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Abstract
During late winter and spring in the Arctic, unique chemistry produces high levels of reactive

bromine radicals (e.g., bromine atomic radicals and bromine monoxide, BrO) in the lower troposphere.

These high levels of bromine radicals react with and reduce ambient ozone and oxidize gaseous
elemental mercury. These reactive bromine species are chemically released from frozen saline surfaces
and are affected by meteorological processes such as transport and mixing. Prior work has proposed
that heterogenous reactions on snowpack surfaces as well as on atmospheric particle surfaces

contribute to the reactive bromine production. We investigate these hypotheses using an extensive
dataset of lower-tropospheric BrO observations from the Arctic Ocean and Utqiagvik (formerly Barrow).
First, we combine BrO observations with meteorological data and use principal component analysis to

determine what environmental processes are correlated with BrO. We find that increased levels of
reactive bromine under two sets of meteorological conditions: 1) stable, poorly vertically mixed

conditions with temperature inversions, and 2) low-atmospheric-pressure conditions with increased
vertical mixing. A principal component regression model based on these correlations predicted both the
vertical column density of BrO in the lowest 2 km of the troposphere (R = 0.45) and the vertical column

density of BrO in the lowest 200 m (R = 0.54). Next, we compare BrO observations to a global chemical
transport model, GEOS-Chem, which was recently modified to add a blowing snow sea salt aerosol

particle source. The GEOS-Chem model including the blowing snow process predicts monthly averaged

BrO within experimental error for 9 of 13 total months of observations in Spring 2015 but cannot
replicate hourly peaks in observed BrO. The model also predicts BrO during the Fall, which is not
supported by the observations, potentially indicating a problem with the blowing snow model. We
improve GEOS-Chem by adding a snowpack source of molecular bromine arising from deposition of

precursor species such as ozone. Adding this snowpack molecular bromine source improves the
agreement between the model and the observed monthly BrO at Utqiagvik. However, a prior literature
form of this model that had assumed an increased daytime yield of molecular bromine due to

photochemistry leads to overprediction of radical bromine and is not supported. We find that using both
the blowing snow aerosol particle source and the snowpack molecular bromine source together in

GEOS-Chem increases model skill in simulating Arctic reactive bromine events. Our global chemical
model improvements should improve prediction of the effect of climate change on Arctic reactive
bromine levels and help assess their implications for ozone depletion and mercury deposition.
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Chapter 1 Introduction

1.1 Overview
Research into climate change dominates the modern field of environmental science as

anthropogenic activities disrupt and modify natural cycles around the world. The effects of climate
change are especially pronounced in the Arctic, which is warming at twice the rate of the rest of the
globe (Serreze et al., 2009). The Arctic environment is experiencing more extreme weather (Cohen et al.,
2014) and reductions in sea ice and snow extent (Stroeve et al., 2012). This change also affects Arctic

tropospheric chemistry.

Tropospheric oxidative chemistry is dominated by the hydroxyl radical, generated by ozone
photolysis and subsequent reaction with water (Seinfeld and Pandis, 2006). Ozone depletions were

observed at high Arctic stations in the 1980s (Oltmans and Komhyr, 1986). These ozone depletion events
were linked to elevated particulate bromine at Alert (Barrie et al., 1988). Satellites-based instruments
such as the Global Ozone Monitoring Experiment (GOME) instrument observed reactive bromine in the

form of bromine monoxide across large regions of the Arctic during the springtime (Chance, 1998;
Richter et al., 1998; Wagner and Platt, 1998).

These high levels of reactive bromine can have multiple effects on tropospheric chemistry.
Reactive bromine can deplete ozone below detection limits in the troposphere (Barrie et al., 1988;
Simpson et al., 2007b). These ozone depletions can occur regionally on the scale of hundreds of

kilometers over the Arctic Ocean (Halfacre et al., 2014). Depletion of gaseous elemental mercury along
ozone depletions was observed at Alert (Schroeder et al., 1998). Reactive bromine may explain

tropospheric mercury oxidation (Steffen et al., 2008; Holmes et al., 2010). More recently, the direct
oxidation of mercury by radical bromine atoms was seen at Utqiagvik (Wang et al., 2019a). Oxidized
mercury can accumulate in the Arctic snowpack (Ariya et al., 2004). Oxidized mercury can be

transformed to highly toxic methylmercury, a neurotoxin that can have dire health impacts on humans

and animals (AMAP, 2011). Field sampling of hydrocarbons also found evidence of reactive halogen
chemistry (Jobson et al., 1994). Many nations are now working to develop the Arctic (Gautier et al.,
,
2009)
heightening the importance of understanding Arctic tropospheric chemistry and air quality.
Understanding the complex chemical cycles that consume and produce reactive bromine is crucial to

this effort.
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1.2 Reactive Bromine Recycling
Reactive bromine refers to tropospheric bromine radicals bromine atoms (Br) and bromine

monoxide (BrO), known collectively as the BrOx family (Simpson et al., 2015). Tropospheric inorganic
bromine may also be readily sourced from reservoir species such as HOBr, BrNO3, IBr, BrCl, and Br2 (SaizLopez and von Glasow, 2012). Bromine is also commonly found in the tropospheric in the form of

bromide on the surface of aerosols or in liquid phase (Abbatt et al., 2012). We include BrOx, reservoir
species, and atmospheric Br- in the broad family Bry. A simplified reactive bromine reaction scheme can

demonstrate how bromine can deplete ozone in the troposphere (Abbatt et al., 2012; Saiz-Lopez and
von Glasow, 2012; Simpson et al., 2015). Molecular bromine can be photolyzed as in Reaction 1 to

produce two radical bromine atoms. These bromine atoms are rapidly oxidized as in Reaction 2, and the

resulting BrO can form a null cycle back to Br by Reaction 3 or deplete ozone by reacting with any
halogen oxide (ClO, BrO, or IO shown as XO) by Reaction 4. The resultant molecular bromine can restart

the cycle in the presence of sunlight as in Reaction 1.
High levels of springtime reactive bromine was hypothesized to be driven by the release of sea
salt sourced bromide from the Arctic snowpack after polar sunrise (McConnell et al., 1992). A chemical

mechanism for conversion of reservoir species HOBr, HBr, and BrNO3 was then proposed (Fan and Jacob,
1992). The proposed equations led the proposal of an auto-catalyzing cycle releasing bromide from the

snowpack into the atmosphere (Tang and McConnell, 1996). This auto-catalyzing cycle may also occur
on sea salt aerosol particle (SSA) surfaces (Vogt et al., 1996). The rapid increases in BrO events from

autocatalytic cycles led to the coining of the term ‘bromine explosions' (Wennberg, 1999). Bromine
monoxide generated from Reaction 2 can react with a hydroperoxy radical as in Reaction 5, forming the

water-soluble species HOBr. On deposition to a frozen saline surface, HOBr can interact with an halide

to form Br2. The reaction cycle of Reactions 1, 2, 5 and 6 deposits one hydroxy radical and one bromine
radical to the surface and generates two bromine radicals in the atmosphere on completion (Simpson et

al., 2007b; Saiz-Lopez and von Glasow, 2012; Simpson et al., 2015).
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1.3 Reactive bromine production
1.3.1 Laboratory studies of reactive bromine recycling

Laboratory studies have investigated bromine formation under controlled conditions. Molecular
bromine can be formed in laboratory from deposition of ozone on frozen saline surfaces (Oum et al.,
1998). The production of Br2 is sensitive to temperature and highest on acidic surfaces, and seems to
take place on a quasi-liquid layer on the frozen saline surface (Oldridge and Abbatt, 2011). Production of

Br2 enhanced by total surface area as well as the presence of initial Br2 to start the catalytic release of
bromide (Wren et al., 2013). The efficiency of Br2 production is dependent on the relative ratios of
halogen present on the frozen saline surface (Halfacre et al., 2019). Reactions observed in controlled

laboratory conditions may not always be dominant in the Arctic environment.
1.3.2 Release of reactive bromine from snowpack
Controlled release of molecular bromine from snowpack in the environment was achieved using

a snow chamber, where Br2 production was stimulated by exposure to light and ozone (Pratt et al.,
2013). Snow chamber Br2 and BrCl production was enhanced below the eutectic point of formation of

NaCl*2H2O (Custard et al., 2017). This confirms early predictions of reactive bromine production from

snowpack on sea ice (Tang and McConnell, 1996). The bromide content of snowpack on sea ice can be
enhanced by aerosol transport from the open ocean and by deposition of bromine to the snowpack
(Domine et al., 2004). Snowpack on sea ice shows variable salinity based on ice type and is commonly
more saline than snow on shore (Krnavek et al., 2012). Increased BrO has been correlated with

increased sea ice contact (Simpson et al., 2007a). Observations at Eureka show two modes

differentiated by air mass origin, only one of which correlates increased BrO with first-year sea ice
contact (Bognar et al., 2020). Yellow arrows in Figure 1.1 show how HOBr deposited to surface

snowpack may lead to the formation of reactive bromine.
1.3.3 Release of reactive bromine from aerosols
Sea salt aerosol particles were also identified early as a potential surface for reactive bromine

recycling (Vogt et al., 1996). Sea salt aerosol particles formed from oceanic bubbles bursting are one of

the most abundant aerosols in the troposphere (De Leeuw et al., 2011). Production of SSA from

fragmentation and sublimation of blowing snow was hypothesized to explain the high mixing ratios of
3

reactive bromine in the Arctic (Yang et al., 2008). Satellite observations of enhanced BrO during winter

storms provided support for this hypotheses (Jones et al., 2009). Sea salt aerosol production directly
from snow has recently been observed in the Weddell Sea in Antarctica (Frey et al., 2020). Reactive

bromine may be release from these surfaces on deposition of HOBr as shown in grey in Figure 1.1.

Frost flowers were also proposed as a high salinity source of sea salt aerosol (Rankin et al.,
2000). Sea ice regions thought to be covered in frost flowers were found to be potential sources of

reactive bromine (Kaleschke et al., 2004). First year sea ice regions were found to be more effective than
frost flowers in explaining observed BrO (Simpson et al., 2007a). Recent studies into the crystal

formation of frost flowers has found that they do not fragment effectively to form SSA (Yang et al.,
2017). A frost flower is shown in black in Figure 1.1, but is not included as a source of reactive bromine.

1.4 Reactive bromine and the environment
1.4.1 Reactive bromine and surface temperature

Environmental conditions over frozen saline surfaces dictate transport from the surface to the

surrounding air. The interface between ice and air consists of a quasi-liquid layer with different
reactivity than the bulk ice (Bartels-Rausch et al., 2014). This quasi-liquid layer behaves like a liquid with

high ionic strength (Kahan et al., 2014) with properties that change based on temperature (Malley et al.,
2018). Field campaigns found a linear relationship between BrO and lower temperatures (Pohler et al.,

2010) but more extensive studies find no linear relationship between BrO and temperature (Peterson et

al., 2016). Reactive bromine events cease in the Arctic Spring after the onset of snowmelt when the
temperature rises above freezing (Burd et al., 2017). Melting of the surface snowpack may lead to a

melt-freeze layer on top which reduces effective surface area of the snowpack (Domine et al., 2007).
1.4.2 Reactive bromine and meteorology
The interactions between reactive bromine, ozone, and meteorology are complex. Ground

based observations in Antarctica found elevated reactive bromine under airmasses under temperature
inversions originating over sea ice (Frieβ et al., 2004). Reactive bromine observed from the surface of

the Arctic Ocean is commonly seen concentrated in the lowest layers of the troposphere (Peterson et

al., 2015). Surface ozone depletion events are more common under low wind speeds (Halfacre et al.,
2014). Surface ozone can be regenerated by convective mixing of ozone-rich air from aloft (Moore et al.,
2014). Stable inversion with shallow layers are often associated with reduced windspeeds, but increased
winds and mixing can increase the thickness of the Arctic boundary layer (Brooks et al., 2017).
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Examinations of satellite data show correlation between high BrO and high windspeeds (Choi et

al., 2012). Enhanced BrO was observed in conjunction with high windspeeds and saline blowing snow

over Antarctica (Jones et al., 2009). Satellites have observed individual reactive bromine events
transported in a cyclone across the Arctic (Begoin et al., 2010). Satellite-based instruments and ground
instruments at Eureka observed an BrO-enriched airmass transported aloft where reactive bromine
recycling was sustained on aerosol particles (Zhao et al., 2016a). Ground-based observations see high

BrO with increased aerosol extinction (Frieβ et al., 2011). Airborne spectrometers observed reactive

bromine recycling in a lofted plume near Utqiagvik (Peterson et al., 2017). SSA generated by blowing

snow is correlated with increased BrO on satellite-based observations (Choi et al., 2018). Different

studies find enhanced BrO both during low-wind stable conditions and during high-wind events in
association with blowing snow. The relationship between reactive bromine and meteorology is still not
yet fully understood.

1.5 Modeling reactive bromine
1.5.1 Arctic modeling
Arctic modeling efforts seek to reproduce observed reactive bromine mixing ratios and
understand the impact of atmospheric dynamics. A simple model proposed two distinct regimes for high
reactive bromine and ozone depletion events: one regime under low wind and a stable boundary layer,

and another with high winds and enhanced SSA surface area (Jones et al., 2009). Zero-dimensional
modeling found that strong surface temperature inversions allow reactive bromine to build up near the
surface and deplete ozone (Lehrer et al., 2004). Detailed one-dimensional modeling of the Greenland

snowpack found that reactive bromine recycling occurs in interstitial air between snowpack grains, and
transport of reactive bromine to the troposphere was enhanced by wind pumping through the

snowpack (Thomas et al., 2011). One-dimensional modeling found bromine production deeper below
the snowpack surface was found to contribute to the net outflux of reactive bromine to the troposphere

(Toyota et al., 2014). Low windspeeds and shallow boundary layers led to shallow ozone depletion
events that may be less visible to satellites, whereas higher windspeeds led to higher overall BrO

throughout the troposphere (Toyota et al., 2014). Global coupled meteorological and chemical
modeling with a parameterized snowpack source of Br2 from deposition of precursors HOBr, BrNO3, and

O3 found that meteorology controlled the timing and location of rapid bromine release (Toyota et al.,
.
2011)
This simple parameterization of Br2 release on deposition to the snowpack replicated several
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aspects of observed BrO enhancements over the Arctic Ocean (Toyota et al., 2011; Falk and Sinnhuber,
2018).
Global chemical and meteorological models are also capable of simulating blowing snow SSA

production across the Arctic. Implementation the blowing snow SSA production mechanism from Yang

et al. (2008) allowed simulation of bromine explosion events reduced ozone budget across the globe
(Yang et al., 2010).

1.5.2 GEOS-Chem global model

The GEOS-Chem global 3-D chemical model (Bey et al., 2001) is driven by the Modern-Era

Retrospective analysis for Research and Applications, Version 2 (MERRA2), produced by the NASA Global
Modeling and Assimilation Office (Gelaro et al., 2017). GEOS-Chem added heterogenous chemistry to

release of bromine from aerosol surfaces (Parrella et al., 2012). The GEOS-Chem bromine chemistry has
been regularly and repeatedly updated to include and transport of bromine from the stratosphere

(Eastham et al., 2014) and reactions between bromine and iodine (Sherwen et al., 2016d), chlorine
(Wang et al., 2019b), and sulfur(IV) in clouds (Chen et al., 2017). These updates to the bromine

chemistry increased global Bry by 30% (Schmidt et al., 2016), reduced ozone radiative forcing (Sherwen

et al., 2016c), and increased deposition of bromine to aerosols (Zhu et al., 2019). Despite these
improvements to bromine chemistry, GEOS-Chem BrO was often outside of observational error in the
polar regions (Schmidt et al., 2016). A blowing snow mechanism based on Yang et al. (Yang et al., 2008)

was added to GEOS-Chem to match observed wintertime enhancements in SSA (Huang and Jaegle,

2017). This blowing snow mechanism was able to replicate satellite observations of wintertime
enhancements in SSA (Huang et al., 2018) and the magnitude of monthly averaged spring BrO (Huang et
al., 2020). Global reactive bromine models are often constrained by satellite-based observations of BrO,
which offer broad temporal and spatial coverage. Some satellite-based observations of tropospheric
column BrO may in fact originate in the stratosphere (Salawitch et al., 2010). Corrections for temporal
changes in stratospheric column BrO have been applied to find the true tropospheric BrO column (Theys

et al., 2011; Sihler et al., 2012). However, satellites may not be sensitive to reactive bromine and ozone
depletion events near the surface (Choi et al., 2012). Ground-based observations of reactive bromine on

a broad temporal and spatial scale could be used to thoroughly validate global chemical models and
better understand reactive bromine chemistry.
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1.6 Ground-based Arctic BrO observations
Gathering data while stationed on drifting Arctic Ocean sea ice poses numerous challenges for

manned expeditions (Shirshov and Fedorov, 1938). To better understand reactive bromine chemistry,
the O-Buoy Project (Knepp et al., 2010) deployed autonomous buoys with instruments to measure
bromine monoxide, carbon dioxide, ozone, and meteorology over the Arctic sea ice. Fifteen instruments
were deployed from 2010 to 2015.
Multiple axis differential optical absorption spectrometers (MAX-DOAS) measured bromine

monoxide on these O-Buoys (Carlson et al., 2010). MAX-DOAS observations have already led to

conclusions on the spatial, temporal and vertical extent of reactive bromine chemistry (Peterson et al.,

2016; Simpson et al., 2017) and ozone depletions (Halfacre et al., 2014). The O-Buoys have continued to
gather data since those papers were published, and we now have an extensive O-buoy dataset allows us

to further explore the chemical and meteorological factors driving reactive bromine recycling.

1.7 Dissertation Structure
The contributions of Arctic reactive bromine to regional and global chemical budgets is poorly
constrained by ground-based studies over short timescales and varied locations. This has sometimes led

to contradictory findings on the relationship between meteorology and reactive bromine. The O-Buoy
observations over unprecedented temporal and spatial scales will allow for a thorough analysis of the
relationship between BrO, ozone, and local meteorology. Reactive bromine events can be classified as

either high-wind blowing snow events or shallow inverted events. The root cause of the disparities that
exist between ground-based observations and satellite-based observations must be investigated and

understood. Global coupled meteorological and chemical modeling can shine a light on these
differences, but global chemistry models have difficulties simulating Arctic reactive bromine. Global

model performance can be addressed by validation of the existing blowing snow mechanism and the

addition of a snowpack reactive bromine production mechanism. My dissertation will help scientists

better understand the current role of reactive bromine in the Arctic troposphere and the ways that
Arctic reactive bromine recycling may be affected by perturbations to the rapidly changing Arctic Ocean
environment.

The subsequent chapters delve deeper into the issues presented here. Each of these chapters is

intended for individual publication in peer reviewed journals, and the introduction for each following

chapter overlaps with the material reviewed in this chapter.
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Chapter 2 describes the results of multivariate statistical analysis using principal components

analysis and regression. The goal was to untangle the influence of meteorology and ozone on observed

BrO and identify the meteorological and chemical patterns driving observed BrO over the entire Arctic
Ocean. This study discovers two distinct environmental conditions that may reconcile divergent

conclusions from on the role of windspeed and mixing based respectively on satellite-based and ground
based measurements.
Chapter 3 uses the O-Buoy observations to test the skill of the GEOS-Chem global chemical

model in replicated ground-based observations. The goal is to determine if the blowing snow SSA
mechanism can recreate observations of reactive bromine events occurring on an hourly timescale or
match monthly trends on observed BrO. We find that the blowing snow mechanism reproduces monthly

BrO within observation error and is capable of predicting several reactive bromine events but fails to

predict many others.
Chapter 4 details the addition of a snowpack Br2 production mechanism to GEOS-Chem and its

impact in conjunction with the blowing snow SSA mechanism. We find that the model broadly agrees
with BrO observations when using a constant snowpack yield of Br2 on ozone deposition, but

overpredicts BrO when using increased daytime snowpack Br2 production. We find that using both
snowpack and blowing snow SSA mechanisms in GEOS-Chem leads to increased correation between

preictions and observations.
Chapter 5 considers the insight gained from these aggregated studies as well as the broader

ramifications of this research on reactive bromine in a changing Arctic.
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1.9 Figure

Figure 1.1 Simplified diagram of Arctic reactive bromine recycling surfaces and chemical reactions.
Simplified gas phase reactive bromine reactions depicted on right in blue. Deposition of HOBr to sea salt
aerosol particles (SSA) can form Br2 as shown in grey. These SSA may be formed from blowing snow
saltation and sublimation or by open ocean emissions. Deposition of HOBr to surface snowpack can
form Br2as shown in yellow. Frost flowers shown in black may form over sea ice regions.
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Chapter 2 Arctic reactive bromine events occur in two distinct sets of environmental conditions: a
statistical analysis of six years of observations1

2.1 Abstract
Tropospheric bromine radicals in the Arctic efficiently remove ambient ozone and oxidize

gaseous elemental mercury. Ground-based bromine monoxide (BrO) observations from the Arctic

Ocean and Utqiagvik (formerly Barrow) are combined with MERRA-2 reanalysis meteorological fields to
determine how BrO varies with environmental conditions. The mean seasonal BrO abundance varies
from year to year (p < 0.001), while regional variance in mean BrO is not statistically significant (p >
0.11). Principal component analysis derived three important principal components from the

environmental dataset. The third principal component explains the most variance in BrO and is

correlated with low ozone and cold temperatures. This principal component is consistent with
observations of high BrO during ozone depletion events at cold temperatures and can work concurrently
with each of the other two principal components to generate two types of high BrO event. The first

principal component consists of a less-stable, thick, mixed layer and low pressure atmospheric pressure
and can work concurrently with the third principal component to describe reactive bromine events
consistent with observations of high BrO in low-pressure systems (e.g. storms). The second principal
component consists of cold and stable conditions and can work concurrently with the third principal
component to describe reactive bromine events consistent with observations of high BrO under surface
based temperature inversions. Our principal component regression model predicted the both the

vertical column density of BrO in the lowest 2 km of the troposphere (R = 0.45) and the vertical column

density of BrO in the lowest 200 m (R = 0.54). This statistical description of two types of reactive
bromine events may help to harmonize space-based and ground-based observations of reactive
bromine events.

1Published as Swanson, W. F., Graham, K. A., Halfacre, J. W., Holmes, C. D., Shepson, P. B. and Simpson,
W. R.: Arctic Reactive Bromine Events Occur in Two Distinct Sets of Environmental Conditions : A
Statistical Analysis of 6 Years of Observations Journal of Geophysical Research : Atmospheres, 1-19,
doi:10.1029/2019JD032139, 2020.
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2.2 Introduction
Enhanced levels of tropospheric reactive bromine radicals (Abbatt et al., 2012; Simpson et al.,
2015) are observed by satellites each spring over the Arctic Ocean (Chance, 1998; Richter et al., 1998;

Wagner and Platt, 1998).
These high concentrations of reactive bromine in the Arctic boundary layer, along with

chemically associated reactive chlorine (Custard et al., 2017) and reactive iodine (Raso et al., 2017), can
lead to virtually complete removal of tropospheric ozone (Barrie et al., 1988; Simpson et al., 2007b),

oxidation of hydrocarbons (Jobson et al., 1994; Gilman et al., 2010) and increased oxidation and
deposition of gaseous mercury (Schroeder et al., 1998; Steffen et al., 2008; Wang et al., 2019a).

Reactive bromine can be released into the Arctic troposphere by the production of molecular
bromine (Br2) through heterogeneous chemistry on frozen saline surfaces containing bromide (Fan and

Jacob, 1992; Vogt et al., 1996; Pratt et al., 2013; Wren et al., 2013; Custard et al., 2017). Gaseous Br2
easily photolyzes in the presence of sunlight and the resulting bromine (Br) radicals react with ozone to

form bromine monoxide (BrO) radicals. Remote sensing methods detect optical absorption of BrO,
which can be used as a proxy for total reactive bromine (Chance, 1998; Richter et al., 1998; Wagner and

Platt, 1998; Theys et al., 2011; Choi et al., 2012). Self-reaction of BrO, reaction of BrO with ClO (Custard
et al., 2016), or heterogenous chemical cycles all regenerate Br and simultaneously deplete ozone
(Simpson et al., 2007b, 2015; Abbatt et al., 2012; Wang et al., 2019a). In this manuscript we will refer to
the release of reactive bromine into the atmosphere from heterogenous chemistry on frozen saline
surfaces containing bromide as reactive bromine recycling. In the absence of heterogenous recycling,

BrO levels photolytically decay within hours (Platt and Honninger, 2003); thus the presence of BrO is
only observed when recycling is efficient.

Reactive bromine recycling chemistry in polar regions may be affected by surface salinity,
temperature, pH, frozen saline surface area, and ozone mixing ratio, as previously demonstrated in

laboratory experiments (Oum et al., 1998b; Oldridge and Abbatt, 2011; Wren et al., 2013; Halfacre et al.,

2019) and in the environment (Pratt et al., 2013). Modeling studies have shown that when O3 mole
fractions are as low as a few nanomoles per mole, as happens during severe ozone depletion events
(ODEs), reaction of Br and O3 to BrO is hindered and Br can be the major species in the BrOx family

consisting of Br and BrO (Simpson et al., 2007b, 2017; Cao et al., 2014; Wang et al., 2019a). Reducing

available BrO hinders conversion to HOBr that can undergo both the heterogeneous and multiphase
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reactions that recycle bromine (Abbatt et al., 2012; Simpson et al., 2015) and slows conversion to Br.

Additionally, nitrogen oxides can form the reservoir species BrONO2 (Custard et al., 2015) and enhance

daytime Br2 (Wang and Pratt, 2017). The distribution of reactive bromine species in the troposphere can
also be affected by meteorology.

Many associations between meteorology and reactive bromine have been reported, but the full
nature of these associations remains unclear. For example, rising temperatures, melting snowpack, and
rainfall may reduce surface area available for atmospheric interaction, hindering reactive bromine
recycling (Burd et al., 2017). The end of the reactive bromine recycling season is also associated with

rainfall (Burd et al., 2017). Other meteorological processes have also been shown to increase bromide
conversion to BrO, such as high wind speeds (Jones et al., 2009; Choi et al., 2012; Zhao et al., 2017),
surface inversions (Frieβ et al., 2004; Koo et al., 2012; Peterson et al., 2015), conditions with high

aerosol extinction (Frieβ et al., 2011), cold temperatures (Pohler et al., 2010), and increased contact
time between air masses and sea ice (Simpson et al., 2007a; Peterson et al., 2016). There are potentially

several physical and chemical processes that could explain these associations.
The relationship between wind speeds, bromine activation, and ozone is especially complex.

Most ozone depletion events have been reported to occur in conditions with low wind speeds under
strong atmospheric stability (Simpson et al., 2007b; Halfacre et al., 2014), which allows reactive bromine

to accumulate at the surface, where it depletes ozone (Lehrer et al., 2004; Peterson et al., 2015).

However, there are some reports of elevated reactive bromine and ozone depletion at high
wind speeds, particularly from satellite instruments (Jones et al., 2009; Begoin et al., 2010; Blechschmidt
et al., 2016; Zhao et al., 2016b). These high-wind bromine events have been attributed to reactive
bromine recycling on sea salt aerosol particles (SSA) sourced from blowing snow particles that are lofted
into the atmosphere by the wind (Yang et al., 2008; Huang et al., 2018).

Jones et al. (2009) therefore proposed two regimes of increased reactive bromine levels and
associated ozone depletion events: one regime at high wind speeds based on their satellite
observations, and another regime at low wind speeds based on literature observations of ozone

depletion under calmer conditions. High winds and turbulence may also increase surface ozone by

mixing ozone-rich air from aloft (Moore et al., 2014) and ground-based observations gathered over

several years found no clear influence of surface windspeed on BrO abundance (Halfacre et al., 2014;
Peterson et al., 2015).
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The observations of two different bromine activation regimes may result from disparate factors

affecting reactive bromine recycling during different circumstances. These differences may be resolved
by examining reactive bromine observations across multiple years and regions of the Arctic Ocean.

Springtime reactive bromine enhancements have been observed across many different regions of the
Arctic Ocean, including: on aircraft transects (Koo et al., 2012), near the Alaskan coast (Simpson et al.,
2017), in marginal ice zones (Jacobi et al., 2006), and across large areas of the Arctic simultaneously by

space-based instruments (Chance, 1998; Richter et al., 1998; Wagner and Platt, 1998; Salawitch et al.,
2010; Sihler et al., 2012). Space and ground-based observations observed BrO-enriched airmasses with
distinct edges (Choi et al., 2012; Simpson et al., 2017). Space-based BrO retrievals have comprehensive

coverage, but separating tropospheric BrO from total column BrO is be challenging due to temporal
changes in stratospheric column BrO (Salawitch et al., 2010; Theys et al., 2011; Sihler et al., 2012) and

potential effects of clouds. Addressing regional differences requires long-term observations from the
Arctic Ocean itself, while addressing both interannual and regional differences requires a large dataset

covering multiple years and regions of the Arctic Ocean.
In this study, we utilize data from the O-Buoy project (Knepp et al., 2010) and coastal Utqiagvik

(formerly Barrow) to directly compare ground-based BrO observations gathered in multiple regions of
the Arctic across multiple years to determine whether significant differences in the distribution of

reactive bromine exist between years or regions. The correlative relationships between chemical and
meteorological variables were additionally assessed by performing a principal component analysis,
identifying principal components which are correlated with two separate types of reactive bromine

event. These correlations were subsequently tested by prediction of BrO via principal component
regression. Section 2.3 explains the data sources and analysis methods. Section 2.4 reports results from
the statistical test, which are then interpreted and compared to past literature in Section 2.5. Section 2.6

concludes the paper.

2.3 Data sources and methods
2.3.1 O-Buoy chemical and temperature observations
The O-Buoy project deployed 15 floating autonomous platforms (O-Buoys) from 2009 to 2015

as a part of the National Science Foundation-funded Arctic Observing Network project (Knepp et al.,
2010). Data selected for this analysis are from 7 of the 15 O-Buoys that observed BrO (Carlson et al.,

2010) during 2011 to 2016 from early spring to the seasonal end date(Burd et al., 2017). All O-Buoy data
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are available at arcticdata.io (Simpson et al., 2009). The locations of these buoys during the spring
reactive bromine season are shown in Figure 2.1. The buoys were generally deployed in two regions: the

Beaufort Gyre and near the North Pole.
Hourly BrO measurements were retrieved using multiple axis differential optical absorption
spectroscopy (MAX-DOAS) (Honninger and Platt, 2002; Carlson et al., 2010; Peterson et al., 2015). Our
MAX-DOAS instruments used a scan pattern of four to seven elevation angles (generally 1, 2, 3, 5, 10, 20,

and 90° elevation angles, but some early O-Buoys used a subset of these angles) (Simpson et al., 2017).
Vertical profiles from this scan pattern were retrieved with an optimal estimation inversion procedure

adapted from Frieβ et al. (2011), used in Peterson et al. (2015), and under analysis settings described in
Simpson et al. (2017) using a the zenith scan at 90° as the reference spectrum. The retrieval method

constrains the BrO concentration and aerosol extinction to be positive at all altitudes; therefore, all
retrieved quantities are positive although they may be very small. Examination of averaging kernels (e.g.
see Peterson et al., 2015) shows that this vertical profile of BrO is best represented by two quantities:
the vertical column density of BrO in the lowest 200 m, which is referred to as BrOsurf, and the vertical

column density of BrO in the lowest 2000 m of the troposphere, which is referred to as BrOLTcol (Peterson

et al., 2015). Units for these quantities are in molecules/cm2, representing the number of molecules in a
vertical column with base area of 1 cm2 and height of 200 m for BrOsurf or 2000 m for BrOLTcol. Aerosol
extinction in the lowest 200 m and lower tropospheric aerosol optical thickness were retrieved from

MAX-DOAS measurements of O4 collisional dimer by methods similar to those in Frieβ et al. (2011),
Peterson et al.(2015), and Simpson et al. (2017). MAX-DOAS observations of slant column density of NO2

were additionally used for the pollution screen detailed below. Further information on the methods is

detailed in the metadata files at the data repository, arcticdata.io (Simpson et al., 2009; Simpson, 2018).
The number of hourly BrO observations from each O-Buoy deployment and the periods of
observation are shown in Supplemental Table A1. The O-Buoy observations included BrOLTcol, BrOsurf,

aerosol extinction in the lowest 200 m, NO2 slant column density, surface temperature, and surface
ozone mixing ratio (2B Technologies Model 206, as described by Halfacre et al. (2014)).

2.3.2 Utqiagvik chemical and temperature observations
A MAX-DOAS was deployed in 2012 at the Barrow Arctic Research Center (BARC), which is
located at 156.6679°W, 71.3249°N near Utqiagvik, AK (Simpson, 2018), with data available at the

arcticdata.io repository(Simpson, 2018). The same retrieval method used for the O-Buoy instruments
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was used to retrieve BrOsurf, BrOLTcol, aerosol extinction, and NO2 slant column density. Utqiagvik was
defined as the third observation region for statistical analysis. The viewport on the MAX-DOAS at BARC

was heated to prevent frosting, allowing it to start observations as soon as there was sufficient sunlight.
During 2012, the MAX-DOAS data at BARC was compared with two O-Buoy-like Icelander platforms

(deployed on top of sea ice instead of within), showing measurements from various MAX-DOAS systems
are comparable (Simpson et al., 2017). BARC MAX-DOAS data from 2012 to 2016 is added to the O-Buoy
data for this analysis. The number of hourly BrO observations during each year at BARC and the periods

of observation are shown in Supplemental Table A1.
Ozone and temperature were measured in Utqiagvik at the NOAA Barrow Atmospheric Baseline

Observatory located 2.7 km from BARC at 156.6114 °W, 71.3230 °N. Hourly in-situ ozone measurements
(McClure-Begley et al., 2014) and temperature at 2 m (NOAA, 2018) were provided by the NOAA Earth
System Research Laboratory.

2.3.3 Meteorological reanalysis data
The Modern Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) is a
meteorological reanalysis product provided by the NASA Global Modeling and Assimilation Office

(Gelaro et al., 2017). We extract meteorological data along O-Buoy location tracks and at Utqiagvik using
spatial linear interpolation between MERRA-2 grid cells at 2° latitude by 2.5° longitude grid resolution.

Interpolated sea level pressure, wind speed at 10 m, and potential temperature at heights of 2 m, 100 m

and 1000 m were obtained in this way. The mixed layer height (as defined by the preferred estimate
(McGrath-Spangler and Molod, 2014) using the bulk Richardson number with a critical value of 0.25

(Seibert et al., 2000)) was calculated from MERRA-2 using vertical profiles of virtual potential
temperature and windspeed.

2.3.4 Variable selection, normalization, and screening
Our goal is to understand the meteorological and environmental factors that influence hourly

BrOLTcol and BrOsurf measurements from MAX-DOAS instruments. BrOLTcol and BrOsurf are treated as the

dependent variables in this analysis. To probe the correlation of BrO with environmental variables in the
Arctic spring, we used O-Buoy observations of aerosol extinction, surface ozone mixing ratio, and
surface temperature, in combination with MERRA-2 sea level pressure (SLP), hourly rate of change in

pressure, surface wind speed, mixing layer height, and potential temperature differentials in the lowest

1000 and 100 m (as a metric of atmospheric stability).
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These variables have been previously associated with BrO abundance. High aerosol extinction in

the lowest 200 m (EXT) has been previously linked to elevated BrO near the surface at Utqiagvik (Frieβ

et al., 2011). Ozone mixing ratio was also considered for multiple reasons.The reaction of ozone with
bromine radicals is the main source of BrO (Abbatt et al., 2012), and exposure of snowpack to increased

levels of ozone can lead to the production of molecular bromine (Pratt et al., 2013). Ozone can also be
an indicator of airmass history, such as high surface ozone due to the vertical mixing of ozone rich air
from aloft to the surface (Moore et al., 2014)m. Surface temperature was included because subfreezing
temperatures appear to be required for reactive bromine recycling (Pohler et al., 2010; Peterson et al.,

2015; Burd et al., 2017) and some past work indicated very cold temperatures may enhance bromine
activation (Pohler et al., 2010). Though O-Buoys measured SLP, MERRA-2 SLP was included here because
it agrees closely with the O-Buoys (see Supplemental Figure A1) and the higher precision allows for the

hourly rate of change in pressure (ΔP1hr) to be calculated from MERRA-2 sea level pressure using

Equation S1. MERRA-2 windspeed at 10 m above the surface (Vwind) was analyzed based on a proposed
link between high BrO and high windspeed (Jones et al., 2009). Atmospheric stability affects the vertical
distribution of BrO (Peterson et al., 2015). A larger (positive) difference in potential temperature

between two altitudes corresponds to increased atmospheric stability between those altitudes. The
potential temperature differential in the lowest 1000 m was calculated using Equation S2 as the

difference in MERRA-2 potential temperature from 1000 m to 2 m (ΔΘ1000m). A height of 1000 m was
chosen because ozone depletion events are usually confined to the lowest 1000 m (Bottenheim et al.,
2002; Salawitch et al., 2010). We chose to include temperature differential at another height to probe

stability and mixing near the surface. A height of 100 m was chosen because strong inversions often
form at low heights over the Arctic Ocean (Anderson and Neff, 2008). The potential temperature
differential in the lowest 100 m was calculated using Equation S3 as the difference in MERRA-2 potential

temperature from 100 m to 2 m (ΔΘ100m). Vertical mixing can occur more freely within the mixed layer.

Several methods of calculating the mixed layer height were examined, and the bulk Richardson estimate
of mixed layer height from MERRA-2 temperature and windspeed was selected for this analysis as

detailed in Section 2.3.3.
The hourly BrO observations and aerosol extinction in the lowest 200 m have non-Gaussian
distributions, as shown in the left column of Supplemental Figure A2. To normalize these variables to a
near Gaussian distribution, a square root transformation was applied to BrOLTcol and BrOsurf, and a

natural logarithm transformation was applied to aerosol extinction. The near-Gaussian distributions of
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the normalized variables are shown in the right column of Supplemental Figure A2. All variables

including the transformed variables were then standardized to a mean of 0 and a standard deviation of 1
for principal components analysis. Standardization is done so that variables with different units such as

pressure and extinction coefficient may be included in the same analysis despite having unequal
variance.

To identify the correlation between elevated reactive bromine levels and local environmental
variables, general conditions must be conducive to reactive bromine events and our observations of BrO

must closely represent the total amount of reactive bromine in the troposphere. To meet these criteria,
all data were screened for rainfall, observation date, ozone concentration, and pollution as follows.

2.3.5 Rainfall Screen

Burd et al. (2017) studied the termination of BrO recycling in the Arctic and found that BrO was
absent during and after rainfall. Therefore, MERRA-2 was used to estimate liquid precipitation,
calculated as the difference between MERRA-2 total precipitation and snowfall. This rainfall variable was

used to remove time periods when BrO would not be present as recycling would have been hindered.

2.3.6 Seasonal End Date Screen

Reactive bromine chemistry is no longer observed after the seasonal end date. The seasonal end
date is defined as the time at which BrO is below a certain threshold (1° dSCD is below 5*1013

molecules/cm2) and the three-hour average of BrO does not rise above that threshold for the next five

days. Only observations made from the beginning of observation until five days after the BrO seasonal
end date were used in this analysis. The periods of observation for each year are shown in Supplemental

Table A1.

2.3.7 Ozone Screen
During severe boundary layer ozone depletion events when ozone falls below 1-2 nmol/mol,
there is insufficient ozone to convert Br radicals to BrO, and BrO becomes a minor component of

reactive bromine (Simpson et al., 2007b, 2017; Helmig et al., 2012; Wang et al., 2019a). Under these

extremely low ozone conditions, BrO no longer accurately represents the total amount of reactive
bromine present. The 2B Technologies Model 206 ozone instruments used on the O-Buoys have an

uncertainty of roughly 2 nmol/mol (Halfacre et al., 2014). Therefore, only observations when the ozone
is measured above 2 nmol/mol are used in this analysis.
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2.3.8 Pollution Screen

Only observations of reactive bromine in unpolluted airmasses are analyzed in this study.
Nitrogen dioxide (NO2) has a lifetime in the boundary layer of about 1 day (Wenig et al., 2003), and

MAX-DOAS differential slant column densities of 2 degrees above horizontal (2° dSCD) can therefore be
used as a proxy for fresh anthropogenic pollution. All observations made when the measured NO2 2°

dSCD was more than 5x1015 molecules cm-2, or roughly three times the measurement error in the UV
band, were removed from the dataset.

2.3.9 Statistical Methods
The R Project computing environment version 3.3.1 was used in this analysis (R Core Team,
2018). The core environment contains the analysis of variance and principal component analysis

functions used in this analysis. The PLS package was used to perform principal components regression

(Mevik et al., 2019).
2.3.10 Analysis of variance

Analysis of variance (ANOVA) was used to determine whether BrO observations from different
years or regions were statistically significantly different from each other (Chambers and Hastie, 1992).

We performed a two-tailed ANOVA on both BrOLTCol and BrOsurf with two statistical factors: year of

sampling and regions of sampling. The three regions (defined in Figure 2.1) are the Beaufort Gyre, North
Pole, and Utqiagvik. This test assumes that the variables have Gaussian distribution, equal variance, and

independently sampled observations in each case. The BrO data was normalized by the methods

detailed in section 2.3.4 to transform the data to have a nearly Gaussian distribution, shown in
Supplemental Figure A2. To minimize autocorrelation, and satisfy the independence assumption for the
ANOVA, the hourly BrO observations were averaged to 24-hour daily BrO averages.

2.3.11Principal components analysis
Principal components analysis (PCA) is a statistical procedure that can be used to identify

patterns among variables that explain the most variance within a dataset (Mardia et al., 1979). We used
it to determine how the meteorological and chemical variables listed above associate with each other.

For this analysis, each variable must have a Gaussian distribution or be transformed (see section 2.3.4)

to be near-Gaussian. Each variable is then standardized by subtracting the mean and dividing by the
standard deviation. Standardization allows the PCA to compare the contribution of each variable on an

equal footing, as they all have equal variance after transformation. If the variables were not
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standardized, the high variance of one variable might outweigh the contributions to variance from other

variables. Hourly observations of variables are used in the PCA, as this statistical procedure does not
require the independence of cases that an ANOVA does. Standardizing the distributions aids comparison

between variables with different units and ensures that each variable contributes equally to the total
variance of the dataset. Decomposition of the resulting correlation matrix results in orthogonal principal

components (PCs) equal to the number of original variables. Each principal component (PC) with a
variance greater than unity explains more normalized variance within the dataset than any single

variable. To determine how robust the PCA results are, a sensitivity test was performed by running a
second PCA with only meteorological variables, excluding ozone and extinction. The loadings of each PC
describe the correlation of each constituent variable to the entire PC. The PCs are often called empirical

orthogonal factors, and the term “factor” is used henceforth to refer to the meaning of a PC in the

context of this specific dataset. Principal components scores for each leading PC with variance greater
than unity were calculated by multiplying the timeseries of each variable value by the variable loading

and repeating for each variable in the PCA.
2.3.12 Principal component linear regression

Principal components regression (PCR) fits a variable of interest to the leading principal
component scores (Wilks, 2011). Ordinary least squares linear regression is used to relate the timeseries
of the variable of interest to the timeseries of PCs with a variance greater than unity, or the first three
PCs in this dataset (Mevik et al., 2019). This process was performed once for BrOLTCol and again for BrOsurf

to yield two equations to predict standardized BrOLTCol and BrOsurf based on linear combinations of each
variable used in the PCA multiplied by an empirically derived coefficient.

2.4 Results
2.4.1 Dataset Characterization
The application of data screens narrows six years of spring O-Buoy observations to 3887 hourly
measurements of BrOLTcol, BrOsurf and simultaneous meteorology (Table 1). The majority of screened O-

Buoy data comes from O-Buoy 2 in 2011, O-Buoy 4 in 2012, O-Buoy 10 in 2014 and O-Buoy 11 in 2015. A
timeseries of O-Buoy 10 BrO observations is shown in Figure 2.5 in blue. Full timeseries of BrO

observations on O-Buoy 2, 4, and 11 and for all five years at Utqiagvik are shown in Supplemental
Figures A3 through A10.The largest rejection of data was caused by a lack of concurrent ozone

observations on O-Buoys, with roughly half of BrOLTcol and BrOsurf observations omitted because of O30

Buoy ozone instrument failure on other buoys after deployment. The rainfall screen cut roughly a
quarter of the data points. The pollution screen eliminates roughly five percent of the data at Utqiagvik

and a single hourly observation from the O-Buoys. Omitting times at which some variable other than
BrO or ozone was missing cuts another five percent of observations. A third of screened BrOsurf

observations were eliminated because there must be both valid BrOsurf and BrOLTcol.
The means and ranges of one standard deviation for each variable are shown in Table 2. The

average surface ozone mixing ratio of 21 nmol/mol is at the low end of the global background surface
ozone (Vingarzan, 2004). Tropospheric ODEs are common during the Arctic spring (Barrie et al., 1988;

Simpson et al., 2007b) and cause a large standard deviation of ozone. The average surface temperature

in this dataset is well below freezing due to the inclusion of a rainfall screen and ending observations
based upon the seasonal end date. The average sea level pressure of 1020 hPa is normal for the Arctic
from February to April (Przybylak and Wyszy, 2013). Surface windspeed of 5.6 ± 2.8 m/s is slightly higher
than historical windspeed distributions of 2.5-4 m/s observed in the North Slope and Beaufort Sea
region in May and June (Segall and Zhang, 2012), possibly because we included April observations when

windspeeds are greater. The average Richardson mixed layer height is 330 m, with a standard deviation

of 170 m. This average mixed layer height is on the high end of the range of boundary layer heights
observed by radiosondes launched twice daily at Utqiagvik during the OASIS campaign in 2009 (Boylan

et al., 2014). The higher mixed layer height may be due to thicker boundary layers later in the spring
season, as the OASIS campaign ended on April 15 while we continue observations into June. Average
pressure change across a large set of observations should be equal to zero. The average pressure

change, 0.3 hPa per hour, is within one standard deviation of zero. Potential temperature increased with
altitude at a mean rate of 11.5 K in the lowest kilometer compared to the standard dry adiabatic

potential temperature lapse rate of 0 K/km. Boundary layers over snow and ice tend towards being
more stable, and temperature inversions commonly form (Anderson and Neff, 2008). Strong

temperature inversions may be associated with an increase in potential temperature from the surface to

1000 m. Our potential temperature differential in the lowest 1000 m is 11.5 K, indicating a stable lowest
1000 m. The average increases in potential temperature indicate a boundary layer that is stable on
average. The average potential temperature differential between 0 and 100 m was 0.3 K, indicating that
is the lowest part of the atmosphere is also stable. The distribution of potential temperature differential

in the lowest 100 m shown in Supplemental Figure A11 is skewed to the right, with the majority of
temperature differentials clustered within 1 K of zero and a small fraction (574 of 3887) of potential
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temperature differentials ranging from 1 K to 6 K. Less than half (1913 of 3887) of the temperature

differentials are negative, meaning unstable, but none of the differentials drop below -1 K. Most (1405
of 1913) of the negative temperature differential cases occurred at Utqiagvik, and may be due to
MERRA-2 aggregation error in which the grid cell containing Utqiagvik also includes open leads that may
be present along the coastline west of Utqiagvik (Braham et al., 1980). Open sea ice leads can lead to

convective mixing (Moore et al., 2014). The presence of open ocean with a temperature near freezing
can expose relatively warm water to subzero air in the Arctic spring; if the sea surface is warmer than

the air above it, convective mixing can occur, possibly contributing to the negative potential
temperature differentials seen in this dataset.

2.4.2 Regional and interannual variability
A two-tailed analysis of variance tested whether there are significant regional or interannual

differences in mean BrO in the screened daily averaged BrO dataset based on two statistical factors of
year and region. Hourly observations were screened for rainfall, ozone, and pollution before daily
averaging. The screened daily averaged dataset contained 611 days of BrOsurf observations and 548 days

of BrOLTcol observations. Figure 2.2 reports the 25th, 50th (median) and 75th percentiles of daily BrO values

by year and region. Exact values and sample sizes are shown in Tables S3 and S4. Across years, median
daily BrO differed by nearly a factor of 4 for BrOLTcol ((5.6 to 21.5) × 1012 molecules cm-2) and more than

a factor of 2 for BrOsurf ((3.2 to 8.0) × 1012 molecules cm-2). The ANOVA revealed that interannual

variations in mean BrO are significant (p < 0.001) for both BrOLTcol and BrOsurf. Regionally, the median BrO

in the Beaufort Gyre region is roughly half the median BrO in the North Pole and Utqiagvik regions, but
these differences have less statistical significance (p = 0.16 for BrOLTcol and p = 0.11 for BrOsurf). The total
days of observation are similar for each year but unequal for each region, with roughly 50 days of

coverage in the North Pole, roughly 150 days in the Beaufort Gyre, and almost 400 days at Utqiagvik.
2.4.3 PCA Loadings

We combined the nine chemical and meteorological variables discussed in Section 2.3.4,
excluding all measurements of BrO, to create a PCA dataset. Three PCs have variances greater than 1,
meaning that they explain more variability than any individual variable alone. Principal component one

(PC1) has a normalized variance of 2.17; principal component two (PC2) has a normalized variance of

1.78; and principal component three (PC3) has a normalized variance of 1.43. These PCs meet the North

et al. (1982) criteria for independence because the minimum difference in variance between PCs (0.347)
is much greater than the sampling error (0.033). The loadings of these three PCs are plotted in Figure
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2.3 and appear in Supplemental Table A2. Together, they explain 60% of the variance in the dataset.
Principal components 4 through 9 explain variance less than unity.

PC1 consists mainly of thick mixed layer height and decreased stability in the lowest 100 m, with
some connection to increased surface wind speeds, decreased sea level pressure, decreased stability in
the lowest 1000 m, and increased aerosol extinction. PC1 has minimal connection with pressure change,

ozone, or temperature. PC2 consists mainly of increased stability in the lowest 1000 m, high surface
wind, and cold temperatures, with some connection with increased ozone, sea level pressure, aerosol
extinction, and falling pressure. PC2 has minimal connection with mixed layer height or stability in the

lowest 100 m. PC3 consists mainly of cold temperatures and low ozone, with some connection with

increased sea level pressure, aerosol extinction, and increasing pressure, and minimal connection with
mixed layer height or stability in the lowest 1000 m. Figure S12 shows the results of a PCA where the
PCA excludes ozone and extinction. All three PCs in the main PCA resemble their counterparts in the

sensitivity test. Section 2.5 will interpret and discuss the principal components.

2.4.4 Prediction of BrO
We use the first three PCs to predict BrOLTcol and BrOsurf via the PCR method. These components

each explain a normalized variance of greater than unity in the PCA, and the PCR predictive model
shows that each component explains an amount of variance in BrOLTcol or BrOsurf. PC3 is most influential

for predicting both BrOLTcol and BrOsurf, explaining 18.0% and 22.9% of their respective variances. PC1

explains 10.2% of BrOLTcol variance but still explains of 4.8% BrOsurf variance. Conversely, PC2 accounts
for only 0.6% of the variance and 9.8% of BrOsurf variance. The 4th-9th PCR components combined explain

only 6% of variance in BrOLTcol, and 2% of variance in BrOsurf.Both BrO measurements are most strongly
associated with PC3. PC1 is more strongly associated with BrOLTcol while PC2 is more strongly associated
with BrOsurf. These results are captured in Equations S4 and

which are used to predict BrOLTcol and

BrOsurf.

Figure 2.4 shows predictions of BrOLTcol and BrOsurf from the fitted PCR model versus
observations. For BrOLTcol, the correlation coefficient between the predictions and observations is R =

0.45 and 1722 of 3778 values are within average observational error. The correlation coefficient

between the BrOsurf predictions and observations is stronger (R = 0.54) and 1862 of 3778 values are
within average observational error. The mean bias in the predictions is 2.0x1012 molecules cm-2 below

observations for BrOLTcol and 0.6x1012 molecules cm-2 below observations for BrOsurf. Most of the
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extremely high BrO observations occur when predicted BrO is above the median, meaning that the
statistical model has some ability to predict high BrO, but not to the extent observed. The model has

slightly higher non-parametric Spearman rank correlation (ρ) coefficients (ρ= 0.56 and 0.61 for BrOLTcol
and BrOsurf, respectively) than linear correlation coefficients (R = 0.45 and 0.56 for BrOLTcol and BrOsurf,
respectively). The non-parametric Spearman rank correlation coefficient is insensitive to the magnitudes

of the highest values, further confirming the model's ability to qualitatively predict the periods of high
BrO. Figure 2.5 shows a sample timeseries of PCR predictions and observations of BrOLTcol from O-Buoy

10. This timeseries covers observations from Spring 2014 in the Beaufort Sea region. This timeseries
demonstrates that episodes of high and low BrO are well predicted but that the range of BrO extremes
is not well predicted.

2.5 Discussion
2.5.1 Interannual variation in Arctic BrO
The ANOVA found significant interannual variation in daily averaged Arctic springtime BrO at a
99% confidence level (p < 0.001). The significant interannual variation within this dataset can be seen in

the varying distributions of both BrO data products in Figure 2.2. This agrees with a previous study of

satellite-derived data that found that the strength of BrO events varies from year to year (Hollwedel et
al., 2004). This finding is also consistent with a study of ozone depletion events at Utqiagvik showing
significant interannual variability in the frequency of low ozone (< 10 ppb) at events (Oltmans et al.,
2012).

Several processes contribute to interannual variation in mean BrO. Changes in transport may
expose observed airmasses to frozen saline surfaces that are more effective at recycling reactive

bromine, such as surface snow over first-year ice with an ionic composition differing from surface snow
over multi-year ice (Krnavek et al., 2012). Peterson et al. (2016) examined Utqiagvik observations from

2008, 2009, 2012, and 2013 and found that annual averages of coastal BrOLTcol were highly correlated
with annually-averaged first-year ice contact, which was attributed to interannual variability in

transport. The chemical composition of surface snow atop ice or tundra varies widely on small spatial
scales (Jacobi et al., 2012; Krnavek et al., 2012), and low salinity snow surfaces can lead to effective
halogen activation (Pratt et al., 2013; Custard et al., 2017; Raso et al., 2017). Therefore, lengthy changes

in the synoptic scale weather patterns that transport air masses over snow and sea ice of widely varying

composition could lead to significant variation on a daily or monthly timescale (Koo et al., 2014).
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Supplemental Figure A13 shows that the highest mean BrOLTcol and BrOsurf occurs in the years
with smallest minimum sea ice extent in the previous year, but the correlation between BrO and sea ice

is not significant (R = -0.59 for BrOLTcol (p = 0.21) and R = -0.49 for BrOsurf (p = 0.33)). Further field

studies in future yearsmay be able to make more substantial conclusions about the relationship

between annual BrO and sea ice.
Significant interannual variation in BrO could additionally be related to variation in surface

temperature. Arctic surface air temperature shows high decadal and interannual variability (Van Der

Linden et al., 2017). Surface temperature increases lead to early snowmelt in spring, and melted snow
hinders reactive bromine recycling (Burd et al., 2017). The loadings of PC2 and PC3 in Figure 2.3 shows

that cold temperatures are correlated with increased BrOLTcol and BrOsurf. Interannual temperature
variation could contribute to the interannual variation in reactive bromine found here. However,
supplemental Figure A14 shows that there is no clear linear relationship between surface temperature

and hourly BrOLTCol or BrOsurf in our dataset. The relationship between temperature and BrO is explored

further in Section 4.3.1.
2.5.2 Spatial variation of BrO across the Arctic Ocean
Previous analyses of Arctic datasets have examined spatial variability in ozone depletion caused

by reactive bromine chemistry (Halfacre et al., 2014) as well as the correlation between BrO and airmass
time in first year ice areas (Peterson et al., 2016). In this dataset, the Beaufort Gyre experienced lower

median BrOLTcol and BrOsurf by a factor of two than either the North Pole region or Utqiagvik (see Figure
2.2). These probabilities do not rise to the 95% confidence level within this dataset (p = 0.11 for BrOsurf, p
= 0.16 for BrOLTcol). Additionally, the unequal distributions of data coverage in each region reduces our

confidence in ANOVA conclusions on regional variation. More evidence is needed to determine if the
modest regional differences found in these measurements are meaningful.

One source of regional variation could be terrestrial influences, such as transported plumes of
pollution or smoke. Our dataset was gathered over the Arctic Ocean and at Utqiagvik, which is subject to
prevailing winds coming from the Arctic Ocean (Peterson et al., 2016). Our pollution screen also acts to

filter out polluted air masses arriving from inland at Utqiagvik. Airmasses remain in the Arctic above
70°N for 1-2 weeks (Stohl, 2006) where local pollution is minimal. We conclude from our results that
additional observations are needed to determine if differences in mean BrO abundances across different
regions of the Arctic Ocean are present.
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2.5.3 The third principal component describes ozone depletion chemical factor
PC3 explains the most variance in BrO in the PCR despite being the third most important driver

of variance in the PCA dataset. The third PC consists of low ozone mixing ratios and cold surface

temperatures, resembling a typical Arctic springtime ozone depletion event. Ozone depletion events
have been consistently observed in conjunction with elevated bromine monoxide due to the reaction of
ozone with reactive halogens (Molina and Rowland, 1974; Fan and Jacob, 1992; Simpson et al., 2007b),

and the rate of ozone depletion has been shown to be kinetically consistent with observed Br atom
concentrations (Wang et al., 2019a). The low ozone loadings of PC3 and the fact that PC3 explains most
variance within BrOLTCol and BrOsurf support the idea that this factor largely describes the chemical
destruction of ozone with increasing reactive bromine. At very low ozone levels, BrO cannot be formed

(Simpson et al., 2015). However, by screening out observations with ozone below 2 nmol/mol, this
aspect of the chemical relationship between BrO and ozone is excluded from the dataset.
Surface temperature is an important indicator of meteorological conditions, but it can also

impact chemical recycling. Extremely cold temperatures (<252 K) can precipitate salts such as

hydrohalite (Linke, 1965), reducing the availability of chloride (Sjostedt and Abbatt, 2008) and allowing
for increased formation of Br2 within the snowpack (Custard et al., 2017). Poehler et al. (2010) observed

increased BrO at temperatures below -15 °C. Reactive bromine recycling has been observed at
temperatures up to -5°C over a longer (five spring seasons) dataset (Burd et al., 2017), but temperatures

above freezing can hinder reactive bromine recycling. A similar relationship is seen in Supplemental
Figure A14, where the BrO observations approach zero above freezing.
Variables besides ozone and temperature have relatively weak loadings ( < 0.4) within PC3. The

connections to high pressure, increasing hourly rate of pressure change and low winds resemble
quiescent synoptic conditions without low-pressure systems or cyclones. When ozone and extinction are

eliminated from the PCA as in the sensitivity test (Figure S12), the chemical aspect of PC3 disappears but
the high-pressure meteorological conditions remain, with the rate of pressure change increasing. The

loadings for windspeed and potential temperature differential in the lowest 100 m also increase in

magnitude. These variables indicate higher pressures and a slightly calmer conditions when this
chemical factor is working concurrently with the other two PCs. Increased vertical mixing of ozone rich

air in a low-pressure system would decrease the relative importance of chemical depletion of ozone.
PC3 is a chemical factor that largely tracks the chemical relationship between BrO, ozone, and
temperature during calmer meteorological conditions.
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2.5.4 The first principal component describes low pressure, less stable meteorological factor
PC1 consists of low sea level pressure, decreased stability in the lowest 100 and 1000 m, and
increased mixing height. The highest loadings in PC1 are all characteristic of low-pressure meteorological
systems that can increase vertical mixing in the boundary layer. Arctic low-pressure systems have been

observed in conjunction with enhanced BrO (Jones et al., 2010; Choi et al., 2012; Sihler et al., 2012).
Peterson et al. (2015) observed the highest total BrOLTcol when BrO was distributed throughout the

troposphere instead of concentrated in the lowest 200 m of the atmosphere. PC1 has connection to a

less stable lowest 100 m and 1000 m based on the temperature differentials. This lowered stability and
increased vertical mixing could act to vertically distribute aerosol, allowing for recycling of bromide to
reactive bromine on aerosol surfaces throughout the lower troposphere. When ozone and extinction are

removed from PCA analysis as in Figure S12, PC1 remains the same as in Figure 2.3. The first PC primarily
describes a meteorological factor with low pressure systems and a thick mixed layer where aerosols

containing the reactive bromine precursor bromide can be vertically distributed throughout the lower

troposphere.
2.5.5 The second principal component describes meteorological factor with cold stable inversions
PC2 consists of cold surface temperatures, high winds, and increased stability in the lowest 1000
m. Increased stability in the lowest 1000 m may indicate presence of a temperature inversion. The

connection to variables besides temperature and stability expand the understanding of this
meteorological factor beyond a simple temperature inversion. The correlation with windspeed could be

an indicator of the importance of wind pumping, which plays an important role in transporting reactive
bromine from the snowpack to the surface layer (Thomas et al., 2011). The weaker correlation with low
hourly rate of pressure change indicates that the pressure is dropping slightly, which combined with the

high winds may indicate oncoming low-pressure systems. Increased ozone is effective at increased BrO
recycling. PC2 in Figure 2.3 shows minimal variation from PC2 in Figure S12 where ozone and extinction

are removed from PCA analysis. Taken as a whole, the second PC primarily describes a meteorological
factor with cold surface temperatures, high winds, and a stable mixed layer that allows for efficient
recycling of BrO on snowpack surfaces containing bromide.

2.5.6 The three principal components work concurrently to describe two types of bromine event
The chemical factor (PC3) consists of low ozone and cold temperatures and explains the largest
amount of variation in both BrOLTCol and BrOsurf. Both chemical and meteorological factors can work at

the same time to enable more efficient recycling of BrO. While the PCs derived from the PCA are
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orthogonal to each other, they can contribute concurrently to predict two distinct types of high BrO
event.

Variance in BrOLTCol is mainly explained by the chemical factor (PC3) and the low-pressure
vertically distributed meteorological factor (PC1). This meteorological factor (PC1) explains more than

double the variance of BrOLTCol than BrOsurf. The most important aspects of the meteorological factor are

vertical mixing under a thick mixed layer in a low-pressure system. Choi et al. (2018) found that satellite
detected BrO increases at higher wind speeds driven by pressure gradients. Reactive bromine events
caused by concurrent contributions from PC1 and PC3 would agree with space-based observations of

high BrO in low-pressure systems (Jones et al., 2009; Blechschmidt et al., 2016; Zhao et al., 2017).
We can approximate environmental conditions during an event when PC1 and PC3 work
concurrently at comparable strength by adding the loadings from each PC. The resulting high-BrOLTcol
event occurs under environmental conditions with higher extinction, a thick boundary layer, low ozone,

and lower stability in the lowest 100 m. Aerosol extinction is correlated with enhanced BrO from

ground-based MAX-DOAS (Frieβ et al., 2011) and satellites (Choi et al., 2012). Reactive bromine recycling
in this event could be enhanced by heterogenous chemistry on SSA sourced from blowing snow (Yang et

al., 2008; Kirpes et al., 2018). The influence of the low-pressure meteorological factor leads to slightly
lower pressure and higher windspeed along with the cold ozone depleted conditions of PC3. This high-

BrOLTcol event is emblematic of ozone depletions that occur when BrO is more vertically distributed in a

low pressure system, enhanced by SSA that increases aerosol extinction and the bromide-containing
surface available for reactive bromine recycling (Jones et al., 2009; Zhao et al., 2017; Luo et al., 2018).

The character of such vertically distributed events would depend on the strength of contributions from

each factor.
Variance in BrOsurf is explained mainly by the chemical factor (PC3) and the cold stable
meteorological factor (PC2). PC2 explains a high amount of variance in BrOsurf and minimal variance in

BrOLTcol. The most important aspects of this meteorological factor are cold temperatures and a stable
lowest 1000 m. Temperature inversions are able to contain Br2 emitted from the surface snowpack

(Custard et al., 2017) that is ultimately converted to BrO in lowest layers of the atmosphere (Peterson et
al., 2015). PC2 and PC3 working concurrently could create surface based BrO events under a stable

boundary layer with periodic ozone depletion, similar to previous surface-based observations (Frieβ et
al., 2004; Koo et al., 2012; Peterson et al., 2015).
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We can approximate environmental conditions during an event when PC2 and PC3 work
concurrently at comparable strength by adding the loadings from each PC. The resulting high BrOsurf
event occurs under environmental conditions with cold temperatures, increased stability in the lowest 1

km, high aerosol extinction and high surface pressure. While PC2 has a positive ozone loading, the low
ozone loading in PC3 may cause ozone depletions while these factors are working concurrently at

comparable strength. Surface snowpack is highly porous, and reactive bromine can be recycled on
snowpack surfaces into interstitial air (Michalowski et al., 2000; Thomas et al., 2011; Pratt et al., 2013).

We propose that snowpack surface is the main source of bromide for eventual recycling to BrO for this
type of BrOsurf event. Given this context, the high wind loading in PC2 is most likely related to wind
pumping enhancing reactive bromine recycling at the surface (Thomas et al., 2011). Enhancement of

total bromide containing SSA surface area by high surface windspeeds as mentioned above could also
aid recycling of BrO near the surface.
2.5.7 Reconciling previous findings
High BrO events resembling those identified in the previous section have been observed during

individual campaigns reported in the literature. With our large dataset, we can see and distinguish

between two types of high BrO event on statistically significant and physically distinct scales. Both types
of event are correlated with increased wind speed in our analysis, which can lead to high BrOsurf due to
wind pumping of Br2 from the snowpack (Thomas et al., 2011) or high BrOLTCol when bromide rich SSA is

lofted into the troposphere (Yang et al., 2008). The reactive bromine event under cold stable windy

conditions identified here differs from the second strong ozone depletion regime defined in Jones et al.
(2009) by low wind speeds. The reactive bromine regime first proposed by Jones et al. (2009) occurs in

conditions with increased wind speeds and blowing snow. Blowing snow can increase with wind speed,
but blowing snow is also affected by snow conditions, wind direction and wind characteristics (Sturm

and Stuefer, 2013). The average windspeed in this analysis is only 5.6 m/s, below the expected threshold

wind speed for SSA formation from blowing snow (6.975 m/s) (Dery and Yau, 2001; Yang et al., 2008).
Previous analysis of observations at Utqiagvik did not observe an obvious relationship between BrOLTcol

and windspeed (Peterson et al., 2015). An earlier analysis of O-Buoy ODEs observed across a range of
temperatures below freezing found low windspeeds (median of 3.6 m/s) during ODEs (Halfacre et al.,
2014). Previous ground-based studies used BrO observations of both types of reactive bromine event

from early O-Buoys and Utqiagvik but did not always separate between high BrOLTCol events and high

BrOsurf events as we have done here.
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Ground-based measurements may be more likely to detect surface-based reactive bromine
events and space-based observations may be more likely to detect reactive bromine events in lowpressure systems. The BROMEX field campaign observed different types of high BrO events, with

shallow events similar to the high-BrOsurf event identified in the previous section and events associated
with high extinction similar to the high-BrOLTCol event in the previous section (Simpson et al., 2017).

Satellites have also observed Arctic low-pressure systems enabling SSA formation and subsequent

reactive bromine production and ozone depletion (Zhao et al., 2017). We find that both types of event
can regularly occur during the Arctic springtime and can be distinguished by differing meteorological

conditions and vertical distribution of BrO. Further ground-based and space-based observations may be
used in harmony to gain a better understanding of reactive bromine events.

2.5.8 Prediction of BrO from three principal components
Predictive modeling allows us to test the skill of the factors identified above in predicting BrO.

The model generated by PCR predicts reactive bromine vertical column densities across five years and

vast regions of the Arctic within observational uncertainty nearly 50% of the time. Figure 2.4 shows
predictions clustered near the 1:1 line with observations; however, the highest observed values are
much larger than the largest predictions. Replicating the upper ranges of observed BrO may be difficult

due to the abrupt and nonlinear processes inherent in bromine explosion chemical mechanisms. Our
linear model does not attempt prediction when ozone is below 2 nmol/mol. This leads to issues with
modeling the extended high BrO event in late May 2014 (see Figure 2.5) when ozone falls below 2

nmol/mol and the model has no predictions.
The correlation coefficients between BrO observations and predictions (R = 0.55 for BrOsurf and
0.43 for BrOLTcol) are appreciable given that our model attempts to predict observed BrO across many

different locations at different dates in the spring across six years. The model never predicts BrOLTcol
above 3x1013 molecules cm-2 or BrOsurf above 1.3x1013 molecules cm-2, which are both less than a third of

their respective BrO maxima. Our statistical model can accurately predict when BrO is higher than
average but is not able to predict extremely high BrO observations. The skill of this linear model, using
almost entirely meteorological variables, shows the importance of including meteorology in any reactive
bromine modeling study.
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2.6 Conclusion
We examined reactive bromine in a five-year dataset gathered over the Arctic Ocean, as well as
at the coastal location of Utqiagvik. We found significant mean BrO varies by a factor of 2-3 between
years and is statistically significant. Regional differences are also a factor of two with the lowest values

in the Beaufort Gyre, but their statistical significance does not reach accepted confidence levels.
Seasonally averaged BrO was negatively correlated with the fall minimum sea ice extent in the previous

year. From principal component analysis, we identified one chemical factor and two meteorological
factors associated with high BrO events.

The chemical factor (PC3) consists of cold, low ozone conditions and both high BrOLTcol and high

BrOsurf are associated with this factor. This chemical factor may act at the same time as the
meteorological factors to produce two different types of high BrO events. The first meteorological factor

(PC1) consists of meteorological conditions with, low pressure, high wind, thicker mixed layers and
decreased stability, which is associated with higher BrO distributed through lower troposphere. When

working concurrently with the chemical factor, this statistical relationship predicts high BrO events that

are consistent with previous space-based observations of high BrO in low-pressure systems (Jones et al.,

2009; Zhao et al., 2017) and ground-based observations of high BrO during periods of high aerosol
extinction (Pohler et al., 2010). The second meteorological factor (PC2) consists of cold temperatures

and increased stability and is associated with increased BrO in the lowest 200 m of the atmosphere.
When working concurrently with the chemical factor, this statistical relationship predicts high BrO

events that are consistent with previous ground-based observations of surface-based high reactive
bromine events (Peterson et al., 2015) and field (Pratt et al., 2013), and modeling (Lehrer et al., 2004)
studies.

These statistical relationships can predict BrO from local chemical and meteorological variables.

The statistical prediction has reasonable skill (R ≈ 0.5) across many sites, regions, and years, and is able

to predict BrO within observational uncertainty nearly 50% of the time. While the linear model predicts
many enhanced BrO events, it underestimates the highest observed BrO values, potentially due to

nonlinear chemical or physical processes.

Distinct meteorological factors were consistent with space-based and ground-based
observations of reactive bromine events. Overall, the dataset and model reconcile past literature on
Arctic BrO events by providing statistical evidence for two different types of BrO event.
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2.9 Figures

Figure 2.1 O-Buoy and Utqiagvik GPS Tracks

O-buoy tracks during the reactive bromine season (red lines) and other seasons (thick black lines). The
North Pole and Beaufort Gyre regions are indicated by green circles around regions, with the Utqiagvik
region at BARC indicated by red marker. Concentric black circles display latitude. Displayed sea ice
coverage is based on March 2015 data and is shown in white to illustrate ice cover during O-Buoy
deployment. Sea Ice Index data from the National Snow and Ice Data Center (Fetterer et al., 2017)).
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Figure 2.2 BrOLTcol Boxplots by region and year

Boxplots showing the 25th, 50th, and 75th percentiles of daily averaged BrOLTCol (in blue) and BrOsurf (in
green). Daily averaged BrO grouped by years from 2011 to 2016 on left and region from North Pole (NP),
Beaufort Gyre (BG) or Utqiagvik (UTQ) on right. All units in molecules*cm-2. Exact values and sample
sizes for BrOLTCol shown in Supplemental Table A3 and for BrOsurf in Supplemental Table A4.

54

Figure 2.3 PCA Loadings

Leading principal components from the PCA. a) PC1 has a normalized variance of 2.17, b) PC2 has a
normalized variance of 1.78, and c) PC3 has a normalized variance of 1.43. Loading values are also listed
in Supplemental Table A2..Variables used are: Ozone, aerosol extinction (EXT), surface temperature
(Temp), sea level pressure (SLP), windspeed at 10 meters (Vwind), Richardson mixed layer height (MLH),
hourly rate of change in pressure (ΔP1hr), potential temperature differential between 0 and 1000 m
(Δθ1000m), and potential temperature differential between 0 and 100 m (Δθ100m).
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Figure 2.4 PCR Predictions vs Observations

Two dimensional histograms showing density of predicted BrO versus observed BrO, with a) BrOLTcol
shown on top sorted into square bins of 0.2 and b) BrOsurf on the bottom sorted into square bins of 0.05.
All units are in molecules/cm2. 1:1 line drawn in the center in black, with a margin of the average
observational error plotted in dashed black lines around the central 1:1 line.
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Figure 2.5 O-Buoy 10 BrOLTcol Timeseries

Timeseries of BrO observations on O-Buoy 10 in the spring of 2014. BrOLTcol on top a) with observations
and error bars in blue and predicted BrOLTcol in red. BrOsurf on bottom b) with observations and error bars
in blue and predicted BrOsurf in red. All units are in molecules/cm2.
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2.10 Tables
Table 2.1 Hourly observations after screening

Number of BrO observations after screening. Hourly BrOsurf observations shown in the left column, and
hourly BrOLTcol observations in the right column. Screens elaborated on in Section 2.4.
Screens used
No screening
Valid co-located ozone
observations
Ozone screen
Rainfall screen
Pollution screen
All screens above
All screens and no missing data

Number of hourly BrOsurf
observations after screening
14340
10400

Number of hourly BrOLTcol
observations after screening
9410
7136

8974
10924
13893
5974
3887

5859
7554
9033
4047
3887

Table 2.2 Mean and standard deviation of variables

Mean and standard deviation of variables in the screened dataset of 3887 observations. Units listed next
to each variable. Asterisk (*) indicates that the μ ± 1σ values were calculated from transformed values
(right column of Supplemental Figure A2) then converted back to the observation units in this table.
Variable
BrOLTcol /(1012 molecules cm-2)*
BrOsurf /(1012 molecules cm-2)*
Ozone /(nmol/mol)*
Aerosol extinction in lowest 200 m /km-1
Surface temperature /°C
Sea level pressure /hPa
Windspeed at 10 m /(m s-1 )
Richardson mixed layer height /m
Change in pressure from one hour to next /hPa
Potential temperature differential in lowest 1000 m /K
Potential temperature differential in lowest 100 m /K
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μ-σ
3.9
1.2
8
0.014
-22.0
1011
2.8
160
-3.6
6.5
-0.6

μ
13.4
4.2
21
0.060
-14.2
1020
5.6
330
-0.3
11.5
0.3

μ+σ
28.6
9.3
33
0.256
-6.4
1029
8.3
500
3.0
16.5
1.1

Chapter 3 Comparison of GEOS-Chem modeled Arctic tropospheric bromine monoxide events using a
blowing snow source and observations from MAX-DOAS2

3.1 Abstract
Increased levels of reactive bromine are seen episodically in the springtime over the Arctic
Ocean. One proposed driver of these enhanced reactive bromine levels is the production of sea salt

aerosol particles from blowing snow followed by release of reactive bromine from these particles. We
use the GEOS-Chem chemical transport model including a source of blowing snow sea salt aerosol

particles to simulate reactive bromine over the Arctic in 2015. We compare the GEOS-Chem model using

observations of bromine monoxide gathered by multiple axis differential optical absorption (MAX-DOAS)
spectrometers on floating buoys as part of the O-Buoy project. These MAX-DOAS observations are at
multiple on-ice locations around the frozen Arctic Ocean as well as at the coastal town of Utqiagvik,

Alaska. GEOS-Chem model results are convoluted with the MAX-DOAS averaging kernels then processed
into partial column densities to create directly comparable quantities to the MAX-DOAS observations.

GEOS-Chem replicates monthly average lower-tropospheric bromine monoxide vertical column density
for 9 of the 13 months (at different locations) of spring 2015 observation. Examination of hourly
measurements shows that GEOS-Chem predicts the timing of a reactive bromine event in May on O-

Buoy 12 but underpredicts observed vertical column densities and matches timing less well for other
events. GEOS-Chem tends to overpredict reactive bromine vertical column densities in March and
February, as well as predicting observable bromine monoxide amounts in October 2015 when none was

observed.

3.2 Introduction
When sunlight returns to the Arctic in late winter/spring, photochemistry causes sharp
increases in reactive bromine radical levels at coastal stations and over the Arctic sea ice (Chance, 1998;

Richter et al., 1998; Wagner and Platt, 1998). These reactive bromine radicals can further react with
ozone to remove ozone, near completely in some events, from the lower troposphere (Barrie et al.,

1988; Simpson et al., 2007b).

2In preparation for submission to Atmospheric Chemistry and Physics as Swanson, W. F., Holmes, C. D.,
Confer, K., Jaegle, L., Huang, J., and Simpson, W. R.: Comparison of GEOS-Chem modeled Arctic
tropospheric bromine monoxide events using a blowing snow source and observations from MAX-DOAS
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Reactive bromine radicals also react with gaseous elemental mercury to form oxidized mercury that can

be deposited to the ocean (Schroeder et al., 1998; Steffen et al., 2008; Wang et al., 2019a). Reactive
bromine chemical recycling must be understood to predict the future impact of this chemistry on

episodic ozone depletion events and deposition of mercury to the Arctic Ocean.
Tropospheric reactive bromine radicals are sourced from heterogenous chemical reactions on

frozen saline surfaces containing bromide (Fan and Jacob, 1992; Pratt et al., 2013; Wren et al., 2013;

Custard et al., 2017). Molecular bromine (Br2) can be formed by these reactions and is photolyzed to
bromine radicals, which react with ozone to form bromine monoxide radicals (BrO). This BrO can react
with another molecule of BrO or ClO or through other cycles (Custard et al., 2016) to regenerate Br and

deplete ozone (Abbatt et al., 2012; Simpson et al., 2007b; Simpson et al., 2015; Wang et al., 2019). The

species Br and BrO are both highly reactive radicals that rapidly interchange in the presence of ozone

and sunlight and are collectively referred to here as reactive bromine. The optically absorbing BrO
species can be used as a proxy for total reactive bromine in the daytime and can be detected by ground

based and satellite remote sensing (Chance, 1998; Richter et al., 1998; Wagner and Platt, 1998; Theys et

al., 2011).
Heterogenous chemistry of gas-phase species such as hypobromous acid (HOBr) with bromide

(Br-) on frozen saline surfaces are critical to reactive bromine recycling, which is necessary to maintain

high levels of BrO in the atmosphere. Reactive bromine chemistry is affected by local conditions
including surface salinity, temperature, pH, frozen saline surface area, and ozone mixing ratio, as

previously demonstrated in laboratory experiments (Halfacre et al., 2019; Oldridge & Abbatt, 2011; Oum
et al., 1998; Wren et al., 2013) and in the environment (Pratt et al., 2013).

Major global sources of inorganic bromine include the debromination of sea salt aerosol
particles (SSA), photodegradation of organobromines, and the exchange of inorganic bromine from the

stratosphere to the troposphere (Saiz-Lopez and von Glasow, 2012). Debromination of SSA is the
dominant contributor to inorganic bromine in global models (Sander et al., 2003; Zhu et al., 2019) yet
global models may underestimate Arctic reactive bromine when considering only open ocean-sourced
SSA generated over open oceans as a reactive bromine source (Schmidt et al., 2016).
Other potential sources of SSA in the Arctic include formation of SSA from blowing snow

particles (Yang et al., 2008) and from fragmentation of highly saline frost flowers (Kaleschke et al.,
2004). Frost flowers were found to be less effective at predicting Arctic BrO levels (Simpson et al.,
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2007a) and do not fragment to form SSA particles (Yang et al., 2017). Production of saline SSA from
blowing snow particles was proposed as an explanation for BrO observations (Jones et al., 2009; Frieβ et

al., 2011; Blechschmidt et al., 2016). Several recent field studies have probed aerosol particles and their

relationship with reactive halogens. Bromide was depleted from blowing snow sampled near Utqiagvik
(Jacobi et al., 2012). The production of sea salt aerosol particles from blowing snow was directly
observed to be equal to or greater than the production of SSA over the open ocean (Frey et al., 2020).

The Bromine, Ozone and Mercury Experiment observed reactive bromine events associated with high
extinction and reactive bromine chemistry occurring on lofted aerosol particles (Peterson et al., 2017;

Simpson et al., 2017). Satellite-based remote sensing has shown BrO patterns that mimic the shapes of

Arctic low-pressure storm systems (Zhao et al., 2017), which would be expected to have high winds that

could enable blowing-snow SSA formation and subsequent reactive bromine production and ozone
depletion.

Observational evidence inspired the addition of a blowing snow SSA source to the GEOS-Chem
3-D global chemical transport models (Bey et al., 2001; Huang and Jaegle, 2017). Production of blowing
snow SSA in GEOS-Chem is based upon the mechanism first proposed by Yang et al. (2008, 2010) using a

double moment model of blowing snow physics in the Canadian Arctic (Dery and Yau, 2001). Blowing
snow SSA production in GEOS-Chem has been compared to satellite-based observations of aerosol

particle loading from the CALIOP lidar (Huang et al., 2018) and compared to satellite-based observations

of BrO (Huang et al., 2020). It was found that production of sea salt aerosol from both first-year and

multi-year sea ice was able to simulate the approximate magnitude and spatial coverage of satellite
observed BrO events in March and April (Huang et al., 2020).

The production of SSA from blowing snow in GEOS-Chem is a function of snowpack salinity, wind
speed near the surface, relative humidity, surface temperature and the number of aerosol particles

formed from each snow particle (Yang et al., 2019). The mechanism parameters we use are based on
best agreement with satellite BrO observations (Huang et al., 2020). Further information on our model

configuration can be found in Section 3.3.3.
In this manuscript we utilize ground-based MAX-DOAS observations from the O-Buoy project
(Carlson et al., 2010; Knepp et al., 2010) and coastal Utqiagvik (Simpson, 2018) to assess the skill of the

GEOS-Chem model in predicting Arctic reactive bromine using the blowing snow sea salt aerosol
formation mechanism. This MAX-DOAS dataset provides important information on BrO in the lower
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troposphere over an extended time period (Peterson et al., 2016). We examine the skill of the model

during the spring and fall of 2015, as well as the ability of the model to recreate specific reactive
bromine events. Section 3.3 explains the full model mechanism as well as the precise sources of ground

based MAX-DOAS data. Section 3.4 discusses predicted changes in reactive bromine over the spring with

and the evolution of specific reactive bromine events. We compare GEOS-Chem predicted Fall BrO
events to ground-based observations that do not observe these events and discuss possible reasons for

this difference. Finally, in Section 3.5 we conclude the paper with a synthesis of our scientific findings
and suggestions for future modeling efforts.

3.3 Data sources and methods
Reactive bromine events in the Arctic occur in the presence of sunlight (Fan and Jacob, 1992)

and freezing temperatures (Burd et al., 2017), narrowing the widow for reactive bromine
photochemistry to occur. The period of the year when most reactive bromine events occur is from
February to June and is referred to as ‘Arctic Spring' for the purposes of this analysis.

3.3.1 O-Buoy Observations
The O-Buoy project embedded a total of fifteen floating autonomous platforms (O-Buoys) in

Arctic sea ice from 2009 to 2015 as a part of the National Science Foundation-funded Arctic Observing

Network project (Knepp et al., 2010). All O-Buoy data are available at arcticdata.io (Simpson et al.,
2009). A total of seven O-Buoys were already operating and produced springtime data or newly

deployed in Fall 2015 (see Figure 3.1), providing extensive seasonal and spatial coverage. Minimal MAX-

DOAS data was collected on O-Buoy 8. Therefore, we focus on O-Buoys 10 through 15 in this study.
We measure BrO using multiple axis differential optical absorption spectroscopy (MAX-DOAS)

(Honninger and Platt, 2002; Carlson et al., 2010; Peterson et al., 2015). All MAX-DOAS instruments
deployed in 2015 used a scan pattern of seven or eight elevation angles (1°, 2°, 3°, 5°, 10°, 20°, and 90°
elevation angles with O-Buoy 10 scanning at 4° and 6° instead of 5°) (Simpson et al., 2017). Variation in

the light path through the atmosphere allows for the retrieval of a vertical profile of each absorbing gas

(Honninger and Platt, 2002; Honninger et al., 2004; Frieβ et al., 2006, 2019; Clemer et al., 2010). An
optimal estimation retrieval algorithm estimates the vertical profile of the gas using a light path derived
from a radiative transfer model. Examination of the averaging kernels from each MAX-DOAS retrieval

finds the retrieved vertical profile of BrO is best represented by two quantities: the vertical column
density of BrO in the lowest 200 m referred to as BrOsurf, and the vertical column density of BrO in the
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lowest 2000 m of the troposphere referred to as BrOLTcol (Peterson et al., 2015). Vertical column

densities for this study were retrieved using settings detailed in (Simpson et al., 2017). More detailed
information on methodology is contained in the metadata files at the data repository, arcticdata.io

(Simpson et al., 2009; Simpson, 2018). In this study we compare 2015 measurements of BrOLTcol to

GEOS-Chem BrO vertical column densities (see section 2.6).
The number of hourly BrO and observations from each 2015 O-Buoy deployment and the

periods of observation are shown in Table 1. O-Buoys 11 and 12 were deployed in fall 2014 and
observed BrO from early spring to the seasonal end date, defined as the time when surface
temperature rises above freezing for five subsequent days (Burd et al., 2017). O-Buoy 10 was deployed

in fall 2013 and endured the summer of 2014 to gather BrO observations in spring 2015. Normally OBuoys are destroyed in summertime by being crushed between ice floes during the melt season. OBuoys 10, 11, and 12 gathered vertical column densities of BrO until their respective seasonal end dates

in the spring. O-Buoys 13 and 15 were deployed in the Russian sector of the Arctic, but eventually

foundered in winter storms in early 2016. O-Buoy 14 was deployed in the Canadian sector. O-Buoys 13,

14, and 15 were able to intermittently gather differential slant column densities of BrO in the relatively

infrequent less cloudy periods of September and October (see Supplemental Figure B8). We use the
GPS-derived drift paths of these O-Buoys for locations to retrieve reactive bromine diagnostics from the

GEOS-Chem model. More information on the time periods of valid spring BrO observations can be found
in Chapter 2.
3.3.2 Utqiagvik observations

A MAX-DOAS was deployed in 2012 at the Barrow Arctic Research Center (BARC), which is

located at 156.6679°W, 71.3249°N near Utqiagvik, AK (Simpson, 2018), with data available at arcticdata.io (Simpson, 2018). The same retrieval method used for the O-Buoy instruments is used to retrieve

BrOsurf and BrOLTcol at BARC. The viewport on the MAX-DOAS at BARC is heated to prevent frosting so

that it can begin observing as soon as there is sufficient sunlight in late February. During 2012, the MAXDOAS data at BARC was compared with two different O-Buoy-like Icelander platforms (deployed on top

of sea ice instead of within), showing measurements from various MAX-DOAS systems are comparable

(Simpson et al., 2017). BARC MAX-DOAS data for spring 2015 is considered alongside O-Buoy data for

this analysis to give more spatial and temporal coverage.
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Ozone and temperature were measured in Utqiagvik at the NOAA Barrow Atmospheric Baseline

Observatory located 2.7 km from BARC at 156.6114 °W, 71.3230 °N. Hourly in-situ ozone measurements
(McClure-Begley et al., 2014) and temperature at 2 m (NOAA, 2018) were provided by the NOAA Earth
System Research Laboratory.

3.3.3 GEOS-Chem chemical and meteorological model

GEOS-Chem is a global 3-D atmospheric chemistry model (Bey et al., 2001) driven by input from
meteorological reanalysis fields. In this analysis we use GEOS-Chem version 12.6.1 (http://www.geos-

chem.org, last access 29 October 2019). We use the Modern-Era Retrospective Analysis for Research

and Applications, version 2 (MERRA-2) assimilated meteorological fields (Gelaro et al., 2017) ) with a

native horizontal resolution of 0.5° latitude by 0.625° longitude.to drive transport in our model. Our
model uses anthropogenic emissions from EDGAR v4.3.2 (Crippa et al., 2018), biomass burning
emissions from the Global Fire Emissions Database version 4 (GFEDv4) emission inventory (van der Werf

et al., 2017). Offline emissions of biogenic compounds, lightning NOx emissions, and dust emissions were

generated online at native resolution using the respective emission extensions. Offline emissions of SSA
in the BASE model are detailed in Section 3.3.5. We re-grid the MERRA-2 fields to a 2°x2.5° horizontal
resolution for global simulation. We start model runs on July 1 2014 for a full 6 months of spinup before

2015, or nearly 9 months before the first Utqiagvik observations of BrO in late February.
GEOS-Chem was chosen for its detailed modeling of halogen chemistry. The chemical

mechanism in GEOS-Chem 12.6.1 (doi:10.5281/zenodo.3520966) includes detailed HOx-NOx-VOC-O3halogen-aerosol tropospheric chemistry with updates to the most recent JPL/IUPAC recommendations

(Mao et al., 2013; Fischer et al., 2014; Fisher et al., 2016; Travis et al., 2016). Detailed bromine chemistry

mechanisms were added to GEOS-Chem (Parrella et al., 2012) and updated to include multiphase
reactions and reactions between bromine, chlorine and iodine species (Schmidt et al., 2016; Sherwen et

al., 2016a, 2017) as well as bromine input from the stratosphere (Eastham et al., 2014). Uptake of HOBr,
ClNO3 and O3 to aerosol particles for reaction with Br- and HOBr with Cl- in aerosols follows

heterogenous chemical rates from Ammann et al. (2013). Reactive bromine may also be sourced from
photolysis of CHBr3, although rates are trivially small during Arctic springtime due to low UV intensity,

oxidation of CHBr3, CH2Br2 and CH3Br by hydroxyl radicals, downward transport of stratospheric reactive

bromine, and SSA debromination through heterogeneous reactions of SSA bromide with HOBr, ClNO3,
and O3.
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In the BASE simulations, SSA is produced only from open ocean emissions. We compare BASE to
a new model simulation that includes blowing snow SSA (SNOW) in addition to the BASE GEOS-Chem

simulation.

3.3.4 SSA production from open ocean

Seafoam from breaking waves and bursting bubbles forms tiny aerosol droplets suspended in
the marine boundary layer (Lewis and Schwartz, 2004). Emission of sea salt aerosol particles from the

open ocean is a function of wind speed and sea surface temperature (SST) initially described in Jaegle et
al. (2011) and updated with decreased emissions over cold (SST < 5°C) ocean waters (Huang and Jaegle,
2017). Two separate SSA tracers are transported: accumulation mode SSA (rdry = 0.01-0.5 μm) and

coarse mode SSA (rdry = 0.5-8 μm). Sea salt bromide is emitted assuming bromine content of 2.11×10-3

kg Br per kg of dry SSA based on the ionic composition of sea water (Sander et al., 2003). Bromide

content is tracked separately on accumulation mode SSA and on coarse mode SSA. Heterogenous
chemical reactions can convert SSA-transported bromide into gaseous reactive bromine species in the
atmosphere.

3.3.5 Blowing snow SSA production
Snow can be lofted from the snowpack into the lowest layers of the troposphere by high

windspeeds, where it can undergo saltation (bouncing leading to fragmentation) and sublimation to
form SSA (Yang et al., 2008, 2010; Frey et al., 2020). This process is modeled as a function of humidity,

ambient temperature, windspeed, and the salinity of the blowing snow (Yang et al., 2008, 2010). This
mechanism has been implemented in GEOS-Chem and tested against observations of Arctic SSA (Huang

and Jaegle, 2017; Huang et al., 2018). Different settings of this model have been used to compare to

different proxies of SSA production and here we use the settings intended to match satellite-based BrO
observations from Huang et al. (2020). This second model run (SNOW) generates SSA locally over the
Arctic Ocean using this blowing snow mechanism.
Three thresholds must be met for SSA production from blowing snow (Dery and Yau, 1999; Dery

and Yau, 2001). A temperature threshold restricts SSA production from blowing snow to temperatures

below freezing. The second threshold requires 10-meter wind speed to be above a wind speed threshold
defined in Equation 3.1 for any production of SSA (Dery and Yau, 1999; Dery and Yau, 2001). The wind
speed threshold (Ut) is dependent on surface temperature (Ts) in Celsius with a minimum threshold of
6.975 m/s at -27.27 C° and a maximum threshold at 0 C° of 9.429 m/s. The 10-meter windspeed
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threshold is the most stringent and often controls the production of SSA from blowing snow. The final
threshold is based on relative humidity with respect to ice. Sublimation from snow crystals cannot occur
if the air is saturated, and no SSA is produced if RHice is greater than 100%.
Ut = 6.975 + 0.0033(Ts + 27.27)2

3.1

Given the threshold of 6.975 m/s surface windspeed (Yang et al., 2008) below which no blowing

snow SSA is modeled, the production of blowing snow and SSA is highly sensitive to surface windspeed.
We use the most accurate surface windspeed dataset to ensure the most accurate modeling of SSA and
reactive bromine. The MERRA-2 Global Reanalysis Product has a 0.5° latitude x 0.625° longitude
resolution which is then re-gridded to a lower resolution for GEOS-Chem modeling. Previous use of the

snowpack blowing snow mechanism has simulated blowing snow with MERRA-2 data re-gridded to

either 2°x2.5° or 4°x5° latitude and longitude (Huang and Jaegle, 2017; Huang et al., 2018, 2020). Re
gridding to larger spatial resolution may smooth out the highest 10-meter windspeeds by averaging
them with lower windspeeds in the grid cell. Supplemental Figures B1, B2 and B3 shows the differences

in distributions of the ten meter windspeed at different model resolutions. The average windspeeds in

each resolution for the full year are 5.3 m/s at 2°x2.5° resolution and 5.5 m/s at 0.5°x0.625° resolution.
The maximum windspeed at MERRA-2 2x2.5 is 16.3 m/s, while the maximum windspeed at MERRA-2
0.5x0.625 is 19.3 m/s. These extremely high windspeed events are more common at higher resolution

and can contribute an outsized amount of SSA to the marine boundary layer. Figure 3.2 shows the daily

average 10-meter windspeed at BARC, along with daily average threshold windspeed (Equation 3.1).
Spikes in daily averaged windspeed at BARC in April can contribute to SSA formation and justify the use

of high-resolution MERRA-2 wind speed data.

Snow salinity is influenced by snow age and the material underlying the snow (Krnavek et al.,
2012). The median snowpack salinity near Utqiagvik was measured at 0.67 psu for 2-3 weeks old sea ice,

0.12 psu for thicker first year ice, and 0.01 psu for multi-year ice (MYI) (Krnavek et al., 2012). Snow
salinity is also a function of height above sea ice, with blowing snow having much lower salinity than

snow in contact with the sea ice (Frey et al., 2020). Domine et al. (2004) measured median salinity at
0.1 psu on snowpack over first year ice and 0.02 psu on snowpack over multi-year ice. In this analysis we

use a salinity of 0.1 PSU on first-year sea ice as in Huang et al. (2020). The production of reactive
bromine from sea ice types is entirely dependent on PSU in this parameterization. Previous modeling
efforts have used 0.01 PSU for MYI (Huang et al., 2018) and underestimate BrO production in high Arctic
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areas with increased MYI coverage. We believe that MYI areas should contribute to blowing snow SSA

formation, and therefore we use o.o5 PSU for snowpack on MYI as in Huang et al. (2o2o).
Another important parameter for SSA formation is the number of SSA particles formed from
each blowing snowflake. A value of 5 particles per snowflake was used in Huang and Jaegle (2017)

based on wintertime observations of supermicron and sub-micron SSA at Barrow. Values of 1 and 2o
particles per snowflake have been tested (Yang et al., 2019) but it is unclear which value was more

realistic. We use a middling particle formation value of 5 particles per snow grain as in Huang et al.

(2020).

Snowpack may be enriched in bromide compared to seawater, which is thought to be an effect
of atmospheric deposition (Krnavek et al., 2012). Snowpack enrichment due to atmospheric deposition
is less pronounced when snowpack salinity is high, with snowpack containing 1000 μM Na+

(approximately 0.06 PSU) or more never exceeding twice the seawater ratio of bromine to chloride
(Krnavek et al., 2012). Domine et al. (2004) found an increased enrichment factor of five times seawater

in snow with a salinity of 100 μM Cl- (approximately 0.006 PSU). We use a snowpack enrichment factor
of bromide five times that of seawater, as in Huang et al. (2020). However, we note that a bromide

enrichment factors five times seawater exceeds enrichment factors of two measured in snowpack with a
salinity of 0.1 PSU (Krnavek et al., 2012).

3.3.6 Comparing GEOS-Chem results to MAX-DOAS vertical column densities

GEOS-Chem simulates BrO mixing ratios for each of its 47 atmospheric layers. Reducing the
vertical resolution of the more-resolved GEOS-Chem predictions to be comparable to the coarser MAXDOAS data is necessary for appropriate comparison (Rodgers and Connor, 2003). We call the

comparable GEOS-Chem BrO diagnostic GCBrOLTcol in this manuscript. Payne et al. (2009) provide a
model framework for this resolution reduction, which was used in our prior work (Peterson et al., 2015)

to determine that the information content of the MAX-DOAS observations were well represented by
two quantities, BrOLTcol and BrOsurf. The HeiPro optimal estimation algorithm (Honninger and Platt, 2002;
Honninger et al., 2004; Frieβ et al., 2006, 2019; Clemer et al., 2010) was used to calculate vertical

profiles of BrO between the surface and 4km AGL from the MAX-DOAS observations. The HeiPro-

derived profile was then grid-coarsened into two quantities, the BrOLTcol, which is the integration of the

MAX-DOAS retrieved profile from 0 to 2000m, and BrOsurf, which is the integration of the retrieved
profile from 0 to 200m AGL, meant to represent BrO surface abundance. It was shown in Peterson et al.
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(2015) that these two quantities were largely independent of each other, were fairly insensitive to
variations in the assumed prior profile, and represented the ~2-3 degrees of freedom for signal indicated

by the optimal estimation retrieval. An important consideration of this method is that when the

visibility is poor, the MAX-DOAS is unable to traverse the lowest 2000m AGL and the BrOLTcol cannot be

measured accurately. Therefore, our quality-control algorithm eliminates BrOLTcol observations when
the degrees of freedom for signal in the lofted (200m - 2000m AGL) layer were below 0.5 (Simpson et

al., 2017). As discussed below, a similar low-visibility cut will be applied to the GEOS-Chem results to
assure data comparability.

To compare the GEOS-Chem profiles with these two grid-coarsened quantities, we grid-coarsen
the averaging kernels produced by the HeiPro retrieval algorithm using equation (4) from Payne et al.
(2009). We use the average of all April averaging kernels that pass our quality criteria (>0.5 DOFS in the

lofted layer), which generally represents non-cloudy conditions. Although it has been suggested in the
literature (von Clarmann and Glatthor, 2019) that averaged averaging kernels can cause problems, we

do not report data when there are clouds and thus are only using the more consistent averaging kernels
that occur under clear sky conditions. This grid coarsening converts the higher resolution results to two
partial column averaging kernels, which are shown in Figure 3.3. The partial column averaging kernel for
the surface layer (0-200m AGL) has near unit sensitivity to BrO at the ground, decaying to about 0.5 at

200m AGL then to zero at about 400m AGL, as desired. The sensitivity of the BrOLTcol is near unity from
about the surface to 600m AGL, then slowly decays with 0.5 sensitivity at 2000m AGL. The residual

sensitivity of the BrOLTcol averaging kernel above 2000m is caused by the limited ability of ground-based
MAX-DOAS to distinguish the true altitude of BrO at non-tangent geometries (higher viewing elevation

angles) that are required to view BrO at these higher altitudes. The broad sensitivity to BrO at mid
tropospheric levels that result from the application of the MAX-DOAS averaging kernels means that free
tropospheric BrO produced by the GEOS-Chem model contributes to GCBrOLTcol even if the GEOS-Chem

layer is above the nominal 2000m top of the integration window. Figure 3.3 shows that BrO above 4 km
makes only a small contribution to the GCBrOLTcol, which was not included in the GCBrOLTcol. Therefore,

we calculate GCBrOLTcol and GCBrOsurf by applying the partial column averaging kernels shown in Figure
3.3 to the GEOS-Chem model results.

3.3.7 Screening GEOS-Chem for clear sky conditions
As described in Peterson et al. (2015), the information content (DOFS) in the lofted layer is

nearly linearly related to the aerosol optical depth. Therefore, other criteria that relate to vertical
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visibility can also be used to identify clear skies. We find that the slant column density of the O2-O2

collisional dimer (aka O4) observed at 20° elevation angle is correlated with the lofted DOFS
(Supplemental Figure S5). From this correlation we find that clear sky conditions have 20° elevation

angle O4 dSCD > 1043 molecule2 cm-5 and use this cut to distinguish clear sky versus clouds. To assure
that GEOS-Chem results are only compared to the clear-sky observational data, we apply this clear sky
screen to the GCBrOLTcol and GCBrOsurf timeseries. The use of this screen also assists in minimizing
variability in the averaging kernels and thus allowing the April averaged partial column averaging kernels

(Figure 3.3) to be applied for clear skies at any time of the year.

3.4 Results and Discussion
3.4.1 GEOS-Chem predictions are within observational error of monthly modeled BrOLTcol
Table 3.2 shows average BrOLTcol on the O-Buoys and in the BASE and SNOW runs during the
Arctic Spring. The O-Buoys only observe elevated BrO levels during the Arctic Spring. The BASE model

underestimates BrO in the Arctic, as did previous GEOS-Chem studies using similar model configurations
(Schmidt et al., 2016; Sherwen et al., 2016a). The SNOW run improves on the base model error, nearly

tripling average BASE BrOLTcol and bringing model predictions within 19% of the average observed
BrOLTcol.

Figure 3.4 shows monthly variations in predicted BrOLTcol compared against monthly observed
BrOLTcol with average error. We calculate plotted observational BrOLTcol error by averaging the reported
hourly BrOLTcol error for all observations in each month. Of the 13 total months in the plot, SNOW
GCBrOLTcol predictions were within observational error for 9 months and BASE GCBrOLTcol predictions

were within observational error for 8 months. However, the BASE model consistently underpredicts
BrOLTcol. The BASE model predicts monthly average BASE GCBrOLTcol at roughly 5*1013molecules/cm2 for

each month on each O-Buoy due to the lack of a localized SSA source to enable reactive bromine
recycling. Modeled BASE GCBrOLTcol at Utqiagvik is higher and matches observations nearly precisely in
February. This single matching point may not be representative, as we have a scant week of February

observations (see Figure 3.6) and many BrOLTcol observations fall within error of zero. It follows that the
BASE model consistently predicts low BrO throughout the Arctic but underpredicts monthly BrO when

BrO becomes elevated.
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3.4.2 Highest GCBrOLTcol is predicted in first half of Arctic Spring

The SNOW run shows the most skill in predicting monthly BrOLTcol in April and May on O-Buoys

10 and 11. O-Buoys 10 and 11 are spatially close (see Figure 3.1) and often occupy adjacent GEOS-Chem

grid cells, leading to minor differences between predicted BrOLTcol on these two O-Buoys. O-Buoy 12
observed exceptionally high monthly BrOLTcol and both SNOW and BASE underestimate O-Buoy 12

BrOLTcol. At Utqiagvik we have five months of clear sky BrOLTcol observations. Utqiagvik SNOW GCBrOLTcol
is within observational error from April to June, matching the gradual decrease in BrOLTcol. Utqiagvik

SNOW GCBrOLTcol is overpredicted far beyond observational error in February and March. Similar March

and February overpredictions on O-Buoys were eliminated by the clear sky screen. The colder
temperatures and lower threshold windspeed in February and March drive up SSA production and

SNOW BrOLTcol to exceed not only monthly but hourly BrOLTcol (see Figure 3.6).
3.4.3 Seasonal end date marks end of observed BrO

Overestimates of high BrOLTcol in March are counterbalanced by a slump in SNOW BrOLTcol at the

end of the Arctic Spring. This broadly agrees with our observations of reactive bromine chemistry
cessation at the seasonal end date (Burd et al., 2017). The SNOW run underestimates June BrOLTcol

because the blowing snow SSA formulation requires that sub-freezing temperatures be present for SSA
production, which is not present during the warmer temperatures in June. Figure 3.2 shows that daily

threshold wind speeds are much higher than average daily MERRA-2 windspeeds in May and June due to

increased surface temperatures, leading to low predictions of SSA formation and GCBrOLTcol in both

months. The SNOW model predicts GCBrOLTcol below 1*1013 molecules/cm2 for most of May and June at
all locations but we observe BrOLTcol above 2*1013 molecules/cm2 on several occasions in May and June.
Previous examination of O-Buoy data defined some of the events observed later in May and June as
recurrence events, where BrO slant column density at 1° elevation rises above 5*1013 molecules/cm2

after falling below that threshold for at least five days (Burd et al., 2017). These recurrence events
occurred during sub-freezing temperature periods near the end of the BrO season when snowpack

became capable of recycling reactive bromine again (Burd et al., 2017). No evidence of recurrence
events are present in the GEOS-Chem simulations, but it is possible that fresh snowfall in fact could
allow for the generation of blowing snow SSA at lower windspeed thresholds than Equation 3.1 allows

for, explaining why GEOS-Chem cannot simulate these recurrences.
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3.4.4 Addition of blowing snow mechanism leads to simulated reactive bromine event on O-Buoy 12

GCBrOLTcol for the entire Arctic Spring is plotted against hourly O-Buoy MAX-DOAS observations
in Figures 3.5 and and BARC MAX-DOAS observations in Figure 3.6. The addition of the blowing snow
mechanism leads to increases in Arctic Spring GCBrOLTcol due to the localized production of SSA. O-Buoy

GCBrOLTcol rarely rises above 1*1013 molecules/cm2 until mid-May (see Figures 3.5, 3.6 and 3.7), when
SNOW GCBrOLTcol rises above 2*1013 molecules/cm2. SNOW GCBrOLTcol is always higher than BASE

GCBrOLTcol. The SNOW model predicts a mid-May GCBrOLTcol that best matches the observed O-Buoy 12
BrOLTcol event from May 16 and 17 (see Figure 3.7). The May 16 peak in observed BrOLTcol does not
correspond to local noon and high BrOLTcol occurs throughout the day on May 17. This event is not tied

to any diurnal cycles because the sun never sets on O-Buoy 12 in May, reaching daily minimum at 10:55
UTC. The SNOW run does not reach peak observed BrOLTcol values of 6*1013 molecules/cm2. On May 17,

SNOW GCBrOLTcol peaks several hours after the May 17 peak in observed BrOLTcol. There are multiple
instances of simulated GCBrOLTcol occurring within hours of BrOLTcol events of similar magnitude, as on

May 14 on O-Buoy 10 (see Figure 3.5). Small temporal errors in the timing of GCBrOLTcol events may be
caused by small errors in the timing of MERRA-2 wind events or by our assumption of uniform mixing

within a grid cell. As SNOW SSA declines after May 17, SNOW GCBrOLTcol falls back towards 1

molecules/cm2. After May 18, SSA production in both SNOW and BASE models comes entirely from open

ocean SSA in open portions of the Beaufort Sea (see Supplemental Figure B6). The SNOW SSA
production shown in green prior to May 18 is solely due to the blowing snow mechanism, but even the

additional SSA from blowing snow does not propel modeled GCBrOLTcol to the maximum magnitude of
observed O-Buoy BrO events.
3.4.5 Hourly predictions at Utqiagvik do not always match specific BrO events
Higher GCBrOLTcol is predicted at Utqiagvik in February, March, and April, with monthly average

April SNOW GCBrOLTcol within 14% of observed mean BrOLTcol (see Figure 3.4). The hourly predictions of

BrOLTcol at Utqiagvik are not as skillful and predictions of GC BrOLTcol above 6*1013 molecules/cm2 in

March do not match any specific observed BrO event (see Figure 3.6). Figure 3.8 shows a steady
increase in BrOLTcol on April 20 that is matched by predicted increase in modeled BrOLTcol. Yet the blowing
snow SSA predictions are rarely within observational error, either during this April 20 BrO event or

throughout the month of April. The model predicts high levels of BrOLTcol in early April followed by a

decline after April 23, but the model cannot capture the observed hourly BrOLTcol fluctuations in the first

three weeks of April.
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3.4.6 Fall MAX-DOAS measurements indicate lack of detectable BrO
Strong Arctic winds in September and October herald the beginning of the winter storm season.

Plunging surface temperatures allow sea ice extent to recover from its September minimum. O-Buoys
deployed during fall 2015 were able to produce some MAX-DOAS measurements of BrO slant column

densities characterized by noise around zero (see Supplemental Figures B7 and B8). We do not retrieve
vertical column density from these fall slant column densities, because the resulting retrievals would be
biased positive due to a model requirement that only positive BrO column densities are allowed in the

optimal estimation inversion. These differential slant column densities (dSCDs) can be used qualitatively

to determine the presence or absence of BrO above the detection limit. If the dCSDs display noise
around zero at all viewing angles, it can be assumed that BrO in the troposphere is below the detection

limit of the spectrometer. The pattern of larger BrO dSCDs at near-horizon viewing elevation angles
observed at Utqiagvik during Arctic Spring in 2015 Supplemental Figure B7, indicate the presence of
tropospheric BrO above the detection limit, which only occur during Arctic spring. Any BrO present in

the Arctic troposphere in September and October falls below detection limits at Utqiagvik (see
Supplemental Figure B7) and on each O-Buoy (see Supplemental Figure B8). The average Arctic Spring

2015 MAX-DOAS BrOLTcol detection limits are 5.1*1012 molecules/cm2 (Peterson et al., 2015; Simpson et

al., 2017; Swanson, 2020). Any GEOS-Chem BrOLTcol events over this detection limit are not supported by
our observations.

3.4.7 High fall windspeeds lead to simulated October BrO events
Figure 3.9 shows GCBrOLTcol filtered for clear sky conditions in the fall. BASE and SNOW
GCBrOLTcol remain near zero in September but rise above 5.1*1012 molecules/cm2 BrOLTcol in October.

The addition of the blowing snow mechanism propels BLOW GCBrOLTcol up to 6*1013 molecules/cm2 in

October. O-Buoys 13 and 14 have the highest predicted fall GCBrOLTcol but even Utqiagvik has several
days of BrOLTcol above 5.1*1012 molecules/cm2 in late October. There is no evidence of any BrO above

MAX-DOAS detection limits on any O-Buoy in October, as seen by the dSCDs scattered around zero in
Supplemental Figure B8.

These simulated October BrO events are a result of high winds during fall storms, which cause

the model to generate not only blowing snow SSA but open ocean SSA. The BASE model generates fall

SSA from the large open ocean areas in the Beaufort Sea and Russian sector shown in Supplemental

Figure B9 (Fetterer et al., 2017c). High fall and winter SSA agrees with observations of peak SSA during
polar winter in both Antarctica (Wagenbach et al., 1998) and in the Arctic (Jacobi et al., 2012). GEOS72

shows skill in predicting fall BrO throughout the northern hemisphere (Schmidt et al., 2016) and the

addition of the blowing snow mechanisms improved skill in predicting fall SSA (Huang et al., 2018).

We find that a blowing snow SSA source increases model skill in predicting spring BrO, but is

accompanied by increased fall BrO in disagreement with observations. The deposition of Arctic haze
(Douglas and Sturm, 2004) and SSA (Jacobi et al., 2019) increases snowpack salinity and sulfate content

in the Arctic Spring. This seasonal change in snowpack salinity and acidity may enable reactive bromine
in the Arctic Spring, but there is no similar deposition in fall and thus our model overestimates fall BrO.

3.5 Conclusions
We use an extensive network of MAX-DOAS BrO observations from 2015 to compare to GEOSChem global chemical model simulations. We tested two different model runs: the BASE run with
standard GEOS-Chem SSA production mechanisms, and the SNOW run using the blowing snow

mechanisms introduced in Huang et al. (2020). We used averaging kernels from the MAX-DOAS
retrievals to derive a quantity we call GCBrOLTcol for direct comparison between ground based remote

sensing instruments and model mixing ratios. We find that the monthly averaged BrOLTcol falls within

observations error for 9 of 13 months in the SNOW run and 8 of 13 months in the BASE run, with the
BASE run underpredicting BrOLTcol by 61% of observations throughout the Arctic Spring. The SNOW run
shows good agreement with observed BrOLTcol in May and April, but overpredicts BrOLTcol in February.

The increased BrOLTcol in the SNOW run can be attributed to the production of SSA from blowing snow,

which increases surface area available for heterogenous photochemical recycling of reactive bromine.
Increases in SSA during periods of high windspeeds lead to the simulation of reactive bromine
events. One simulated event on May 16 and 17 closely matches the increases and decreases observed

by our ground-based MAX-DOAS instrument on O-Buoy 12. The SNOW run underpredicts the peak

observed BrOLTcol at this time. Many other periods of high BrO were predicted by the snow run, but
these periods do not always match up temporally to observed reactive bromine events. The blowing
snow mechanism leads to increased SSA in the Arctic in October 2015. The high production of SSA from

both open ocean sources in the BASE model and blowing snow sources in the SNOW model leads to

predictions of fall BrO events. These events are not observed in MAX-DOAS slant column density
observations, which show only noise around zero. Reasons for this failure of the GEOS-Chem model

during fall need to be investigated further and may indicate problems with the blowing snow
mechanism.
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Adding a blowing snow source of SSA allows the GEOS-Chem model to match monthly BrO

observations during spring and replicate several features of observed BrO events. We recommend
consideration of blowing snow SSA formation in future Arctic tropospheric halogen chemistry modeling
efforts.
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3.8 Figures

Figure 3.1 Spring 2015 O-Buoy GPS Tracks

O-Buoy GPS tracks in black with periods of valid spring BrO observations in red. Location of Barrow
Arctic Research Center (BARC) indicated in red. Buoys 10, 11, and 12 were deployed for first 9 months of
2015, with Buoys 8, 13, 14 and 15 were deployed in September 2015.
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Figure 3.2 Daily averaged Utqiagvik windspeeds
Daily averaged MERRA-2 10-meter windspeeds at Barrow Arctic Research Center (BARC) in blue, with
threshold windspeed at BARC calculated by Equation 3.1 in orange. Windspeeds were selected for times
when the solar elevation is above 5 degrees to conform with screened MAX-DOAS observations.
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Figure 3.3 BrO vertical column sensitivity

Sensitivity of retrieved BrO quantities to observed BrO by altitude. Sensitivity of the surface layer from 0
to 200 m shown (BrOsurf) in light orange, sensitivity of the lofted layer from 200 to 2000 m shown in
cyan, and combined sensitivity from 0 to 2000 m (BrOLTcol) shown in purple.
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Figure 3.4 Monthly average observed and predicted BrOLTcol

Monthly average BrOLTcol only using predictions and observations when dSCDO4 >1*1043 molecules/cm2.
Observations with average error shown in red, BASE GCBrOLTcol shown in blue, and SNOW GCBrOLTcol
shown in green. All units in 1013 molecules/cm2.
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Figure 3.5 O-Buoy BrOLTcol Timeseries

Timeseries of BrOLTcol on a) O-Buoy 10, b) O-Buoy 11, and c) O-Buoy 12 in the 2015 Arctic Spring. O-Buoy
observations and error bars in red, BASE GCBrOLTcol in blue, and SNOW GCBrOLTcol in green. All GCBrOLTcol
screened for dSCDO4 >1*1043 molecules/cm2.
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Figure 3.6 Utqiagvik BrOLTcol Timeseries
Timeseries of BrOLTcol on at Utqiagvik in the 2015 Arctic Spring. O-Buoy observations and error bars in
red, BASE GCBrOLTcol in blue, and SNOW GCBrOLTcol in green. All GCBrOLTcol screened for dSCDO4 >1*1043
molecules/cm2.
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Figure 3.7 O-Buoy 12 SSA Case Study

Timeseries of BrOLTcol on O-Buoy 12 in the middle of May. The left axis shows units for BrOLTcol
observations shown in red, SNOW GCBrOLTcol in dark green, BASE GCBrOLTcol in blue. The right axis shows
SSA, with SNOW model blowing snow SSA mixing ratio in lime and BASE open ocean SSA in purple.
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Figure 3.8 Utqiagvik Case Study
Timeseries of mid-April BrO at the Barrow Arctic Research Center in Utqiagvik. Observations shown in
red, blowing snow BrO in dark green, base model BrO in blue, and blowing snow SSA mixing ratios in
light green.
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Figure 3.9 Fall Predicted BrOLTcol

Timeseries of GEOS-Chem predicted BrO on all O-Buoys and at Utqiagvik. Base model shown in blue,
with blowing snow model shown in green. All predictions filtered for dSCD O4 <1043.
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3.9 Tables
Table 3.1 Spring 2015 observation periods
Number of BrO observations and date range (UTC) of those observation, grouped by observation
platform. Barrow Arctic Research Center in Utqiagvik is abbreviated BARC.
MAX-DOAS location

Number of valid hourly
spring BrOLTcol obs

Period of operation

Days of observation in
2015

O-Buoy 10

384

2013-9/24/15

267

O-Buoy 11

535

2014-9/4/15

247

O-Buoy 12

238

2014-9/8/15

251

O-Buoy 13

0

9/28/15-2016

94

O-Buoy 14

0

10/2/15-2017

90

O-Buoy 15

0

9/12/15-2016
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BARC

907

2012-present

365

Table 3.2 Averaged spring BrOLTcol

Average Arctic Spring BrO LTcol.in base model, SSA model, and observations. All data selected for times
when differential O4 slant column density is greater than 1*1043 molecules/cm2.

BASE GCBrOLTcol /(1012 molec*cm-2)
SNOW GCBrOLTcol /(1012 molec*cm-2)
Observed BrOLTcol /(1012 molec*cm-2)
Percent mean error of BASE from observations
Percent mean error of SNOW from observations
Number of hourly observations

92

Arctic Spring Average BrOLTcol
4.4
9.0
11.1
-61%
-19%
1988

Chapter 4 Modeling reactive bromine in GEOS-Chem with both a blowing snow source and a

snowpack source3

4.1 Abstract
Field studies have shown that unique chemical processes involving reactive halogens and
sunlight dominate springtime photochemistry in the Arctic. These studies have also indicated that

multiple mechanisms are involved, but their relative importance is still debated, both at local scales and

regionally throughout the Arctic. To understand implications of these mechanisms on a pan-Arctic
scale, we simulate Arctic reactive bromine chemistry using the GEOS-Chem model. Two mechanisms are

included: 1) a blowing snow sea salt aerosol formation mechanism and 2) a snowpack molecular
bromine production mechanism. We compare simulations including both mechanisms, either one alone,

and neither to examine conditions where one process may dominate, or the mechanisms may interact.

We compare the models using these mechanisms to observations of bromine monoxide (BrO) from the
O-Buoy instruments and coastal observations at Utqiagvik, Alaska during spring 2015. We find that using
both mechanisms as described in literature parameterizations in conjunction leads to significant

overprediction of observed BrO. In the prior modeling of the snowpack source of molecular bromine, it
was assumed that yields were much larger when snow was sunlit than at night, which contributes to the
observed model overprediction of BrO. Model estimations of BrO are improved by assuming a constant

yield of molecular bromine from the snowpack upon ozone deposition. Using both mechanisms in

conjunction improved several features of BrO observations during spring 2015, adding evidence that
these mechanisms are both active and affect BrO with a similar magnitude.

4.2 Introduction
Global atmospheric chemical modeling often focuses on predicting atmospheric chemical

composition and air quality in the highly populated middle latitudes. This focus can lead to discrepancies
between Arctic observations and modeling results (Cohen et al., 2020). Simulating Arctic halogen
chemistry is a persistent problem for global models because processes appear to differ between the
Arctic and middle latitudes (Parrella et al., 2012; Schmidt et al., 2016).

3In preparation for submission to Atmospheric Chemistry and Physics as Swanson, W. F., Holmes, C. D.,
Marelle, L., Thomas J., Jaegle, L., Huang, J., and Simpson, W. R.: Modeling reactive bromine in GEOSChem with both a blowing snow source and a snowpack source
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Space-based instruments observe elevated levels of reactive bromine across swaths of the Arctic Ocean
during the Arctic spring (Chance, 1998; Richter et al., 1998; Wagner and Platt, 1998). Increased levels of
tropospheric reactive bromine are associated with ozone depletion events (Barrie et al., 1988; Foster et

al., 2001; Koo et al., 2012; Halfacre et al., 2014). Deposition of gaseous elemental mercury and removal
from the atmosphere has also been observed along with ozone depletion (Schroeder et al., 1998;

Nghiem, 2013; Moore et al., 2014). Bromine radicals have been observed to lead directly to ozone and
mercury depletion (Wang et al., 2019a). Increased deposition of oxidized mercury to the snowpack can

have deleterious effects on the health of Arctic humans and animals (AMAP, 2011). Arctic reactive
bromine chemistry impacts tropospheric oxidative chemistry and should be accounted for in global

models. Model studies have found that reactive halogen chemistry can explain the oxidation of gaseous
elemental mercury (Holmes et al., 2010) and reduce radiative forcing from ozone (Sherwen et al.,
2016c). Replicating reactive halogen chemistry in models requires inclusion of multi-phase chemical

reactions.
These increased levels of tropospheric reactive bromine radicals are a product of heterogenous
photochemical reactions at the interface between frozen saline surfaces and air (Saiz-Lopez and von

Glasow, 2012; Simpson et al., 2015). Ground-based instruments have observed sharp increases in
reactive bromine levels over the course of a single day from below 2 pmol/mol up to a maximum of 41

pmol/mol (Pohler et al., 2010). Bromine radicals (Br) are produced by photolysis of molecular bromine
(Reaction 1) and react with ozone to form bromine monoxide (BrO) (Reaction 2). Under sunlit
conditions, BrO can be photolyzed back to Br radicals and an oxygen atom, which reforms ozone

(Reaction 3), resulting in a null cycle. Due to this rapid interchange of Br and BrO, we call these two

compounds the reactive bromine or BrOx family. Ozone is depleted in net through Reaction 4 when BrO
reacts with another halogen oxide to form either Br2 or a dihalogen BrX (X = I, Cl) or other more
extended processes. A halogen activating cycle occurs when a BrO radical reacts with a hydroperoxyl
(HO2) radical in Reaction 4 to form gaseous hypobromous acid (HOBr). Heterogenous chemistry can then

occur on a frozen saline surface between HOBr and any halide X- (X = Br, I, Cl) in Reaction 6, forming Br2

or BrX. For each cycle of Reactions 1, 2, 5, and 6, one hydroperoxyl radical is removed from the
troposphere, one bromine radical is released to the troposphere, and one ozone molecule is converted

to oxygen. Reactions may also sequester reactive bromine into more stable bromine reservoir species.
BrO may react with nitrogen dioxide (NO2) in Reaction 7 to form bromine nitrate (BrONO2), which can
also undergo hydrolysis on a frozen saline surface to form HOBr as in Reaction 8. In general, the

94

termination of this chemistry leads to formation of HBr, which can stick to particles and be considered

as particulate bromide (p-Br-).

A potentially important competitor for HOBr is its reaction with sulfur (IV) species, such as the
reaction between HSO3- and HOBr in Reaction 9. To the extent that this reaction competes with

Reaction 6, it can slow the release of bromide from surfaces and reduce gas-phase reactive bromine
(e.g., reduce BrO).

Ozone deposited to a snowpack surface can form HOBr by Reaction 10, which is then converted

to Br2 or a dihalogen by Reaction 6. Production of Br2 on ozone deposition does not require any light
source and can occur at night (Oum et al., 1998).

We define the inorganic bromine family, Bry, in this manuscript as the sum of the bromine

species Br, BrO, HOBr, BrNO3, Br2, BrCl, BrI, HBr, excluding p-Br- that has not yet been activated to

produce gaseous bromide. The release of bromide from sea salt aerosol particles was found to be the

dominant global source of reactive bromine (Sander et al., 2003; Zhu et al., 2019). Sea salt aerosol
particles (SSA) sourced from the bursting of bubbles in oceanic whitecaps are one of the most abundant
aerosol particles present in the troposphere (De Leeuw et al., 2011). Due to their abundance, they

greatly increase the surface area available for heterogenous reactive bromine chemistry and increase Bry
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by 30% (Schmidt et al., 2016). Initial literature on Arctic reactive bromine chemistry identified aerosol
particles as a potential frozen saline surface for reactive bromine photochemistry (Fan and Jacob, 1992;
Vogt et al., 1996). Yet most of the Arctic Ocean cannot locally form SSA from bursting bubbles due to sea

ice cover. This lack of a local SSA source is at odds with observations of high SSA concentrations
observed during the winter months in polar regions (Wagenbach et al., 1998; Huang et al., 2018). The

formation of SSA from the sublimation of blowing snow particles over the Arctic Ocean was proposed as
an alternate SSA production mechanism (Yang et al., 2008, 2010, 2019). Recent field studies have
confirmed the direct production of SSA from blowing snow (Frey et al., 2020). A blowing snow

mechanism was implemented in the global chemical model GEOS-Chem and was able to explain
wintertime SSA enhancements over the Arctic (Huang and Jaegle, 2017) as well as satellite-based

observations of increased levels of Arctic BrO (Huang et al., 2020).
Debromination of SSA is not the only source of reactive bromine to the Arctic troposphere.

Snowpack containing bromide salts was also identified as a source of reactive bromine (Tang and
McConnell, 1996). Molecular bromine was measured above the snowpack at levels up to 25 pmol/mol
(Foster et al., 2001). Field experiments demonstrate that the snowpack emits Br2, Cl2, and ClBr, with

emission affected by ambient ozone levels, the snowpack ratio of bromide to chloride, and exposure to
sunlight (Pratt et al., 2013; Custard et al., 2017). Box modeling found that the flux of reactive bromine

from the surface of the Arctic Ocean is a prerequisite for bromine activation (Lehrer et al., 2004). Box
modeling found that both HOBr and BrNO3 can be converted to Br2 in the snowpack (Wang and Pratt,
2017). Detailed one dimensional models of the snowpack-air interface find that reactive bromine

production can occur in the interstitial air between snowpack grains (Thomas et al., 2011; Toyota et al.,
2014), with ozone depletion events arising from snowpack reactive bromine production (Thomas et al.,

2011; Cao et al., 2016). However, a detailed snowpack model coupled to GEOS-Chem would be sensitive
to important parameters such as snowpack bromide content and acidity of the air-ice interface that are
highly variable across the Arctic (Toom-Sauntry and Barrie, 2002; Krnavek et al., 2012). A mechanism to

parameterize the release of molecular bromine from snowpack upon deposition of ozone, HOBr, and
BrNO3 was implemented in the GEM-AQ model and captured many of the observed features of reactive
bromine in the Arctic troposphere (Toyota et al., 2011). The mechanisms from Toyota et al. (2011)
assumes a complete yield of 1000 millimoles of molecular bromine for each mole of HOBr and BrNO3

deposited (see Reactions 6 and 8) and a diurnal yield for each mole of deposited ozone of 75 millimoles
during the daytime (solar zenith angle > 5) and 1 millimole during the nighttime (solar zenith angle < 5)
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(see Reaction 10). The daytime yield was increased to 75 millimoles/mole to match surface ozone
depletion observations and is based on the assumption that photochemical reactions in the snowpack

would trigger a bromine explosion and amplify the net release of Br2 (Toyota et al., 2011). This
mechanism was also implemented in the EMAC model and replicated many of the features of reactive
bromine events observed by satellite-based GOME sensor (Falk and Sinnhuber, 2018).

Field campaigns have directly observed the production of SSA from blowing snow (Frey et al.,
2020) as well as production of Br2 from the snowpack (Pratt et al., 2013) in the environment. This

manuscript uses both production mechanisms for the first time in a global chemical model. Table 4.1
details the six different model configurations we use to test the ability of each mechanism to replicate

ground-based BrO observations. All models use the same gas-phase and heterogeneous chemical
mechanisms, those included in GEOS-Chem 12.9.3, but differ in sources of SSA and/or Br2 from

snowpack chemistry. The BASE model run includes only open ocean SSA emissions and no snowpack
emissions, the PACK model run includes only open ocean SSA emissions and snowpack emission of

molecular bromine with constant ozone yield, the BLOW model run includes both open ocean and
blowing snow emissions and no emission of molecular bromine from the snowpack. The BLOW model is

equivalent to the Huang et al. 2020a configuration of the blowing snow SSA source, which uses
somewhat different parameters from prior versions of this model and was chosen because it has been

tuned to agree with satellite-based BrO observations. The BLOW+PACK model run includes emissions of

molecular bromine from the snowpack as well as emissions of SSA from blowing snow and open ocean.
Two more model runs assume daytime bromine explosions may be triggered by photochemistry. The

PHOTOPACK model run includes open ocean SSA emissions and a 75-fold increase in daytime emission
of molecular bromine from the snowpack and is equivalent to the Toyota et al. (2011) mechanism that
assumes intra-snowpack chemistry amplifies Br2 yield during the day. The BLOW+PACK model run

includes increased daytime emissions of molecular bromine from the snowpack as well as emissions of

SSA from blowing snow and open ocean. We compare BrO simulated in each model run against

extensive ground-based observations of BrO made from February to June 2015. This complete set of
modeling scenarios allows identification of the effects of each mechanism on BrO as well as the

synergistic effects of both mechanisms working together.
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4.3 Data sources and methods
4.3.1 MAX-DOAS observation platforms
Multiple axis differential optical absorption spectroscopy (MAX-DOAS) remotely measures the

vertical profile of BrO (Honninger and Platt, 2002; Carlson et al., 2010; Frieβ et al., 2011; Peterson et al.,

2015; Simpson et al., 2017). BrO is commonly used as a proxy for total tropospheric reactive bromine
(Chance, 1998; Richter et al., 1998; Wagner and Platt, 1998; Theys et al., 2011; Choi et al., 2012). MAXDOAS instruments were mounted on all of the fifteen floating autonomous platforms (O-Buoys)
deployed in the Arctic sea ice as a part of the National Science Foundation-funded Arctic Observing

Network project (Knepp et al., 2010). O-Buoy 10 was deployed into sea ice in fall 2013 and measured
reactive halogen chemistry the following spring. Most O-Buoys were destroyed in the summer when
melting of the sea ice around them led to them floating in the Arctic Ocean among sea ice fragments

that crush the O-Buoys in summer storms. However, O-Buoy 10 survived summer 2014 and lasted
through the winter of 2014/15 and re-started observing in April 2015. O-Buoys 11 and 12 were deployed

in fall 2014 and also re-started observing BrO in April 2015. The labeled black lines in Figure 4.1 show
the GPS-derived tracks of the O-Buoys for their full deployment, while the red-colored portions of these

lines highlight the O-Buoy locations from April to June when the BrO observations considered in this
analysis were gathered. A MAX-DOAS instrument of the same design was deployed at the Barrow Arctic

Research Center (BARC) on the coast of the Arctic Ocean located at 156.6679°W, 71.3249°N near
Utqiagvik, AK (Simpson, 2018). The location of the BARC MAX-DOAS is shown by the red marker in
Figure 4.1. Unlike the O-Buoy MAX-DOAS systems, which were powered by batteries and solar panels,
the BARC MAX-DOAS was powered from local utilities and was able to defrost its viewport to gather BrO

observations earlier in the year, including February and March 2015. The BARC MAX-DOAS data was
compared with two O-Buoy style MAX-DOAS instruments deployed on Icelander platforms (deployed on

top of sea ice instead of within) and measurements from the various MAX-DOAS systems were found to

be comparable (Simpson et al., 2017). The reactive bromine season ends when the BrO slant column

densities fall to zero and do not recover, which we call the seasonal end date (Burd et al., 2017). All OBuoy and BARC (Utqiagvik) data are available at arcticdata.io (Simpson et al., 2009) (Simpson, 2018).
More information on the time periods of spring BrO observations can be found in Supplemental Table

A.1 and Burd et al. (2017). For comparison to the MAX-DOAS BrO observations, GEOS-Chem model

simulations are sampled along the GPS-derived paths of O-Buoys 10, 11 and 12 as well as at BARC.
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Vertical profiles of BrO were derived from these observations by means of optimal estimation

inversion procedures detailed in (Peterson et al., 2015) with settings detailed in (Simpson et al., 2017).
Examination of the averaging kernels from each MAX-DOAS retrieval finds the retrieved vertical profile

of BrO is best represented by two quantities: the vertical column density of BrO in the lowest 200 m,

and the vertical column density of BrO in the lowest 2000 m of the troposphere referred to in this

manuscript as BrOLTcol (Peterson et al., 2015). We approximate surface mixing ratio by assuming uniform
distribution of BrO throughout the lowest 200 m. This mixing ratio is reported as BrOpptv200 (Simpson et

al 2009, Simpson 2018).

4.3.2 GEOS-Chem chemical and meteorological model
The GEOS-Chem global atmospheric chemistry / transport model (Bey et al., 2001) simulates
emissions, transport, and photooxidation chemistry including halogens. The chemical mechanism in
GEOS-Chem 12.9.3 (http://www.geos-chem.org, last access 29 October 2019) includes HOx-NOx-VOC-O3halogen-aerosol tropospheric chemistry (Mao et al., 2013; Fischer et al., 2014; Fisher et al., 2016; Travis

et al., 2016). The model has been regularly and consistently updated to reflect current understanding of
heterogenous and gas-phase halogen chemistry.
Heterogenous reactions for release of reactive bromine from aerosol surfaces were added to

GEOS-Chem (Parrella et al., 2012) and have been updated to include multiphase reactions and reactions

between bromine, chlorine and iodine species (Schmidt et al., 2016; Sherwen et al., 2016a; Wang et al.,
2019b) as well as input from the stratosphere (Eastham et al., 2014). Recent updates also include
reactions between sulfur (IV) species and HOBr, which lead to a 50% decrease in Bry due to the

scavenging of HOBr on aerosol surfaces containing sulfur (Chen et al., 2017). These HOBr-sulfur(IV)
reactions are critical in moderating tropospheric BrO in the mid latitudes (Zhu et al., 2019). In GEOS-

Chem 12.9 the halogen chemical mechanism was modified extensively to include chlorine chemistry as
detailed in Wang et al. (2019b) and incorporates improved cloud pH calculation from Shah et al. (2020).
Reactive bromine in the troposphere may be generated by photolysis of CHBr3, oxidation of CHBr3,
CH2Br2 and CH3Br by hydroxyl radicals, downward transport of stratospheric reactive bromine, and
release of reactive bromine from SSA through heterogeneous reactions with HOBr, ClNO3, and O3,

similar to Reactions 1-10 above. GEOS-Chem uses the Modern-Era Retrospective Analysis for Research
and Applications, version 2 (MERRA-2) assimilated meteorological fields (Gelaro et al., 2017) re-gridded
from native resolution of 0.5°x0.625° latitude and longitude to 2°x2.5° in this manuscript.
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4.3.3 Comparing MAX-DOAS and GEOS-Chem BrO vertical column densities
The MAX-DOAS measurements are presented as partial vertical column densities in the lower
troposphere (0-2000m) and also in a surface layer (Peterson et al., 2015) whereas GEOS-Chem simulates

BrO mixing ratios for each of its 47 layers. Therefore, it is necessary to reduce the vertical resolution of

GEOS-Chem mixing ratios to the coarser MAX-DOAS vertical resolution for appropriate comparison
(Rodgers and Connor, 2003). Specifically, we grid-coarsen the averaging kernels produced by the HeiPro

retrieval algorithm (Frieβ et al., 2006; Frieβ et al., 2011) using equation (4) from Payne et al. (2009). We
select for non-cloudy conditions by using the average of all April averaging kernels that pass our quality

criteria (>0.5 DOFS in the lofted layer). This grid coarsening converts the higher resolution GEOS-Chem

results to two partial column averaging kernels which are summed to obtain GCBrOLTcol following the
methods from Chapter 3 Section 3.3.6. The information content (DOFS) in the partial column from 200

to 2000 m closely related to the aerosol optical depth (Peterson et al., 2015). We screen GCBrOLTcol to
select for clear sky conditions analogous those the averaging kernels were gathered in following the

methods from Chapter 3 Section 3.3.7. We select for clear sky conditions with a cut requiring the 20°
elevation angle oxygen collisional dimer (O4) dSCD to exceed 1043 molecule2 cm-5. This cut allows the

April averaged partial column averaging kernels to be applied to GEOS-Chem for any time of the year
with clear skies.

4.3.4 Sea salt aerosol particle production
GEOS-Chem tracks both accumulation mode SSA (rdry = 0.01-0.5 μm) and coarse mode SSA (rdry =

0.5-8 μm). . In the base model, SSA particles are created over regions of open ocean as a function of

wind speed and sea surface temperature (SST) as described in Jaegle et al. (2011) with updates for
emissions over cold water described in Huang and Jaegle (2017). In simulations including blowing snow,

SSA particles are also generated over sea ice regions by lofted snow particles that undergo
fragmentation and sublimation to form SSA (Yang et al., 2008, 2010; Frey et al., 2020).The blowing snow

mechanism in GEOS-Chem is described in detail in Huang et al. (2017) and we use settings described in
Huang et al. (2020). Blowing snow production is sensitive to temperature and windspeed (Sturm and

Stuefer, 2013) and is parameterized in GEOS-Chem by assuming wind and temperature thresholds for
SSA production. We simulate SSA production at native MERRA-2 resolution of 0.5°x0.625° latitude and
longitude as detailed in Chapter 3 Section 3.3.7 to capture higher peak wind speeds that would be

averaged out at lower spatial resolution.
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4.3.5 Snowpack emissions of molecular bromine

We follow the Br2 emissions scheme of Toyota et al. (2011) in which a set percentage of the
ozone, BrNO3 and HOBr deposited to the snowpack is transformed into Br2 assuming an infinite bromide

reservoir in the snowpack and emitted as a surface flux. Differing simulation scenarios include alternate

assumptions for the yield of Br2 during the day as shown in Table 4.1. The yield of molecular bromine
from ozone deposition for the PHOTOPACK and BLOW+PHOTOPACK runs is set at 75 millimoles/mole
during the daytime when the solar elevation angle is 5° or greater and 1 millimole/mole at night as in

Toyota et al. (2011). The yield of molecular bromine from ozone deposition for the PACK and
BLOW+PACK runs is assumed to remain constant at 1 millimole/mole day and night. The other two

species contributing to Br2 emissions are HOBr and BrNO3. Our mechanism assumes complete
conversion of deposited HOBr and BrNO3 to Br2 as in Toyota et al. (2011). This simplified deposition

based mechanism captured the synoptic-scale behavior of reactive bromine production across the Arctic

(Toyota et al., 2011; Falk and Sinnhuber, 2018).
Our goal in using this mechanism is to produce molecular bromine in GEOS-Chem in regions with
a saline snowpack, and specifically in the Arctic Ocean region where we have BrO observations.

Potential regions with snowpack for bromine production are land, glaciers, and sea ice. Snowpack on sea
ice has higher salinity than snowpack over coastal regions (Krnavek et al., 2012). Elevated levels of
reactive bromine are commonly seen over sea ice regions (Chance, 1998; Richter et al., 1998; Wagner

and Platt, 1998; Pohler et al., 2010). We allow for production of molecular bromine in the fraction of

each grid cell that is covered by sea ice and the snowpack on top of it. We specifically prohibit snowpack
Br2 emissions in the Great Lakes region (between 41° N and 49° N latitude and 75° W and 93° W

longitude) which, despite being fresh water, is classified as an ocean in MERRA-2 because Great Lakes
temperature comes from SST data (Bosilovich and Lucchesi, 2016). We believe that most freshwater

lakes should not enrich nearby snowpack in bromide due to their low saline content. We specifically
exclude the Great Lakes region due to the halogen measurements in McNamara et al. (2020) finding

road salt aerosols responsible for 80-100% of atmospheric ClNO2 with no mention of a source of reactive
halogens from nearby Lake Huron or Lake Erie. We do not consider anthropogenic snowpack bromide

enrichment in this model as more measurements are needed to constrain such a source (Mcnamara et

al., 2020).
Snowpack over land surfaces and glaciers may be enriched in bromide by oceanic sources
(Jacobi et al., 2012, 2019). The range that SSA may be transported inland is limited by geographical
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features and distance from coastline. Based on direct observations of reactive bromine chemistry up to
200 km from the Alaskan coastline (Peterson et al., 2018), we only allow the fraction of each grid cell

that is within 200 km of the coastline to produce molecular bromine. We resample a NOAA dataset

detailing distance to nearest coastline at a resolution 0.1° x 0.1° latitude and longitude (Stumpf, 2021) to

GEOS-Chem resolution of 2° x 2.5° latitude and longitude. We then multiply potential snowpack Br2
production by the fraction of each 2° x 2.5° grid cell that is within 200 km of the coast to simulate coastal

Br2 production. Examination of initial model land snowpack Br2 emissions shows high levels of molecular
bromine production in high elevation regions that are unlikely to be enriched by sea spray: the

Greenland Plateau, the Alaskan Rockies, the Brooks Range in Alaska, and the Scandinavian Mountains.

The difficulty of transport from sea level to higher elevations reduces the probability of bromide
enrichment from oceanic SSA. We performed sensitivity tests that eliminated snowpack Br2 emissions
from grid cells with average altitude 200, 300, 400, 500, 600 and 700 m and found that the 500 m screen

had the desired effect of reducing mountain snowpack emissions without reducing coastal snowpack

emissions. Therefore, we include an elevation screen that prevents grid cells with an average altitude of
500 m or more from producing molecular bromine.

Our final screen is based on the average snow depth in each grid cell. Both modeling studies
(Thomas et al., 2011; Toyota et al., 2014) and field studies (Domine et al., 2004; Pratt et al., 2013;

Custard et al., 2017; Frey et al., 2020) agree that bromine chemistry can occur in the better ventilated
and illuminated top of the snowpack. Regions with less than 10 cm of snowpack may not have sufficient

snow for reactive bromine chemistry, thus we only produce snowpack Br2 when the average snow depth

in a land grid cell is 10 cm or greater. This screen prevents molecular bromine production in the lower
latitude regions with minimal snow coverage and is necessary because ozone deposition to plants in

snow-free grid cells often exceeds the slow deposition of ozone to snowpack and would not be expected

to produce Br2.
4.3.6 Model run configurations

Our period of interest spans from late February until the seasonal end date, which occurs before
July 1 on all observation platforms (Burd et al., 2017; Swanson et al., 2020). We start our model on

October 1 2014 to allow for a model spinup time period equal to our period of interest. We run six total
model runs with settings detailed in Table 4.1. The first four runs compose a fully crossed test of each

mechanism independently and in concert along with the BASE run. The final two runs adjust the daytime
yield of Br2 on ozone deposition to the same value as the nighttime.
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4.4 Results and discussion
4.4.1 Snowpack Br2 emissions driven by ozone deposition
Snowpack emission of molecular bromine is largely due to the deposition of ozone during the

daytime in the PHOTOPACK and BLOW+PHOTOPACK runs with the ozone deposition over three orders
of magnitude larger than BrNO3 and HOBr deposition over the Arctic Ocean. As there is over 1000 times
more ozone deposition, ozone contributes the majority of total Br2 emitted in the PACK and

BLOW+PACK runs. The PHOTOPACK and PACK snowpack Br emissions are plotted in Figure 4.2. The
emission of Br2 in PHOTOPACK and BLOW+PHOTOPACK increases over the Arctic Ocean in May and
June, when the sun is above the horizon for up to 24 hours at a time and ozone deposition yield is

almost always at the assumed photo-enhanced level of 75 millimoles/mole. Notably, Br2 emissions over
the Arctic Ocean in the PHOTOPACK and BLOW+PHOTOPACK runs are highest in June when the sun is
nearly always five degrees above the horizon and surface temperatures may drop below freezing. This

does not agree with observations of BrO dropping to zero in June (Burd et al., 2017). The PACK
emissions are lower than the PHOTOPACK Br2 emissions by a degree of magnitude and show a more

realistic seasonal cycle with a decrease in May and June.
Coastal land regions within 500 km of the coastline have some of the highest modeled snowpack

Br2 emissions (see Figure 4.2). Dry deposition velocities are lower over ice covered ocean than open

ocean due to the higher likelihood of a stable surface boundary layer over the ice-covered ocean (Toyota
et al., 2016). Lower dry deposition velocities over the ice-covered Arctic Ocean lead to decreased
deposition and conversion to Br2. The land surface can also have a greater surface roughness than the

ocean surface. Our snowpack mechanism assumes that all ozone deposited to the surface of a grid cell
reacts with the snowpack cover. This assumption is more appropriate in the barren snow-covered
coastal tundra but may be less accurate over other land types. To give one regional example, the
coastal regions around Bristol Bay (southwest Alaska) are covered by both snow and abundant

vegetation. Silva and Colette (2017) investigated ozone deposition in GEOS-Chem and found that ozone
deposition is biased low in cold conditions, with Figure 1 of that paper showing southwest Alaskan

ozone deposition velocities increase from nearly 0 cm/s to 0.4 cm/s in the warm summer months due to
reactions of ozone with plants. However, our snowpack mechanism assumes that all deposited ozone

reacts with bromide and produces Br2 with a scenario-based yield. Therefore, use of ozone deposition
as the proxy for Br2 formation is likely to be incorrect in areas where either deposition to vegetation

dominates or snow lacks bromide. This nonconservative approach may lead to overestimation of Br2
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emissions from snowy vegetated surfaces. Our setup for snowpack emissions tried to minimize these

effects through the distance from coast, elevation, and sub-freezing temperature criteria, but it is likely

to not work perfectly due to finite grid cell resolution and other challenges. Increased Br2 emissions
observed in Figure 4.1 in northern Europe may also be partially driven by increased local emissions of
ozone and NOx over industrialized regions such as the Kola Peninsula.

4.4.2 Snowpack Br2 emissions have more impact than blowing snow on monthly BrO abundance
Monthly averaged GCBrOLTcol is shown at Utqiagvik and on the O-Buoys (see Figure 4.3) for each

model configuration. The difference in GEOS-Chem modeled monthly averaged GCBrOLTcol for O-Buoys is

minimal between the BASE and BLOW runs, the PHOTOPACK and BLOW+PHOTOPACK runs, and the
PACK and BLOW+PACK runs. The addition of PACK and PHOTOPACK increases GCBrOLTcol substantially.

Cohen's d is a standardized measure of the effect size of a given treatment (Cohen, 1988), with our
three treatments being the addition of the BLOW, PHOTOPACK, and PACK mechanisms to our BASE

model. We calculated Cohen's d metric on each O-Buoy and at Utqiagvik and find BLOW d between -0.1

and 0.6, PACK d between 1.8 and 2.3, and PHOTOPACK d between 1.8 and 9.1. We interpret these d
values to mean that the BLOW mechanism has a small effect on BrO and the two PACK mechanism have

a large effect.
Both BASE and BLOW runs predict near-zero GCBrOLTcol on all O-Buoys and during most months

at Utqiagvik. The exception to this is the slight increases in monthly GCBrOLTcol to 1*1013 molecules/cm2

in March and April. This BASE increase in GCBrOLTcol indicates that oceanic SSA rather than blowing snow
SSA can affect BrO at Utqiagvik due to its closer proximity to open ocean regions than the O-Buoys.

The PACK and BLOW+PACK runs show the highest skill in reproducing observations, falling
within the monthly average of hourly measured BrOLTcol error for 9 of the 13 months plotted in Figure

4.3. Both PACK and BLOW+PACK replicate the observed monthly pattern on O-Buoy 11 and at Utqiagvik

especially well. The key feature of seasonal maximum GCBrOLTcol at Utqiagvik in March followed by a
decrease to near-zero GCBrOLTcol in May is replicated in both runs despite the overprediction of BrOLTcol

in February and March. The BLOW+PACK monthly GCBrOLTcol is between 1*1014 molecules/cm2 and
1*1013 molecules/cm2 higher than PACK monthly GCBrOLTcol due to the addition of blowing snow. This
increase is most pronounced in February and March at Utqiagvik when lower temperatures lead to
lower threshold windspeeds and increased SSA production (see Chapter 3 Figure 3.2).
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The inclusion of increased daytime yield of snowpack Br2 drives monthly average GCBrOLTcol

above 3*1013 molecules/cm2 in the PHOTOPACK and BLOW+PHOTOPACK runs until June, far above peak
observed monthly BrOLTcol of 2*1013 molecules/cm2. The PHOTOPACK and BLOW+PHOTOPACK runs show

steady decline in GCBrOLTcol from February to June at Utqiagvik. Predictions of PHOTOPACK and

BLOW+PHOTOPACK monthly June GCBrOLTcol above 2*1013 molecules/cm2 on the O-Buoys is due to

increasing local snowpack Br2 emissions over the Arctic Ocean (see Figure 4.2). The PHOTOPACK
mechanism predicts monthly average GCBrOLTcol within observational error only on O-Buoy 12 in April.
Aside from this replication of the sparsely sampled O-Buoy 12 April BrOLTcol, the PHOTOPACK mechanism

overestimates BrOLTcol. This overprediction of BrOLTcol by PHOTOPACK and BLOW+PHOTOPACK extends to
overprediction of all tropospheric bromine species.
4.4.3 Increased daytime Br2 production increases modeled p-Br- and Bry

Figure 4.3 shows monthly average vertical distribution of Bry species and p-Br- for each different
model run in May at Utqiagvik. The vertical distributions plotted here are representative of the average
monthly Bry speciation throughout Arctic spring. The BASE run exhibits minimum Bry of roughly 1

pmol/mol at the surface increasing steadily up to roughly 2 pmol/mol up at the tropopause. The BLOW
model runs shows only minor variation from BASE, with an increase in particulate bromide of 1

pmol/mol in the lowest kilometer of the troposphere as BLOW injects SSA into the lowest layers of the
troposphere.
The addition of snowpack Br2 emissions causes much more noticeable changes in the vertical Bry
profile. The PHOTOPACK and BLOW+PHOTOPACK runs increase modeled monthly average surface Bry to

34 pmol/mol (see Figure 4.4). The vertical profile of Bry is increased greatly by PHOTOPACK, tailing to a

height of roughly 5 km, where the vertical profile again resembles that of the base model. Figure 4.4
shows large quantities equivalent of p-Br- to 36 pmol/mol. Average May Utqiagvik surface BrOx is 14

pmol/mole, nearly ten times the monthly average surface BrO in BASE, BLOW, PACK or BLOW+PACK and

six times average May BrO Utqiagvik BrOpptv200 of 2.4 pmol/mol. PHOTOPACK surface May average BrO is
more comparable to observations of BrO at the peak of a reactive bromine event. Wang et al. (2019a)

used chemical ionization mass spectrometry to measure BrO up to 25 pmol/mol and Br up to 12

pmol/mol during reactive bromine and ozone depletion events, but these elevated BrOx levels were

episodic and decreased to single digit pmol/mol within hours. Adding the BLOW mechanism to the
PHOTOPACK run increases surface particulate bromide by only 2.5 pmol/mol, less than a tenth of overall

BLOW+PHOTOPACK p-Br-of 36 pmol/mol.
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Monthly average surface ozone at Utqiagvik drops to 5 pmol/mol in the PHOTOPACK and

BLOW+PHOTOPACK runs (see solid black lines in Figure 4.4). Mean surface ozone in May at Utqiagvik
from 1999-2008 was roughly 22 pmol/mol, and the 5th percentile of May surface ozone in the same
period was 5 pmol/mol (Oltmans et al., 2012). The 5th percentile of May Utqiagvik ozone reported in

Oltmans et al. (2012) represents the most severe ozone depletion events, and PHOTOPACK model

predictions of monthly mean surface ozone at 5 pmol/mol vastly overestimate the strength of May
ozone depletion. These severe ozone depletions prevent Br from reacting with ozone to form BrO as in

Reaction 2, thus 27% of surface layer BrOx is present as Br in these runs and BrO is suppressed. This
leads to a feedback on snowpack emissions where increase Br2 emissions deplete ozone and limit

further Br2 emissions.
Toyota et al. (2011) initially assumed a constant yield of Br2 from ozone deposition of 0.1%
based on laboratory observations of nighttime bromine activation on ozone deposition (Oum et al.,

1998; Wren et al., 2010, 2013) and then adjusted the daytime yield to 75 millimoles Br2/mole O3 to
better match surface ozone mixing ratios measured at coastal stations. This increased daytime yield

value was chosen assuming that photochemistry may trigger an autocatalytic cycle leading to a 75-fold
increase in Br2 yield. GEOS-Chem does not explicitly model heterogenous photochemistry within the

snowpack interstitial space, but does include heterogenous bromine chemistry on aerosol particle
surfaces after the Br2 is emitted from the snowpack into the lowest model layer. The updates to GEOS-

Chem halogen chemistry (Schmidt et al., 2016; Sherwen et al., 2016b; Chen et al., 2017; Wang et al.,
2019b) should be mechanistically sufficient to model daytime heterogenous chemistry of reactive

bromine on aerosol surfaces. From the drastic overprediction of BrO in model scenarios that assume

increased daytime snowpack Br2 yields (75 times the nighttime yield), we find that this daytime factor
appears too large to be realistic. In addition, we note that improvements to GEOS-Chem have increased
the explicit modeling of these photochemical recycling and amplification processes, possibly reducing
the need for empirical increases to daytime yields.

4.4.4 Constant yield of Br2 improves agreement with observed BrO and surface ozone
The addition of PACK to GEOS-Chem leads to enhancements in each Bry species and p-Br- below

1 km altitude. Surface PACK Bry concentrations are roughly ten times the BASE run, with the increase in
Bry dominated by increases in BrO as well as HOBr and BrNO3. PACK BrOx makes up only 0.6 pmol/mol of
monthly average surface Bry, smaller than observed average May Utqiagvik BrOpptv200 of 2.4 pmol/mol.

The addition of the blowing snow mechanism increases surface particulate bromide by 0.4 pmol/mol
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and surface BrO and BrNO3 by 0.1 pmol/mol. The increased BLOW aerosol surface area scavenges HOBr
and thus adding BLOW+PACK does not see an increase in surface HOBr.
The increase in Bry in the PACK and BLOW+PACK runs is confined to the lowest 1000 m of the
atmosphere. Ozone depletions, caused by reactive bromine chemistry, often only occur within the

lowest 1000 m of the troposphere (Bottenheim et al., 2002; Salawitch et al., 2010). Previous studies

have found evidence of elevated BrO in plumes lofted up to 900 m altitude (Peterson et al., 2017). The
monthly average Utqiagvik May surface ozone in BLOW and BLOW+PACK is 22 nmol/mol, matching

mean May surface ozone from 1999-2008 (Oltmans et al., 2012). The PACK and BLOW+PACK runs
duplicate the approximate vertical extent of elevated bromine levels and the strength of historic May

ozone depletion.

4.4.5 BLOW SSA increases aerosol surface for turnover of Bry

Previous implementation of the blowing snow mechanism in GEOS-Chem led to reactive
bromine events in GEOS-Chem version 11-02d (Huang et al., 2020) and GEOS-Chem version 12.6.1 (see

Chapter 3). We use the exact same set of offline blowing snow SSA emissions as in Chapter 3, yet no
reactive bromine events occur in the BLOW run with GEOS-Chem 12.9.3. The introduction of HOBr-

sulfur(IV) reactions leads to a 50% decrease in GEOS-Chem Bry (Chen et al., 2017). The HOBr-sulfur(IV)
reactions compete with Reaction 6 in the model, slowing the release of Br2 from aerosol surfaces. The

addition of BLOW leads to increased BrO in BLOW+PACK, but the increase is smaller than seen in

Chapter 3. Blowing snow aerosol particle surfaces can increase tropospheric reactive bromine as in the
BLOW+PACK run by acting as a surface for the recycling of reactive bromine.

Figure 4.5 shows the chemical production, loss, and net production of p-Br-in the boundary layer

in May for the BLOW+PACK run. Production and loss on the order of 10-12 kg p-Br-/m2/s occurs across
the Arctic, ten times greater than net production and loss. For comparison, the fourth plot shows the
physical creation of new p-Br- by the blowing snow mechanism in May 2015, which is on the same order

of net production of p-Br- and a degree of magnitude lower than chemical production. Aerosol particles

act more as a surface for bromine recycling in GEOS-Chem than as a net source of reactive bromine. We
can approximate the number of times bromide cycles into particulate form before deposition by

comparing production to net production. The ratio of production to net production in May is spatially
variable, with highest values on the order of 1000 over the Arctic Ocean and lower values on the order
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of 10 to 100 in southern latitudes. This indicates increased GEOS-Chem recycling of Br- on aerosol
surfaces over the Arctic Ocean than in lower latitude regions.

Net production of particulate bromide of up to 10-13 kg p-Br-/m2/s can be seen on the edge of
the Arctic (see Eurasian coastline in Figure 4.5) where increased emissions of Br2 add bromide to SSA. Bry
is removed from the troposphere by deposition to open ocean areas north of Scandinavia or Eurasian

continental grid cells.
4.5 Constant snowpack Br2 emissions replicate hourly BrO events in mid and late May
Hourly predictions of GCBrOLTcol in May 2015 are shown in Figure 4.6 for the BASE, PACK, and

BLOW+PACK runs. The O-Buoys show fluctuations in observed BrOLTcol during May and show consistent
increased columns of BrOLTcol from May 10 to May 20. The BASE run never rises above 1*1013
molecules/cm2 and underpredicts May hourly BrOLTcol. Both PACK and BLOW+PACK runs show more skill

in replicating BrOLTcol. One modeling difficulty encountered in Chapter 3 was the difficulty of replicating
late-season increases in BrO. However, the addition of the snowpack mechanism allows us to predict

increased GCBrOLTcol in late May on O-Buoys 10 and 11. This points to the role of surface snowpack in
late-season events in agreement with the findings of Burd et al. (2017).

We can identify the role of blowing snow SSA by comparing the PACK and BLOW+PACK runs.
Both PACK and BLOW+PACK GCBrOLTcol runs underestimate BrOLTcol during the first ten days of May. BrO

predictions and observations are more active starting on May 10. The blowing snow mechanism
increases BLOW+PACK GCBrOLTcol on May 12 and 13. PACK is skilled at replicating observed O-Buoy 11
BrOLTcol on both days, and both PACK and BLOW+PACK are within observational BrOLTcol error on May 13.

A BrO event also occurs on May 13 on O-Buoy 10. While the strength of the O-Buoy 10 BrO
event is overestimated, the shape of that event is duplicated by PACK and BLOW+PACK. Examination of

the O-Buoy 10 vertical Bry profile in Supplemental Figure C.1 shows surface BrO increasing to 2

pmol/mol in the lowest 200 meters of the troposphere on May 10. BrO is mixed vertically on May 12

and 13 throughout the lower troposphere, with a linear decrease from surface BrO mixing ratios of 3
pmol/mol to 0 pmol/mol at 1200 m altitude. This May 12 GCBrOLTcol event is also associated with surface
ozone depletion to 15 nmol/mol.

Observed BrOLTcol decreases rapidly on all O-Buoys after May 14, and the model is unable to

track this sharp decrease. Rapid changes in BrOLTcol may be caused by sharp edges in BrO-enriched
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airmasses such as those seen by Simpson et al. (2017). GEOS-Chem run at this resolution cannot

replicate abrupt changes in BrO, but it does slowly decrease GCBrOLTcol to reach GCBrOLTcol to less than

1*1013 molecules/cm2 on May 16. The BLOW+PACK mechanism is skilled in replicating the magnitude

and features of a mid-May BrO event on several O-Buoys.
Figure 4.7 shows all Spring 2015 BrOLTcol observations on O-Buoys 10, 11, 12, and BARC plotted
against PACK GCBrOLTcol and BLOW+PACK GCBrOLTcol. The increase in GCBrOLTcol on adding BLOW leads to

fewer underpredictions of observations (see bottom right half of Figure 4.7 b). The Pearson correlation
coefficient between PACK GCBrOLTcol and observed GCBrOLTcol is 0.33, improving to 0.39 on addition of

BLOW in the BLOW+PACK run. For comparison, the BASE GCBrOLTcol Pearson correlation to observations
is 0.19 and the BLOW GCBrOLTcol Pearson correlation to observations is 0.23. We also performed a simple

linear regression to determine the relationship between predictions and observations for each run. The

slope of the line of best fit improves drastically on addition of PACK, changing from 0.06 for BASE and
0.07 for BLOW to 0.33 for PACK and 0.44 for BLOW+PACK. There is a positive synergistic effect on the

slope of the line of best fit when using both BLOW and PACK in combination rather than individually.
The use of both BLOW and PACK mechanisms implements literature findings on the processes Arctic
reactive bromine and increases correlation between GEOS-Chem predictions and observations.

4.6 Conclusions
We snowpack Br2 production model to GEOS-Chem because multiple field observations have
demonstrated molecular bromine production in snowpack interstitial air. We used a mechanistic

parameterization of snowpack Br2 production based on Toyota et al. (2011) in which Br2 is emitted from
the snowpack upon deposition of the precursor species HOBr, BrNO3, and ozone, with ozone being the

most important due to its much greater abundance. Prior work has also added a blowing snow SSA
production mechanism that increases aerosol particle bromide and thus facilitates heterogeneous
recycling of reactive bromine on these aerosol particle surfaces. We updated the GEOS-Chem halogen

scheme to 12.6.2 and performed six model simulations including a BASE run with neither blowing snow

nor snowpack emissions, a PACK run assuming constant yield of Br2 on ozone deposition, a PHOTOPACK
run assuming increased daytime yield of Br2 on ozone deposition (as in Toyota et al., 2011), a BLOW run
using only blowing snow SSA formation and two additional runs combing BLOW and each respective

PACK mechanism. The snowpack mechanism has more impact on modeled BrO mixing ratios than the
blowing snow mechanism, but both contribute to tropospheric BrOx. The increased daytime yield of Br2

in PHOTOPACK led to overprediction of BrO in these simulations, but the PACK run (with constant Br2
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yield day and night) was able to match monthly averaged BrO vertical column densities for 9 of 13 cases
at O-Buoy and Utqiagvik in springtime months. The PACK and BLOW+PACK runs approximately
replicated the vertical extent and strength of May ozone depletions at Utqiagvik and were successful in

replicating observed mid-May BrO events on O-Buoys as well as recurrence events at the end of May.
The inclusion of two Arctic reactive bromine production mechanisms based on literature observations of

snowpack Br2 emission and blowing snow SSA formation improves model skill in replicating Arctic
tropospheric BrO in spring 2015.
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4.9 Figures

Figure 4.1 Spring 2015 GPS tracks and ice coverage

O-Buoy GPS tracks with float path in blue and periods of valid spring BrO observations in green. Location
of Barrow Arctic Research Center (BARC) in Utqiagvik indicated by green dot. True color MODIS imagery
on 1 April 2015 shows typical sea ice coverage. Data courtesy of NASA EarthData (Wentz et al., 2021).
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Figure 4.2 Monthly average snowpack Br2 emissions
Monthly average snowpack Br2 emissions in GEOS-Chem. Top row shows Br2 emissions in PHOTOPACK
run by month, bottom row shows Br2 emissions in PACK run by month. All emissions in units of kg
Br2/cm2/s.
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Figure 4.3 Monthly average BrOLTcol

Monthly averages of BrO at a) O-Buoy 10, b) O-Buoy 11, c) O-Buoy 12, and d) BARC at Utqiagvik only
using predictions and observations when dSCDO4 >1*1043 molecules/cm2. Observations with average 1σ
error shown in red, BASE GCBrOLTcol shown in brown, BLOW GCBrOLTcol shown in yellow, PHOTOPACK
GCBrOLTcol shown in blue, BLOW+PHOTOPACK GCBrOLTcol shown in green, PACK GCBrOLTcol shown in
purple, and BLOW+PACK GCBrOLTcol shown in orange. All units in 1013 molecules/cm2.
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Figure 4.4 May modeled vertical Bry and p-Br- profiles

Average May daytime (solar elevation > 5) vertical distribution of Bry species and p-Br- at Utqiagvik
plotted as mixing ratios of Br equivalent (true Br2 mixing ratios are half of plotted Br ratios). BASE run at
top left, BLOW run at top right, PACK run in middle left, BLOW+PACK run in middle right, PHOTOPACK at
bottom left, BLOW+PHOTOPACK at bottom right. Ozone is plotted in black as nmol/mol for PHOTOPACK
and BLOW+PHOTOPACK runs.
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Figure 4.5 Particulate bromide mass balances

Chemical production, loss, and net production of boundary layer particulate bromide in the boundary
layer during the month of May for the BLOW+PACK run. The creation of p-Br- by the blowing snow
mechanism is show in the fourth panel. All units in 10-12 kg Br/m2/s.
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Figure 4.6 Hourly BrOLTcol timeseries

Hourly timeseries of BLOW+PACK, PACK, and BASE GCBrOLTcol on a) O-Buoy 10, b) O-Buoy 11, c) O-Buoy
12 and d) BARC at Utqiagvik in the 2015 Arctic Spring. O-Buoy observations and error bars in red, BASE
GCBrOLTcol in brown, PACK GCBrOLTcol in purple, and BLOW+PACK GCBrOLTcol in orange. All GCBrOLTcol
plotted continuously except for gaps where dSCDO4 >1*1043 molecules/cm2.
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Figure 4.7 Hourly GCBrOLTcol versus BrOLTcol observations

Two dimensional histograms showing density of GEOS-Chem predicted BrO versus all Spring 2015 hourly
BrLTcol , with a) PACK GCBrOLTcol shown at left sorted into square bins of 0.2 and b) BLOW+PACK GCBrOLTcol
on the bottom sorted into square bins of 0.2. All units are in molecules/cm2. 1:1 line drawn in the center
in black, with a margin of the average observational error plotted in dashed black lines around the
central 1:1 line.
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Table
Table 4.1 Model run settings
Sea salt aerosol particles are produced from blowing snow as detailed in Section 2.5. Daytime is defined
as when the solar elevation angle is greater than 5°, nighttime is defined as when the solar elevation
angle is less than 5°.

Blowing snow SSA
production
BASE
BLOW
PHOTOPACK
BLOW+PHOTOPACK
PACK
BLOW+PACK

False
True
False
True
False
True

Millimoles Br2 yielded
per mole ozone
deposited (daytime)
0
0
75
75
1
1
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Millimoles Br2 yielded
per mole ozone
deposited (nighttime)
0
0
1
1
1
1
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Chapter 5 Conclusions, Implications and Future Outlook

5.1 Conclusions

This dissertation finds two main processes explain much of the observed variance in bromine
monoxide (BrO) and implements two reactive bromine production mechanisms into a global chemistry /
transport model, GEOS-Chem. This dissertation uses long-term springtime observations of BrO made on

floating autonomous O-Buoy platforms as well as from the coastal site of Utqiagvik. Chapter 2

statistically analyzed the entire BrO dataset from 2011 to 2016 and found average BrO varied
significantly between different years, but regional differences were not statistically significant. We

ingested meteorological reanalysis products as well as O-Buoy meteorological observations to perform

multivariate principal components analysis of the relationship between BrO and local meteorological
and chemical variables. We find three principal components driving variance within the chemical and
meteorological data. The third principal component explains the most variance in BrO and is correlated
with cold temperatures and low ozone, matching literature observations of elevated levels of BrO and

ozone depletion during cold conditions. This principal component can work concurrently with either of

the first two principal components to generate two different types of BrO events. The first principal

component describes a meteorological low-pressure system with a thick vertical mixing layer, which can
work with the third principal component to generate BrO events consistent with elevated BrO seen in

Arctic low-pressure systems. The second principal component describes cold and stable meteorological

conditions and can work with the third principal component to generate BrO events consistent with
elevated BrO seen under shallow inversions. The findings of our statistical analysis confirm that elevated

levels of BrO can be driven by two separate mechanisms.

Chapter 3 examines current GEOS-Chem model mechanisms enabling reactive bromine recycling
through enhanced sea salt aerosol loadings produced by blowing snow. We use the Huang et al. (2020a)
blowing snow mechanism to source sea salt aerosol particles in the latest version of the GEOS-Chem

global chemical model. We run this blowing snow mechanism offline at highest possible resolution to

generate a reusable blowing snow SSA emissions data product for 2015 and adjust the mechanism
settings to reflect current findings that reactive bromine may be produced over multi-year ice. We focus
our modeling efforts on 2015, when we had three O-Buoys observing BrO in the springtime and an

additional three O-Buoys observing BrO in the fall. We coarsen the GEOS-Chem results to the lower
resolution MAX-DOAS BrO vertical column densities and apply averaging kernels to generate a

comparable GEOS-Chem BrO vertical column density diagnostic called GCBrOLTcol. This methodology
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establishes a best practice for future comparisons between ground-based MAX-DOAS instruments and
model results. This model comparison effort finds that the blowing snow mechanism predicts monthly
averaged springtime BrO within observational error for 9 of our 13 months of observation using the
GEOS-Chem 12.6.1 chemistry. However, as described in Chapter 4, addition of reactions between HOBr

and sulfur(IV) species added in subsequent chemistry updates worsen this agreement. The blowing
snow mechanism accurately predicts the hourly evolution of one BrO event, but in many cases was

unable to replicate the peak observed BrO or predicted a BrO event temporally displaced from the
observed event. We also discovered that the blowing snow mechanism predicts large increases in fall
BrO that do not qualitatively match any MAX-DOAS observations or satellite observations.

After examining the effectiveness of the blowing snow model mechanism in generating BrO
events similar to the low-pressure events identified by statistical analysis, we hypothesized that the

addition of a snowpack source of reactive bromine could produce the shallow stable bromine events
identified by statistical analysis. Chapter 4 adds a flux of Br2 from snowpack in GEOS-Chem, which was
motivated by multiple direct observations of Br2 production in snowpack interstitial air. We adapt a

mechanistic parameterization of snowpack Br2 production (Toyota et al, 2011) suited for use in a global
chemical model in which the deposition of precursor species HOBr, BrNO3, and ozone yields emission of
Br2. Each mole of HOBr or BrNO3 deposited to snow covered surface in GEOS-Chem is rapidly and

completely converted to Br2, but these species tend to be very low abundance, limiting their production

of Br2 as compared to the much more ubiquitous ozone deposition. In the Toyota et al. (2011)

parameterization, each mole of deposited ozone creates up to 75 millimoles Br2. Previous global model
studies fine-tuned each of these mechanisms to independently replicate observed BrO mixing ratios or
ozone mixing ratios. We test both mechanisms independently and together and in reference to a base

run that has neither mechanism using the latest GEOS-Chem model chemistry (12.9.3) that includes

scavenging of HOBr by sulfur(IV) on aerosol particles to more accurately reflect bromine uptake on sea
salt aerosol particles. We tested two variants of the snowpack mechanism: one assuming a constant

yield of 1 millimole Br2 per mole of deposited ozone, and another assuming an increased daytime yield
of 75 millimole Br2 per mole of deposited ozone due to presumed snowpack photochemistry. In both
cases, the production of Br2 over the snowpack is largely due to ozone deposition. The snowpack

mechanism has more impact than the blowing snow mechanism on modeled BrO. While Chapter 3

predicted BrO events on addition of the blowing snow mechanisms, the increases on adding blowing
snow SSA in Chapter 4 were more muted. We believe this is a result of GEOS-Chem updates the halogen
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chemistry scheme including reactions between HOBr and sulfur(IV). The competition for reactions with
HOBr on aerosol surfaces allows the blowing snow mechanism to work in tandem with snowpack Br2
emissions without overpredicting BrO. We find that using snowpack emissions with constant Br2 yield in

tandem with blowing snow SSA emissions best replicates the vertical structure and strength of May
ozone depletions and agrees with O-Buoy observations of surface and lower tropospheric column BrO in

May. The snowpack mechanism increases reactive bromine mixing ratios in the lowest kilometer of the
troposphere, whereas blowing snow SSA acts as a surface for reactive bromine recycling but is not a
major net source of reactive bromine. Using both mechanisms together simulates several hourly BrO
events as well as late-season increases in BrO.

5.2 Implications
Tropospheric halogen research has diverged into two main hypotheses regarding the most

important source of reactive bromine. One hypothesis is informed mainly by satellite observations of

reactive bromine events in low pressure systems and posits that recycling of BrO on SSA surfaces is the
the main source supporting tropospheric reactive bromine levels (Yang et al., 2008). Blowing snow
modeling efforts that have tuned this mechanism have been successful in replicating observed cycles of

Arctic SSA (Huang and Jaegle, 2017) or aerosol abundance as detected by the CALIOP space-based lidar
(Huang et al., 2018), but differing model tunings may indicate that there are issues with this approach.
A further tuning of this model, Huang et al., 2020a, was used to compare to satellite-detected BrO.

Additionally, blowing snow models are sensitive to set parameters such as the number of aerosol
particles produced from each snowflake or the threshold windspeed for SSA formation.

The other hypothesis is informed mainly by ground-based observations of reactive bromine
events under shallow inversions (Frieβ et al., 2004; Koo et al., 2012; Peterson et al., 2015) and posits

that snowpack production of reactive bromine is important for sustaining observed tropospheric
reactive bromine levels (Lehrer et al., 2004). Snowpack chemistry modeling efforts are extremely skilled

at replicating observed vertical BrO distributions (Thomas et al., 2011), but transitioning these successes

to global modeling is currently impossible due to poor constraints on crucial parameters such as the
salinity and pH of snowpack across the Arctic.

This divergence is heightened by the structural difference in sensing capabilities of satellites and
ground-based instruments. Satellites have wide spatial and temporal coverage and are sensitive to
tropospheric BrO (Chance, 1998; Richter et al., 1998; Wagner and Platt, 1998), but are less sensitive to
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surface BrO and may be affected by interference from clouds or changes in tropopause height (Theys et

al., 2011). Ground-based observations are sensitive to surface BrO, but observations may be spatially
constrained to specific coastal stations or temporally constrained by the duration of field campaigns.

Our statistical analysis of a long-term pan-Artic ground-based observational dataset shows that
there is room for multiple processes to influence BrO across the Arctic Ocean. We compare existing

model mechanisms to observations and implement both blowing snow SSA production and surface

snowpack Br2 flux in a global model with detailed halogen chemistry, showing skill in replicating both
monthly average BrO vertical column densities as well as specific BrO events observed on an hourly

basis. While there is much work to be done to better constrain model parameters against field
observations and tune the model to better agree with ground-based and satellite-based BrO
observations, this dissertation indicates that inclusion of both mechanisms is useful on a pan-Arctic

scale.
5.3 Future Outlook
The most pressing problem in this age of environmental science is to understand and predict the
effects of anthropogenic climate change. These changes are especially pronounced in the Arctic, which is
warming at twice the rate of the rest of the globe. Arctic sea ice cover and concentrations are dwindling,

and variability in heat and moisture is sending shocks through teleconnection patterns across the
Northern Hemisphere. This dissertation improves our understanding of the environmental factors

affecting Arctic reactive bromine chemistry and provides tools to understand what may happen in the
future.

The methodology for comparison of MAX-DOAS and GEOS-Chem in Section 3.3.8 should be used
for future comparisons between vertical models and MAX-DOAS data. Our descriptive statistics on BrO

across the Arctic from 2011-2016 from Table 2.2 and Figure 2.2 can be used as a baseline of BrO levels
for future Arctic Ocean ground-based field campaigns. We also compare the blowing snow mechanism

to ground-based data, paving the way for its inclusion in the core GEOS-Chem model distribution. We
are the first to add snowpack Br2 emissions to GEOS-Chem, improving on the already detailed GEOS-

Chem halogen chemistry and paving the way for future sensitivity studies.
Our predictions of BrO will continue to improve with advances in chemical modeling and

addition of high-quality meteorological data. We noted the sensitivity to windspeed in Chapter 2, and

high-resolution windspeed may allow even more accurate modeling of blowing snow SSA formation.
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Similarly, the skill of the snowpack mechanism will improve when vertical mixing and deposition over
sea ice are better understood. For instance, open sea ice leads occur sub-grid scale (see Figure 4.1) but

are not explicitly modeled in GEOS-Chem. Convective mixing from sea ice leads may have significant
impact on oxidative chemistry by terminating ozone depletion events in the boundary layer (Moore et

al., 2014). The GEOS-Chem model is continually improved to utilize high-resolution meteorology inputs.

Recent advancements include use of parallel computing architectures to enable global simulations at
high resolution on a cubed-sphere grid (Eastham et al, 2018) as well as online coupling of GEOS-Chem to
the Weather Research and Forecasting model to enable detailed regional modeling of air quality and

composition. As higher-quality Arctic data products are made available, improved future version of
GEOS-Chem with snowpack emissions and blowing snow SSA will gain skill in predicting hourly BrO
events.

In theory, a characterization of pan-Arctic snowpack salinity and pH would enable the coupling
of a snowpack model to the GEOS-Chem global model. Vertically resolved snowpack chemistry models
have demonstrated excellent skill in replicating BrO observations during specific field campaigns using
abundant data on snow composition. However, snowpack salinity and pH are highly variable across the

Arctic and translating a snowpack model to a global scale would require extensive sampling to constrain
pan-Arctic snowpack composition. Our mechanistic approach of snowpack Br2 production on deposition

merely requires accurate modeling of meteorological deposition and transport processes.

Meteorological processes also drive the blowing snow mechanism. The coupled model intercomparison
project gives us current estimates on changes in Arctic meteorology over the next fifty years. The

mechanistic modeling of both reactive bromine production mechanisms in GEOS-Chem enables
immediate predictive modeling of future tropospheric chemistry over the Arctic Ocean based on

different scenario predictions of changes in windspeed, surface temperature, and humidity. This
dissertation improves understanding of reactive bromine, adds novel methodology to reactive bromine

modeling and analysis, and enables future modeling scenarios to predict the future role of reactive
bromine in the Arctic.
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Supplementary Information for “Arctic reactive bromine events occur in two distinct sets of
environmental conditions: a statistical analysis of six years of observations”

Figure A. 1 SLP comparison

Comparison of sea level pressure as measured by O-Buoy 10 and sampled from MERRA-2 along O-Buoy
10 track. O-Buoy 10 selected due to extended length of observations. Date in Year/Month format shown
on the X-axis.
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Figure A. 2 Normalization histograms

Histograms of variables before and after transformation. Untransformed variables are in the left column
and transformed variables are in the right column. Surface and BrOLTcol measurements were square root
transformed, while the extinction was log transformed.

140

Figure A. 3 O-Buoy 2 observations

Timeseries of BrO observations on O-Buoy 2 in the spring of 2011. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.

Figure A. 4 O-Buoy 4 observations

Timeseries of BrO observations on O-Buoy 4 in the spring of 2012. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.
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Figure A. 5 O-Buoy 11 observations

Timeseries of BrO observations on O-Buoy 11 in the spring of 2015. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.

Figure A. 6 Utqiagvik 2012 observations
Timeseries of BrO observations at Utqiagvik in the spring of 2012. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.
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Figure A. 7 Utqiagvik 2013 observations
Timeseries of BrO observations at Utqiagvik in the spring of 2013. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.

Figure A. 8 Utqiagvik 2014 observations
Timeseries of BrO observations at Utqiagvik in the spring of 2014. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.
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Figure A. 9 Utqiagvik 2015 observations
Timeseries of BrO observations at Utqiagvik in the spring of 2015. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.

Figure A. 10 Utqiagvik 2016 observations
Timeseries of BrO observations at Utqiagvik in the spring of 2016. BrOLTcol on top a) with observations
and errors bars in blue and BrOsurf on bottom b) with observations and error bars in blue.
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Figure A. 11 Potential temperature histogram
Histogram of potential temperature differential in the lowest 100 m. All units in Kelvin.
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Figure A. 12 Meteorology-only PCA

Results of principal components analysis on only meteorological variables. Variables used are: surface
temperature (Temp), sea level pressure (SLP), windspeed at 10 meters (Vwind), MLH (Richardson mixed
layer height), hourly rate of change in pressure (ΔP1hr), potential temperature differential between 0 and
1000 m (ΔΘ1000m), and potential temperature differential between 0 and 100 m (ΔΘ100m). PC1 has a
normalized variance of 2.10, PC2 has a normalized variance of 1.61, and PC3 has a normalized variance
of 1.10. Exact loading values listed in Supplemental Table S2.
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Figure A. 13 Annual BrO vs Sea ice extent

Average of daily BrO vertical column density each year versus the minimum sea ice extent in the
previous fall, as percentage of average historic (1979-2000) minimum sea ice extent. Sea Ice Index data
from the National Snow and Ice Data Center (Fetterer et al., 2017). a) BrOLTCol plotted in blue on left and
b) BrOsurf plotted in green on right . Correlation coefficient between BrOLTCol and minimum sea ice extent
was -0.59, and correlation coefficient between BrOsurf and minimum sea ice extent was -0.49.
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Figure A. 14 Surface temperature vs BrO

Scatterplots of surface temperature versus observed BrO, with BrOLTcol shown on top and BrOsurf on the
bottom. All BrO units are in molecules/cm2, and temperature units are in degrees Celsius.
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Table A. 1 Observation timeperiods

Number of BrO observations and date range (UTC) of those observation, grouped by location of
observation and year of observation. Barrow Arctic Research Center in Utqiagvik is abbreviated BARC.
MAX-DOAS
location

Number of
hourly BrOLTcol
obs

Number of
hourly BrOsurf
obs

Number of
hourly BrO obs
used in analysis

First
observation
of valid BrO

Final reported
BrO observation

O-Buoy 2

937

1294

581

4/2/11

6/17/11

O-Buoy 4

906

1244

390

4/16/12

6/17/12

O-Buoy 6

1059

1527

23

4/11/12

6/17/12

O-Buoy 10

559

1042

264

4/14/14

6/16/14

O-Buoy 10

384

810

0

4/21/15

6/10/15

O-Buoy 11

535

954

272

4/21/15

6/10/15

O-Buoy 12

238

488

0

4/24/15

5/22/15

O-Buoy 14

455

686

36

4/20/16

5/22/16

BARC

880

1217

438

3/6/12

6/3/12

BARC

945

1315

599

2/21/13

6/7/13

BARC

907

1344

420

2/21/14

6/7/14

BARC

999

1506

458

2/21/15

6/10/15

BARC

776

913

406

2/21/16

5/13/16
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Table A. 2 PCA loadings

Loadings for the first three principal components, as graphed in Figure 2. Each loading corresponds to
the change of each variable in standard deviations given a change of one standard deviation in the
strength of the principal component.
Variable

PC1 Loading

PC2 Loading

PC3 Loading

Ozone

-.021

.347

-.569

Extinction in lowest 200 m (EXT)

.246

.270

.216

Surface temp (Tambient)

.087

-.392

-.582

Sea level pressure (SLP)

-.338

.160

.231

Windspeed at 10 m (Vw10m)

.345

.459

-.263

Richardson mixed layer height (MLH)

.595

.041

-.008

Change in pressure from one hour to next (ΔP1hr)

-.007

-.271

.196

Potential temperature differential in lowest 1000
m (ΔΘ1000m)

-.326

.580

.041

Potential temperature differential in lowest 100
m (ΔΘ100m)

-.487

-.069

-.358
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Table A. 3 Figure 5 BrOLTcol percentiles
Percentile of daily averaged BrOLTcol for specific years and regions as plotted in Figure 5.
Year or Region of
Observation

25th percentile of
BrOLTcol /(1012
molecules cm-2)

Median of BrOLTcol
/(1012 molecules
cm-2)

75th percentile of Total days of
BrOLTcol /(1012
BrOLTcol
molecules cm-2)
observation

2011

2.4

5.6

15.5

69

2012

12.7

20.7

30.3

108

2013

12.1

21.5

32.1

85

2014

7.4

13.8

23.2

111

2015

7.8

12.0

19.1

116

2016

10.1

11.9

14.6

59

North Pole

8.1

17.1

41.0

44

Beaufort Gyre

4.4

8.3

17.5

153

Utqiagvik

10.5

16.1

24.2

351
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Table A. 4 Figure 5 BrOsurf percentiles

Percentile of daily averaged BrOsurf for specific years and regions as plotted in Figure 5.
Year or Region of
Observation

25th percentile of
BrOsurf /(1012
molecules cm-2)

Median of BrOsurf
/(1012 molecules
cm-2)

75th percentile of
BrOsurf /(1012
molecules cm-2)

Total days of
BrOsurf
observation

2011

1.2

3.2

6.3

71

2012

3.9

8.0

11.4

121

2013

4.1

7.0

9.1

90

2014

1.7

3.8

6.4

122

2015

1.4

3.9

6.7

133

2016

2.6

3.7

5.2

74

North Pole

3.3

7.1

10.0

50

Beaufort Gyre

1.3

3.3

5.94

163

Utqiagvik

2.8

5.1

8.56

398
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Appendix B Chapter 3 Supplement

Supplementary Information for “Comparison of GEOS-Chem modeled Arctic tropospheric bromine
monoxide events using a blowing snow source and observations from MAX-DOAS”

Figure B. 1 Windspeed histogram

Distribution of windspeed along O-Buoy paths, plotted by bins of 1 m/s. Windspeed is in units in m/s,
while Y-axis shows fraction of all windspeeds along O-Buoy paths in each bin.
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Figure B. 2 Windspeed squared histogram

Distribution of windspeed squared along O-Buoy paths, plotted by bins of 25 m2/s2. Windspeed is in
units in m/s, while Y-axis shows number of observations in each bin.
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Figure B. 3 Windspeed cubed histogram

Distribution of windspeed cubed along O-Buoy paths, plotted by bins of 500 m2/s2. Windspeed is in units
in m/s, while Y-axis shows number of observations in each bin.
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Figure B. 4 Mean Utqiagvik vertical averaging kernels
Mean averaging kernels at selected heights at Utqiagvik in April, with error bars showing standard
deviation. The averaging kernels shown here represent the influence of BrO at a given height, shown on
the Y-axis, on the retrieved BrO mixing ratio at a specific height. For instance, the retrieved BrO mixing
ratio at 50 m is virtually only affect by BrO in the lowest 200 m.
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Figure B. 5 Clear sky screen

Degrees of freedom in the lofted later from 200 to 2000 m plotted versus slant column density of the O4
collisional dimer at 20o elevation. The clear sky threshold at 0.5 degrees of freedom is shown by the
dashed red line, with the GCBrOLTcol screen threshold at 1e43 dSCD O4 shown by dashed black line.

Figure B. 6 May 18 sea ice concentration

Daily sea ice concentration on May 18 2015 in percentage of ice cover within a given grid cell (Fetterer
et al., 2017a). The approximate location of O-Buoy 12 is shown by a black star.
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Figure B. 7 Utqiagvik annual differential slant column densities
Differential slant column densities of BrO at the Barrow Arctic Research Center from February to
October 2015. View angel is denoted by color: 1° is red, 2° is orange, 5° is yellow, 10° is green, and 20° is
blue.
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Figure B. 8 Utqiagvik September October differential slant column densities
Differential slant column densities of BrO at each buoy from September 13-October 14. View angle is
denoted by color: 1° is red, 2° is orange, 5° is yellow, 10° is green, and 20° is blue.
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Figure B. 9 Fall sea ice concentration
Sea ice concentration over the Arctic Ocean during September and October 2015. Open ocean
represented by dark blue. (Fetterer et al., 2017b)
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Appendix C Chapter 4 Supplement

Supplementary Information for “Modeling reactive bromine in GEOS-Chem with both a blowing snow
source and a snowpack source”

Figure C. 1 Vertical distribution of Bry species at on May 10 1100 UTC (left panel) and May 12 1300 UTC
plotted as mixing ratios of Br equivalent (true Br2 mixing ratios are half of plotted Br ratios). Ozone is
plotted in black as nmol/mol in right panel. Yellow dot indicates solar elevation greater than 5 degrees.
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