz-Lopez et al., 2004), and over salt
lakes (Hebestreit et al., 1999; Stutz et al., 2002). However,
the in-depth quantification of reactive bromine amounts in
the global troposphere remains a challenge to address (Saiz-
Lopez and von Glasow, 2012; Simpson et al., 2015).

Bromine monoxide (BrO) is a reactive radical account-
ing for a significant portion of the Bry, amounts during
daylight hours. Having strong absorption features in the
ultraviolet (UV) spectral region, BrO is one of the ear-
liest detected species in the history of air quality moni-
toring from satellite-based hyperspectral UV spectrometers
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(Gonzélez Abad et al., 2019). The initial satellite observa-
tions were made from the Global Ozone Monitoring Ex-
periment (GOME), suggesting the ubiquitous presence of
BrO in the global free troposphere and enhanced columns
mainly over polar regions (Chance, 1998; Hegels et al., 1998;
Richter et al., 1998; Van Roozendael et al., 2002; Wagner and
Platt, 1998).

Succeeding nadir-viewing spectrometers have continued
satellite-based BrO retrievals, including the SCanning Imag-
ing Absorption spectroMeter for Atmospheric CHartogra-
phY (SCIAMACHY) (Van Roozendael et al., 2004), GOME-
2 (Hormann et al., 2013; Sihler et al., 2012; Theys et al.,
2009a, b, 2011), the Ozone Monitoring Instrument (OMI)
(Hormann et al., 2016; Suleiman et al., 2019), and the TRO-
POspheric Monitoring Instrument (TROPOMI) (Herrmann
et al., 2022; Seo et al., 2019). These retrievals have demon-
strated the detectability of extrapolar BrO enhancements
from satellites. For example, Hormann et al. (2016) analyzed
the seasonal variations in BrO columns over the Rann of
Kutch, a salt marsh located on the border between Pakistan
and India, using OMI and GOME-2 observations. Retrievals
from OMI also detected enhanced BrO columns over the
Great Salt Lake in the USA (Chance, 2006; Suleiman et al.,
2019) and the Dead Sea (Hormann et al., 2016). Further-
more, GOME-2, OMI, and TROPOMI observed BrO emis-
sions from volcanoes (Heue et al., 2011; Hormann et al.,
2013; Seo et al., 2019; Suleiman et al., 2019; Theys et al.,
2009a).

In response to a lack of quantitative understanding of the
tropospheric Bry, budget (Saiz-Lopez and von Glasow, 2012;
Simpson et al., 2015), the separation between stratospheric
and tropospheric columns has been among the primary inter-
ests of satellite-based BrO studies. The common framework
of the existing separation approaches involves deriving the
tropospheric field by subtracting stratospheric columns from
the total columns retrieved from a nadir-viewing satellite sen-
sor (see Sect. 2.5.1 for details). In this framework, an im-
portant aspect is avoiding the misattribution of stratosphere-
driven variabilities in total columns to tropospheric enhance-
ments (Salawitch et al., 2010). Another consideration is ad-
dressing the high variability in light paths in the troposphere,
which impacts the accuracy of the retrieved tropospheric ver-
tical columns. To enhance the global applications of satellite
BrO data, we suggest a modified stratosphere—troposphere
separation (STS) method, combining the benefits of the ex-
isting methods. The key feature of the proposed scheme is the
dynamic identification of tropospheric enhancements, where
distinct BrO vertical profiles are applied depending on the
presence or absence of enhancements on a pixel-by-pixel ba-
sis.

In this study, we retrieve global stratospheric and tro-
pospheric BrO vertical columns from the Ozone Mapping
and Profiling Suite Nadir Mapper (OMPS-NM) on board
the Suomi National Polar-orbiting Partnership (Suomi-NPP)
satellite launched in 2011. Starting with the one on the
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Suomi-NPP, two more OMPS-NM instruments have been de-
ployed on the NOAA-20 and NOAA-21 satellites in 2017 and
2022, respectively. There are also plans for two additional
launches scheduled in 2027 and 2032. Building a long-term
time series of BrO using multiple OMPS-NM instruments
can minimize the complicated intercalibration required when
combining datasets from different sensors (Bougoudis et al.,
2020). The OMPS-NM instruments are currently the only
planned space-borne hyperspectral UV spectrometers to con-
tinuously be launched into afternoon orbit subsequent to the
decommissioning of TROPOMI (Nowlan et al., 2023). Fur-
thermore, the one on board the Suomi-NPP can specifically
provide daily global afternoon BrO data from 2012, which
are currently missing in part due to the influence of an in-
strumental issue (the so-called “row anomaly”’) on the OMI
BrO product (Suleiman et al., 2019).

In Sect. 2, we describe in detail the OMPS-NM instru-
ment, our retrieval algorithm, and estimated uncertainties.
Section 3 presents the intercomparison of stratospheric and
tropospheric BrO columns from OMPS-NM and ground-
based retrievals from February 2012 to July 2021. While
the consistent algorithm configuration is applied globally,
the retrieval examples discussed in Sects. 2—3 primarily cen-
ter around high latitudes, considering the substantial vari-
abilities and implications of BrO concentrations in those re-
gions. In Sect. 4, we broaden our examination to a global per-
spective, analyzing tropospheric BrO columns retrieved from
8-year OMPS-NM measurements (January 2013-December
2020). Additionally, we explore extrapolar hotspots detected
from February 2012 to July 2021. Section 5 provides a dis-
cussion and conclusions.

2 OMPS-NM BrO retrieval

Figure 1 shows the flow chart of the OMPS-NM BrO re-
trieval algorithm. In the framework of the two-step trace-
gas retrieval method (Gonzélez Abad et al., 2019), the al-
gorithm first retrieves slant columns from earthshine radi-
ance spectra stored in the OMPS-NM Level 1B product,
described in Sect. 2.1. Here, the slant column refers to the
amount of BrO integrated along contributing light paths. The
ultimate algorithm outputs, stratospheric and tropospheric
BrO vertical columns, are subsequently derived by account-
ing for these light paths. The retrieval algorithm consists
of four main components: (i) slant column retrieval, (ii) air
mass factor calculations, (iii) reference sector correction, and
(iv) stratosphere—troposphere separation, which are framed
in blue in Fig. 1. The four algorithm components are de-
scribed in Sect. 2.2-2.5 in the order of execution. Uncertain-
ties in the retrievals are described in Sect. 2.6.
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2.1 OMPS-NM instrument and Level 1B product

The OMPS-NM instrument, launched on 28 October 2011
on board the Suomi-NPP spacecraft, measures backscat-
tered earthshine radiances from a low Earth orbit with
an equatorial overpass of 13:30 local solar time (LST)
(Dittman et al., 2002; Flynn et al., 2014; Seftor et al.,
2014). The instrument uses a grating spectrometer with a 2-
dimensional charge-coupled device (CCD) detector compris-
ing 340 (spectral) x 740 (spatial) pixels, of which 196 x 708
are illuminated. In the spectral dimension, the illuminated
pixels cover a wavelength range of 300-380nm at 0.42 nm
sampling and 1 nm resolution (full width at half maximum).
Spatially, the CCD pixels are projected onto the Earth’s sur-
face with a 110° field of view, resulting in a 2800 km wide
swath and daily full global coverage at the Equator.

For nominal operation, the spatial CCD pixels are re-
binned into 36 cross-track positions to meet the noise and
ground pixel size requirements. As a result, OMPS-NM has
a spatial resolution of 50 km in the cross-track dimension at
the nadir. A different rebinning approach is applied to the
two central cross-track positions, providing 30km x 50 km
and 20km x 50km resolutions. The signal-to-noise ratios
(SNRs) after rebinning are above 1000 at all wavelengths
(Seftor et al., 2014). In the along-track dimension, the in-
tegration time of 7.6s leads to a resolution of 50 km. Each
OMPS-NM orbit typically has 400 swaths (along-track pix-
els), where a swath is a single set of 36 cross-track measure-
ments.

For the BrO retrieval, we use solar irradiance and earth-
shine radiance data, along with corresponding geographic
locations of ground pixels, observation geometries, wave-
lengths, and quality flags (see Fig. 1). These data are from
the NASA OMPS Nadir Mapper Earth View (NMEV) Ver-
sion 2.0 Level 1B product, accessible through the Goddard
Earth Sciences Data and Information Services Center (GES
DISC) (Johnson and Seftor, 2017). Unlike radiances mea-
sured at every pixel, solar irradiances in the Level 1B product
are based on four measurements taken in March and April of
2012, adjusted to the Sun—Earth distance for the time of ra-
diance measurements. The Level 1B data used in this study
cover the time period from February 2012 to July 2021.

2.2 Slant column retrieval (spectral fitting)

The retrieval algorithm starts with the spectral calibration of
solar irradiance measured by the OMPS-NM instrument (see
blue frame i and the preceding steps in Fig. 1). This calibra-
tion provides an on-orbit spectral response function (SRF) of
OMPS-NM for each cross-track position, which is required
to convolve high-resolution reference spectra in the follow-
ing steps. We adopt the approach outlined by Beirle et al.
(2017) and Nowlan et al. (2023) to model the SRF using a
super-Gaussian. The optimal super-Gaussian parameters are
derived for each cross-track position simultaneously with a
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Figure 1. Flow chart of the OMPS-NM BrO retrieval algorithm. Different symbols are used for static input, dynamic input, variable, and
process, as indicated in the lower-right corner. Four main algorithm components (i—iv) are highlighted with blue frames.

spectral shift by iterative cross-correlation between the mea-
sured spectrum and a convolved high-resolution solar refer-
ence spectrum (Chance and Kurucz, 2010).

We retrieve a BrO slant column for each ground pixel of
OMPS-NM, employing the Smithsonian Astrophysical Ob-
servatory (SAO) approach that performs direct least-squares
fitting of a modeled radiance spectrum F(x, b) to a measure-
ment vector y (Chance, 1998):

m

% = argminy Z [yi — Fi(x, b)]z.
i=1

ey

Here, y consists of earthshine radiances measured at dis-
cretely sampled wavelengths (A) in a fitting window, with
the number of spectral points referred to as m; x represents
a state vector composed of a set of geophysical and spec-
troscopic variables, including the slant column of BrO; b
describes predetermined model parameters; and X is the re-
trieved state vector. The retrieval is based on nonlinear re-
gression, with a Jacobian matrix K, = 0 F/dx updated in
each iteration using the Gauss—Newton ELSUNC algorithm
(Lindstrom and Wedin, 1987). Bad pixels determined by
quality flags from Level 1B files are excluded from the spec-
tral fitting.
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Modeling F (x, b) requires a source spectrum I that is un-
der minimal or no influence of the absorption by the trace gas
of interest (BrO, in this study). Solar irradiance measured
from the same sensor is a traditional option for Iy. However,
we use a radiance reference to minimize cross-track strip-
ing in the retrieved slant columns, as in previous OMPS-
NM retrieval studies (Gonzalez Abad et al., 2016; Nowlan
et al., 2023). Our algorithm constructs a radiance reference
daily for each cross-track position by averaging the earth-
shine radiance spectra measured at 0—10° N from a reference
orbit. Here, the reference orbit refers to the one overpassing
160° W at the Equator (over the Pacific), selected for minimal
spatial and seasonal variabilities in the total BrO columns. In
this study, the latitude range is chosen as a compromise, nar-
rowing to simplify BrO variabilities while ensuring simulta-
neously that there are sufficient radiance samples to achieve
reliable averages with suitable SNRs for retrieval. This area
is hereafter referred to as the “reference sector.”” The use
of equatorial radiance references can also be found in other
satellite-based BrO retrieval studies (Bougoudis et al., 2020;
Herrmann et al., 2022; Seo et al., 2019).

Once [ is constructed, we perform spectral calibration us-
ing the predetermined SRFs to correct for spectral shifts. The

https://doi.org/10.5194/amt-17-2873-2024
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spectrally calibrated Iy is then input into the formula to de-
rive F(x,b):

=2 xjbj)
FA) = (10()L ="+ x5) + xubu(A) +xrbr()»)) e J

nsc

NBL
S e -0) > P (-7, ©)
k=0 =0

where each term represents either an atmospheric or instru-
mental process that a radiance spectrum undergoes until the
sensor makes the measurement. The variable x¢ represents a
spectral shift in the wavelength registration of y(1) versus
Io(A), mainly caused by thermal changes in the instrument.
The states xy and x; in the first two additive terms account for
the effects of the undersampling correction (Chance et al.,
2005) and rotational Raman scattering (Chance and Spurr,
1997), whose spectra are represented by b,(A) and b.()),
respectively. The following multiplicative term e~ XXk
accounts for trace gas absorption based on the Beer—Lambert
law, where x; and b (1) represent a slant column and the ab-
sorption cross section of a trace gas species j, respectively.
The cross sections are convolved using the modeled SRF and
corrected for the solar Iy effect (Aliwell et al., 2002) before
the spectral fitting. Since the radiance reference itself con-
tains nonzero trace gas information, the retrieved states X g
here are referred to as “differential” slant column densities
(ASCDs). Lastly, the algorithm considers broadband features
such as molecular scattering, aerosol attenuation, and surface
reflection, using the variables x;j’c and xlBL as coefficients of
scaling (nscth degree) and baseline (npth degree) polyno-
mials that are symmetric with respect to the center of the
fitting window ().

Table 1 presents the details of the parameters used for the
spectral fitting, including the cross sections of the trace gases
and the degrees of polynomials. The selection of trace gases
for fitting is based on their impacts on fitting root-mean-
square error (RMSE) and BrO ASCD uncertainty values,
as well as the spatial distribution of each species resulting
from the fit. To account for the wavelength dependence of
the O3 slant columns, we include two additional parameters
derived from the first-order Taylor series expansion as sug-
gested by Pukite et al. (2010). For numerical stability, we
normalize all spectra close to unity, including the irradiance,
radiance, and cross sections. We use the fitting window of
331.5-358 nm, optimized by assessing fitting RMSEs, BrO
ASCD uncertainties, and interferences between Jacobians of
BrO and other trace gas ASCDs. Details of the fitting win-
dow optimization are described in Appendix A.

Based on the spectral fitting results, we assign quality flags
to OMPS-NM BrO retrievals. If a certain pixel meets the fol-
lowing three requirements, we define it as a “good” pixel:
(a) the fitting converges above the noise level (determined by
the ELSUNC algorithm), (b) the retrieved ASCD is smaller
than 1.0 x 10'° molec.cm~2, and (c) ASCD is greater than
—2 times its random uncertainty (the random ASCD uncer-
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tainty estimation is described in Sect. 2.6.1). It is consid-
ered “bad” if the fitting fails to converge within 10 iterations
or the sum of ASCD and 3 times its random uncertainty is
smaller than zero. Lastly, all remaining cases are considered
“suspect.” Among the 47280 OMPS-NM orbits processed
through the last stage of the algorithm (from February 2012
to July 2021), the proportions of good, suspect, and bad pix-
els are 98.7 %, 1.1 %, and 0.2 %, respectively.

Figure 2 shows an example of slant optical depths of the
fitted gases on 12 April 2018 for a single OMPS-NM pixel
in Hudson Bay. For O3 optical depths, we combine the two
Taylor series parameters and the cross sections at the two
temperatures (Pukite et al., 2010). Despite the dominating
optical depths of Oz, the BrO signal is clearly detected with
a ASCD of 2.11 x 10" molec. cm~2. The fitting RMSE in
this example is low at 4.24 x 1074,

2.3 Air mass factor calculations

In the two-step retrieval method, converting a trace-gas slant
column to a vertical column requires an air mass factor
(AMF), a dimensionless quantity that accounts for the sum
over possible light paths. By definition, the AMF is equiva-
lent to the ratio of the slant to vertical columns of the trace
gas. Assuming optically thin absorption and neglecting the
temperature dependence of the cross sections, we calculate
the AMF (A) following the formula of Palmer et al. (2001):
a= ZEn¥rCe G
Z pu=n1CP

For computational purposes, the continuous atmosphere is
divided into discrete vertical layers. Here, n) and n, are the
indices of the lower and upper limits of the atmospheric lay-
ers used for the AMF calculation. The variable W), represents
a scattering weight, the sensitivity of the total slant optical
depth of the atmosphere to a partial vertical optical depth of
the pth layer. The variable C, represents a partial vertical
column of the trace gas at the pth layer. We define the pro-
portion Cp,/3 %, C), from Eq. (3) as the “shape factor.”

Separate determination of stratospheric and tropospheric
vertical columns in this study requires total (Aga1), Strato-
spheric (Agyat), and tropospheric (Ayop) AMFs. All three
quantities are calculated following Eq. (3), and the only dif-
ferences are in the setting of nj and n,. The total AMF is cal-
culated using W, and C,, values from the ground to the top
of the atmosphere, while the stratospheric and tropospheric
AMFs cover only layers above and below the tropopause, re-
spectively.

We determine the AMFs by online radiative transfer cal-
culations using the Vector Llnearized Discrete Ordinate
Radiative Transfer (VLIDORT) Version 2.8 model (Spurr,
2006, 2008; Spurr and Christi, 2019). Calculations are car-
ried out on 26 vertical layers defined by the Community At-
mosphere Model with Chemistry (CAM-Chem) climatology
(Fernandez et al., 2019), from which we obtain atmospheric

Atmos. Meas. Tech., 17, 2873-2916, 2024
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Table 1. Parameter configuration for OMPS-NM BrO retrieval. The parameters are listed in their order of appearance in Eq. (2).

Parameter

Detail

Spectral shift
Undersampling correction spectrum
Rotational Raman scattering spectrum

Chance et al. (2005)
Chance and Spurr (1997)

BrO cross section (228 K)
O3 cross sections (243 and 273 K)

The first-order Taylor series expansion for O3 absorption (243 K)

0,-0; cross section
NO,; cross section
HCHO cross section

Wilmouth et al. (1999)
Serdyuchenko et al. (2014)

Pukite et al. (2010)

Finkenzeller and Volkamer (2022)
Vandaele et al. (1998)

Chance and Orphal (2011)

Baseline polynomial
Scaling polynomial

Zeroth order
Second order

Fitting window 331.5-358 nm
. (a) Bro (b) O3 (c) HCHO
ASCD = 2.11 x 10** molecules cm:: 804 Modeled
. RMSE = 4.24 x 10 Measured | o5 |
60 -
2 0.04
— 40 A
m
I 11
o 20 1 —0.5
—
T
< 0
+ T T T T T T T T T T T T T T T
% 335 340 345 350 355 335 340 345 350 355 335 340 345 350 355
°
T (d) NO> (e) 02— (f) 12 Aprll 2018 (SZA = 51.5°)
(S}
= 81
5 m
O 1.0 6 kx Q
y 5 ?” ™
0.04 21 /9(57 .9°N, 81 =
01 Y
—05 1 © Nanial Earn: scsns: punie comtn
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Wavelength [nm]

Figure 2. Slant optical depths of fitted gases in Hudson Bay. The date, latitude, longitude, and solar zenith angle (SZA) of the observation
are presented in panel (f). Optical depths of (a) BrO, (b) O3, (¢) formaldehyde (HCHO), (d) nitrogen dioxide (NO,), and (e) the oxygen
collision-induced absorption (02—0;) are shown in the respective panels. The red and blue curves represent the modeled and measured
optical depths, respectively. The measured optical depths are defined as the sum of modeled optical depths and the residuals.

profiles including partial vertical columns of BrO (i.e., C), in
Eq. 3). Details of the CAM-Chem climatology are presented
below.

The spectroscopic and geophysical variables determining
the scattering weights include observation geometries, cloud
properties, surface reflectance, and optical depth profiles of
O3 absorption, Rayleigh scattering, and aerosol attenuation.
In the UV spectral region, O3 absorption and Rayleigh scat-
tering vary with wavelength, resulting in the spectral depen-
dence of AMFs. However, as the variability in BrO AMFs is
relatively small in the fitting window of the present study
(331.5-358 nm) (Suleiman et al., 2019), we use a single-

Atmos. Meas. Tech., 17, 2873-2916, 2024

wavelength AMF at 340nm for computational efficiency.
Table 2 summarizes the variables input to the AMF calcu-
lations and the corresponding datasets used to quantify them
(see also blue frame ii in Fig. 1). Detailed descriptions are
presented in the following.

2.3.1 Atmospheric profiles
We employ a monthly diurnal climatology derived from the
CAM-Chem model to obtain vertical profiles of O3, BrO,

pressure (including the tropopause pressure), and tempera-
ture. This climatology was produced with an interactive po-

https://doi.org/10.5194/amt-17-2873-2024



H. Chong et al.: OMPS-NM BrO retrievals

Table 2. Inputs to air mass factor calculations.

Input

Detail

Wavelength

340 nm

Geographic locations and observation
geometries

OMPS-NM Level 1B product (Jaross, 2017b)

03 and BrO profiles

CAM-Chem monthly diurnal climatology (Fernandez et al., 2019)

Pressure and temperature profiles

CAM-Chem monthly diurnal climatology (Fernandez et al., 2019)

Tropopause pressure

CAM-Chem monthly diurnal climatology (Fernandez et al., 2019)

Surface reflectance (land)

MODIS BRDF product MCD43C1 (Schaaf and Wang, 2021)
extended to UV using EOFs
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Surface reflectance (water)

Cox—Munk slope distribution (Cox and Munk, 1954)

Surface reflectance (sea ice)

Climatology derived using MODIS BRDF product MCD43C1

(Schaaft and Wang, 2021)

Wind vectors at 2 m above ground level

MERRA-2 (GMAO, 2015a)

Ocean salinity

Monthly climatology from World Ocean Atlas 2009 (Antonov et al., 2010)

Chlorophyll

MODIS Terra monthly climatology (C. Hu et al., 2012)

Land fraction

NOAA GLOBE (NOAA National Geophysical Data Center, 1999)

Sea ice fraction (Northern Hemisphere)

IMS Daily Northern Hemisphere Snow and Ice Analysis

(U.S. National Ice Center, 2008)

Sea ice fraction (Southern Hemisphere)

NSIDC Sea Ice Index (Fetterer et al., 2017)

Cloud fraction
treatment

OMPS-NM cloud product (Joiner, 2020) with additional snow and ice pixel

Cloud pressure

OMPS-NM cloud product (Joiner, 2020)

Aerosols

Not included explicitly

lar module, which considered the ground-level photochemi-
cal production of full gas-phase and heterogeneous inorganic
halogen species from sea ice and snowpack (Fernandez et al.,
2019). The model provides global coverage with a horizontal
resolution of 1.9° latitude x 2.5° longitude. Vertically, it cov-
ers from the surface up to ~ 3 hPa (~ 40 km) with 26 layers.

For each OMPS-NM pixel, we sample profiles for the
month and hour of the measurement from the horizontally
nearest model grid. The profiles are used to calculate par-
tial BrO vertical columns (C)) in Eq. (3) and optical depths
of O3 absorption and Rayleigh scattering. In addition, the
tropopause pressure is used for STS, whose details are de-
scribed in Sect. 2.5.

2.3.2 Surface properties

We derive surface reflectance with different approaches de-
pending on the surface type (i.e., land, water, and sea ice).
On land, we use a bidirectional reflectance distribution func-
tion (BRDF) product from the MODerate Resolution Imag-
ing Spectroradiometer (MODIS) (MCD43C1 Version 6.1),
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which has a 0.05° x 0.05° resolution (Schaaf and Wang,
2021). The shortest wavelength covered by the MODIS
bands is 469 nm. To extend the BRDF kernels to 340 nm,
we fit empirical orthogonal functions (EOFs) to the MODIS
retrievals from the four shortest wavelength bands (469-
859nm). These spectral EOFs are derived from a high-
spectral-resolution surface reflectance database, which has
been acquired by merging the visible surface reflectance li-
braries produced by Zoogman et al. (2016) with the SCIA-
MACHY surface reflectance climatology (Tilstra et al.,
2017). The same BRDF extension approach has also been
employed for OMPS-NM HCHO retrievals (Nowlan et al.,
2023).

The MODIS BRDF kernels, developed to describe the
BRDF of the land surface, are unavailable in moderate or
deep-water regions (Schaaf et al., 2002) and are less reli-
able in shallow-water regions (Fasnacht et al., 2019). There-
fore, we determine the surface reflectances of all waterbod-
ies using the Cox—Munk slope distribution derived by wind
speed and direction and salinity (Cox and Munk, 1954). We
obtain the wind vectors at 2 m above ground level from an

Atmos. Meas. Tech., 17, 2873-2916, 2024



2880

hourly time-averaged 2-dimensional data collection in the
Modern-Era Retrospective Analysis for Research and Appli-
cations Version 2 (MERRA-2) with a spatial resolution of
0.5° latitude x 0.625° longitude (GMAO, 2015a). The ocean
salinity data are acquired from a monthly climatology from
the World Ocean Atlas 2009 at 1° x 1° resolution (Antonov
et al.,, 2010). The VBRDF supplement in the VLIDORT
model is used for reflectance calculations (Spurr and Christi,
2019).

In addition to reflected sunlight, we consider surface-
leaving radiance from waterbodies using the VSLEAVE sup-
plement in VLIDORT (Spurr and Christi, 2019). Calculat-
ing the water-leaving radiance requires chlorophyll concen-
tration, observation geometries, and wind speed. For chloro-
phyll concentrations, we use the MODIS Terra 18-year
monthly climatology (2000-2018), which has a resolution of
9.28km (C. Hu et al., 2012).

To account for the reflectance of sea ice, we produce a
19-year ice BRDF climatology using the MCD43C1 prod-
uct. Since the MODIS kernels are available over shallow-
water regions, albeit with lower accuracy, we use them to
describe BRDFs of ice on waters. First, we derive monthly
mean BRDF kernels for ice on inland waters globally at
0.05° x 0.05° resolution for 15 December 2000-15 January
2020 (19 years). In this step, we sample only pixels with
100 % snow fractions, 0 % land fractions, and quality flags
<2 (“relatively good” to “best” qualities). Second, we calcu-
late a 19-year global median for each kernel (i.e., isotropic,
volumetric, and geometric) by aggregating the monthly grid-
ded mean data across all locations and months. As a result, a
single representative value for each BRDF kernel is acquired
to account for the global ice reflectance. This procedure is
applied to each of the four shortest wavelength bands of
MODIS. The climatological ice BRDF kernels thus obtained
are then extended to 340 nm during BrO retrieval, using the
same method as that applied to the land BRDF kernels.

The above-mentioned approaches to determine surface re-
flectances apply to pure land, water, and sea ice pixels. In
practice, OMPS-NM pixels can be inhomogeneous (i.e., mix-
tures of land, water, and sea ice). We account for the surface
reflectances of inhomogeneous pixels by

land ice
kqe{iso,geo,vol} =fland : kq + fice : kq

+1- fland - fice) * Awater- 4)

Here, kyefiso, geo, vol) TEPIEsents either an isotropic, geometric,
or volumetric kernel at 340 nm for a given inhomogeneous
pixel. The parameters fiang and fice represent the fractions of
land and sea ice, whose 340 nm BRDF kernels are denoted
by klia“d and kjfe, respectively. The variable dwager accounts
for the surface reflectance for pure water, determined by the
Cox—Munk slope distribution. The land fractions are derived
using the NOAA Global Land One-kilometer Base Elevation
(GLOBE) data (NOAA National Geophysical Data Center,
1999). For the Northern Hemisphere, the sea ice fraction of
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each OMPS-NM pixel is calculated using the 4 km Interac-
tive Multisensor Snow and Ice Mapping System (IMS) prod-
uct (U.S. National Ice Center, 2008). Sea ice fractions for
the Southern Hemisphere are determined using the Sea Ice
Index from the National Snow and Ice Data Center (NSIDC)
(Fetterer et al., 2017). Both the IMS and NSIDC products
are updated daily. The joint use of multiple data sources in
Eqg. (4) may encounter differences in surface-type definitions.
If the IMS or NSIDC data indicate snow or land over water as
determined by GLOBE, we update k}]and accordingly to em-
ploy MODIS BRDF kernels for a larger fraction. Since these
occurrences are typically noted on bright surfaces (e.g., ice
shelves around Antarctica), this step prevents significant un-
derestimations of surface albedos.

2.3.3 Clouds and aerosols

We account for the influence of clouds on the scattering
weights with the independent pixel approximation (Martin
etal., 2002):

Wpe{n1,n1+1 ny} = (1 — craq) - W[(;lear + Crad - WZIOUd’ (5)

.....

where ¢ represents a radiative cloud fraction, and the vari-
ables W;lw and ch,loud denote the scattering weights for
completely clear and cloudy scenes, respectively. The radia-
tive cloud fraction is calculated by

Cefflcloud
(1 — ceff) Ictear + CeffIcioud

(6)

Crad =

where cefr represents an effective cloud fraction (ECF), and
Icjear and Igouqd are the VLIDORT-simulated radiances of
completely clear and cloudy scenes, respectively. We use a
Lambertian cloud model with a fixed albedo of 0.8, which
also applies to calculating W[C,l"ud in Eq. (5). Determining

W;l‘)“d and Icjouq requires cloud pressure as input. We ob-
tain the cloud pressure from the OMPS-NM cloud product
(OMPS-NPP_NMCLDRR-L2 Version 2.0), along with the
ECF (Joiner, 2020; Vasilkov et al., 2014).

Since snow and ice surfaces play important roles in
bromine activation (Simpson et al., 2015), it is essential to
enhance the accuracy of AMF calculations over snow and ice
pixels. However, due to the inherent difficulty in discriminat-
ing snow and ice from clouds, the NMCLDRR-L?2 algorithm
assigns constant ECFs of 100 % to snow and ice pixels. This
decision was made to identify the existence of thick clouds
(Johnson et al., 2020).

Meanwhile, the effective scene (cloud) pressure is derived
using the same rotational Raman scattering (RRS) approach
regardless of the surface type. Vasilkov et al. (2010) segre-
gated clouds over snow and ice pixels from the OMI RRS
cloud product by assessing the differences between scene and
surface pressure values. Adapting this approach, we deter-
mine whether to treat a given snow and/or ice scene from
the NMCLDRR-L2 product as a cloud or surface based on
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the difference between the scene and surface altitudes. If the
scene—surface altitude difference is smaller than 100 m, we
replace the ECF with 0% to secure clear-sky scenes. The
scene—surface altitude differences are calculated based on the
barometric formula with nonzero standard temperature lapse
rate (COESA, 1976):

_i, (&)’? o
ZC_ZS—F - P, ,

where z. and zg represent scene (cloud) and surface al-
titudes above sea level, respectively; I' denotes the lapse
rate (0.0065Km™1); T, is the surface temperature from
CAM-Chem; P. and P represent the scene (cloud) and
surface pressure, respectively; R is the ideal gas constant
(287Jkg~ ' K~!); and g denotes the acceleration of gravity
(9.8 ms~2).

The presence of aerosols can increase or decrease the num-
ber of photons absorbed by trace gases, depending on their
vertical profiles and optical properties (Leitao et al., 2010).
Scattering aerosols increase the light path length within and
above their layer and shield photons from penetrating below
it. Absorbing aerosols reduce the sensitivity of radiance mea-
surements to trace gas amounts within and below their layer.
Therefore, including aerosols in the radiative transfer calcu-
lations changes scattering weights (Hong et al., 2017; Jung
et al., 2019; Kwon et al., 2017; Leitao et al., 2010). How-
ever, we calculate AMFs without aerosol inputs as the RRS
cloud algorithm implicitly considers some of the radiative
effects of aerosols. The mixed Lambertian-equivalent reflec-
tivity (MLER) approach used in the RRS algorithm simul-
taneously accounts for the scattering of aerosols and clouds
(Joiner and Vasilkov, 2006). If absorbing aerosols are present
in or above clouds, the RRS algorithm provides lower cloud
fraction and pressure values (Johnson et al., 2020; Vasilkov
et al., 2008).

2.4 Reference sector correction

Since we use radiance reference in the spectral fitting, the re-
trieved BrO ASCD (AS) represents the difference between
the total SCD at a given OMPS-NM pixel and the back-
ground SCD (SRr) in the reference sector. Therefore, to de-
termine the total BrO SCDs, it is necessary to add the back-
ground SCD estimates to ASCDs. The resultant total SCDs,
however, have systematic biases that smoothly vary in the
along-track dimension, mainly induced by errors in radiance
measurements or during the spectral fitting at high latitudes
and high solar zenith angles (SZAs) (Nowlan et al., 2023).
Accordingly, we correct this bias for each pixel by adding a
correction term Sg. In brief, we determine the final total BrO
SCD for each OMPS-NM pixel (Siotal) by

Stotal = AS + SR + SB. (8)
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The combined procedure of applying Sg and Sg to determine
the total SCD is referred to as the reference sector correction
(see blue frame iii in Fig. 1).

To estimate the background SCD (Sr) for each OMPS-
NM orbit, we first multiply the modeled total vertical column
densities (VCDs) of BrO from the CAM-Chem climatology
(.e., Zii] Cp) by the co-located total AMFs within the ref-

erence sector!. This step provides a modeled total SCD for
every pixel in the reference sector. Then we determine Sg for
each cross-track position by calculating the median of the
modeled SCDs in the sector. A single Sr value is constantly
applied to every along-track pixel in each cross-track posi-
tion separately, as a fixed radiance reference is used for each
cross-track position in the spectral fitting procedure.

Then we derive the bias correction terms (Sg) by com-
paring the baseline of the background-corrected SCDs (i.e.,
AS + Sr) and the baseline of the modeled total SCDs for
each cross-track position of the reference orbit. Here, the
baseline refers to a smooth trend in SCDs in the along-track
dimension, which is determined through a third-degree poly-
nomial fit. This approach assumes that without biases, the
background-corrected SCDs would have the same baseline as
modeled SCDs, attributed only to physical changes in local
background BrO amounts that vary with latitudes and SZAs.
Unlike Sgr, the Sp values are determined using all along-track
pixels from the reference orbit. To avoid the potential con-
tamination from enhanced BrO SCDs in the baseline extrac-
tion, the polynomial fitting excludes pixels where the abso-
lute differences between the background-corrected and mod-
eled SCDs exceed 1.0 x 10'* molec.cm™2. Once the base-
lines of the background-corrected and modeled total SCDs
are extracted for a given cross-track position, their difference
is allocated to each along-track pixel as Sg.

Figure 3 shows examples of the intermediate variables and
the resulting Siotq) field from the reference sector correction.
Presented here is orbit number 7594 (07594), with Sg and Sg
values derived from the reference orbit 07585. An important
aspect of the reference sector correction is to preserve de-
tailed spatial structures in the retrieved A S field, simultane-
ously addressing offsets that smoothly vary in the along-track
direction. The comparison between Fig. 3a and d illustrates
the consistent spatial patterns in the AS and Sioa fields, fur-
ther supported by Fig. 3e that shows the along-track varia-
tions in AS and Siota Overlaid.

I'The modeled total VCDs within the reference sector (0-10°N)
are typically 2.0-2.2 x 1013 molec. cm™2, smaller than the constant
VCD employed by Seo et al. (2019) and Richter et al. (2002)
(3.5 x 1013 molec. cmfz). However, within the reference sector
of the previous studies (30°S-30°N), the modeled VCDs range
within 2.0-5.9 x 10'3 molec.cm™2. In particular, for February, the
mean VCD within 30°S-30°N is 2.9 x 1013 molec.cmfz, which
is closer to the constant used in the previous studies.
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Figure 3. Description of the reference sector correction. Intermediate quantities are presented for 07594 from 15 April 2013. Panels (a)—(d)
show the fields of ASCD (AS), background SCD (SR), bias correction term (Sg), and total SCD (Sio¢a1), respectively. Panel (e) depicts the
along-track variabilities in the four quantities for the 15th cross-track position (0-based).

2.5 Stratosphere-troposphere separation

The last stage of the OMPS-NM BrO retrieval algorithm is
the STS, which provides stratospheric, tropospheric, and to-
tal BrO VCDs by combining the SCDs and AMFs deter-
mined in the previous stages (see blue frame iv in Fig. 1).
In Sect. 2.5.1, we provide an overview of the existing meth-
ods, and in Sect. 2.5.2, we describe the method proposed in
this study.

2.5.1 Overview of existing methods

To our knowledge, the separation approaches employed so
far can be roughly categorized into four groups, hereafter re-
ferred to as M1 to M4. Typically, these methods derive the
tropospheric BrO field by subtracting stratospheric columns
from the total columns retrieved from a nadir-viewing satel-
lite sensor. The primary differences among the methods lie
in the estimation of stratospheric columns.

In the first method (M1), stratospheric columns are con-
structed using BrO vertical profiles from limb-viewing satel-
lite observations. This observation-based method showed re-
liable performance (Koo et al., 2012). For consistent long-
term applications, however, it requires new limb-viewing
BrO datasets after the decommissioning of SCIAMACHY in
2012.
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The second method (M2) estimates stratospheric columns
using the background values of total columns collected
within geophysically adjacent areas, assuming a small strato-
spheric BrO variability therein (Wagner et al., 2001; Hor-
mann et al., 2013, 2016). It conducts the separation effi-
ciently without requiring auxiliary data, usually targeting
a narrow domain to hold the assumption valid (Hérmann
et al., 2016). Accurate representation of the background BrO
columns in this approach requires preceding discrimination
between areas with and without tropospheric enhancements
(Hormann et al., 2016). To facilitate global applications, this
approach may need to be combined with a scheme for iden-
tifying tropospheric BrO enhancements.

In the third method (M3), the spatial distribution of strato-
spheric BrO columns is simulated using a chemical transport
model (Begoin et al., 2010; Bougoudis et al., 2020; Choi
et al., 2012, 2018; Theys et al., 2011; Toyota et al., 2011).
Simulations with a detailed bromine chemistry scheme ef-
fectively reproduce the stratospheric BrO distribution. On
the other hand, Sihler et al. (2012) pointed out that mod-
eled data are potentially biased due to incomplete mecha-
nisms and parameterizations. To remove the dependency on
a model, the fourth method (M4) estimates stratospheric BrO
columns using O3 and nitrogen dioxide (NO») columns con-
currently derived from the same satellite instrument (Her-
rmann et al., 2022; Sihler et al., 2012). This method robustly
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retrieves dynamic fields of stratospheric BrO columns using
only observations without propagating errors from the aux-
iliary data. However, designed for retrievals over bright sur-
faces (e.g., the Arctic), this method assumes that tropospheric
BrO molecules are uniformly distributed within a specific al-
titude range above the ground (e.g., 0-500 m) without relying
on modeled profiles (Sihler et al., 2012). Global applications
of the method may benefit from region-dependent variations.

2.5.2 Proposed method

To perform the STS, we adopt a scheme suggested by Buc-
sela et al. (2013) as a reference and apply adjustments, ag-
gregating the physical bases behind M2, M3, and M4 de-
scribed in Sect. 2.5.1. The reference scheme, developed for
NO; retrievals from nadir-viewing satellite instruments, has
been used to derive the OMI NO, standard product up to the
most recent version (4.0) (Lamsal et al., 2021).

Bucsela et al. (2013) employed modeled NO; concentra-
tions for the STS, similar to the M3 method designed for
BrO (Begoin et al., 2010; Choi et al., 2012, 2018; Salawitch
et al., 2010; Theys et al., 2009b, 2011; Toyota et al., 2011).
The difference is that Bucsela et al. (2013) used the model
data to construct an initial estimate of the tropospheric VCD
field rather than the stratospheric. In other words, the ref-
erence scheme derived the stratospheric field from satellite
retrievals, attributing the magnitudes of the retrieved total
SCDs primarily to the stratospheric contribution. This ap-
proach is based on the fact that, for most of the Earth, the
satellite-derived total NO, SCDs are almost entirely strato-
spheric (Bucsela et al., 2013). Since the same holds true for
BrO, we apply this framework to the STS in this study.

The basic premise that the total SCDs are predominantly
influenced by the stratosphere may not be applicable in ar-
eas where tropospheric contamination occurs. Accordingly,
the reference scheme employed a masking technique to ex-
clude satellite pixels potentially affected by high NO, pol-
lution from the estimated stratospheric field, utilizing clima-
tological tropospheric NO; columns. The masked pixels ac-
counted for up to 35 % in the Northern Hemisphere when this
technique was applied to OMI (Bucsela et al., 2013). Their
stratospheric NO; columns were then estimated by spatial in-
terpolation using values from neighboring unmasked areas.
In this study, we suggest a different masking approach for
BrO to effectively minimize the extent of the masked areas,
leveraging the correlation between stratospheric BrO and O3
concentrations.

The spatial correlation between stratospheric BrO and O3
VCDs has been demonstrated by previous studies (Salawitch
et al., 2010; Sihler et al., 2012; Theys et al., 2009b, 2011).
This correlation suggests that positive anomalies in total BrO
columns found within a consistent stratospheric O3 VCD
range can be attributed to tropospheric BrO enhancements.
To be precise, stratospheric O3 concentrations are correlated
with those of stratospheric Bry, and the proportions of BrO
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in the Br, group (i.e., the BrO / Br, ratios) are determined
primarily by the stratospheric NO, chemistry (Lary, 1996;
Choi et al., 2018; Salawitch et al., 2010; Sihler et al., 2012;
Theys et al., 2009b). On this basis, Sihler et al. (2012) identi-
fied tropospheric BrO enhancements using the ratio between
total BrO and O3 SCDs as a function of NO, VCD, SZA,
and the viewing zenith angle (VZA). This approach is the
M4 method described in Sect. 2.5.1 (Sihler et al., 2012; Her-
rmann et al., 2022).

In this study, we pinpoint OMPS-NM pixels with tropo-
spheric BrO contamination, i.e., “hotspots”, by comparing
the spatial distributions of the initial stratospheric BrO VCDs
and the total O3 VCDs. Removing only those hotspots from
the stratospheric BrO field enables minimizing the extent of
masked areas. Here, the initial estimate of the stratospheric
BrO field is derived by subtracting the model-based initial
tropospheric SCDs from the total SCDs. To prevent the un-
derestimation of stratospheric VCDs and ensure that all BrO
hotspots appear in the initial stratospheric field, the initial tro-
pospheric BrO SCDs must not exhibit enhancements ahead
of the subtraction. For this purpose, we generate a second
set of BrO vertical profiles devoid of tropospheric enhance-
ments. Without additional modeling, we achieve this by sim-
ply smoothing out the vertical gradients of tropospheric pro-
files from the CAM-Chem climatology. This empirical treat-
ment of profiles is added to the STS scheme in this study,
taking advantage of the fact that BrO has a lower probabil-
ity of tropospheric enhancement than NO;. This procedure is
referred to as “flattening” hereafter.

In short, the STS scheme for OMPS-NM BrO retrievals is
conducted on an orbit-by-orbit basis in six steps:

i. Flatten tropospheric BrO profiles from the CAM-Chem
climatology and determine initial tropospheric SCDs.

ii. Subtract the initial tropospheric BrO SCDs from the to-
tal SCDs to derive an initial estimate of the stratospheric
field.

iii. Detect and mask BrO hotspots by comparing the spatial
distributions of the initial stratospheric BrO VCDs and
total O3 VCDs.

iv. Complete the stratospheric BrO field construction by
filling the masked pixels and by horizontal smoothing.

v. Derive the final tropospheric BrO field by subtracting
the stratospheric SCDs from the total SCDs.

vi. Calculate the total BrO VCDs by summing the final
stratospheric and tropospheric fields.

Detailed descriptions of the respective steps are presented in
the following.

We perform the empirical flattening of the tropospheric
profile for each OMPS-NM pixel using co-located BrO vol-
ume mixing ratios (VMRs) obtained from the CAM-Chem
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climatology (step 1). The flattening aims to generate a verti-
cal profile exhibiting gradually decreasing (or constant) BrO
VMRs from the tropopause toward the ground, representing
background BrO conditions in the troposphere. For a given
pixel, we first extract BrO VMR values below the tropopause
determined by CAM-Chem. Then, in descending order of al-
titude, we recursively compare two adjacent VMRs and re-
place the larger value with the smaller one. The output of the
flattening procedure is a boxcar-shaped tropospheric back-
ground BrO profile. The flattening step is applied globally to
each BrO profile allocated to every ground pixel, resulting
in the initial estimates of tropospheric BrO VCDs. More de-
tails of the flattening, including the rationale behind it, can
be found in Appendix B.

Figure 4 depicts examples of tropospheric BrO profiles be-
fore and after flattening. The two maps in Fig. 4a and d show
BrO ASCDs retrieved from orbits number 7594 (07594)
and 9756 (09756) over northern and southern sea ice loca-
tions, respectively. The two orbits successfully captured the
bromine explosions on 15 April 2013 (northern sea ice loca-
tions) and 15 September 2013 (southern sea ice locations).
On visual inspection, pixels marked with red circles are sus-
pected to be influenced by tropospheric enhancements (i.e.,
hotspots), while those with blue (cyan) circles are not. (These
are confirmed by our hotspot detection scheme.) However,
regardless of whether the given pixel is a hotspot or not, the
modeled profile co-located with each of the four selected
pixels exhibits tropospheric enhancement before flattening
(Fig. 4b and e). It is not uncommon to encounter such a
mismatch between (dynamic) satellite retrievals and (static)
climatological profiles, especially when they possess differ-
ent spatial resolutions. For the non-hotspots in Fig. 4a and
d, subtracting tropospheric BrO columns based on the pre-
flattening profiles (panels b and e) can lead to underestima-
tion of the initial stratospheric columns. After flattening, on
the other hand, all the resultant profiles are devoid of tropo-
spheric enhancements as intended (Fig. 4c and f). The use of
flattened profiles leads to the overestimation of the strato-
spheric columns at the hotspots, but these pixels are ulti-
mately removed from the stratospheric field by masking (in
step iii).

Another benefit of the flattening is that selective alloca-
tion becomes possible between the two sets of BrO vertical
profiles for each OMPS-NM pixel to mitigate the mismatch
between the satellite retrievals and the modeled profiles in
the AMF calculations. For this purpose, our algorithm stores
both pre- and post-flattening profiles for every pixel. If cer-
tain pixels are found to have tropospheric enhancements (in
step iii), we apply the pre-flattening profiles for their AMF
calculations. Ultimately, pre- and post-flattening profiles are
used for hotspot and non-hotspot AMF calculations, respec-
tively (in step v). For example, in Fig. 4, the red profiles in
the middle panels (Fig. 4b and e) and the blue profiles in the
right panels (Fig. 4c and f) are assigned to the hotspots and
non-hotspots in the left panels (Fig. 4a and d), respectively.
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Once the flattening step is complete for the given orbit,
the initial stratospheric BrO VCD (V2.,,) for each OMPS-
NM pixel is derived using the flattened tropospheric profile
(step ii):

flat 4 flat
VO Stotal — VtropAtrop

strat —

, )

A strat

where th(';‘f, and Ag‘g}, represent the tropospheric VCD and
AMF calculated with the flattened profile, respectively. Fig-
ure Sa presents a VO field encompassing all 14 orbits
on 13 March 2016 (022667—022680). Subtracting the post-
flattening tropospheric columns allows for the propagation of
the stratosphere-driven variabilities in total BrO columns to
the initial stratospheric field with minimal spatial distortion.
In other words, this method can capture the daily variations
in the stratosphere.

However, as expected, subtracting the post-flattening tro-
pospheric columns results in tropospheric contamination of
the initial stratospheric field. For example, the areas marked
with the blue fan shape and red rectangles in the map in
Fig. 5a have the potential for this type of contamination. Ac-
cordingly, the following step of STS is to mask the hotspots
from the initial stratospheric BrO field (step iii). Masking
should be carried out with caution because not all enhanced
BrO VCDs are attributable to tropospheric contribution, as
demonstrated by Salawitch et al. (2010). To differentiate ac-
tual hotspots from stratospheric BrO enhancements, we use
total VCDs of O3 derived for the same orbits, provided by the
NASA OMPS-NM total O3 product (OMPS-NPP_NMTO3-
L2 Version 2.1) (Jaross, 2017a).

The total Oz VCDs observed from OMPS-NM on
13 March 2016 are presented in Fig. 5b. The spatial distri-
bution consistently corresponds with the initial stratospheric
BrO VCDs (Fig. 5a). A quantitative analysis of their rela-
tionship is presented in Fig. Sc for the latitude range of 45—
90° N from a single orbit (022675). The scatter plot indicates
two noticeable features simultaneously: (a) a strong linear
relationship between O3 and BrO VCDs, driven by strato-
spheric dynamics, and (b) pixels with large positive BrO
anomalies contributed by tropospheric enhancements. Based
on this finding, we define BrO hotspots as pixels with signifi-
cant positive residuals from the linear regression between the
total O3 and the initial stratospheric BrO VCDs.

We derive the O3—BrO relationship using an iterative ap-
proach, adopted from the M4 method (Sihler et al., 2012).
In brief, we iteratively perform the linear regression under a
consistent BrO / Bry condition, removing pixels with signifi-
cant residuals. In collecting pixels with consistent BrO / Br,,
ratios, we constrain the latitude range. For each orbit, we
derive the O3—BrO relationship for every 45° wide latitude
bin (i.e., [90° S, 45°8S], [45°S, 0°], [0°, 45°N], and [45°N,
90° NJ).

In the presence of tropospheric BrO enhancements, the
residual distribution from linear regression appears to be
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Figure 4. BrO profiles before and after flattening. Four OMPS-NM pixels are selected from sea ice locations in the Northern Hemisphere
(07594, 15 April 2013) and Southern Hemisphere (09765, 15 September 2013). Panels (a) and (d) show the locations of these pixels overlaid
on BrO ASCDs retrieved from the two orbits. Red and blue (cyan) circles in the maps represent hotspots and non-hotspots, respectively.
Their BrO vertical profiles before flattening are presented in panels (b) and (e) using the same color code as in panels (a) and (d). The
profiles after flattening are shown in panels (c¢) and (f). Tropopause pressures are indicated with black and gray dashed lines. The description
of each line is shown in the legend. Latitudes and longitudes of the selected pixels are also indicated.

Gaussian but has a heavy tail in the positive direction (see
the histogram in Fig. 5d). We assume that the linear regres-
sion would result in symmetric Gaussian residuals if derived
using only the pixels free of tropospheric influence. This con-
dition can be achieved by cropping the tails on both sides of
the residual distribution while iteratively performing the re-
gression. Here, we aim to extract this condition from each
residual distribution for every 45° wide latitude bin in each
orbit to determine the stratosphere-driven O3—BrO relation-
ship. Once the Gaussian distribution is determined, pixels
with residuals larger than the mean plus twice the standard
deviation (outside the 95 % confidence interval) are defined
to have tropospheric BrO enhancements.

To crop the tails of a residual distribution, we use a thresh-
old for the deviations from the mean value. The threshold is
initially set to be the maximum deviation and is decreased
by 10 % iteratively until the cropped distribution becomes
Gaussian. The linear regression is re-performed in each it-
eration, excluding the pixels outside the thresholds on both
sides of the distribution. We determine whether the distribu-
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tion is Gaussian using the asymmetry parameter a; (Sihler
et al., 2012), defined for each latitude bin b from each orbit:

Tp—T1p

ap = (10)

Op

where 7}, 7, and o), represent the mean, median, and stan-
dard deviation of the residuals, all of which are re-calculated
in every iteration.

The iteration stops when either a; < 0.05 or the maxi-
mum number of iterations (30 times) is reached. We find that
78.8 % of the residual distributions from the entire study pe-
riod already meet the condition of g, < 0.05 even without
cropping, while 10.4 % (10.8 %) of them require fewer than
10 iterations (10 iterations or more). Only 0.2 % require 30
iterations or more. The red line in Fig. Sc indicates the re-
sult of the final linear regression. The histogram in Fig. 5d
shows the distribution of the residuals from the final linear
regression for the pixels shown in Fig. 5c. The two vertical
green lines in Fig. 5d represent the final cropping thresholds.
Once the iteration is terminated, we mask pixels with residu-
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Figure 5. Description of the stratosphere—troposphere separation (STS) scheme in the OMPS-NM BrO retrieval algorithm. Intermediate
quantities are presented for 13 March 2016. The panels represent (a) initial stratospheric BrO VCDs (Vs%at), (b) total O3 VCDs (Vp,),

(c) scatter plot of Vy, versus v

strat
panel (c) (the description of the colored lines is shown in the legend), (e) Vs(grat after hotspot masking (some masked pixels appear as if they
are filled due to overlapping swaths), (f) final stratospheric BrO VCDs (Vgtrat), (g) tropospheric BrO VCDs (Virop), and (h) total BrO VCDs
(Viotal)- Note that a different color bar range is used for Vio¢,1. In panels (f) and (g), gray curves represent areas within the polar vortex, while
magenta pixels indicate hotspots within the vortex (see legend for details).

for 45-90° N latitudes from 022675, (d) distribution of residuals from the linear regression shown in

als larger than 7, + 20, (the red vertical line in Fig. 5d). The
gray dots in Fig. 5¢ show the masked pixels.

Figure Se presents the V9 field on 13 March 2016 after
the hotspot masking (outputs from step iii). As a result of
masking, the areas within the blue fan shape and the red rect-
angle have missing pixels compared to Fig. 5a. It should be
noted that some masked pixels appear as if they are filled in
the figure due to overlapping swaths (as in the red rectangle).
The relatively large stratospheric BrO VCDs remaining even
after the masking in the blue fan shape supports that BrO en-
hancements occur not only in the troposphere but also in the
stratosphere. It is worth noting that the total O3 VCDs also
appear to be enhanced in that area (Fig. 5b).

To complete the stratospheric BrO field construction
(step iv), we first fill the masked pixels with the k-nearest
neighbor (KNN) imputation (k =5) (Troyanskaya et al.,
2001) using distances to neighbors as weighting factors. This
gap-filling approach assumes that the stratospheric field is
consistent within proximity, similar to the assumption made
in the M2 method (Wagner et al., 2001; Hormann et al.,
2013, 2016). After filling in the masked pixels, we smooth
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the stratospheric field using the median filter. The final strato-
spheric BrO VCDs on 13 March 2016 are presented in
Fig. 5f.

Once the final stratospheric VCD is derived for each pixel,
it is used to determine the tropospheric VCD (step v):

Stotal - VstratAerat

select
Atrop

) (1)

Vtrop =

where Viirat and Virop represent the stratospheric and tropo-
spheric VCDs, respectively. The variable At denotes the
selected AMF. If the given pixel is a hotspot, we use the AMF
calculated using the pre-flattening profile (Agop); otherwise,
we use the AMF calculated with the flattened profile (Ag%tp).
The Virop field on 13 March 2016 is shown in Fig. 5g. The
pixels defined as hotspots in the stratospheric field show par-
ticularly high values.

For the two latitude bins that cover the northern and south-
ern polar regions ([90° S, 45° S] and [45° N, 90° NJ]), the O3—
BrO relationships can be altered inside the polar vortex and
under ozone hole conditions (Sihler et al., 2012). In these

cases, our scheme may lead to an overdetection (or underde-
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tection) of hotspots while still preserving the overall spatial
pattern of the stratospheric field determined in step ii. Given
the lower reliability of hotspot detection in the polar vortex,
we introduce quality flags specifically designed for STS, rep-
resented by three-digit binary values. The first digit indicates
whether a hotspot is detected, while the second and third dig-
its denote whether the potential vorticity exceeds a thresh-
old at potential temperatures of 475 and 550 K, respectively.
The thresholds are 38 potential vorticity units (PVU) (475 K)
and 80 PVU (550K) in the Northern Hemisphere, while they
are —55PVU (475K) and —90 PVU (550 K) in the Southern
Hemisphere. For this purpose, we use potential vorticity data
from MERRA-2 at 0.5° latitude x 0.625° longitude resolu-
tion (GMAO, 2015b). Gray curves in Fig. 5f and g indicate
areas within the polar vortex at 475 and 550 K potential tem-
peratures. Pink pixels represent hotspots detected within the
vortex. OMPS-NM BrO data users can filter out polar vortex
hotspots using the STS quality flags based on their specific
analyses and requirements. However, for the purposes of our
analyses in this study, we do not apply the STS quality flags
to present the general retrieval performance.

Lastly, the total VCD at each pixel is calculated by the sum
of the stratospheric and the tropospheric VCDs (step vi):

Viotal = Vistrat + Vtrop- (12)

Figure Sh presents the total BrO VCD (Vi) field on 13
March 2016. Around the North Pole (at latitudes > 60° N),
the total BrO field shows stronger spatial variations than the
total O3 field (Fig. 5b) due to tropospheric enhancements.
More consistent spatial patterns are found between the two
species at lower latitudes mainly due to stratospheric dynam-
ics.

2.6 Uncertainty estimation

BrO VCDs retrieved from OMPS-NM have both random and
systematic errors. Here, we define the term “error” as the
absolute deviation of a retrieved value from the (unknown)
truth. Errors are assumed to have Gaussian distributions. We
use the term “uncertainty” to refer to the Gaussian error dis-
tributions; specifically, standard deviations and mean values
(i.e., biases) are referred to as random and systematic uncer-
tainties, respectively (von Clarmann et al., 2020).

To estimate the random uncertainties, we conduct a Gaus-
sian error propagation, assuming that random errors in differ-
ent parameters are uncorrelated and independent of one an-
other. The median absolute deviation (MAD) is used instead
of the standard deviation when representing the uncertainty
of a median value. For each OMPS-NM pixel, we estimate
random uncertainties in SCDs, AMFs, and VCDs follow-
ing the approaches described separately in Sect. 2.6.1-2.6.3.
Specific statistics of uncertainties are presented for January,
April, July, and October 2018 even though uncertainties are
estimated for the entire study period.
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Estimation of the systematic uncertainties is hindered by
the limited knowledge of the input parameter biases. We dis-
cuss systematic uncertainties and possible contributing fac-
tors in Sect. 3 while describing the intercomparison between
OMPS-NM and ground-based BrO retrievals.

2.6.1 Slant columns

The random uncertainty in a total BrO SCD at each OMPS-
NM pixel (e5) can be estimated by

8%:82A+8§+8]23, (13)
where €a, €r, and ep represent the random uncertainty in
ASCD (AS), background SCD (Sr), and bias correction
term (Sp), respectively. Each uncertainty term is estimated
as described in the following.

To calculate e, we assume that the fitting residuals are
dominated by the spectrally uncorrelated measurement noise
(Chan Miller et al., 2014; Gonzalez Abad et al., 2015, 2016).
The random error covariance of X in Eq. (1) can then be esti-
mated by

m -1
Sfc:€r2ms(m_n>(K};Kx) ’ (14)

where €;ms denotes the fitting RMSE, m is the number of
spectral points in the fitting window, and » is the number
of parameters fitted in the BrO retrieval. The diagonal ele-
ments of S§ represent squared random uncertainties of the
retrieved states. Therefore, the square root of the diagonal
element in the BrO row corresponds to the random uncer-
tainty of BrO ASCD (i.e., ea = /Sg,)- Figure 6a—d show
the distributions of the e values for every OMPS-NM orbit
in January, April, July, and October 2018, respectively. The
median absolute uncertainty is ~ 1.8 x 10> molec. cm~? for
each month.

As described in Sect. 2.4, the background SCD is deter-
mined from the median of the modeled total SCDs in the
reference sector for each cross-track position. Therefore, its
random uncertainty (er) has a component associated with the
natural variability in the modeled total SCDs within the sec-
tor and is represented by the MAD. Another component of
er is the random uncertainties of the total AMFs in the ref-
erence sector, as the modeled total SCDs are determined by
the products of the total AMFs and the modeled total VCDs.
The estimation of random AMF uncertainties is described in
Sect. 2.6.2. Combining these contributing factors, we esti-
mate er for each cross-track position. The estimated uncer-
tainties for the OMPS-NM orbits in January, April, July, and
October 2018 are presented in Fig. 6a—d. Notably, the back-
ground SCDs have the smallest absolute uncertainties among
the three SCD components (A S, Sg, and Sg) with the medi-
ans of 0.5, 0.6, 0.5, and 0.5 x 10'3 molec. cm~2 for January,
April, July, and October 2018, respectively.

The bias correction term is calculated by comparing two
polynomials fitted to the background-corrected SCDs and the
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Figure 6. Normalized probability density functions (PDFs, shades) and cumulative distribution functions (CDFs, curves) of random uncer-
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The colors indicated in the legends denote different error source terms. Absolute uncertainties are presented for BrO SCDs and VCDs, while

relative uncertainties are presented for AMFs.

modeled SCDs (Sect. 2.4). Therefore, its random uncertainty
(ep) is introduced by random uncertainties in the polynomial
coefficients, which are associated with natural variabilities in
SCDs. Additionally, ep is contributed by the random uncer-
tainties in the total AMFs, which are used to determine the
modeled SCDs. Lastly, the random ASCD uncertainty also
contributes to ep, since the calculation of the background-
corrected SCD involves ASCD (Sect. 2.4). By propagating
these uncertainties, we estimate eg pixel by pixel. Figure 6a—
d present the eg values from the OMPS-NM pixels in Jan-
uary, April, July, and October 2018. The figure shows that &g
contributes most to the total SCD uncertainty. The median
uncertainties for January, April, July, and October 2018 are
3.2,4.1, 3.0, and 3.6 x 10!3 molec. cm™2, respectively.

The random uncertainties in total SCDs (gg), estimated
according to Eq. (13), are presented in Fig. 6a—d for Jan-
uary, April, July, and October 2018. The median absolute un-
certainties are 3.9, 4.8, 3.7, and 4.3 x 10'3 molec. cm™2, re-
spectively. Dividing the random uncertainty by the total SCD
pixel by pixel, we estimate that the median percentage errors
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are 49.3 %, 53.2 %, 52.9 %, and 57.0 % for January, April,
July, and October 2018, respectively.

2.6.2 Air mass factors

Assuming that the components do not correlate, we estimate
the random AMF uncertainty for each OMPS-NM pixel by

2
2 _(.SF 2+ aAZ 2
gA,ze{total,strat,trop,ﬂat} - SA,z ar &y
d0A,

2 2
0A
2 4 2
+<3Ceff> €C+(3Pc> P

where €4 ;efotal strat, trop, fla) T€Presents the random uncer-
tainty in either the total, stratospheric, pre-flattening tropo-
spheric, or post-flattening tropospheric AMF. The variables
r, ceff, and P, denote the surface reflectance, ECF, and cloud
pressure, whose uncertainties correspond to &, &, and € p, re-
spectively. The term slsf . represents the random uncertainty
introduced by errors in the BrO shape factor. Estimation of
random AMF uncertainties involves lookup tables (LUTs)

. SF 0A. 0A. 0A. -
for variables ¢ Az B e and 3P in Eq. (15), constructed

15)
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separately for the four different types of AMFs (total, strato-
spheric, pre-flattening tropospheric, and post-flattening tro-
pospheric). Detailed descriptions of the approach are pro-
vided below.

We determine the 8 . term by devising a method that em-
ploys the k-means clusterlng (Lloyd, 1982) instead of apply-
ing a partial derivative by parameterizing the vertical profiles
(e.g., De Smedt et al., 2018). In brief, we classify OMPS-NM
pixels into several clusters based on the shapes of co-located
BrO profiles, and then we estimate affz by the standard de-
viation of AMFs for each cluster. The objective is to evaluate
how AMFs respond to variations in input profiles within a
defined range. This approach is devised as a simple and em-
pirical alternative to an ideal method, which involves the exe-
cution of ensemble model simulations with various initializa-
tion and realization settings, aiming to explore the magnitude
of the resulting changes in AMFs.

The k-means clustering in this study operates on the
monthly global CAM-Chem BrO profiles sampled for the
OMPS-NM overpass times. Clustering is performed using
the pre-flattening (original) profiles from the 26 CAM-Chem
layers that cover the vertical range from the surface up to
~ 3 hPa. The main output of the k-means algorithm is a set
of profile centroids — one for each cluster. Here, the cen-
troid refers to a single vertical profile that represents the
shapes of all the profiles in the cluster. Another algorithm
output is the distortion, defined as the sum of the squared
distances between each sample and its dominating centroid.
We use four clusters to classify all the CAM-Chem BrO pro-
files (i.e., k = 4), as they result in sufficiently low distortion.
Figure 7a shows the four vertical profile centroids resulting
from the clustering. The four centroids are distinguishable in
terms of (a) whether it has a tropospheric BrO enhancement,
(b) the steepness of BrO gradient toward the stratosphere,
(c) tropopause height, and (d) typical regions of occurrence.
The distinctive features of each cluster are summarized in
Table 3.

Based on the clustering results, we assign a cluster in-
dex of 1 to 4 to each OMPS-NM pixel by finding the cen-
troid closest to its profile. Figure 7b—c present the results
of assigning the cluster indices to the pixels on 15 April
and 16 September 2018. These examples demonstrate that
profile shapes are strongly dependent on latitudes, as sum-
marized in Table 3. It is noticeable that green pixels (with
cluster index 1) are concentrated around the North Pole and
the South Pole in Fig. 7b and c, respectively. Given that the
corresponding profile centroid has a tropospheric enhance-
ment (Fig. 7a), the spatial distributions of these pixels reflect
the ground-level BrO production in the Arctic and Antarctic
in the respective spring seasons. The green pixels over the
tropical North Atlantic Ocean in Fig. 7b correspond to the
areas where ground- and ship-based observations have de-
tected high surface BrO concentrations (Leser et al., 2003;
Mahajan et al., 2010; Martin et al., 2009; Read et al., 2008;
Sander et al., 2003). These elevated concentrations are linked
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to the rapid debromination of sea salt aerosols contributed by
the outflow of nitric acid and sulfur dioxide from the nearby
continent (Wang et al., 2021). Overall, the four vertical pro-
file clusters are able to represent the sub-hemispherical-scale
variabilities in the global monthly BrO profiles.

Using 1 year of AMF data produced for 2015, we con-
struct an LUT of SZF The AMFs are first binned accord-
ing to the following six parameters: (a) BrO profile cluster
index, (b) geometric AMF, (c) surface type, (d) surface re-
flectance, (e) cloud fraction, and (f) cloud pressure. Here,
the geometric AMF is defined as the sum of the secant of
solar and viewing zenith angles. For a simpler parameteri-
zation of surface reflectance, we convert the BRDF param-
eters to geometry-dependent surface Lambertian-equivalent
reflectivity (GLER) by matching the radiances simulated by
VLIDORT with the BRDF and LER options (Fasnacht et al.,
2019; Qin et al., 2019; Vasilkov et al., 2017). The surface
types include land, water, and glint (the incident angle for
specular reflection < 30°). The center and width of each bin,
which are ultimately used as the node and interval of the
LUT, are presented in Table 4. After binning, the standard
deviation of the AMFs (i.e., sffz) is calculated for each bin.

The AMF bins are used to construct not only the LUT for
si}f . but also the LUTs for the partial derivatives in Eq. (15).
To construct the partial derivative LUTs, we first calculate
the AMF averages for the respective bins. Then, by calcu-
lating the gradients of the average AMFs between adjacent
bins for each parameter, we derive the partial derivatives with

respect to surface reflectance (aaAr < ), cloud fraction ( gCA]ff),
€

and cloud pressure (%) The results are assigned to the

nodes in Table 4. As mentioned earlier, this approach is ap-
plied to each of the four types of AMFs (i.e., Aotal, Astrats
Agrop, and Aggtp) In this process, the cluster indices derived
using the pre-flattening profiles from the 26 CAM-Chem lay-

ers are fixed regardless of the AMF type. Consequently, a to-

SF 0A, 0A. 9A,
tal of four LUTs (SA o T Be and 5 FIs

for each type of AMF.

To determine the terms &, &, and ep in Eq. (15), we em-
ploy estimates from previous studies. For the random un-
certainty in surface reflectance (e;), which varies depend-
ing on the surface type, we assume that the random errors
in the GLERSs derived in this study are equivalent to those
in the albedos from the MCD43 product (Wang et al., 2018;
Wu et al., 2018). However, the uncertainties in these albedo
values, retrieved with the BRDF parameters from MODIS,
cover only land pixels. Over waterbodies, we employ the
RMSE values from the comparison between OMI-derived
GLERs and LERs over the deep ocean (Fasnacht et al.,
2019). The estimates of &; values used in this study are fur-
ther described in Appendix C. Random uncertainties in cloud
fraction (&;) and cloud pressure (¢p) are adopted as 0.084
and 46.2hPa, based on previous assessments of the RRS
cloud retrievals (Stammes et al., 2008; Vasilkov et al., 2014).

are constructed
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(b) 15 April 2018

Figure 7. Results of the k-means clustering for CAM-Chem BrO vertical profiles. Panel (a) shows four vertical profile centroids obtained
from the clustering. Each cluster is indexed and colored (see the color bar). Panels (b)—(c) show the results of assigning the cluster indices to

the OMPS-NM pixels on 15 April and 16 September 2018.

Table 3. Distinctive features of the four vertical profile clusters.

Cluster  Tropospheric BrO  BrO gradient toward Tropopause  Typical regions of occurrence

index enhancement the stratosphere height

1 Yes Moderate Moderate Polar regions (60-90° S or 60-90° N)
2 No Moderate Moderate Midlatitudes (30-60° S or 30-60° N)
3 No Low High Tropics (30° S-30°N)

4 No High Moderate Polar regions (60-90° S or 60-90° N)

The constructed LUTs are applied to each OMPS-NM
pixel to estimate €4, total> £A,strat> £A, trop> aNd €4, fla¢ according
to Eq. (15). Then, the random uncertainty in A?reg;“ (&4 select)
is determined by assigning either €4 yop OF €4 flar, depend-
ing on whether the pixel in question has a tropospheric BrO
enhancement. Figure 6e—h show €4 total, €4 strat> aNd €4 select
from every OMPS-NM orbit in January, April, July, and Oc-
tober 2018. Unlike the SCD uncertainties, the percentage
values for the AMF uncertainties are presented in Fig. 6.
The stratospheric AMFs typically show the smallest per-
centage uncertainties, with medians of 2.2 %, 2.2 %, 2.1 %,
and 2.1 %, respectively. The tropospheric AMF uncertainties
have the largest medians and the widest distribution. The me-
dians for the respective months are 11.6 %, 11.1 %, 10.4 %,
and 11.8 %. The median values of the total AMF uncertain-
ties for the respective months are 5.5 %, 5.9 %, 5.2 %, and
5.6 %.
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2.6.3 Vertical columns

The random uncertainties in stratospheric, tropospheric, and
total BrO VCDs are estimated by applying the Gaussian er-
ror propagation to Egs. (9), (11), and (12), respectively. We

assume that Vi has the same random uncertainty as V2,
determined by

2 flat \ 2
2 —(—1 ) &2 + Atmp &2
V,strat — N V flat
Agtrat Agtrat &
flat 2

+ Vtrop 8% a

,fat

Astrat &

flat 4flat \ 2
Stotal — Vtrop Atrop 2
+ €A,strat’ (16)

A2

strat

where €v girat, £V flat» EA flat, and €4 strat represent the random

uncertainties in Vigat, Vtg‘;‘f), Ag?)tp, and Agyy, respectively.
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Table 4. Nodes and intervals of the lookup tables for sin (random AMF uncertainty introduced by errors in BrO shape factor), % (partial

derivative of AMF with respect to surface reflectance), o4

derivative of AMF with respect to cloud pressure).

5o (partial derivative of AMF with respect to cloud fraction), and

A,
9P

(partial

Parameter Number of Nodes
nodes
Surface type 3 Land, water, glint
Geometric AMF 41  2.1-10.1 with 0.2 interval
Vertical profile cluster 4 1,2,3,4
Surface reflectance (GLER) 20  0.025-0.975 with 0.05 interval
Cloud fraction 10 0.05-0.95 with 0.1 interval
Cloud pressure 7 175-1075hPa with 150 hPa interval

The term ey g4 is estimated by calculating the standard de-

viation of Vtﬁ'g; values for each profile cluster. Once ey gyrat

is determined for a given OMPS-NM pixel, we estimate the
random uncertainty in Viop by

2 2
2 _ 1 &2 1 Astrat )
V,trop — Aselect N Aselect V,strat
trop trop

2
i Vitrat 2
Aselect A,strat
trop

2
+ Stotal — Vistrat Astrat 2
(Aselect)z €A, select?

trop

a7

where ey yop and €4 select denote the random uncertainties in
Virop and Afr‘ﬂgc‘, respectively. Lastly, the random uncertainty
in Vit is determined by

2 _ 2
'SV,total - EV,strat

62 o (18)

Figure 6i—1 show the random uncertainties in stratospheric,
tropospheric, and total BrO VCDs in January, April, July, and
October 2018. The stratospheric uncertainties have the medi-
ansof 1.2, 1.6, 1.3, and 1.4 x 10'3 molec. cm~2 in the respec-
tive months. The distributions of the tropospheric uncertain-
ties have heavier tails in the positive direction than the strato-
spheric uncertainties, and their medians are 2.2, 2.9, 2.1, and
2.5 x 103 molec. cm™2, respectively. The total VCD uncer-
tainties for the respective months have medians of 2.6, 3.4,
2.5, and 2.9 x 10!3 molec. cm~2.

3 Intercomparison with ground-based observations

We assess stratospheric and tropospheric BrO VCDs re-
trieved from OMPS-NM by intercomparison with ground-
based retrievals. Reference ground stations are Lauder, New
Zealand (Querel et al., 2021); Utgiagvik (Barrow), Alaska
(Simpson, 2018); and Harestua, Norway (Hendrick et al.,
2007), covering both the Northern Hemisphere and Southern
Hemisphere. Lauder provides stratospheric VCD, Utqiagvik
provides tropospheric VCD, and Harestua provides both.

https://doi.org/10.5194/amt-17-2873-2024

The intercomparison is performed using daily and monthly
mean data. The monthly averages are calculated only for
months with more than three data points. For spatial co-
location, we average OMPS-NM retrievals within a 0.5° ra-
dius from each ground station. Here, we use only OMPS-NM
retrievals with cloud fractions <0.5, SZAs <80°, “good”
quality flags, and cross-track positions from 1 to 34 (0-
based). Temporal co-location is carried out with different cri-
teria depending on the station due to the different sampling
approaches (Table 5). Since data from Lauder are unavail-
able at the OMPS-NM overpass times, we use ground-based
BrO VCDs observed at 80° SZA in the morning, neglecting
any diurnal variation. This choice is based on our calculation
that the difference between the nominal OMPS-NM overpass
time (13:30LST) and the average ground-based observation
time for 80° SZA in Lauder is slightly smaller in the morning
(~ 5.1h) than in the evening (~ 5.5 h). For the Utqiagvik and
Harestua stations, we average the ground-based observations
within 100 min before and after each OMPS-NM observa-
tion.

Located at 71.3°N latitude, the instrument at the
Utqgiagvik station can observe Arctic tropospheric BrO en-
hancements in spring (Simpson et al., 2017). Figure 8
presents the intercomparison between the daily tropospheric
BrO VCDs from OMPS-NM and the ground-based instru-
ment at the Utqiagvik station in 2012 and 2013. The time
series shows that the OMPS-NM BrO VCDs vary consis-
tently with the ground-based observations. We present the
OMPS-NM retrievals in the maps for four selected dates
when both OMPS-NM and the ground-based instrument ob-
served large VCDs (see red circles in the time series). The
OMPS-NM retrievals reveal a large BrO plume stretching
over the Utqiagvik station on each occasion. These exam-
ples demonstrate that the OMPS-NM retrievals can provide a
broad perspective for the interpretation of ground-based BrO
observations.

Figure 9 shows scatter plots of ground-based versus
OMPS-NM BrO retrievals from all stations with the re-
gression lines derived by the least-squares linear fit. As ex-
pected, the monthly mean VCDs show higher correlation co-
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Table 5. Specifications of ground-based BrO retrievals used for the intercomparison with OMPS-NM retrievals.

Station Location  Instrument BrO columns Temporal Temporal Note Reference
observed coverage sampling
Lauder 45.0°S, Zenith-sky  Stratospheric February 2012—- 1° SZA Provided Querel et al. (2021)
169.7°E  DOAS July 2021 for SZA >75°
Utgiagvik  71.3°N, MAX- Lower- March 2012— l1h Provided for Simpson (2018)
156.7°W  DOAS tropospheric June 2016 February—June
(<4km) every year
Harestua ~ 60.2°N, Zenith-sky  Stratospheric February 2013— 1d Photochemically  Hendrick et al. (2007)
10.8°E DOAS and tropospheric  July 2021 converted to
13:30LST

27 March 2013

28 March 2013

180°

14 May 2013

180°

[1013 molecules cm~2]

b Utqiagvik (2012)

2

3 4 5

b Utqiagvik (2013)
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Tropospheric VCD [10*3 molecules cm~2]
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Figure 8. OMPS-NM and ground-based BrO retrievals at the Utqiagvik station. The OMPS-NM retrievals target the entire troposphere, while
the ground-based retrievals target the lower troposphere (< 4 km). The time series show daily retrievals in February—June 2012 and 2013.
The shades represent standard deviations of the data averaged for the spatial and temporal co-location. The error bars indicate estimated
uncertainties in the OMPS-NM tropospheric BrO VCDs. The lower error bars are omitted for display purposes. The red circles indicate
four dates selected for large BrO VCDs from both OMPS-NM and ground-based retrievals. OMPS-NM retrievals for the selected dates are
presented in the maps with the location of the Utqiagvik station indicated with blue circles.

efficients (r) than the daily VCDs at every station due to
the reduced random errors led by increased numbers of av-
eraged samples. At the Lauder and Harestua stations, the
monthly stratospheric BrO VCDs show high r values exceed-
ing 0.8. Meanwhile, the monthly tropospheric VCDs show
r =0.70 in Utqgiagvik and r = 0.50 in Harestua. Overall, the
stratospheric and tropospheric BrO retrievals from OMPS-
NM demonstrate reliable performance, and the stratospheric
VCDs show better agreements with ground-based observa-
tions. It should be noted, however, that accounting for the

Atmos. Meas. Tech., 17, 2873-2916, 2024

BrO diurnal variation in Lauder, e.g., using photochemi-
cal conversion as in Harestua (Hendrick et al., 2007), may
change the intercomparison result.

Although ground-based observations also have errors, the
scatter plots in Fig. 9 enable the estimation of system-
atic uncertainties in OMPS-NM BrO retrievals. We use
the mean bias error (MBE) as an indicator. The strato-
spheric BrO VCDs at the Lauder and Harestua stations
both show negative MBEs, albeit with different magnitudes.
Daily stratospheric VCDs from OMPS-NM are more bi-
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(a) Lauder (stratosphere)
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r=0.39
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(b) Utqgiagvik (troposphere)

o Monthly
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OMPS-NM BrO columns [1013 molecules cm~2]
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Figure 9. Scatter plots of ground-based versus OMPS-NM BrO re-
trievals. The station name and the targeted column (stratosphere or
troposphere) are indicated above each panel. Monthly and daily data
and their regression lines are overlaid (see the legend for descrip-
tion). Slopes and intercepts of regression lines, correlation coeffi-
cients (r), and mean bias errors (MBEs) are also indicated.

ased in Harestua (MBE = —0.75 x 10'3 molec. cm~2) than
in Lauder (MBE = —0.05 x 10'3 molec. cm™2). In compar-
ison, the biases in the tropospheric BrO VCDs show differ-
ent patterns (signs) in Utqiagvik and Harestua. Daily OMPS-
NM retrievals are higher than ground-based retrievals in
Utgiagvik by 0.09 x 10'3 molec. cm™2 on average. In addi-
tion to the systematic uncertainties in the OMPS-NM BrO
retrievals, the difference in the vertical coverages can con-
tribute to the discrepancies in Utqgiagvik (the entire tropo-
sphere versus ~4km; see Table 5). In Harestua, the daily
tropospheric BrO VCDs from OMPS-NM are lower by
0.55 x 10'3 molec. cm ™2 on average.

The time series in Fig. 10 show temporal changes in the
monthly averages of the OMPS-NM and ground-based BrO
retrievals. We examine the monthly dependence of system-
atic errors in the OMPS-NM retrievals by comparing the
time series. In Utqgiagvik, the OMPS-NM retrievals typically
show peaks in April, which are not always supported by the
ground-based observations (Fig. 10b). At the Harestua sta-
tion, the agreements between OMPS-NM and ground-based
retrievals are better in spring than in other seasons (Fig. 10c
and d). This seasonal dependence in Harestua is especially
prominent for the tropospheric VCDs (Fig. 10d). Indeed, the
monthly retrievals in spring appear in the scatter plot as a
cluster of data points close to the identity line, distinct from
others (Fig. 9d). Biases in the OMPS-NM retrievals at the
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Lauder station show relatively weak seasonal dependence
(Fig. 10a).

Systematic errors in OMPS-NM retrievals result from
both SCD and AMF uncertainties. Contributors to systematic
SCD uncertainties include errors in reference spectra, SRF
characterization, instrument calibration, and fitting window
and fitting parameter configuration. All of these combine to
appear as SCD biases, which are analyzed for different fit-
ting windows in Appendix A. Systematic AMF uncertain-
ties are contributed by errors in radiative transfer calculations
and input parameters, as well as BrO profile shapes. The
impacts of BrO profile shape uncertainties on tropospheric
AMF calculations differ between non-hotspots and hotspots
due to the use of flattened profiles for non-hotspots and cli-
matology profiles for hotspots. This selective profile alloca-
tion assumes that climatology can adequately represent pro-
file shapes for tropospheric enhancement events; however,
systematic errors may occur when this assumption is not sat-
isfied. In addition, systematic errors in BrO VCD retrievals
result from uncertainties in the initial estimates of tropo-
spheric VCDs (V&) in the STS scheme. The V! fields are
intended to represent background conditions, and this study
proposes a flattening technique to achieve this representation.
Nevertheless, biases in the flattened profiles can propagate to
the th‘g;, estimates and, consequently, influence the final tro-
pospheric retrievals.

Unlike random uncertainties, systematic uncertainties in
parameters have signs and thus can either reinforce or cancel
one another. To establish systematic uncertainty budgets, it
is essential to perform further intercomparisons of OMPS-
NM BrO retrievals with more independent observation data
at various locations in the future.

4 Global tropospheric BrO column retrieval results

Here, we discuss global distributions of tropospheric BrO
VCDs retrieved from OMPS-NM by producing gridded
monthly mean data with a cell size of 0.1° x 0.1°. The phys-
ical oversampling method is used to grid the pixel-by-pixel
BrO retrievals (Sun et al., 2018). As in the intercomparison
above, we use only OMPS-NM retrievals with cloud frac-
tions <0.5, SZAs <80°, “good” quality flags, and cross-
track positions from 1 to 34 (0-based).

We divide the globe into six 30° wide latitude bands and
derive the monthly variations in tropospheric BrO VCDs for
each band. By aggregating 8-year gridded data from Jan-
uary 2013 to December 2020 for each latitude band and each
month, we calculate the 10th, 50th (median), and 90th per-
centiles.

Figure 11c shows the results for the northern high lati-
tudes (NH; 60-90° N). The highest monthly median value
in NH is found in April (1.61 x 10'3 molec. cm~2), primar-
ily contributed by Arctic springtime BrO enhancements. The
90th percentile is up to 2.01 x 10'3 molec. cm~2. Figure 11a
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Figure 10. Time series of monthly OMPS-NM and ground-based BrO VCDs. The station name and the targeted column (stratosphere or
troposphere) are presented above each panel. The shades represent standard deviations of data averaged each month.

shows the spatial distribution of the 8-year April mean tropo-
spheric BrO VCDs in NH. Large VCDs are typically found
over the ocean and in coastal areas, mainly contributed by
BrO production over sea ice and snowpack (see Figs. Dla
and D2a). The corresponding 8-year April mean tropo-
spheric AMFs show high values in similar areas (Fig. 11b),
demonstrating that high albedos over snow and ice are ad-
equately considered during AMF calculations. Tropospheric
BrO VCDs are especially large in Baffin Bay (Fig. 11a), with
the 50th and 90th percentiles in April of 2.17 x 10'3 and
2.59 x 10'3 molec. cm ™2, respectively (Fig. 11c). It should
be noted that these values are based on monthly averages,
and VCDs from individual bromine explosion episodes are
higher (e.g., see the upper panels in Fig. 8).

Monthly tropospheric BrO VCD variations in the south-
ern high latitudes (SH; 60-90° S) are presented in Fig. 11f.
The highest monthly median value is found in October
(1.13 x 103 molec. cm™2). This value is lower than the April
median from NH, but it is worth noting that the medi-
ans in SH include grid cells in Antarctica, where tropo-
spheric BrO enhancements are hardly found (Fig. 11d).
The Southern Ocean is where enhanced tropospheric BrO
VCDs are detected, leading to the 90th percentile in SH
being up to 2.58 x 10'3 molec.cm™2 in August (Fig. 11f).
Moreover, narrowing the domain down to the Ross Sea
(Fig. 11d), the highest 90th percentile from September
is up to 3.33 x 10"3 molec.cm™2 (Fig. 11f). The high-
est median is found in September as well, which is
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2.22 x 103 molec.cm™2 (Fig. 11f). As in NH, the spatial
distribution of tropospheric AMFs in SH reflects the snow
and ice surface effects (Fig. 11e).

On the sub-hemispherical scale, monthly variabilities in
tropospheric BrO VCDs found in the mid- and low-latitude
regions are typically weaker than those at the high lati-
tudes (Fig. 12c). The highest monthly median values in 30—
60°N, 0-30°N, 0-30°S, and 30-60° S are found in March,
February, July, and September, respectively, and the maxi-
mum among the four values is 1.11 x 103 molec. cm~2 from
March in 30—60° N. As an example, the monthly tropospheric
VCD field in March 2018 is presented in Fig. 12a. Large
VCDs contributing to the March peak in 30-60° N are typi-
cally found over the ocean. Due to the intrinsic design char-
acteristics of the STS method, the relatively high values in
the retrieved tropospheric BrO VCD fields (Viyqp) can be at-
tributed either to the initial estimates (post-flattening VCDs,
Vtgo%, predominantly contributed by the free troposphere) or
to detected tropospheric enhancements. The contribution of
V[rﬂg]g constantly appears for a given location and month, re-
gardless of the day or year, while that of tropospheric en-
hancements dynamically varies. Separation of these two im-
pacts can be achieved by calculating the difference between
Virop and Vtt}é‘lg, denoted as the contribution of enhancement

V;Qg = Virop — Vtrﬂg]g. If elevated values in the Vi field are

due to tropospheric enhancements, these pixels should ap-
pear in the Vt‘r*gg field. The thgg values can be calculated ei-

ther at the pixel level, assisting in the interpretation of daily
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Figure 11. Monthly averages of and variations in tropospheric BrO VCDs in the northern (60-90° N) and southern (60-90° S) high latitudes.
The upper panels show the northern high-latitude (a) mean tropospheric BrO VCDs (April 2013-2020), (b) mean tropospheric AMFs (April
2013-2020), and (c) monthly variations in tropospheric BrO VCDs (2013-2020). The lower panels (d)—(f) show the corresponding results
for the southern high latitudes. In the time series, the dots and shades represent the medians and the 10th—90th percentile ranges, respectively,
of all monthly gridded data within the selected areas from the respective months in 2013-2020. Monthly variations in Baffin Bay and the
Ross Sea are also presented. The locations of these two areas are indicated in panels (a) and (d), respectively.

Vﬂat

trop
data. Figure 12b displays the spatial distribution of Vt‘r’gg for
March 2018, calculated by subtracting the monthly average
of 149;; from that of Viqp, providing information on where
enhancements were detected.

On urban/regional scales, hotspots are detected on land
in the mid- and low-latitude regions. Magenta markers in
Fig. 12a and b indicate two noticeable hotspots: the Rann
of Kutch and the Great Salt Lake. Figures 13—14 show en-
larged views of tropospheric BrO VCDs for the two hotspots
in March 2018. The figures also present intermediate vari-
ables to verify whether the retrieved high VCD values are
actual BrO signals rather than artifacts.

The Rann of Kutch is a well-known BrO hotspot
(Fig. 13a), previously detected by OMI, GOME-2, and
TROPOMI (Hormann et al., 2016; Seo et al., 2019). Hor-
mann et al. (2016) found that the tropospheric BrO VCDs
around this salt marsh had significant correlations with sur-
face UV radiation, suggesting that the BrO molecules were
generated by photochemistry. The large ASCDs in Fig. 13c
demonstrate that OMPS-NM can also detect enhanced BrO
signals over the Rann of Kutch. The enhanced ASCD val-
ues are above the random uncertainty levels (Fig. 13d). The
GLER distribution reveals bright surfaces over the Rann of

retrievals, or by averaging the corresponding Viyop and
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Kutch (Fig. 13b), as described by Hormann et al. (2016),
which can lead to positive biases in cloud fraction (Fig. 13e)
and cloud pressure (Fig. 13f) retrievals. However, the ASCD
and GLER fields show no strong spatial correlations. Fur-
thermore, the enhancements in ASCDs due to the high sur-
face reflectances are compensated for by tropospheric AMFs,
which also show higher values in the area (Fig. 13g). As such,
we attribute the enhanced tropospheric VCDs from OMPS-
NM over the Rann of Kutch to physical and/or chemical vari-
abilities in BrO concentrations (Fig. 13h).

Figure 14a shows the geographic features of the Great
Salt Lake in the USA. Based on ground-based observations,
Stutz et al. (2002) suggested that high-molality salt solu-
tions or crystalline salt concentrated around this lake could
host heterogeneous reactions that generate BrO molecules
in the atmosphere. OMI later demonstrated space-borne de-
tection of enhanced BrO VCDs around the lake (Chance,
2006; Suleiman et al., 2019). Here, we find that elevated
BrO columns around the Great Salt Lake can also be de-
tected from OMPS-NM. Figure 14c shows BrO ASCDs from
OMPS-NM averaged for March 2018. The enhanced BrO
signals are above the noise level (Fig. 14d) and are led by
neither surface reflectance (Fig. 14b) nor clouds (Fig. 14e-
f), judged by the different spatial distributions. By applying
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Figure 12. Monthly averages of and variations in tropospheric BrO VCDs in the mid- and low-latitude regions. (a) Global monthly mean
tropospheric VCDs (Virop) in March 2018; (b) quantified contributions of enhancements (Virop — Vt§§f,) in the tropospheric VCDs in March
2018; (¢) monthly variations in tropospheric BrO VCDs (2013-2020) for every 30° wide latitude band from 60° N to 60° S. The locations of
two selected hotspots are indicated in the maps (the Rann of Kutch and the Great Salt Lake). In panel (b), the enhancements detected in the

South Atlantic Anomaly (SAA) are likely associated with spikes and transient events in the radiance data. In panel (c), the dots and shades

represent the medians and the 10th—90th percentile ranges, respectively, derived from all monthly gridded data during 2013-2020.

tropospheric AMFs that account for the surface and cloud ef-
fects (Fig. 14g), we confirm that enhanced BrO signals also
appear in the tropospheric VCD field.

Figure 15a presents persistent tropospheric BrO enhance-
ments over the Rann of Kutch (within the magenta box in
Fig. 13a) above the background represented by the values
over the area outside the magenta box in Fig. 13a. Con-
sistent with the findings of Hormann et al. (2016), the en-
hancements appear especially strong during March—May.
The maximum difference between the Rann of Kutch and
the background monthly median is 0.66 x 10'® molec. cm 2
(111 %), found in May 2019. For this month, the differ-
ence for the 90th percentiles between the Rann of Kutch
and surrounding areas was also the largest, corresponding
to 1.66 x 10'3 molec. cm~2. On average, the Rann of Kutch
and the background medians (90th percentiles) differ by
0.29 x 103 (0.78 x 10'3) molec. cm~2 in March—-May.
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The tropospheric BrO enhancements over the Great Salt
Lake have a weak seasonal dependence (Fig. 15b). The max-
imum difference between the monthly medians of tropo-
spheric BrO VCDs from the Great Salt Lake (within the
magenta box in Fig. 14a) and the background (outside the
magenta box in Fig. 14a) is 0.57 x 10'3 molec. cm™2 (72 %),
found in January 2013. The difference in the 90th percentiles
this month was 0.56 x 10'3 molec. cm 2. Throughout the pe-
riod shown in Fig. 15, the mean difference in the median val-
ues is 0.12 x 10'3 molec. cm™2.

As mentioned earlier, the OMPS-NM BrO retrievals of-
fer a significant advantage through the continuation of the
OMI data. In this context, we verify the consistency between
OMPS-NM and OMI BrO VCDs in two areas with promi-
nent tropospheric enhancements: (a) the northern high lati-
tudes (60-90° N) and (b) the Rann of Kutch. Given that the
OMI BrO retrievals offer only total VCDs, the comparisons

https://doi.org/10.5194/amt-17-2873-2024
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Figure 13. Monthly averages of tropospheric BrO VCDs and inter-
mediate variables in March 2018 over the Rann of Kutch. Panel (a)
shows the geographic features around the Rann of Kutch (high-
lighted by the magenta box), and the other panels show monthly av-
erages of (b) GLERs, (¢) ASCDs, (d) random ASCD uncertainties,
(e) effective cloud fractions, (f) cloud pressures, (g) tropospheric
AMFs, and (h) tropospheric BrO VCDs. It should be noted that
in panel (d), the displayed values represent monthly averages of
individual pixel uncertainties rather than uncertainties of monthly
ASCD averages.

made here are limited to total VCDs. Figure 16 shows the
monthly total BrO VCDs from OMPS-NM and OMI over-
laid from February 2012 to July 2021. The monthly vari-
ations agree well, demonstrating that the OMPS-NM BrO
retrievals are capable of extending the afternoon BrO time
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Figure 14. Same as Fig. 13 but for the Great Salt Lake.

series. The OMPS-NM BrO retrievals are typically lower
than those from OMI likely due to differences in the retrieval
algorithms. For example, the OMI retrieval algorithm uses
different configurations for the source spectrum (solar irra-
diance) and the fitting window (319-347.5nm) (Suleiman
et al., 2019). Figure 17 presents the comparison between
the OMPS-NM and OMI total BrO VCDs over the Rann of
Kutch for March 2018. The spatial distributions align con-
sistently between the two datasets, supporting the earlier dis-
cussions based on the OMPS-NM retrievals.

5 Discussion and conclusions

Stratospheric and tropospheric BrO columns retrieved from
OMPS-NM are stored in a Level 2 file for each orbit, along
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Figure 15. Time series of monthly tropospheric BrO VCDs in (a) the Rann of Kutch and (b) the Great Salt Lake. The hotspot in the legend
represents the areas within the magenta boxes with dashed lines in Figs. 13a and 14a. The background in the legend represents the areas
between the boxes and the map frames in Figs. 13a and 14a. In the time series, the dots and shades represent the medians and the 10th-90th

percentile ranges within the selected areas, respectively.

Northern high latitudes

7.5 1

501 /.\*O-O—H '/.-\0—04—0—0

2.5

T T T T
01/2012 07/2012 01/2013 07/2013

H"—\'_._,.._.

T T T T
01/2014 07/2014 01/2015 07/2015

T T T T
01/2016 07/2016 01/2017 07/2017

2.5
T T T T
01/2018 07/2018 01/2019 07/2019

7.5 1

2.5 4

2]

©u
o

|t
n o
|

~
n

Total VCD [10!3 molecules cm
wu
o

7.5 7 OMPS-NM
201 m-.—. =, o

2.51
T T T T
01/2020 07/2020 01/2021 07/2021

Figure 16. Time series of monthly total BrO VCDs from OMPS-
NM and OMI in the northern high latitudes (60-90° N). The dots
and shades represent the medians and the 10th-90th percentile
ranges in the region, respectively.

with their uncertainties and supporting data. A primary ben-
efit of the OMPS-NM BrO dataset is its ability to provide
continued space-based BrO retrievals in the afternoon on a
global scale each day. This dataset is particularly beneficial
for completing daily global coverage from 2012, which is
partially missing due to the loss of useful OMI data caused by
a systematic instrumental issue (the row anomaly). In addi-
tion to the instrumental benefit, the OMPS-NM BrO dataset
offers a significant advantage by providing empirically sep-
arated stratospheric and tropospheric columns for nearly a
decade, a feature that is currently rare in publicly available
datasets.
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Figure 17. Monthly averages of total BrO VCDs from OMPS-NM
and OMI over the Rann of Kutch in March 2018.

The STS scheme designed in this study combines the ben-
efits of the existing methods to address two main aspects
of separating stratospheric and tropospheric BrO VCDs:
(a) segregation of tropospheric enhancements from strato-
spheric and (b) reliable calculations of tropospheric AMFs.
Specifically, for the first aspect, our scheme dynamically de-
tects tropospheric BrO enhancements (hotspots) by deriving
stratospheric O3-BrO relationships. For the second aspect,
we employ modeled BrO profiles, creating a second set of
BrO profiles by smoothing out the vertical gradients of the
original tropospheric profiles (i.e., by flattening). This sec-
ond profile set serves two different purposes: (a) estimation
of the initial tropospheric BrO field and (b) AMF calcula-
tions for non-hotspots. Ultimately, we assess whether each
OMPS-NM pixel is a hotspot or not and apply the appropri-
ate BrO profile for the AMF calculation, choosing between
the pre-flattening (hotspot) and post-flattening (non-hotspot)
profiles. In addition to the selective use of BrO profiles, the
performance of tropospheric AMFs is enhanced particularly
by online calculations with dynamic inputs of surface BRDF
(for land), surface wind speed (for ocean), and sea ice extent.
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The STS method proposed in this study is not without
limitations. First, hotspot detection exhibits lower reliabil-
ity within the polar vortex. Users can choose to filter out
hotspots detected within the vortex based on their specific
analyses and requirements, using the STS quality flags in
the product. Second, the retrieved tropospheric BrO VCDs
depend on the initial estimates determined using the flat-
tened profiles. Therefore, biases in the flattened profiles prop-
agate to the final tropospheric retrievals. Specifically, rela-
tively high values in the retrieved tropospheric BrO VCD
fields are due to either the initial estimates or detected tro-
pospheric enhancements. To facilitate the separation of the
two contributors, the OMPS-NM BrO product provides in-
formation on (a) the initial estimates of tropospheric BrO
VCDs and (b) the specific pixel locations with tropospheric
enhancements (STS quality flags). Additionally, it is worth
noting that the contribution of the initial estimates constantly
appears for a given month, regardless of the day or year.

Despite the limitations, OMPS-NM retrievals demon-
strate their ability to capture daily tropospheric enhance-
ments, particularly those observed over the northern high
latitudes. Meanwhile, as expected, the monthly averages
exhibit lower discrepancies from ground-based retrievals,
likely attributed to smaller random errors. The intercom-
parison of monthly averages with ground-based retrievals
in Lauder, Utqgiagvik, and Harestua shows good agreement
for both the stratosphere (r =0.81-0.83) and the tropo-
sphere (r =0.50-0.70). The MBEs of the monthly strato-
spheric VCDs from OMPS-NM against the ground-based re-
trievals are —0.09 x 103 and —0.77 x 10'3 molec.cm™2 in
Lauder and Harestua, respectively. The monthly tropospheric
BrO VCDs from OMPS-NM have MBEs of 0.11 x 10'3
and —0.60 x 10'3 molec.cm™? in Utqiagvik and Harestua,
respectively. To enhance quantitative applications of the
OMPS-NM BrO dataset, random uncertainties are explicitly
estimated pixel by pixel. On the other hand, systematic un-
certainties need further characterization through intercom-
parisons with more ground-based data from various areas.
More thorough intercomparisons will aid in a better under-
standing of biases arising from the initial estimates of tropo-
spheric VCDs and AMF uncertainties.

Monthly mean OMPS-NM BrO retrievals spanning
8 years (2013-2020) and gridded at 0.1° x 0.1° resolution
reveal climatological monthly variations in tropospheric BrO
VCDs over the northern (60-90° N) and southern (60-90° S)
high latitudes. Within the respective regions, Baffin Bay and
the Ross Sea exhibit relatively large monthly tropospheric
VCDs with April and September medians of 2.17 x 10'3
and 2.22 x 10"3 molec. cm™2. It should be noted that signif-
icantly larger tropospheric BrO VCDs are found for indi-
vidual bromine explosion episodes. The OMPS-NM dataset
identifies tropospheric BrO enhancements not only in the
polar but also in the extrapolar regions. In particular, the
0.1° x 0.1° monthly mean tropospheric BrO VCDs within
the Rann of Kutch and the Great Salt Lake show the spatial
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medians larger than the background medians by up to 111 %
(May 2019) and 72 % (January 2013), respectively.

Our BrO retrieval algorithm is designed for cross-sensor
applications. Specifically, its application to instruments with
higher spatial resolutions will enable a more detailed inves-
tigation of tropospheric BrO distributions. Ultimately, ap-
plying the proposed algorithm to multiple UV spectrome-
ters will enable continuous long-term records of satellite BrO
data record.

Appendix A: Fitting window optimization

The BrO ASCDs derived from Eq. (2) and the corresponding
errors vary with the fitting window. To find the optimal one,
we evaluate candidate fitting windows based on the follow-
ing four variables: (a) fitting RMSE, (b) BrO ASCD random
uncertainty, (¢) BrO ASCD absolute bias, and (d) absolute
correlation coefficients between Jacobians of BrO and other
trace gas ASCDs. We consider spectral ranges of 320-343
and 346-369 nm for the lower and upper limits of fitting win-
dows, with a 0.25 nm sampling. To select a fitting window
exhibiting good performance for all seasons, we employ four
OMPS-NM orbits for the optimization: 032229 (15 January
2018), 033506 (16 April 2018), 034797 (15 July 2018), and
036102 (15 October 2018). These are all reference orbits;
i.e., the radiances within 0—10° N latitudes from each orbit
are averaged and used as radiance references to retrieve the
BrO ASCDs.

We aim to find a fitting window that provides low values
of all four above-mentioned variables. The fitting RMSE and
BrO ASCD random uncertainty are calculated as described
in Sect. 2.6.1. The biases in BrO ASCDs are calculated
against modeled ASCDs, which are determined using BrO
vertical columns from the Community Atmosphere Model
with Chemistry (CAM-Chem) (Fernandez et al., 2019). For
the fitting window evaluation, we use only stratospheric
ASCDs from CAM-Chem to avoid a possible mismatch be-
tween the observed and modeled tropospheric BrO columns.
After co-locating the modeled stratospheric vertical columns
onto OMPS-NM pixels, we determine the modeled strato-
spheric SCDs by applying the geometric air mass factors
(AMFs) (the sum of the secant of solar and viewing zenith
angles)?. Lastly, for each cross-track position in each orbit,
we calculate the modeled stratospheric ASCDs by subtract-
ing the median of the modeled stratospheric SCDs within 0—
10° N latitudes from the modeled stratospheric SCD at every
along-track pixel.

Here, we define the ASCD bias as the modeled strato-
spheric BrO ASCD minus the retrieved total ASCD. This
definition assumes that the total BrO SCD is dominated by
the stratospheric portion, which is valid in most cases. These

2The configurations described in this appendix are used for the
purpose of fitting-window optimization only. For other applications,
please refer to Sect. 2.3 and 2.4 for details.
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(16 April 2018). Spectral ranges of 320-343 and 346-369 nm are

used for the lower and upper limits, respectively, with 0.25 nm sampling. The name of the variable is noted above each panel. The optimal

fitting window is indicated with red circles.

bias values are used only in a relative sense to compare per-
formances among different fitting windows. We take the ab-
solute values of the biases before comparison.

The correlation coefficients between BrO and other ASCD
Jacobians (rg0, ;) are calculated from the Jacobian covari-
ance matrix C = (KIK,)™!:

e Cgro, j
0, = —Fm———,
v CBr0,Br0C},

where Cg;0,;, CBr0,Br0, and C; ; represent the elements of
the Jacobian covariance matrix with the corresponding rows
and columns indicated in subscripts. To take into account in-
terfering species, we select O3 and formaldehyde (HCHO),
whose Jacobians are potentially correlated with that of BrO
(Gonzalez Abad et al., 2016; Seo et al., 2019). We consider
O3 ASCD Jacobians at both temperatures because the BrO
cross section interferes with each individual O3 absorption
spectrum during the spectral fitting. Since we fit three pa-
rameters to account for the absorption of O3 at 243K, we

(AD)
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calculate a combined correlation coefficient Rg0,0, for this
temperature to capture their effects simultaneously:

Rg0,05 =([ 80,0, rBrO.7, TBrO.T |
703,05 103,71 103>
T .03 1Ty TT.T»
'n,0s DT Thh
- 12
I'BrO,03
TBrO, T , (A2)
L I'BrO,T»

where T and 7> represent the two parameters from the first-
order Taylor series expansion (Pukite et al., 2010). As a re-
sult, the absolute correlation coefficients for O3 at 243 K are
typically higher than those at 273 K (see Figs. A1-A3).

To find a fitting window that shows the best performance
in all latitude ranges, we perform the assessment separately
for three latitude bins: (a) high latitudes (60-90° S and 60—
90° N combined), (b) middle latitudes (30-60°S and 30-
60° N combined), and (c¢) low latitudes (30° S—30° N). In the
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Figure A2. Same as Fig. A1 but for middle latitudes.

assessment, we exclude pixels with cloud fractions > 0.2 and
those with snow or ice to constrain conditions for strato-
spheric bias analysis. Additionally, pixels with solar zenith
angles (SZAs) > 80° are filtered out.

Figures A1-A3 display the assessment results for 033506
(16 April 2018) at high, middle, and low latitudes, respec-
tively. The same assessments are also conducted for the
other three orbits (032229, 034797, and 036102), although
the detailed results for these orbits are not presented. The
focus here is on highlighting the assessment methodology
and presenting the most relevant findings for 033506 on
16 April 2018. The first assessment step involves extracting
windows that fall below the medians for all six variables (fit-
ting RMSE, BrO ASCD random uncertainty, BrO ASCD ab-
solute bias, and three absolute correlation coefficients). This
assessment is performed for each orbit and latitude bin. The
next step involves sorting out windows that satisfy the below-
median conditions for all orbits and latitude bins. Among the
sorted windows, we identify 331.5-358 nm as the most opti-
mal fitting window, marked with red circles in Figs. A1-A3.
This specific window simultaneously exhibits low values of
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Figure A3. Same as Fig. A1 but for low latitudes.

Appendix B: Profile flattening

The profile flattening technique aims to simulate tropo-
spheric BrO vertical profiles representing localized back-
ground conditions based solely on climatology. To achieve
this, we first investigate the dependence of modeled tro-
pospheric profile shapes on the corresponding tropospheric
VCD values. Ideally, this analysis should be performed for a
fixed location, involving various model simulations with dif-
ferent initializations. To replicate this analysis using prede-
termined climatology, we gather BrO profiles from different
locations using the CAM-Chem model, constraining surface
type, time, latitude, month, and tropopause pressure.

In Fig. B1, the vertical profiles of BrO sampled on land
for 13:30 LST are grouped to examine the variations in each
45° wide latitude band for January, April, July, and Octo-
ber. Each panel exclusively displays profiles with tropopause
pressures within £20hPa of the mean value for the corre-
sponding latitude band and month. Figure B2 depicts the pro-
files sampled with the same criteria but for ocean and sea
ice. These two figures demonstrate that higher tropospheric

Atmos. Meas. Tech., 17, 2873-2916, 2024

VCDs tend to have more complex vertical structures, while
the lowest (background) VCDs typically have flat profiles
with a decreasing pattern of BrO VMRs from the tropopause
toward the ground. This characteristic is also supported by
Fig. 7a.

Given the relatively high stability of the free troposphere
and the typical occurrence of BrO VMR enhancements
in the lower troposphere, we devise the flattening tech-
nique that smooths out tropospheric profiles beginning at
the tropopause and proceeding downward in altitude. As de-
scribed in Sect. 2.5.2, for each profile, we recursively com-
pare two consecutive VMRs and replace the larger value
with the smaller one, moving from the tropopause to the
surface. The outputs of the flattening procedure are model-
based boxcar-shaped profiles. Each of these BrO profiles is
composed of background VMRs that are never below the
minimum VMR value within the tropospheric layers of the
co-located CAM-Chem profile. Figure B3 presents flatten-
ing results for four pixels selected from 07594 (15 April
2013). Figure B3c illustrates a prominent background pro-
file, demonstrating our motivation through minimal differ-
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Figure B1. Variations in BrO vertical profile shapes over land for different latitudes and months, depending on tropospheric VCD values.
Each row corresponds to a latitude band, and each column corresponds to a month. The curves in each panel are color-coded to represent
tropospheric BrO VCDs, with the corresponding color bar presented on the right side. The y axes indicate the 26 CAM-Chem layers; gray

horizontal lines mark the tropopause layers.

ences in VMR values before and after flattening. The other
panels show more significant differences between the pre-
and post-flattening profiles.

The profile flattening outputs serve two purposes: (a) es-
timating initial (background) tropospheric BrO VCDs and
(b) calculating AMFs for non-hotspots. Figure B4 presents
examples of the CAM-Chem tropospheric BrO VCDs before

(VETIM) and after (V,1at) flattening, along with the final tropo-

trop trop
spheric VCD retrievals (Viop). Without flattening, the VtrcogM

https://doi.org/10.5194/amt-17-2873-2024

fields show homogeneously elevated values around the po-

lar regions (Fig. B4b and f), whereas the Vfgg fields exhibit

reduced values (Fig. B4c and g). Having Vn@(?]‘, as initial es-
timates, the Viop fields capture individual dynamic tropo-
spheric enhancements (Fig. B4d and h) appearing in the AS

fields (Fig. B4a and e).
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Ocean and sea ice
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Figure B2. Same as Fig. B1 but for ocean and sea ice.
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CAM-Chem layer from the ground
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Figure B3. Profile flattening. Four pixels are selected from 07594 (15 April 2013). Panel (a) presents the ASCD field with the selected pixels
indicated. Panels (b)—(e) display the pre- and post-flattening BrO profiles for each selected pixel.
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Northern sea ice locations, 07594 (15 April 2013)
(b) VE™M (c) vhiat

trop trop
180° 180°

g@w%

%05,

€ 3
[1014 molecules cm2] [1014 molecules cm2] [1014 molecules cm—2]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Southern sea ice locations, 09765 (15 September 2013)
(e) AS (f) veon (g) Vi, (h) Virep
0° 0° 0° 0°
¢ ¢
Iggne ) Iggne
180° 180° 180° 180°
[10%* molecules cm~2] [10%* molecules cm~2] [10'* molecules cm~2] [10%* molecules cm~2]
<4dEE >
0 1 2 3 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure B4. Comparisons between modeled and retrieved tropospheric BrO VCDs. Two orbits are selected to represent sea ice locations in the
Northern Hemisphere (07594, 15 April 2013) and Southern Hemisphere (09765, 15 September 2013). Panels (a) and (e) show the retrieved
ASCDs (AS). Panels (b) and (f) present the modeled tropospheric VCDs before flattening (VSOTPM), while panels (c) and (g) show the post-
flattening tropospheric VCDs (vt‘jg;,). The retrieved tropospheric VCDs (Virgp), i.€., the results of the stratosphere—troposphere separation
(STS), are displayed in panels (d) and (h).
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Appendix C: Random uncertainties in surface
reflectances

The uncertainties in surface reflectances over land from the
MCD43Cl1 product differ depending on the surface type
(Wang et al., 2018; Wu et al., 2018). Therefore, we first de-
termine the surface type globally at 0.05° x 0.05° resolution,
using the variable “Majority_Land_Cover_Type_1" from the
MODIS Land Cover Climate Modeling Grid (CMG) product
(MCD12C1 Version 6) (Friedl and Sulla-Menashe, 2019).
Then, we assign an uncertainty for each surface type using
the values estimated by Wang et al. (2018) and Wu et al.
(2018) (Table C1). For the surface types with no uncertainty
estimates, we assign the largest value among similar surface
types.

To quantify the random uncertainties in ice surface re-
flectances, we first estimate the uncertainties in the ice BRDF
climatology and convert them to 340 nm GLER uncertain-
ties. As described in Sect. 2.3, the ice BRDF climatology is
derived by calculating a global median for each kernel (i.e.,
isotropic, geometric, and volumetric) from the four shortest
wavelength bands of MODIS. Therefore, we define the ice
GLER uncertainty as the change in the 340 nm GLER that
occurs when each kernel value increases by the global MAD.
At this stage, the kernels other than the one of interest are
fixed at their median values. The results for the isotropic, ge-
ometric, and volumetric kernels are referred to as &rjso, €r,geos
and &r,yol, respectively. Since these values vary with surface
pressure and observation geometries, we construct LUTs for
each of them. Table C2 shows the nodes and intervals of the
LUTs. These LUTs are applied to every OMPS-NM pixel to
derive the second term of Eq. (15) by

9A.\? , 8A222+8A222
e = & &
or ! or Tiso or Tgeo

9A.\>
+< arz) Erzv"l' D
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Table C1. Random uncertainties in surface reflectances.

Surface type Detail Uncertainty  Reference
Sea ice Sea ice fraction > 0% Lookup This study
table

Waterbodies Permanent waterbodies > 60 % 0.0180 Fasnacht et al. (2019)
Evergreen needleleaf forests  Tree cover > 60 %; canopy >2m 0.0237 Wang et al. (2018)
Evergreen broadleaf forests Tree cover > 60 %; canopy > 2m 0.0196 Wang et al. (2018)
Deciduous needleleaf forests  Tree cover > 60 %; canopy > 2m 0.0237 This study (maximum)
Deciduous broadleaf forests ~ Tree cover > 60 %; canopy > 2m 0.0196 Wang et al. (2018)
Mixed forests Dominated by neither deciduous nor evergreen 0.0201 Wang et al. (2018)

tree type; tree cover > 60 %; canopy > 2m
Closed shrublands Tree cover > 60 %; canopy of 1-2m 0.0125 Wang et al. (2018)
Open shrublands (tundra) Tree cover of 10 %—60 %; canopy of 1-2m 0.0318 Wang et al. (2018)
Woody savannas Tree cover of 30 %—60 %; canopy > 2 m 0.0318 This study (maximum)
Savannas Tree cover of 10 %—30 %; canopy > 2m 0.0125 Wang et al. (2018)
Grasslands Herbaceous annual cover > 60 %; height <2m 0.0318 Wang et al. (2018)
Permanent wetlands Water cover of 30 %—60 %; vegetated cover > 10%  0.0318 This study (maximum)
Croplands Cultivated cropland cover > 60 % 0.0318 Wang et al. (2018)
Urban and built-up lands Impervious surface cover > 30 % 0.0318 This study (maximum)
Cropland and natural Small-scale cultivation of 40 %—60 % 0.0130 Wu et al. (2018)
vegetation mosaics
Permanent snow and ice Snow and ice cover > 60 % at least 10 months 0.0505 Wang et al. (2018)

of the year (maximum)
Barren Non-vegetated barren cover > 60 %; 0.0111 Wang et al. (2018)

vegetated cover < 10 %

Table C2. Nodes and intervals of the lookup tables for & o, &r,geo, and &y yol.-

Parameter Number of  Nodes
nodes
Surface pressure 11 100-1100 hPa with 100 hPa interval
Solar zenith angle 10 0-90° with 10° interval
Viewing zenith angle 10 0-90° with 10° interval
Relative azimuth angle 9  —180-180° with 45° interval

Atmos. Meas. Tech., 17, 2873-2916, 2024
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Appendix D: Sea ice and snow fractions

Sea ice and snow surfaces at high latitudes often host hetero-
geneous reactions that lead to large tropospheric BrO VCDs
(Simpson et al., 2015). Figure D1 shows the mean sea ice
fractions for April and September of 8 years (2013-2020) for
the northern and southern high latitudes, respectively. Fig-
ure D2 shows snow fractions. These figures assist in the in-
terpretation of Fig. 11.

(a) Northern high latitudes
(April)

(d) Southern high latitudes
(September)
o

Sea ice fraction

0.0 0.2 0.4 0.6 0.8 1.0

Figure D1. Sea ice fractions spanning 8 years (2013-2020) for
(a) the northern high latitudes in April and (b) the southern high
latitudes in September.

(a) Northern high latitudes
(April)

(d) Southern high latitudes
(September)
o

Snow fraction

0.0 0.2 0.4 0.6 0.8 1.0

Figure D2. Snow fractions spanning 8 years (2013-2020) for
(a) the northern high latitudes in April and (b) the southern high
latitudes in September.

Data availability. The OMPS-NM BrO data will be available
online through NASA GES DISC as a community product
(https://doi.org/10.5067/PSPSYHVDNSIJE).  Before  release,
the data are available from the corresponding author upon re-
quest. The other OMPS-NM datasets used for BrO retrieval
are available from the following NASA GES DISC links:
https://doi.org/10.5067/DL081SQY7C89  (Level 1B; Jaross,
2017b), https://doi.org/10.5067/CJAALTQUCLO?2 (cloud; Joiner,
2020), and https://doi.org/10.5067/0WFAHAAZOVHK (total
O3; Jaross, 2017a). The MODIS BRDF product (MCD43C1)

https://doi.org/10.5194/amt-17-2873-2024
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used for AMF calculations is available from the NASA LP
DAAC (https://doi.org/10.5067/MODIS/MCD43C1.061, Schaaf
and Wang, 2021). The MERRA-2 data are available from
NASA GES DISC (https://doi.org/10.5067/VIAFPLIICSIV,
GMAO, 2015a; and https://doi.org/10.5067/QBZ6MG944HWO,

GMAO, 2015b). The ocean salinity product (World
Ocean Atlas 2009) is available from NOAA NCEI
(https://www.ncei.noaa.gov/archive/accession/0094866, Lev-

itus and US NODC, 2013). The MODIS Terra chlorophyll
product is available at https://oceancolor.gsfc.nasa.gov/13/
(Werdell et al., 2023). The sea ice data for the Northern Hemi-
sphere and Southern Hemisphere are available from NSIDC at
https://doi.org/10.7265/N52R3PMC (U.S. National Ice Center,
2008) and https://doi.org/10.7265/N5SKO072F8 (Fetterer et al.,
2017), respectively.
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