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Abstract. We report measurements of bromine monoxide
(BrO) and use an observationally constrained chemical box
model to infer total gas-phase inorganic bromine (Bry) over
the tropical western Pacific Ocean (tWPO) during the CON-
TRAST field campaign (January—February 2014). The ob-
served BrO and inferred Bry profiles peak in the marine
boundary layer (MBL), suggesting the need for a bromine
source from sea-salt aerosol (SSA), in addition to organic
bromine (CBry). Both profiles are found to be C-shaped with
local maxima in the upper free troposphere (FT). The me-
dian tropospheric BrO vertical column density (VCD) was
measured as 1.6 x 10'3 molec cm~2, compared to model pre-
dictions of 0.9 x 10'3 moleccm™2 in GEOS-Chem (CBry
but no SSA source), 0.4 x 10'3 molec cm~2 in CAM-Chem
(CBry and SSA), and 2.1 x 103 molec cm~2 in GEOS-Chem
(CBry and SSA). Neither global model fully captures the C-
shape of the Br, profile. A local Bry maximum of 3.6 ppt
(2.9—4.4ppt; 95 % confidence interval, CI) is inferred be-
tween 9.5 and 13.5km in air masses influenced by recent
convective outflow. Unlike BrO, which increases from the
convective tropical tropopause layer (TTL) to the aged TTL,
gas-phase Bry decreases from the convective TTL to the
aged TTL. Analysis of gas-phase Bry against multiple trac-
ers (CFC-11, H,O / O3 ratio, and potential temperature) re-
veals a Bry minimum of 2.7 ppt (2.3-3.1ppt; 95% CI) in
the aged TTL, which agrees closely with a stratospheric
injection of 2.6 &= 0.6 ppt of inorganic Br, (estimated from
CFC-11 correlations), and is remarkably insensitive to as-
sumptions about heterogeneous chemistry. Bry increases to
6.3ppt (5.6-7.0ppt; 95% CI) in the stratospheric “mid-
dleworld” and 6.9 ppt (6.5-7.3 ppt; 95 % CI) in the strato-
spheric “overworld”. The local Bry, minimum in the aged
TTL is qualitatively (but not quantitatively) captured by
CAM-Chem, and suggests a more complex partitioning of
gas-phase and aerosol Br, species than previously recog-
nized. Our data provide corroborating evidence that inor-
ganic bromine sources (e.g., SSA-derived gas-phase Br,) are
needed to explain the gas-phase Bry, budget in the upper free
troposphere and TTL. They are also consistent with obser-
vations of significant bromide in Upper Troposphere—Lower
Stratosphere aerosols. The total Bry budget in the TTL is cur-
rently not closed, because of the lack of concurrent quan-
titative measurements of gas-phase Bry, species (i.e., BrO,
HOBr, HBr, etc.) and aerosol bromide. Such simultaneous
measurements are needed to (1) quantify SSA-derived Bry in
the upper FT, (2) test Br, partitioning, and possibly explain
the gas-phase Bry minimum in the aged TTL, (3) constrain
heterogeneous reaction rates of bromine, and (4) account for
all of the sources of Br, to the lower stratosphere.
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1 Introduction

Gas-phase Bromine in the atmosphere can be divided into
organic and inorganic species. Inorganic bromine in the
gas phase (Bry) can be further divided into active bromine
(BrO, = Br + BrO), reservoir species (HBr, HOBr, BrNO»,
and BrONO,), and photolabile compounds (Br, and BrCl).
Atomic bromine (Br) and bromine monoxide (BrO) rapidly
interconvert, primarily by reaction with O3 and photolysis.

Reactions of BrO, have a number of important impacts
on the troposphere. First, BrO, participates in catalytic reac-
tion cycles that destroy ozone (von Glasow et al., 2004; Read
et al., 2008; Saiz-Lopez and von Glasow, 2012; Schmidt et
al., 2016; Simpson et al., 2015; Wofsy et al., 1975). Second,
BrO, modifies NO, (=NO + NO,) by increasing the ratio of
NO; /NO (Bloss et al., 2010), and is an overall sink of NO,
(Schmidt et al., 2016) among other chemical effects (Custard
etal., 2015; Evans et al., 2003; Lary, 2005). Third, BrO, adds
to oxidative capacity and exerts a number of competing ef-
fects on HO, (= OH + HO»). In particular, the lower ozone
leads to a lower production of OH radicals from ozone pho-
tolysis, lower NO, leads to a decrease in the OH / HO» ratio,
and HOBr photolysis increases the OH / HO, ratio. Fourth,
BrO, is thought to be the primary oxidant of mercury in
the atmosphere (Coburn et al., 2016; Goodsite et al., 2004;
Holmes et al., 2006) and an important loss mechanism for
dimethyl sulfide (Boucher et al., 2003). Fifth, the net-effect
of BrO, impacts on O3, NO,, and HO, leads to an increase
in the lifetime of CO, hydrocarbons, and climate-active gases
such as methane (Lelieveld et al., 1998; Parrella et al., 2012;
Saiz-Lopez and von Glasow, 2012).

Bromine also has important impacts on the stratosphere,
where the ozone destruction potential is ~ 60 times greater
than that of chlorine (on a per atom basis; Sinnhuber et
al., 2009). Historically, the source of stratospheric bromine
has been thought to be analogous to chlorine, resulting from
the source gas (SG) injection (SGI) of longer-lived organic
bromine species (LLS) — of both anthropogenic and natu-
ral origin — into the stratosphere. However, measurements
of stratospheric Bry generally exceed the abundance of Bry
that can be explained from SGI of LLS alone (Carpenter et
al., 2014; Salawitch et al., 2005). Very short-lived species
(VSLS; e.g., bromoform, CHBr3, dibromomethane, CH,Br>)
directly add to SGI, and their photolysis and oxidation in the
troposphere adds Bry as product gas (PG) injection (PGI)
into the LS (lower stratosphere; Ko et al., 2003). Recent mea-
surements of elevated BrO in the free troposphere (FT) sug-
gest sea-salt sources may contribute to Bry in the FT (Volka-
mer et al., 2015; Wang et al., 2015; Schmidt et al., 2016), but
the relative contribution of sea-salt-derived Br, and VSLS-
derived PGI contributions to stratospheric Bry injection has
not, to our knowledge, previously been experimentally eval-
uated. One objective of the CONvective TRansport of Active
Species in the Tropics (CONTRAST) and the Airborne Trop-
ical TRopopause EXperiment (ATTREX) field campaigns
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(January and February 2014) in Guam was to provide ob-
servational constraints to Bry from aircraft measurements of
BrO in the upper troposphere—lower stratosphere (UTLS)
over the tropical western Pacific Ocean (tWPO; Chen et
al., 2016; Jensen et al., 2016; Pan et al., 2017; Werner et
al., 2017).

Differential optical absorption spectroscopy (DOAS) mea-
surements of BrO have been made in the tropics from
satellites (Chance, 1998; Richter et al., 2002; Theys et
al., 2011; Wagner et al., 2001), ground-based Multi-AXis—
DOAS (MAX-DOAS; Theys et al., 2007), balloon profiles
(Dorf et al., 2006, 2008; Pundt et al., 2002), and airborne
platforms (Volkamer et al., 2015; Wang et al., 2015; Werner
et al., 2017). In addition to DOAS, microwave radiometry
has also been employed to measure BrO (Millan et al., 2012;
Stachnik et al., 2013). Chemical ionization mass spectrom-
etry (CIMS) measurements of atmospheric Bry, using I” or
SF6_ , have largely been limited to BrO, although BrCl, HOB,
and Br; have also been detected (Le Breton et al., 2017; Chen
et al., 2016; Neuman et al., 2010).

Here we describe measurements of BrO by the Univer-
sity of Colorado airborne MAX-DOAS instrument aboard
the NCAR/NSF Gulfstream V (GV) aircraft during the CON-
TRAST field campaign (January and February 2014) in
Guam. The GV carried a suite of in situ and remote-sensing
instruments designed to characterize atmospheric composi-
tion targeting bromine species, including bromocarbons and
inorganic bromine species as well as dynamical properties.
An overview of the campaign is available in Pan et al. (2017).
The campaign consisted of 17 research flights (RFs). Numer-
ous flights were in or near clouds and thus presented chal-
lenges for DOAS retrievals. We focus the analysis on por-
tions of five flights shown in Fig. 1: RF03, RF04, RFO06,
RFO07, and RF15, which were conducted in largely cloud-
free air. RF03, RF04, and RF07 were chosen for vertical
profiles over the tWPO, covering altitudes from the bound-
ary layer up to the lower tropical tropopause layer (TTL) on
19, 21, and 27 January 2014. The flight paths of RF06 and
RF15 were to the north of Guam and targeted the North-
ern Hemisphere extratropical jet stream on 25 January and
25 February 2014, respectively. For RF15, the GV crossed
the jet stream and sampled the Northern Hemisphere LS.

The measurements and models are presented in Sect. 2.
Section 3 describes the DOAS measurements aboard the
GV, as well as measurements used to constrain a chemical
box model to infer total gas-phase inorganic bromine (Bry);
this includes sensitivity studies and a discussion of different
chemical regimes for heterogeneous chemistry that recycles
Br,. Section 4 discusses the results by comparing with two
global models (GEOS-Chem and CAM-Chem), and places
them in context with the existing literature. The atmospheric
implications of tropospheric halogens for atmospheric com-
position and our understanding of bromine sources are sum-
marized and discussed. Section 5 presents the conclusions
and provides an outlook.

www.atmos-chem-phys.net/17/15245/2017/
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Figure 1. Flight tracks with the locations of profile case studies (0—
15 km) used in this work. For northbound flights, RFO6 and RF15,
the times reflect periods used for detailed modeling. For RF03,
RF04, and RF07, the locations of the vertical profiles are indicated
by the black dashed ellipses, and the times listed are those of the
profiles, and low-level flight legs in the boundary layer.

2 Experimental

The University of Colorado Airborne Multi-AXis Differen-
tial Optical Absorption Spectroscopy (CU AMAX-DOAS)
instrument aboard the GV measured trace gases including
the halogen oxides BrO and IO, as well as NO,. Additional
species such as formaldehyde (HCHO), O3, H>O, and gly-
oxal (CHOCHO) can also be retrieved. Other instruments
and measurements aboard the GV included but were not
limited to the following: the Advanced Whole Air Sam-
pler (AWAS), which measured species including halocar-
bons and a variety of chemical tracers; the HTAPER Atmo-
spheric Radiation Package (HARP), which measured actinic
flux and photochemical rates; a trace organic gas analyzer
(TOGA), which measured organic species including halo-
carbons and aldehydes; chemiluminescent measurements of
NO, NO,, and Os3; the Picarro CRDS instruments, which
measured CO; and CHy; a vacuum ultra violet (VUV) fluo-
rescence instrument (Aerolaser), which measured CO; the In
Situ Airborne Formaldehyde (ISAF) instrument, which mea-
sured HCHO; and an ultra-high sensitivity aerosol spectrom-
eter (UHSAS), which measured size-resolved Aitken and ac-
cumulation mode aerosol. The measurements used in this
work are summarized in Table 1.

Atmos. Chem. Phys., 17, 15245-15270, 2017
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Table 1. Instruments aboard the NSF GV research aircraft used to constrain the box model.

Instrument Parameters used in this work Time resolution
AMAX-DOAS BrO, NO, 30s
AWAS Ethane, Propane, Isobutane, n-Butane, CFC-11, Benzene minutes™
Chemiluminescence NO, NO3, O3 Is
HARP Actinic flux (upward and downward) is used to calculate photolysis rates s
ISAF HCHO Is
PICARRO Methane ls
TOGA Propane, Isobutane, n-Butane, HCHO, CFC-11, Benzene 2.8 min
UHSAS Aitken and accumulation mode aerosol surface area Is
Aerolaser VUV fluorescence CO 2s
GV Pressure, temperature, water, location ls

* AWAS samples were collected at intervals determined in flight by an operator.

2.1 The CU AMAX-DOAS instrument

The CU AMAX-DOAS instrument has been deployed dur-
ing field campaigns in urban air (Baidar et al., 2013; Oet-
jen et al., 2013), and over remote oceans (Dix et al., 2013;
Volkamer et al., 2015), and is described in detail in these
papers. Briefly, the CU AMAX-DOAS consists of a wing-
mounted pylon containing a motion-stabilized telescope and
two spectrographs housed in the interior of the aircraft. Scat-
tered sunlight enters the telescope along a well-defined field
of view (vertical dispersion of 0.17°) and is actively motion-
stabilized with a pointing accuracy better than 0.2° in real
time (Baidar et al.,, 2013; Volkamer et al., 2015). Eleva-
tion angles (EAs) above geopotential horizontal are posi-
tive, those below are negative, and zero EA points forward
of the aircraft. Viewing windows provide an unobstructed
view to shallow angles (—30 to +30°) as well as zenith and
nadir geometries. Light entering the telescope travels through
fiber optic bundles to two spectrograph-detector units, each
consisting of an Acton SP2150 spectrograph coupled to a
PIXIS400B CCD. The units are operated synchronously, in-
tegrating spectra every 30s. One Acton SP2150/PIXIS400B
CCD unit (AP1) covers the spectral range from 330 to 470
nm with 0.7 nm full width half maximum (FWHM) optical
resolution. The other (AP2) measures 440-700 nm at 1.2 nm
FWHM resolution. Spectra collected on AP1 are used for the
measurement of BrO, glyoxal, HCHO, H;O, 10, NO; (360
and 450 nm), and O4 (360 nm); spectra on AP2 are used for
the measurement of NO; (560 nm), and O4 (477 nm). In this
work only BrO, NO, (360 nm), and O4 (360 nm) results will
be presented, using EA 0° spectra collected with 30 s inte-
gration times. Zenith spectra with at least 2 min integration
times collected at low altitude under relatively clear skies
were used as reference spectra, with the nearest qualifying
spectrum in time being used. In all instances, the reference
was from the same RF. The specific settings used are dis-
cussed in Sect. 2.1.1.

Differential slant column densities (dSCDs) of BrO are the
primary data product from the AMAX-DOAS. O4 dSCDs are

Atmos. Chem. Phys., 17, 15245-15270, 2017

used to constrain atmospheric radiative transfer in one of two
ways: optimal estimation to obtain explicit aerosol extinction
profiles, or parameterization using a ratio of measured O4
dSCDs with those modeled in a Rayleigh atmosphere. Com-
bination of this radiative information with the BrO dSCDs is
used to obtain BrO mixing ratios as vertically resolved pro-
files (Volkamer et al., 2015) through optimal estimation and
along the flight track by a parameterization method (Dix et
al., 2016). These processes are outlined in greater detail in
Sect. 2.1.2.

When using parameterization data in the box model, we
account for the fact that the AMAX-DOAS instrument de-
tects photons scattered at a variety of distances along the line
of sight. The median photon is scattered 5—70 km forward of
the plane, depending on altitude and aerosol conditions. This
difference between air masses sampled by AMAX-DOAS
and the in situ observations was accounted for as follows:
when the aircraft maintains its heading, AMAX-DOAS data
are taken to correspond to the air mass where the median
photon was scattered, which is then sampled by in situ in-
struments with some delay (typically 4.5-6.0 min). The at-
mosphere used for radiative transfer modeling accounts for
this delay using model information from the same location.
When the aircraft changes heading, the AMAX-DOAS data
are matched to the in situ data nearest in altitude and latitude.

2.1.1 DOAS retrieval

Trace gases were fitted using the DOAS method (Platt and
Stutz, 2008) using the QDOAS software package (Danckaert
et al., 2012). The wavelength calibration for each spectrum
is precisely determined by measuring the mercury atomic
emission at 404.7 nm. This slit function was further refined
by fitting two wavelength-dependent degrees of freedom,
using the Kurucz spectrum as reference (Chance and Ku-
rucz, 2010; Kurucz et al., 1984). The slit function was fixed
for final calibration of the instrument wavelength mapping.
High-resolution laboratory cross sections (species and refer-
ences given in Table 2) are convolved with the instrument

www.atmos-chem-phys.net/17/15245/2017/
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Table 2. DOAS fitting windows used in fitting BrO, O4, and NO,
in QDOAS software.

Cross section Wavelength window

BrO Oy NO,
335-359nmP  350-387.5nm! 356380 nm
BrO? X X X
HCHOP x x x
NO, ¢ X X X
Oy d X X X
03¢ X X X
O3 x ¢ X X X
Ringf X X X
Ring x 1 f:8 X X X

2 Wilmouth et al. (1999) at 228 K.
b Meller and Moortgat (2000) at 298 K.
€ Vandaele et al. (1998) at 220 K.
d Thalman and Volkamer (2013) at 296 K. The Oy in the BrO window was not fitted,
but rather constrained to the value obtained in the O, optimized fit and scaled to the
wavelength of the O4 peak at 350 nm.
¢ Serdyuchenko et al. (2014) at 223 and 243 K, the wavelength scaled O3 uses the
223 K cross section. This and the 243 K cross section are orthogonalized to the 223 K
cross section.
f Ring was calculated using the QDOAS (Danckaert et al., 2012) tool using the
reference spectrum for wavelength calibration.
€ This matches the treatment in Langford et al. (2007).

The BrO window used a polynomial of order 6 and a linear offset correction. O3 and
NO, were orthogonalized to the first 3 terms of the polynomial.
! The O4 window used a polynomial of order 5 and a linear offset correction. O3 and
NO, were orthogonalized to the first 3 terms of the polynomial.
J The NO, window used a polynomial of order 5 and a linear offset correction.

function for analysis. Broadband extinction including Mie
and Rayleigh scattering is accounted for by a polynomial.
Trace gases with broad-band absorption components such as
O3 and NO; are orthogonalized to this polynomial. A lin-
ear intensity offset is included in some settings to account
for instrumental stray light and imperfect knowledge of the
Ring effect (Grainger and Ring, 1962). Absorption by rel-
evant species is fitted simultaneously using the non-linear
Marquardt—Levenberg algorithm with full non-linear treat-
ment reserved for shift, stretch, and intensity offset (Danck-
aert et al., 2012). This is done in finite wavelength windows
targeting specific trace gases. The analysis settings for BrO,
NO,, and O4 (360 nm) are summarized in Table 2.

BrO was analyzed using a four-band analysis in the win-
dow 335-359 nm. The broader window was chosen to max-
imize information on other absorbers. The overlapping O4
was accounted for by first determining accurate O4 dSCDs
using an optimized fit window, and prescribing these Og4
dSCDs in the BrO fit. Information on O4 in the BrO fitting
window is maximized at wavelengths of greatest differential
absorption by this dimer, namely at the peak at 343 nm and
the shoulder at the window edge at 359 nm. The O4 cross
section has been scaled to reflect the shorter path length of
photons through the atmosphere at the lower wavelengths,
using a A~ dependence, which is based on the assumption
that Rayleigh scattering dominates. The mixing ratio of NO,
was retrieved for the RF15 case study and was used to con-
strain the box model (Supplement and Fig. S1).

www.atmos-chem-phys.net/17/15245/2017/
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2.1.2 Radiative transfer modeling

Simulations were run using the Monte Carlo radiative trans-
fer model McArtim (Deutschmann et al., 2011) in a 1-D
spherical atmosphere. Aerosol extinction is accounted for by
taking advantage of the fact that the atmospheric profile of
[O4] is highly predictable, namely it scales as the square
of the [O], which has an essentially constant mixing ratio
at altitudes of interest and scales linearly as a function of
density (Spinei et al., 2015; Thalman and Volkamer, 2013).
Comparison of modeled and measured O4 SCDs (slant col-
umn densities) is done in one of two ways: parameteriza-
tion (Dix et al., 2016) of aerosol effects using a ratio, or re-
trieval of explicit aerosol profiles (Baidar et al., 2013; Volka-
mer et al., 2015). The high accuracy of the Rayleigh scatter-
ing cross sections represented in the radiative transfer model
and O4 dSCD measurements used by the parameterization
method has been independently evaluated by laboratory mea-
surements (Thalman et al., 2014), and field observations in
the absence of (Spinei et al., 2015) and in the presence of
aerosols (Volkamer et al., 2015).

The parameterization method is discussed in detail in Dix
et al. (2016). Briefly, the method makes use of the fact that
spectra recorded with EA 0° are strongly sensitive to the at-
mospheric layer at instrument altitude. Recorded EA 0° spec-
tra are analyzed using reference spectra that largely cancel
out column contributions from above and below the instru-
ment. The conversion of dSCDs into VMRs (volume mix-
ing ratios) is realized by calculating box air mass factors for
a Rayleigh atmosphere and applying a scaling factor con-
strained by O4 dSCDs to account for aerosol extinction. The
color ratio of the measured intensities at 477 and 640 nm is
used to identify and filter measurements affected by clouds.
Cloud filtering is manually quality controlled using aircraft
video data and adapted where needed. An iterative VMR re-
trieval scheme corrects for trace gas profile shape effects.
Profile information is gained from DOAS measurements dur-
ing ascents and descents, and interpolated above the aircraft
based on CAM-Chem profiles. For stratospheric absorbers
like BrO and NO», a stratospheric correction is included. The
magnitude of the stratospheric correction is characterized by
periodically upward looking EA 10° spectra and interpolated
between successive EA 10° measurements, assuming profile
shapes from CAM-Chem. During portions of RF135, the tele-
scope pointing exhibited a small positive bias of less than 1°.
This effect was well characterized at all times, and has been
accounted for in the analysis. To account for horizontal con-
centration gradients, especially near the jet, photons are mod-
eled in a horizontally homogenous atmosphere constructed
using measurements and models for the zonal location of the
median photon scattering. Errors are the total of the follow-
ing three components added in quadrature: (1) a parameter-
ization error of 30 % but no better than 0.5 ppt, (2) the stan-
dard error of the mean of the component 30 s dSCDs, (3) the

Atmos. Chem. Phys., 17, 15245-15270, 2017
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quadratic mean of the proportional dSCD errors of the com-
ponent 30 s dSCDs.

For the optimal estimation method, aerosol profiles are
retrieved by seeking to reproduce the measured O4 SCDs.
04 SCDs are primarily sensitive to aerosol extinction over
other aerosol radiative properties, which are set to values
expected to be typical of the local atmosphere. Settings
are summarized in Table S1 in the Supplement. Where Oy
dSCDs are lower than modeled, aerosol extinction is in-
creased to achieve better agreement (Volkamer et al., 2015).
An onion peeling approach is used to retrieve an initial
aerosol profile, which is adjusted by hand until modeled and
measured O4 SCDs converge (Baidar et al., 2013). Extinc-
tion profiles retrieved at 200 m vertical resolution at 360 nm
are presented in Fig. S2al-a3. Total aerosol optical depth
was 0.304 in RF03, 0.272 in RF04, and 0.231 in RF07.
Agreement between measured and modeled Oy is better than
2 x 10 molec? cm™> (8 x 10™* optical density) and often
better than 1 x 10*? molec? cm™> (4 x 10™* optical density)
as shown in Fig. S2b1-b3. An ;\ngstrijm exponent () of 1 is
assumed in adjusting the aerosol extinction from the 360 nm
derived using O4 to 350 nm relevant for BrO. Air mass fac-
tors for each measurement were modeled at 500 m resolution,
the grid resolution used for BrO profile retrieval. The a priori
profile was a constant mixing ratio of 0.05 ppt BrO (though
retrievals were all found to be insensitive to the choice of
the a priori profile). The a priori error was set to be 2000 %
for RF03 and 10000 % for RF04 and RF07. The lower er-
ror for RFO3 was chosen to increase the stability of the pro-
file retrieval from 0.5 to 2.0 km, because the presence of a
small cloud interfered with some spectra that have been ex-
cluded from the inversion. dSCD errors are propagated into
the diagonal terms of the error covariance matrix. The error
covariance matrix was constructed with an effective height
of 0.5 km, resulting in nearest-neighbor off-diagonal terms.
The resulting averaging kernels for the inversion are shown
in Fig. S2d1-d2. For RF04 and RFQ7 they typically peak
sharply near 1, indicating independent information for all
layers. The effects of lower a priori error and removal of data
collected in the presence of clouds are apparent in the averag-
ing kernel profile for RF03, which has a gap near the surface.
The mean averaging kernel peak values are 0.728, 0.953, and
0.962 for RF03, RF04, and RFO07, respectively. The total de-
grees of freedom are 18.2, 17.2, and 26.9 for RF03, RF04,
and RFO7 profiles, respectively.

2.2 Other measurements

A number of other instruments were aboard the NCAR GV
during the CONTRAST field campaign (Pan et al., 2017).
Data used to constrain the box model are summarized in Ta-
ble 1. More detailed descriptions of the instruments can be
found in the Supplement.

Atmos. Chem. Phys., 17, 15245-15270, 2017
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2.3 Model descriptions

Data from the AMAX-DOAS and other instruments were
combined and used to initialize a box model (Wang et
al., 2015) in order to examine partitioning of inorganic
bromine (Bry), specifically the ratio BrO /Bry, and infer
gas-phase Br, from the BrO measurements. In addition,
BrO, Bry, and Bry, speciation were also obtained from two
chemical transport models: the Goddard Earth Observing
System with Chemistry model (GEOS-Chem; Schmidt et
al., 2016; Sherwen et al., 2016) and the Community Atmo-
spheric Model with Chemistry model (CAM-Chem; Fernan-
dez et al., 2014) for purposes of comparison.

2.3.1 Box model

The box model has been previously described in Wang et
al. (2015). The model calculates gas-phase Bry, partitioning,
and is constrained to measurements of chemical species and
meteorological parameters as summarized in Table 1 and
Sect. 2.2. The model was initialized every 5 min along the
flight track. In general, data collected at a time resolution
of ~30s or at higher frequency were averaged into 5 min
bins, and used as inputs to the box model; lower frequency
data were linearly interpolated. For profile case studies, hor-
izontal homogeneity was assumed and in situ and remote-
sensing data were matched by altitude. For horizontal case
studies, the AMAX-DOAS data were matched with in situ
data sampled from the location of the median photon, as
elaborated below. The primary box-model output is the ra-
tio BrO / Br, computed with 30 % error (Dix et al., 2013;
Wang et al., 2015). This is added in quadrature with the BrO
errors outlined above in Sect. 2.1.2 when computing the er-
ror in Bry. Sensitivity studies were conducted to bound the
impacts of uncertainties in chemical kinetics and available
surface area; these are described further below.

Box model sensitivity studies

The four box-model cases (0-3) are summarized in Table 3.
Cases 0-2 use different constraints for the amount of aerosol
surface area available for heterogeneous chemical reactions,
and case 3 adjusts the gas-phase kinetics of bromine reac-
tions.

The base case (case 0) used JPL (Jet Propulsion Labo-
ratory) kinetics and UHSAS measured surface area. Size-
specific particle concentrations for particles between 84 nm
and 1 pum were measured by the UHSAS and were used to
compute a surface area, assuming spherical particles. This is
taken to be the minimum aerosol surface area available, be-
cause a previous optical closure study using AMAX-DOAS
and High Spectral Resolution Lidar (HSRL; Volkamer et
al., 2015) found that the airborne UHSAS may underesti-
mate particle size by about a factor of 2 for reasons that are
currently not well understood. Examination of CONTRAST
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data confirms that this is again the case (Supplement and
Fig. S3)

The first chemical sensitivity study (case 1) is identical to
case 0, but used the measured UHSAS surface area multi-
plied by 4, based on results of these optical closure studies.
The rationale for case 1 is that heterogeneous and multiphase
chemistry (uniformly represented using heterogeneous kinet-
ics in the box model) can be determinative to the gas-phase
lifetime of Br, reservoir species (i.e., HBr, and to a lesser
extent also HOBr and BrONQO,). The fact that measured sur-
face area is a lower limit has implications for heterogeneous
reaction rates, bromine recycling, and the BrO /Bry ratio,
and case 1 provides the best estimate of the available aerosol
surface area.

The second sensitivity study (case 2) explores the possi-
ble effect of ice particles on bromine partitioning. Even very
low ice concentrations add significant surface area that has
the potential to rapidly impact local chemistry. CDP (cloud
droplet probe) and 2D-C (two-dimensional cloud probe)
measure super-micron-sized particles, cloud droplets, and
ice. Sparse ice particles present a sampling challenge, and
measurements were used as qualitative indicators for the
presence of ice. 2D-C sometimes detected the presence of
ice under conditions when ice should have sublimed, which
may be due to rapid gravitational settling of ice particles.
There might be insufficient time for the gas-phase Br, par-
titioning to equilibrate to the surface area of such ice parti-
cles, and as a result case 2 likely indicates a lower limit of
gas-phase Bry. Case 2 used an ice climatology constructed
from GEOS-5 data (Molod et al., 2015) whenever 2D-C indi-
cated the presence of ice. An additional sensitivity study (not
shown) explored the potentially large surface area contribu-
tion from super-micron particles (not measured by UHSAS)
that are visible in the CDP data at lower altitudes and found
no significant difference from case 1.

Finally, the third sensitivity study (case 3) used the
Bry kinetics suggestion of Kreycy et al. (2013) to rep-
resent the conversion of BrO and BrONO;. This is me-
diated by the reaction BrO+NO; and the photolysis of
BrONO;. Kreycy et al. (2013) investigated BrO, O3, and
NO, concentrations in the polar stratosphere at sunset
and found the measured variations with respect to so-
lar zenith angle deviated from theory based on JPL ki-
netics (Sander et al., 2011). Their recommended mod-
ifications of Kgr0 4+ NO,, Kreycy = 0.75% kBr0 +NO,,JpL and
JBrONO,, Kreyey = 1.27x JBroNO,, jpL are used only for our
case 3. These changes are relevant only in stratospheric air,
where BrONO:; is a significant daytime reservoir species.

Box model heterogeneous chemical regimes

The following heterogeneous chemical regimes (HCRs) are
distinguished to evaluate partitioning among Br, and BrO,
species:
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HCR1 - low surface area density (SA): SA <2 x
1073 cm? m—3. Partitioning among BrO, and the reservoirs
is well approximated as three independent (gas-phase) equi-
libria of BrO, with the Bry reservoir species HOBr, HBr,
and BrONO,. HBr is typically the major Br, species, and
the BrO, / Bry, ratio is low (0.20-0.40). This regime is most
relevant in the upper FT and convective TTL (all box-model
cases). These regions are further characterized by low O3 and
high Jg;0 (photolysis rate of BrO) and as a result Br atoms
make up near-half or the majority of BrO,. The BrO /Br,
ratio is typically less than 0.15, and Br,, estimates are mod-
erately sensitive to the available SA.

HCR2 - moderate SA: 2x1073 <SA <1x
102ecm?m—3. Heterogeneous reactions have the po-
tential to shift the HBr/BrO, equilibrium dramatically.
HBr does not readily photolyse, and reacts slowly with
OH radicals to form BrO, in the gas phase. As a result,
heterogeneous reactions are the dominant loss process for
HBr. Further, HOBr and O3 can facilitate the heterogeneous
conversion of condensed-phase bromide back into the gas
phase. In this regime HBr/Br, is strongly sensitive to
the available SA as well as the rates of heterogeneous
reactions. The BrO, /Bry ratio can increase rapidly from
0.20 to 0.70 (depending strongly on SA; see Sect. 3.3 and
Fig. S4). The upper limit of BrO, /Bry is sensitive to both
[H>O] vapor and [O3], which control the concentration
of HO,. The abundance of HO, is important due to the
reactions BrO + HO; — HOBr + O;, and to a lesser extent
Br+OH— HOBr and Br+HO; — HBr+0;. HCR2,
which is relevant in the mid- and upper FT and convective
TTL (base case) and the upper FT and the convective TTL
(case 1). The SA that accompanies the presence of ice
(case 2) is such that HCR2 is eliminated. The BrO / Bry, ratio
is strongly correlated with SA, changing by up to a factor
of 4 between cases 0 and 1. O3 and H>O concentrations
and changes to Jgo over this regime in the FT and TTL
modulate BrO / Bry between 0.14 and 0.40 (see Fig. 5).

HCR3 - high SA: SA > 1x 1072em?m—3. Heterogeneous
reactions have the potential to eliminate HBr as a meaning-
ful gas-phase Bry reservoir. HOBr is the main Br, reser-
voir species. In the HCR3 regime, BrO, /Br, is insensi-
tive to SA, as gas-phase reactions become limiting, and
typically varies between 0.20 and 0.50. Further increasing
SA, such as by including super-micron particles measured
by the CDP, does not modify the chemistry. This regime
is relevant from the surface to the lower FT and in the
aged TTL/stratosphere (case 0), surface to mid-FT and aged
TTL/stratosphere (case 1), and in the entire model atmo-
sphere (case 2). In the troposphere, BrO / Br, increases with
altitude (from 0.15-0.25 near the surface to 0.45-0.50 in the
mid-FT), due to decreasing humidity and O3 concentration
(molec cm_3), as well as the increasing value of Jyopr with
altitude. In the aged TTL, low humidity, low oxygenated
volatile organic compounds (OVOCs), and high O3 give rise
to BrO / Bry, > 0.35. In the stratosphere, BrONO; becomes a
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Table 3. Box model sensitivity studies probing the effects of aerosol surface area, ice, and kinetics for BrONO;.

Box model case  Surface areas

Kinetics

Case 0 UHSAS measured surface area JPL (Sander et al., 2011)
Case 1 UHSAS measured surface area x4* JPL idem

Case 2 UHSAS measured surface area x4 and GEOS-Chem ice climatology  JPL idem

Case 3 UHSAS measured surface area x4 and GEOS-Chem ice climatology  Kreycy et al. (2013)

* Based on results of optical closure study in Sect. 3.1 and Fig. 3 of Volkamer et al. (2015).

significant Bry, reservoir species, and caps the BrO / Bry, ratio
near 0.50.

2.3.2 CAM-Chem

The 3-D chemistry climate model Community Atmospheric
Model with Chemistry (CAM-Chem) is described in Lamar-
que et al. (2012). CAM-Chem includes all of the physical
parameterizations of CAM4 (Neale et al., 2013) and a fi-
nite volume dynamical core (Lin, 2004) for the tracer ad-
vection. In the present configuration, meteorological anal-
ysis (from GEOS-5) specific to the observational periods
are used to constrain the meteorological fields (horizon-
tal wind components and temperature) in CAM-Chem. The
horizontal resolution is 0.9° x 1.25° and the vertical res-
olution of 52 levels includes full coverage of the tropo-
sphere and stratosphere, with a full representation of tropo-
spheric and stratospheric chemistry. The VSLS version used
here includes geographically distributed and time-dependent
oceanic emissions of six bromocarbons (CHBr3, CH,Br»,
CH,BrCl, CHBrCl,, CHBr,Cl, CH,IBr) as well as an addi-
tional source of inorganic bromine and chlorine in the lower
troposphere due to sea-salt aerosol (SSA) dehalogenation
(Fernandez et al., 2014; Ordoéiiez et al., 2012; Saiz-Lopez et
al., 2012). In particular, it considers heterogeneous processes
for halogen species on a variety of surfaces including uptake
and recycling of HBr, HOBr, and BrONO; on ice crystals
and sulfate aerosols. The importance of these reactions, as
well as the contribution from each independent VSLS and
sea-salt source to the halogen burden of SG and PG species
in the TTL, are discussed in Fernandez et al. (2014). CAM-
Chem output was used to examine how well modeled cou-
pled chemistry and dynamics captured the BrO observations
of the AMAX-DOAS and Br, inferred by the box model.

2.3.3 GEOS-Chem

GEOS-Chem (Bey et al., 2001) is a global 3-D model of at-
mospheric composition driven by assimilated meteorological
observations from the NASA Global Modeling and Assimi-
lation Office (GMAO). GEOS-Chem is driven by GEOS-FP
meteorological data. In this study, GEOS-Chem was used to
simulate the coupled effect of bromine chemistry with other
physical and chemical processes, and to test how well it cap-
tures BrO measured by AMAX-DOAS and Br, inferred by
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the box model. Stratospheric concentrations (monthly and di-
urnally varying) of Bry, are taken from a GEOS-CCM (chem-
istry climate model) simulation (Liang et al., 2010). Halogen
chemistry in the model from Parrella et al. (2012) as refer-
enced in Wang et al. (2015) has been updated (Schmidt et
al., 2016; Sherwen et al., 2016, 2017a) and now includes
more extensive heterogeneous chemistry including reactions
on ice crystals and cross-halogen coupling. These changes
have led to a reduction in modeled HBr / Bry as well as Br,,
washout, leading to an increase in BrO, /Bry (Schmidt et
al., 2016).

3 Results and atmospheric modeling context
3.1 Bromine vertical profiles

The locations of the vertical profiles are shown in Fig. 1 with
details as follows: (1) descent from RF03 on 17 January 2014
starting at 01:11 UTC at 9.0°N, 150.1°E at 12.2 km head-
ing southeast, and ending at 01:40 UTC at 7.4° N, 151.8°E
at 300m over the Chuuk atoll; (2) ascent from RF04 on
19 January 2014 heading due north at 133.0° E starting at
03:20UTC at 9.2° N at 400 m and ending at 03:38 UTC at
12.2° N at 13.2 km; and (3) ascent from RF07 on 29 January,
heading due west at 1.1° N starting at 03:23 UTC at 150.5° E
at 500 m, and ending at 03:53 UTC at 147.6°E at 13.8 km.
These profiles represent conditions that are well suited to
profile retrievals (solar zenith angle < 70°, mostly cloud free)
and contain at least two measurements in each 500 m altitude
bin.

Measured BrO profiles are shown in Fig. 2a, e, and 1, and
they exhibit significant variability. BrO concentrations in the
lowest 500 m were 1.010.5 ppt (RF03; Fig. 2a), 1.7£1.2 ppt
(RF04; Fig. 2e), and < 0.5 ppt (RF07, below detection limit;
Fig. 2i). The uncertainty reflects the overall retrieval error
here. The BrO variability was further characterized during
level flight at low altitude following the RF03 descent over
Chuuk and prior to the RF04 ascent. Mean mixing ratios re-
trieved from these data varied between 0.9 and 1.6 ppt BrO
(RF03) and 1.6-4.4 ppt BrO (RF04). The higher value is not
the result of a single outlier but rather represents the max-
imum of several minutes of data acquisition, for which re-
trieved BrO is greater than 3.5 ppt. These results suggest that
BrO heterogeneity in the lowest 500 m is likely significant
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Figure 2. BrO, Bry, and Bry, partitioning for RFO3 (a—d), RF04 (e-h), RF07 (i-1). BrO mixing ratios were obtained by optimal estimation.
Partitioning of Bry, species: (b, f, j) case 0; (¢, g, k) case 2; (black line) BrO / Bry, ratio. (d, h, I) Bry, from case 0 (grey); case 1 (red); case 2

(cyan).

on both local and regional scales. At these altitudes, AMAX-
DOAS spectra average over path lengths of 5km horizon-
tally, which eases the comparison with model predictions on
regional scales.

There is significant BrO variability also in the transi-
tion layer (TL: 0.5-2 km), where BrO mixing ratios are el-
evated relative to the lower FT. The mean mixing ratios be-
low 2km are 0.9 £0.4 ppt (RF03), 1.3 £ 0.6 ppt (RF04), and
0.7 £ 0.7 ppt (RF0O7). Unless otherwise noted, error bars re-
flect the variance in atmospheric variability, and retrieval er-
rors with statistical leverage added in quadrature. The pro-
files also show variable structure through the lower and
middle FT (2.0-9.5km), with mean BrO mixing ratios of
0.5£0.3 ppt (RF03), 1.0+ 0.3 ppt (RF04), and 0.5+ 0.2 ppt
(RF07). In the upper FT and lowermost TTL (tropospheric
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air > 9.5 km), the mean BrO mixing ratios are 0.4 + 0.2 ppt
(RF03) and 0.6 £ 0.2 ppt (RF07).

The distribution of Bry, species was modeled for each alti-
tude grid point separately for the three profiles. Figure 2 show
results for cases 0 and 2. The additional error from model-
ing is not immediately apparent in Fig. 2d, h, and 1 because
the 30 % error contribution (Sect 2.3.1) is relatively small
compared to the error in the BrO measurements (mean pro-
portional error of 54 %). Here we present results for case 0,
leaving the other cases for the sensitivity study presented in
Sect. 3.3. The profiles contain significant structure in aerosol
SA, humidity, and O3, which can be characterized in the con-
text of the HCR1-3 regimes outlined in Sect. 2.3.1. HCR1
applies at altitudes above 7-10 km, while HCR3 dominates
in the lower troposphere. The chemistry transitions from
HCR3 to HCR2, and from HCR2 to HCR1, occur at 8.0 and

Atmos. Chem. Phys., 17, 15245-15270, 2017



15254

10.0km (RF03), 6.0 and 7.0 km (RF04), and 5.5 and 9.0 km
(RFO07), respectively. The mean ratio BrO / Bry, from the sur-
face through the mid-FT (< 9.5km) is 0.24 +0.05 (RF03),
0.18+0.03 (RF04), and 0.21£0.05 (RF07). The inferred Bry,
in the MBL and TL (< 2.0 km) is 4 & 2 ppt (RF03), 9 4= 3 ppt
(RF04), and 4 £3ppt (RFO7). All three flights have Br,
minima in the lower to mid-FT (2.0-9.5 km), for which the
mean Bry is 241 ppt (RF03), 441 ppt (RF04), and 241 ppt
(RFO7).

In the lower troposphere, bromine chemistry resides in
the HCR3 regime. There is significant variability in the
BrO / Bry, ratio, which can be explained by the factors most
important to HCR3 partitioning: humidity and O3. Aver-
age water vapor mixing ratios below 6.5km are 1.08 %
(RF03), 1.28 % (RF04), and 0.97 % (RF07) and the mean O3
is 30 ppb (RF03), 25 ppb (RF04), and 33 ppb (RF07). The
higher humidity favors HOBr over BrO, in RF04 compared
to RF03 and RF07. Lower O3 in RF04, particularly in two
filaments with O3z below 20 ppb between 1-2 and 3—4 km,
further compounds the difference with the other two flights
and drives BrO / Bry, to even lower values.

In the mid-FT, bromine chemistry resides in the HCR2
regime. The decreasing SA with altitude allows HBr to be
an increasingly important reservoir (i.e., heterogenous pro-
cessing of HBr becomes slow) and drives down the computed
value of BrO / Bry. In parallel, the trends in HCR3 chemistry
from below continue in the mid-FT; i.e., BrOy is increasingly
favored over HOBr as [H,O] decreases and Jgog, increases,
and the Br / BrO ratio shifts toward Br as low temperatures
and low [O3] slow Br + O3 — BrO + O», and Jgo increases
with altitude. Overall, BrO / Br, remains roughly constant
at 0.30 £ 0.07 (RF03), 0.23 +0.02 (RF04), and 0.17 £0.03
(RF07). The mean surface area in RF03 is ~ 3 times that
in RF04, and RF07, driving the higher average value of the
BrO / Bry ratio. The variability in BrO /Br, in RF03 and
RFO07 is also driven by greater variability in SA, which is
relatively constant at these altitudes in RF04.

HCRI1 applies in the upper FT and TTL, where HBr is
the primary reservoir species of Bry. The BrO, / Br, ratio is
low, almost constant in the box model at these altitudes, with
values of 0.10£0.01 (RF03) and 0.09 £ 0.02 (RF07). The
BrO,—reservoir equilibria are relatively stable; changes in
the BrO / Br,, ratio result from displacements of the Br / BrO
partitioning. Observed mixing ratios of O3 are low — decreas-
ing from 26 ppb at 9km to 18 ppb at 12.5km in RF03, and
varying between 23 and 24 ppb over the same altitudes in
RFO07, before dropping to 18 ppb at 14 km. Temperature de-
creases from 248 K at 9 km to 223 K at 12.5 km in RF03 and
from 250 to 222 K over the same altitudes in RF07 then fur-
ther to 213 K at 14 km. Measured Jg;o continues to increase
with altitude. In the upper FT, the Br / BrO ratio is ~ 1, while
in the TTL BrO is reduced to as little as 28 % of BrO,, yet
BrO remains well above the DOAS detection limit. Note that
BrO is flat or only mildly increasing in the upper FT and
TTL. However, the decrease in BrO / Br, drives an increase

Atmos. Chem. Phys., 17, 15245-15270, 2017

T. K. Koenig et al.: BrO and inferred Br, profiles over the West Pacific

in Bry, from 2.1 ppt at 9 km to 5.6 ppt at 12.5 km, with a max-
imum of 7.2 ppt Bry at 11 km (RF03), and 3.6 ppt at 9 km to
12.8 ppt at 14 km (RF07).

3.2 TTLandLS

The BrO mixing ratios during flight track legs flown at a level
altitude were retrieved using the parameterization technique
outlined in Dix et al. (2016), as described in Sect. 2.1.2. Fig-
ures 3 and S5 show a number of tracers used to define the
TTL and LS during RF06 and RF15. These are simplified
into four regimes with simple, single-variable definitions that
allow separation for ease of examination. The LS is defined
as air above 12.5 km and O3 > 200 ppb, and the TTL is above
12.5km and O3 < 200 ppb.

As can be seen in Fig. 3, the LS defined in this way is
poleward of the jet stream and is characterized by consis-
tently low H,O and CO, and high O3 varying between 200
and 900 ppb. The transition from the TTL to the LS is marked
by greatest O3, above the levels found elsewhere in the strato-
sphere. CFC-11, not shown in Fig. 3, is below 230 ppt in the
stratosphere. The LS is further divided into the middleworld
LS and overworld LS. The division from Hoskins (1991) of
380 K potential temperature (0) is slightly modified to 377 K
to obtain two contiguous regions (Fig. 3a). The transition
from the middleworld to the overworld is also marked by
high O3, much like the LS entrance and exit.

The TTL is divided into the convective TTL defined as
air masses with H,O /O3> 0.1 ppmppb~! and the aged
TTL where H,O /O3 < 0.1 ppm ppb~!. Observations from
the profiling case studies are all in the convective TTL by
these criteria. This is to be expected, given that the pro-
files are in the western Pacific warm pool, where convec-
tion to 15km and above is persistent. The GV can only
probe the TTL closer to the tropopause through latitudinal
transects where the relevant region is at lower altitude. Fig-
ure S6 compares this classification to tracer—tracer classifi-
cations of the TTL from other works. The left panel uses
the definition from Pan et al. (2014) as proxy for the TTL:
[H,0] > [HZO]stratospheriu and [O3] > [03]tropospheric~ Using
this definition, the convective TTL as defined here includes
high-altitude tropospheric air and the aged TTL includes
stratospheric air. The right panel correlates [CO] and [O3]
examining CONTRAST RF15, as done in Chen et al. (2016).
The aged TTL as defined in this work is nearly equivalent to
the TTL-LMS (tropical tropopause layer—lowermost strato-
sphere) transition defined in Chen et al. (2016); i.e., [CO]
is correlated with [O3] with a slope of —0.4. Exceptions to
this are that portions of the convective TTL, and a mid-FT
filament (RF07), fall on the same line (would be TTL-LMS
in Chen et al., 2016), and portions of the aged TTL (RF06,
RF15) organize as parallel lines with slopes of —0.03, which
would classify as stratospheric in Chen et al. (2016).

As the tracer—tracer correlations make apparent, the aged
TTL is characterized by O3z, H,O, and CO changing in con-
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Figure 3. Meteorological and chemical tracers during RF15. (a) (Red) horizontal wind speed; (black) potential temperature (6). The subtrop-
ical jet stream is visible where the horizontal wind maxima have tropospheric and stratospheric halves (indicated by arrows). The black arrow
indicates the overworld (here: 6 above 377 K). (b) (Red) O3; (blue) H>O. The troposphere—stratosphere transition is marked at 200 ppb O3.
Positive departures in HyO mark convective air masses. (¢) (Green) CO; (blue) HyO / O3 ratio. The 0.1 ppm ppb_1 line is used to separate
the aged TTL from the convective TTL. The times marked indicate the transitions (from left to right) 01:01 convective TTL to aged TTL,
01:35 aged TTL to middleworld LS, 02:32 middleworld LS to overworld LS, 03:25 overworld LS to aged TTL, and 04:21 aged TTL to

convective TTL.

cert. There is no consistent correlation between [O3] and
[H,0O], though both vary significantly. In contrast, there is
a consistently strong inverse correlation between [O3] and
[CO]. The aged TTL is also characterized by concentrations
of fine aerosol SA sufficient for HCR3 (or marginal HCR2).
The aged TTL was probed during RF06 and RF15.

As the name suggests, the convective TTL is influenced
by recent convection, and includes high-altitude air which is
essentially tropospheric. Relative to the aged TTL, it is char-
acterized by high H>O and corroborated by elevated CO, low
03, and low 8. Convective air masses are observed for suf-
ficiently brief periods to be averaged over by AMAX obser-
vations. The convective TTL was probed briefly in RF03 and
subsequently in RF06, RF07, and RF15. Figure S5 shows a
region that was only observed in RF06 termed the convective
TTL transition (0.1 <H;0O / O3 <0.3). Using the H,O / O3
criterion, this region is in the convective TTL, and tracer—
tracer analysis corroborates an essentially tropospheric char-
acter. However, it shows no signs of recent convection, and
concentrations of O3, CO, and H>O are similar to the aged
TTL; hence the name TTL transition.

Bromine in the jet-crossing case studies

Comparing Figs. 4 and S7 to Fig. 2, the mean BrO 0.53 £
0.08 ppt (RF06) and 1.01£0.08 ppt (RF15) in air recently im-
pacted by convection (Hy0 / O3 > 0.3 ppm ppb~!) was simi-
lar to that observed at the highest altitudes in RFO3 and RFO7.
Again, as in Fig. 2, the error from modeling is not always
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apparent in Figs. 4e and S7d (see Sect. 2.3.1). Chemically,
Bry, partitioning was characterized as HCRI1 (see Sect. 2.3.1),
HBr dominated Bry, and Br made up the majority of BrO,.
This drove BrO / Bry, down t0 0.12£0.01 (RF06) and 0.13 &+
0.03 (RF15) (compared to 0.10£0.01 at 12.5 km in RF03 and
0.09£0.02 at 14.0 km in RF07). The inferred Bry in turn was
4.3£0.5 and 7.941.3 ppt for RF06 and RF15 in the TTL in-
fluenced by recent convection.

Portions of the convective TTL nearer to the aged TTL,
including the convective TTL transition (see Sect. 3.2) in
RF06, had more BrO, 0.9 £0.1 ppt (RF06) and 1.1 £0.5 ppt
(RF15). This region included a rapid increase in aerosol sur-
face area and ozone as the aircraft moved into lower strato-
spheric air. The increased SA lead to a transition from HCR1
to HCR2; however, the higher O3 in the TTL gives rise to
a higher BrO /Bry, compared to that of the mid- and up-
per FT. Overall, BrO / Bry rose (RF06: 0.18 £ 0.05; RF15:
0.30+0.12) and more than compensated for the increase
in BrO, and as a result inferred Bry stayed largely flat at
4.2 £ 0.6 ppt (RF06) and 4.4 0.5 ppt (RF15).

Moving to the aged TTL in Figs. 4 and S7, BrO con-
centrations were elevated relative to the convective TTL
(1.0 0.2 ppt RFO6 and 1.6 £0.1ppt RF15). The greatest
BrO mixing ratios in RF15 were observed nearest the strato-
sphere, since RF06 never reached the stratosphere this may
in part explain the higher mean in RF15. Elevated O3 caused
BrO to dominate BrO,. However, the high O3 coupled with
increased NO; caused BrONO, to make up to 20 % of day-
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Figure 4. BrO, Bry, and Bry, partitioning during the RF15 jet-crossing flight. (a) (Black) 5 min average BrO used for model input; (grey) 30 s
data. (b—d) Partitioning of Bry, species from the box model for (b) case 0, (¢) case 2, (d) case 3; (black line) BrO / Bry, ratio. (e) Bry inferred
along the flight track using the measured BrO and the modeled ratio; (grey) case O; (red) case 1; (cyan) case 2; (dark green) case 3.

time Bry for case 0, while BrONO; is converted to HOBr
for the cases including efficient recycling. This had a limit-
ing effect on BrOy / Br, as illustrated in Fig. S4. Chemical
uncertainty in these air masses is driven by this increase in
BrONOg, see also Sect. 3.3. BrO /Br, is high in the aged
TTL (0.466 £0.008 in RF15), giving an inferred Bry of
2.04+0.3 ppt Bry (RF06) and 3.4940.17 ppt (RF15). A con-
tributing factor to this difference may again be that the high-
est Bry values in RF15 are observed nearest the stratosphere,
a region that RF06 did not sample.

BrO was observed to rise rapidly upon entering the strato-
sphere during RF15, i.e., from 1.97£0.12 to 2.90£0.16 ppt
in the middleworld. Though the middleworld changes in BrO
paralleled changes in O3, but Br,, partitioning could not ex-
plain these changes. Instead, the BrO / Br, ratio was rather
constant at 0.44 £0.03. In the middleworld, O3 and NO,
mixing ratios were both higher than in the aged TTL, which
caused BrONO; to be competitive with HOBr as a daytime
reservoir species. Consequently the modeled BrO / Bry ratio
is suppressed with increasing O3, which is consistent with
Fernandez et al. (2014). Figure S4, illustrates that the mag-
nitude of this suppression is strongest when SA is high, as is
the case in the middleworld LS.
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Following the climb into the overworld at the north-
ern most point, the mean BrO slightly increased to 3.15 4
0.13 ppt, and the largest mixing ratio of 3.35 ppt BrO (5 min
average, 3.78 ppt is the 30 s maximum) was observed. Chem-
ically, conditions were similar to the middleworld, BrONO;
essentially replaced HOBr as a reservoir for Bry, and the
BrO /Bry ratio remains flat. The small variations in BrO
were mirrored by corresponding variations in BrO/Br,
leading to a consistent Bry, of 7.2£0.6 ppt, without any over-
all trend in the overworld.

3.3 Box model sensitivity studies

The BrO-inferred Bry estimates from the box model sensi-
tivity studies (Table 3, Sect. 2.3.1) are summarized in Ta-
ble 4. For detailed results from each model case see Table S3.
Broadly, for case O in the lower FT (< 6.5km), aged TTL,
and stratosphere, the SA is high enough to remove HBr in
the box model. As a consequence, Bry estimates are insen-
sitive to further increases in SA, and the BrO / Br,, ratio is
solely determined by gas-phase chemistry. In contrast, be-
tween 6.5 and 13.5km the inferred Bry is sensitive to as-
sumptions about the available SA and heterogeneous chem-
istry. The higher SA of case 1 leads to higher BrO / Br, ratios
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Table 4. Summary of BrO and Bry mixing ratios over the tWPO.
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Altitude BrO ppt? Bry ppt?

case 0 casel case2 case3 pooled
MBL, 0-0.5km 1.7 (1.0, 3.8) 13.8 13.8 13.8 13.8  13.8(5.5,30.2)
TL, 0.5-2.0km 1.2 (0.6, 1.3) 5.8 5.8 5.8 5.8 5.8(34,8.7)
Lower FT, 2.0-6.5km 0.7 (0.4, 0.9) 2.8 2.8 2.8 2.8 2.8(1.6,5.0)
Mid-FT, 6.5-9.5km 0.6 (0.5, 1.0) 3.6 1.6 1.6 1.6 2.1(1.3,3.6)
Upper FT, 9.5-12.5km 0.6 (0.3, 0.7) 6.2 2.1 1.7 1.7 2.1(1.6,4.4)
Convective TTL® 0.9(0.5,1.1) 4.8 33 2.6 2.6 3.3(2.6,4.3)
Aged TTLd 1.2 (0.9, 1.8) 2.7 2.7 2.6 2.6 2.7(2.0,3.5)
LSs® 3.1(2.8,3.2) 6.9 6.9 6.9 6.0 6.9 (6.5,7.4)

4 BrO is reported as follows: median (st quartile, 3rd quartile). ® Bry values are the medians for each of the chemical cases, the
“pooled” values report the median (1st quartile, 3rd quartile) for cases 0, 1 and 2. Air masses above 12.5km are classified as
follows: ¢ Convective TTL H>O / O3 > 0.1 ppm ppb—!, 4 Aged TTL H,0 / O3 < 0.1 ppm ppb~1, € LS O3 > 200 ppt.

that translate into lower estimates of Bry (by up to a factor
of 4) in the upper FT and TTL. Figure 5 illustrates the effect
of adjusting the measured SA by UHSAS on BrO / Bry (for
sensitivity of BrO, / Bry see Fig. S4). The impact on the in-
ferred Bry is further apparent in Figs. 7 and S8. At 11km,
the Bry, inferred from case 1 changes from 6 ppt Br, (case 0,
grey) to 3 ppt Bry (case 1, red). The sensitivity in the inferred
Br, is largest in air masses in the upper FT and TTL, which
are in HCR1 and HCR2, and hence sensitive to aerosol SA.
Assumptions about reaction probabilities on surfaces, y, also
play arole; SA and y are indistinguishable and the product of
SA x y determines many heterogeneous reaction rates. The
box model does not represent washout, and this too is indis-
tinguishable from SA and y as the total Bry burden in the FT
and above is the net result of the competition between Bry,
sources, washout, and the heterogeneous reaction rates for
BrONO,, HBr, and HOBr.

When moving from case 0 to case 1, the altitude at which
HCR3 shifts into HCR2 increases to higher altitudes, i.e.,
from 8.0 to 9.5km (RF03), 6.0 to 8.0km (RF04), and 5.5
to 9.5 km (RF07). The transition from HCR2 to HCR1 is not
encountered in case 1 during RFO3 and RF04, but it is ob-
served for RF0O7 (the altitude of this transition shifts from
typically 10.5km, case 0, to 12.0km, case 1). The convec-
tive TTL during both jet-crossing flights (which in case 0
is HCR1 and HCR?2) shifts to HCR2 and HCR3 in case 1,
with implications for the sensitivity to infer gas-phase Br,.
The remaining HCR2 air masses are those with the greatest
H>0 / O3 ratio, i.e., those that have the most convective char-
acter and are most similar to the upper FT.

In case 2, ice greatly increases SA and has the further ef-
fect of converting BrONO;, to HOBr. The presence of ice
shifts heterogeneous chemistry to higher SA than shown in
Figs. 5 and S4, and all air moves into the HCR3 regime in
the box model. Case 2 has no effect on Bry estimates at alti-
tudes below 6 km (no ice observed), and no significant effect
in the aged TTL. A minor effect to increase the BrO /Br,
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Figure 5. Sensitivity of the BrO / Bry, ratio to surface area (SA) and
O3 concentration. Conditions are representative of the upper tro-
posphere. Dashed vertical lines mark the heterogeneous chemical
regimes (HCRs; see Sect. 2.3.1). The horizontal bar at the bottom
marks a factor of 4 in SA along the logarithmic abscissa (i.e., the dif-
ference between case 0 and case 1). Arrows mark the corresponding
sensitivity of the BrO / Bry ratio in the upper FT (uFT), convective
TTL (cTTL), aged TTL (aTTL), and LS. The largest sensitivity is
observed in the upper FT and convective TTL, while the aged TTL
and LS are insensitive.

ratio is visible in the upper FT and convective TTL in Fig. S8
(cyan whiskers). Note that within case 2, BrO, represents
more than 80 % of total Bry, a fraction that increases as am-
bient ozone is reduced (Fig. S4). Under these conditions, the
ratio Br /BrO > 1 and atomic bromine becomes the domi-
nant Bry species within the convective TTL (see Figs. 2¢,k
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Figure 6. Tropospheric vertical profiles of BrO and Bry over the tWPO and comparison with global models. Boxes and whiskers are for
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and 95th percentile. Data points from the LS and aged TTL have been removed here to avoid bias, and emphasize tropospheric data. Lines
indicate median global model profiles; the dashed magenta lines indicate the Sth and 95th percentile for CAM-Chem.

and 4c). Thus, current box-modeling results constrained with
CONTRAST measurements and effective heterogeneous re-
cycling are consistent with the proposed tropical rings of
atomic halogens, where atomic bromine dominates inorganic
bromine partitioning under the low ozone and ambient tem-
peratures prevailing in the TTL (Fernandez et al., 2014; Saiz-
Lopez and Fernandez, 2016).

Kreycy et al. (2013), proposed that BrONO; is relatively
unstable, and recommend increasing BrONO; photolysis and
decreasing BrONO, formation. Because ice similarly dis-
rupts BrONO; both effects are included in case 3 to deter-
mine the maximum combined effect on BrONO;. No dis-
cernible impact on Bry, is found for tropospheric air masses,
and only a minor impact is visible in the stratosphere for
the case studies of this work. The impact on Bry partition-
ing in the stratosphere is visible in Fig. 4; however, the im-
pact on BrO/Br, can be difficult to discern. In the TTL
BrO / Bry increases by 2.9-6.5 % over case 0, and 1.5-3.1 %
over case 2. The impact is greater in the aged TTL and hence
greater in RF15 than RF06. The effect in the stratosphere is
an increase in BrO / Bry by 5.5-7.1 %, leading to a slight re-
duction in the inferred Bry. Since BrO /Bry, is ~ 50 %, the
change in leverage is minimal, and the effect on inferred Br,,
is not significant.

4 Discussion and atmospheric implications
4.1 Tropospheric BrO and Br),

The overall median tropospheric BrO and Br, profiles are
shown in Fig. 6. These profiles exhibit a C-shaped profile
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characteristic of convective transport (Kley et al., 1996; Pan
et al., 2017). To our knowledge, these are the first observa-
tions of C-shaped profiles for tropospheric inorganic bromine
species (MBL into the convective TTL). The data are further
summarized in Table 4. The median BrO profile decreases
with altitude, from an MBL median of 1.72ppt to a mini-
mum around 0.5 ppt in the mid- to upper FT, and increases
again in the convective TTL (see Fig. 6 and Table 4).

The trends in Bry, for the simulation case 1 (red in Fig. S8)
are similar to those for BrO. Bry decreases from a MBL me-
dian of 13.8 ppt toward a minimum of 1.6 ppt in the mid-FT
where Bry, is roughly constant with altitude. Bry begins to in-
crease in the uppermost portion of the upper FT and reaches
a local maximum in the convective TTL of 3.3 ppt. However,
unlike BrO (which increases from the convective TTL to the
aged TTL) gas-phase Br, decreases from the convective TTL
to the aged TTL, as is further discussed in Sect. 4.2 below
(see also Fig. 7).

The box model sensitivity study medians are summarized
in Table 4, and a comprehensive summary for all cases is
given in Table S3. As seen in Fig. S8, a common feature to all
model results is the C-shaped profile in Bry, which is most
pronounced in case 0, and least pronounced in case 2. The
estimated Br, concentration is most sensitive to chemical as-
sumptions in the mid- and upper FT, as well as in the convec-
tive TTL, and responds sensitively to the available SA and
assumptions about heterogeneous reaction rates that recycle
bromine. Case O (grey in Fig. S8) has significantly more Br,,
in all three regions, but especially in the upper FT, where the
inferred Br,, is 3—5 times higher in case 0 compared to cases 1
and 2. Indications of an artificially high bias in Br, for case 0
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Figure 7. Bry vertical structure in the UTLS; (colored circles) Bry from box-model case 1; the color represents different air mass types.
(grey squares) case 0; (grey triangles) case 3. Tracer correlations with (a) CFC-11, (b) potential temperature, and (¢) HpO / O3 ratio have
been constructed such that the top is more stratospheric, while the bottom is tropospheric. The dashed lines in (b) and (c) indicate separation
between data from profiling and jet-crossing case studies — the data are inseparable in panel (a).

arise from a step change in the Br, vertical distribution be-
tween 12 and 13 km altitude (case 0). No similar step change
is observed for model cases 1 and 2, which show a gradual
and smooth Bry increase from the mid-FT into the convective
TTL. A previous optical closure study had revealed a low-
bias in the UHSAS measured aerosol SA for reasons that are
currently not well understood (Volkamer et al., 2015), which
can lead to a high bias in inferred Bry in the upper FT unless
corrected (Wang et al., 2015). The step change in the Br,
profile for case 0 shown in Fig. S8, and the continuous be-
havior exhibited in case 1, provides corroborating evidence
that SA is more accurately represented in case 1. The median
Br, from case 1 has thus been listed in Table 4. Case 2 (cyan
in Fig. S8) has overall less Bry, in the mid- and upper FT, and
TTL than case 1, and likely represents a lower limit for Br,.
If heterogeneous bromine recycling on the much larger ice
SA is as effective as on aerosols, the potential impact of ice
shifts the Bry, minimum from the mid-FT into the upper FT.
The differences in Bry from cases 1 and 2 are smaller than
0.5 ppt in the convective and aged TTL, as is indicated by the
Ist quartiles in Table 4, and further discussed in Sect. 4.2.

4.2 Br, structure in the UTLS

Figure 7 shows inferred Bry against different tracers of the
stratosphere and troposphere. Colored points show case 1,
grey squares case 0, and grey triangles case 3. Figure 7a has
vertically decreasing CFC-11 as an indicator of stratospheric
photochemical processing, Fig. 7b, shows increasing 6 in-
dicating the stable vertical positions of different air masses
locally, and Fig. 7c shows decreasing H;O / O3 on a loga-
rithmic scale as an indicator of increasing stratospheric and
decreasing tropospheric character. Thick dashed lines sep-
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arate data from the jet-crossing and profiling case studies;
trends continue smoothly across the separation. Consistently
in Fig. 7, there is significant variability in the Br, across the
tropospheric—stratospheric interface. A distinct minimum in
gas-phase Bry, is visible in the aged lower TTL, and Br, in-
creases both towards lower and higher altitudes, i.e., with
decreasing CFC-11 (Fig. 7a), increasing 6 (Fig. 7b), and de-
creasing H,O / O3 ratio (Fig. 7c). Figure 7a shows the cor-
relation of Bry against CFC-11, a tracer of photochemical
age. CFC-11, similar to long-lived bromocarbons, does not
photolyse significantly in the troposphere, where the mixing
ratio is constant at about 237 ppt (Carpenter et al., 2014).
TTL data has CFC-11 levels that are tropospheric or very
near tropospheric, and the convective and aged TTL cannot
be separated by CFC-11. This suggests that the aged TTL
contains mostly tropospheric air, and contributions from the
stratosphere are small. The photochemical liberation of Bry
from bromocarbons, including VSLS, in the aged TTL is in-
distinguishable from the variance in the convective inputs.
CFC-11 decreases in the middleworld, consistent with the
inferred Bry increase. This matches the expected behavior as
long-lived bromocarbons and possibly VSLS are photolysed
along with CFC-11, liberating Bry. However, this correlation
does not extend into the overworld, where despite greater de-
pletion of CFC-11 the Br, expected to result from bromo-
carbon photolysis is not observed. Notably, gas-phase Br,,
does not include aerosol bromide, which is unconstrained by
CONTRAST observations. Gas-phase Br,, is not a conserva-
tive quantity, rather it is a lower limit of total bromine in the
UTLS.

Taking [CFC-11]=237ppt as the definition of the
tropopause, the gas-phase inorganic Br, injected into the
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stratosphere — the PGI — is found to be 2.6 & 0.6 ppt Br,
for case 1. The slope of the Bry—CFC-11 correlation fit-
ted for all data is 0.15 £ 0.03. The middleworld points with
210 ppt < [CFC-11] < 230 ppt show the clearest correlation,
with a slope of 0.22 +0.01. Assuming no other source or
sink for Bry, this indicates that on average CBr, liberates
Bry at 0.15 (and up to 0.22) the rate of CFC-11 decay in
the stratosphere. Modeling of sea-salt-derived Br, in the tro-
posphere without any contribution from organics suggests
such sources are responsible for 24 1ppt Bry in the TTL
(Long et al., 2014). Additionally, previous CAM-Chem sen-
sitivity studies determined that the contribution of sea-salt-
derived bromine to the lower TTL was small (< 0.5 ppt) for
the global-mean TTL (equivalent to the aged TTL here), but
represented more than 3.6 pptv within strong convective re-
gions such as the tWPO (equivalent to the convective TTL
here; Fernandez et al., 2014). The difference between the re-
gions in CAM-Chem is sensitive to the balance between re-
cycling and washout process, which are uncertain. Thus, it
is possible that the majority of the inorganic bromine in the
TTL is related to sea-salt bromine sources. This is consistent
with reports of underestimated Br,, in lower stratospheric air
in the Southern Hemisphere subtropics that suggest an un-
derestimation of stratospheric injection of 1.2 ppt Bry, when
neglecting the sea-salt source (Wang et al., 2015).

Examining Fig. 7b, a similar story emerges. Potential tem-
perature (6) quite effectively separates the different air mass
types (Hoskins, 1991). The LS has 6 greater than 370K,
with the overworld defined here as 6 > 377 K. There is an
inferred Bry minimum of 2.3 4-0.5 ppt between ¢ of 360 and
365 K. Then, Bry increases with 6 through the remainder of
the aged TTL and the middleworld. In the overworld, Br, is
roughly constant with respect to 6, as it is versus CFC-11,
and largely independent of the assumptions about the kinet-
ics of BrONO; (compare blue and grey triangles in Fig. 7).
We conclude that the Bry minimum in the aged TTL is ro-
bust.

Figure 7c shows Br, versus the H>O / O3 ratio. This panel
more fully separates the aged and convective TTL and high-
lights the decrease in Bry in the aged TTL. Bry, is nearly con-
stant at 2.7 & 0.9 ppt for values of H,O / O3 characteristic of
the aged TTL; Br, increases in the more humid and lower O3
air at lower altitudes, as well as in the stratospheric middle-
world. The H,O / O3 ratio is found to be the best tracer for
the higher Br, in the convective TTL; it also holds the most
(albeit still limited) potential for capturing any trend in the
overworld. While panels (a) and (b) do not reveal any trend
for Bry, versus either CFC-11 or 6 in the overworld, the fitted
trend of Bry, versus H,O / O3 in panel (c) is neither differ-
ent from zero nor statistically different from the trend in the
middleworld.
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4.3 Comparison with global models

Observed BrO and inferred Bry in different portions of the
atmosphere, as summarized in Table 4, are compared to out-
put from GEOS-Chem and CAM-Chem global models in
Fig. 6. Bry from the experimentally constrained box-model
estimates is compared with chemistry climate models, this
is fundamentally a model-model comparison. However, sig-
nificant information can be gleaned by leveraging the con-
straints on the box model and the representation of transport
processes in the global models. Table 5 compares the corre-
sponding partial and total tropospheric BrO VCDs. Examin-
ing the latter, the observations have a median value of 1.65 x
103 molec cm~2, while CAM-Chem predicts about 25 % of
this value (0.41 x 10> molec cm~2). GEOS-Chem without
SSA source that predicts 55 % or 0.91 x 10'3 molec cm_2;
the closest to the observed value is GEOS-Chem with the
SSA source predicts 125 % or 2.07 x 10'3 molec cm 2.

In the MBL, the high concentrations of BrO observed and
inferred Br, are intermediate between the GEOS-Chem sim-
ulations including and excluding the SSA Bry source. The
95th percentile trace of CAM-Chem further illustrates that
CAM-Chem captures instances where BrO is above 4 ppt
near the surface, though examination of the specific case
studies reveals it does not match the location of observa-
tions. GEOS-Chem roughly reproduces the near-surface ver-
tical distribution of both BrO and Bry with a TL partial VCD
roughly twice that in the MBL (Table 5). For both BrO and
Br, when a SSA bromine source is excluded, the decrease
with altitude is greater than observed, while the reverse is
true when the SSA source is included; some intermediate
profile seems to best reproduce the observations.

In the FT, the model simulations shown in Fig. 6 exhibit a
high degree of variability. However, the variability in the ob-
servations spans a similar range. In the lower FT, the median
observed BrO is between 0.6 and 0.9 ppt, and is larger than
predicted by global models, which show less than 0.5 ppt be-
tween 2 and 5 km (Fig. 6a). Continuing up through the FT,
the CAM-Chem median approximates the BrO and Br, pro-
file shapes reasonably well in the mid-FT, but follows the
low end of the BrO observations, while tracking median box-
modeled Bry. As the 5th percentile and median CAM-Chem
profiles in Fig. 6 help illustrate, CAM-Chem often has almost
no BrO in the FT. GEOS-Chem shows significant enhance-
ments of BrO and Br, in the mid-FT, which are not observed.
In the upper FT, consistent with the results from Wang et
al. (2015), a SSA source best reproduces the median BrO ob-
servations. Furthermore, two global models with SSA source
differ in their Bry predictions in the upper FT by a factor of
3—4, bracketing the box-model-inferred Br,. While exclud-
ing the SSA source from GEOS-Chem reproduces inferred
Bry in the mid-FT, it does not show the increase in inferred
Bry in the upper FT and convective TTL. Revisions to the
ozone-induced source of HOBr from aerosol bromide at the
air—water interface (Artiglia et al., 2017) — which is partic-

www.atmos-chem-phys.net/17/15245/2017/



T. K. Koenig et al.: BrO and inferred Br, profiles over the West Pacific

15261

Table 5. Comparison of partial and total tropospheric BrO VCDs measured by AMAX-DOAS with different models. Values in parentheses

indicate the 1st and 3rd quartile.

Altitude BrO VCD x 102 BrO VCD (GEOS-Chem  BrO VCD (GEOS-Chem BrO VCD

(AMAX-DOAS measurements) no SSA source) with SSA source) (CAM-Chem)
MBL 2.1(1.2,4.7) 1.0 (0.2, 1.5) 3.6 (0.5,9.0) 0.2 (0.1, 0.6)
TL 4.0(2.8,7.3) 2.0 (0.8, 3.3) 6.1 (3.1, 10.6) 0.4 (0.2, 1.3)
Lower FT 5.7 (2.9, 6.8) 2.1(1.2,4.1) 4.52.4,8.0) 1.4 (0.7,2.2)
Mid-FT 2.2(1.4,3.2) 2.7 (1.7,3.8) 4.6(3.3,5.9) 1.1 (0.7, 1.6)
Upper FT 1.3 (0.7, 1.7) 0.8 (0.4, 1.6) 1.2(0.6,2.2) 0.5(0.3,0.9)
TTL 1.1 (0.8, 1.5) 0.6 (0.2, 1.4) 0.7 (0.2, 1.7) 0.5(0.3, 1.0)
Troposphere 16.5 (9.6, 25.2) 9.1 (4.5,15.8) 20.7 (10.1, 37.4) 4.1(2.4,7.6)

ularly important in the tropical upper troposphere (Schmidt
et al., 2016; see Sect. 4.5) — might explain the difference in
behavior by global models.

In the TTL, GEOS-Chem (with and without the SSA
source) shows some increase in BrO and Br, at the high-
est altitudes, but only after a minimum in the same re-
gion. CAM-Chem does not show this increase in the median,
though the 95th percentile makes it transparent that elevated
BrO is predicted in certain instances. CAM-Chem includes
an explicit representation of the stratosphere, and as a result
captures more of the variability in the UTLS (not included in
Fig. 5). Examination of CAM-Chem model output versus 6
(Fig. S9) reveals a gas-phase Br, minimum, albeit at lower
0 (~350K) and with less Br, (1.2ppt) than observed. As
in Fig. 4, the CAM-Chem output with highest Bry is more
consistent with observations. Notably, CAM-Chem model-
ing of iodine chemistry (which has some similarities) has
predicted a local minimum in gas-phase inorganic iodine in
the TTL (Saiz-Lopez et al., 2015), consistent with observa-
tions (Volkamer et al., 2015; Dix et al., 2016).

Notably, while both BrO and Br, are broadly consistent,
partitioning of Br, is different between the box-model and
global models. The greatest difference is for HBr, where the
tropospheric column abundance differs by over a factor of
15 over the total column, as shown in Table S2. Broadly,
GEOS-Chem has more BrONO, and HBr, and less HOBr
compared to the box model. When the SSA bromine source
is excluded the BrO / Bry, ratio roughly matches as the differ-
ent components cancel out (visible as the BrO and Br, com-
paring similarly in Fig. 6a and b). Furthermore, O3 is slightly
higher in GEOS-Chem than observed, resulting in a greater
BrO / BrOy ratio. In CAM-Chem, however, Br, partitioning
is broadly similar to the box model, with the key exception
of HBr. The larger amount of HBr in CAM-Chem is respon-
sible for the agreement in Br, in the FT, despite underesti-
mating BrO observations. GEOS-Chem with a SSA source
also has substantially more HBr near the surface, signifi-
cantly lowering the BrO / Bry ratio. Notably, the additional
HBr in GEOS-Chem falls off more rapidly with altitude than
in CAM-Chem, suggesting that transport, recycling, and/or
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washout are different between the global models. These dif-
ferences manifest differently in the TTL, where HBr falls off
more rapidly in CAM-CHEM than in GEOS-Chem. As Ta-
ble S2 highlights, only in the upper FT (HCR1) is HBr in the
global models consistent with that in the box model. This fur-
ther reinforces the strong impact of uncertainties in HBr het-
erogenous chemistry when coupled to transport and washout.

4.4 Comparison with other studies

Tropospheric measurements of BrO and other Br, species
were obtained by two CIMS instruments over the tWPO dur-
ing the same period as the AMAX-DOAS measurements de-
scribed above. The Georgia Tech CIMS (GT CIMS) was on
the same GV platform as the AMAX-DOAS and measured
BrO and Br, + HOBr, with results summarized in Chen et
al. (2016). There was no overlap between the tropospheric
case studies presented here and those in Chen et al. (2016);
the CIMS had calibration challenges for early flights, while
cloudy conditions precluded AMAX-DOAS retrievals for
later flights. The Manchester University CIMS (MU CIMS)
was aboard the British Aerospace 146 (BAe-146) aircraft
as part of the Coordinated Airborne Studies in the Tropics
(CAST) project (Harris et al., 2017). During CAST, the BAe-
146 had a ceiling altitude of 9 km on flights between and out
of Guam, Chuuk, and Palau (Koror) which are indicated in
Fig. 1. The MU CIMS sampled the troposphere during CAST
in broadly the same region as the tropospheric case studies
presented for the AMAX-DOAS during CONTRAST. Mea-
surements from the MU CIMS cover BrO, Brp, BrCl, and
HOBE, all reported separately (Le Breton et al., 2017).

A comparison of tropospheric data from the AMAX-
DOAS and the two CIMS instruments is presented in
Fig. S10. The GT CIMS has a detection limit of ~ 1 ppt for
BrO, which is substantially higher than that of MU CIMS
and AMAX-DOAS. The BrO measured by MU CIMS and
AMAX-DOAS is below the GT CIMS detection limit of
greater than 75-90 % of the time for altitudes between 2
and 12.5km. There are no GT CIMS measurements below
1 km, where AMAX-DOAS shows significant variability for
BrO. While AMAX-DOAS mostly samples clear-sky con-
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Figure 8. Comparison of BrO and Bry, along the RF15 flight track with CAM-Chem. (a) Raw output is shown for DOAS (grey) and GT CIMS
BrO (green); along with the 5 min averages for DOAS (black squares), and a moving 9 min box average for GT CIMS (green circles); (blue
line) CAM-Chem predicted BrO; (red line) measured O3 to indicate the entrance of the LS; GT CIMS data are screened for O3 > 480 ppb.

(b) Comparison of box-model Bry with CAM-Chem.

ditions, the GT CIMS was operating mostly during cloudy
flights near convection. Such conditions favor the uptake of
bromine into the condensed phase, and as a result the dif-
ferences in the BrO measurements between these two in-
struments may in part reflect true differences in the sam-
pled atmospheric conditions. Below 3.5 km AMAX-DOAS
observes more BrO than the MU CIMS (Fig. S10a), though
there is overlap in the distribution of observations. The MU
CIMS does observe instances where BrO is high near the
surface (Le Breton et al., 2017) corroborating the variability
observed by the AMAX-DOAS. The AMAX-DOAS and MU
CIMS data generally agree for BrO in the altitude range from
3.5t09.0km (Fig. S10a). The measured Bry, from MU CIMS
(i.e., BrO + 2 x Bry +HOBr + BrCl) is in rather good agree-
ment with Bry inferred from AMAX-DOAS over the 3.5 to
9.0km altitude range, providing support for the overall ve-
racity of our study (Fig. S10b). There are no MU CIMS mea-
surements above 9 km. In the TTL, the differences between
the GT CIMS and AMAX-DOAS are not readily resolved.
These discrepancies are unlikely explained by atmospheric
variability as is discussed below.

Both the AMAX-DOAS and GT CIMS operated concur-
rently aboard the GV during the RF15 case study, where el-
evated BrO was expected due to sampling of the overworld.
CAM-Chem suggests that there should be 1-2 ppt BrO just
prior to entering the LS (01:15 UTC of Fig. 8), which is in
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excellent agreement with between 1.3 and 2.1 ppt BrO ob-
served by AMAX-DOAS in the aged TTL. By comparison,
the GT CIMS observes no significant BrO in the aged TTL.
Notably, the lack of change in BrO is consistent with a Br,,
minimum; BrO would be expected to increase significantly
by 25-150 % for constant Br, given the change in physical
and chemical conditions (see Fig. 5). Just prior to the en-
try into the stratosphere, GT CIMS reported 0.48 = 0.58 ppt
BrO, which is below the GT CIMS level of detection (0.6—
1.6 ppt during RF15 for BrO; Chen et al., 2016), and signif-
icantly lower than both AMAX-DOAS and CAM-Chem. In
the LS, GT CIMS BrO rapidly increases to ~ 3.8 ppt BrO
(averaged for 02:09-02:14 UTC). The AMAX-DOAS mea-
surements also rise, but more modestly to 2.9 ppt during the
same period. The discrepancies cannot be readily explained
by horizontal inhomogeneity, the air probed by the AMAX-
DOAS has near-complete turnover within 12 min along the
straight-line flight path. Notably, the GT CIMS does not re-
port data when [O3] exceeds 480 ppb, owing to unrealisti-
cally high BrO that was measured, but is not trusted under
such conditions. This data filter precludes a comparison of
measurements in the remainder of the stratosphere.

First, tropospheric BrO profiles had recently been mea-
sured from aircraft over the tEPO during the TORERO field
campaign (Volkamer et al., 2015). Tropospheric BrO VCDs
from five case studies in pristine marine air showed sig-
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nificant variability (0.5-3.0 x 10'3 molec cm~2; Volkamer et
al., 2015; Wang et al., 2015). Dix et al. (2016) examined the
TORERO BrO data set more fully, and found a campaign me-
dian tropospheric BrO VCD of 1.8 x 10'* molec cm™? (this
median excludes measurements below detection limit, and
thus may be an upper limit). This is similar to the tropo-
spheric BrO VCD of 1.6 x 10'3 molec cm~2 measured over
the tWPO in this study. However, there are important dif-
ferences in the tropospheric BrO profile shape between the
tEPO and tWPO. While we find 37 % of the BrO below 2 km
over the tWPO, no significant BrO had been observed in the
MBL and TL over the tEPO during TORERO, where essen-
tially all (> 95 %) BrO was located above 2km in the FT
(Dix et al., 2016; Volkamer et al., 2015; Wang et al., 2015).
Decreasing BrO with altitude had previously been observed
during the TORERO RF04 case study (Wang et al., 2015).
The overall TORERO data set supports observations of de-
creasing BrO in the lower TTL. The campaign mean BrO
was 1.86 £0.16 ppt (95 % CI, N = 162) at 13.5 km, and de-
creased to 1.38+0.16 ppt BrO (95 % CI, N = 78) at 14.5 km.
This is consistent with 0.9 to 1.2 ppt BrO in the TTL mea-
sured here. As noted in Dix et al. (2016), this decreasing BrO
with altitude is highly significant during TORERO, and not
inconsistent with results by Werner et al. (2017) as discussed
below.

DOAS observations of BrO have also been reported from
the Global Hawk platform at high altitudes (14—18 km) over
the tWPO and tEPO (Stutz et al., 2017; Werner et al., 2017).
The retrieved composite profile has BrO increase gradually
from 0.7ppt at 14.5km to 1.1ppt at 16.5km, then more
rapidly to 3.6 ppt at 18.5km. The consistency between Br,
estimated from AMAX-DOAS of this work and the value of
Bry from Werner et al. (2017) is illustrated in Fig. 9. Werner
et al. (2017) utilize a criterion of CH4 = 1790 ppb to separate
“young” air with more CHy4 and “old” air with less. Apply-
ing this same criterion to the CONTRAST DOAS data repro-
duces the TTL-LS separation. Utilizing the 10K 6 bins we
find good agreement of Bry in the TTL. In the LS, there is
a mismatch wherein the Global Hawk and GV sampled old
air at different 6. However, CH4 concentrations span a sim-
ilar range of 1690-1790 ppm indicating similar aging, and a
general agreement for Br, is also found in the LS. Notably,
Werner et al. do not show a significant Br, minimum in the
TTL, probably due to the limited Global Hawk observations
at 8 < 355K, where such a trend is most apparent in our
data. Moreover, the LS Bry inferred in the Northern Hemi-
sphere LS are consistent with the Bry inferred under dou-
ble tropopause conditions in the Southern Hemisphere mid-
latitude LS (Wang et al., 2015). Finally, CAM-Chem shows
good agreement with the Bry from the box model in this
work below 340 K and above 360 K. However, between 340
and 360K the model predicts systematically lower Br, than
inferred. Navarro et al. (2015) have shown that the CAM-
Chem VSLS are consistent with CONTRAST observations.
The PGI injection of VSLS, which are important for predict-
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Figure 9. Bry in the UTLS inferred from BrO observations, and
comparison with CAM-Chem. Measurements probed BrO over
the Southern Hemisphere eastern Pacific Ocean during TORERO
(Wang et al., 2015); the Pacific Ocean during ATTREX (Werner et
al., 2017), and over the Northern Hemisphere western Pacific Ocean
during CONTRAST (this work). CAM-Chem results are from this
work. For tropospheric air, data are presented in 10 K potential tem-
perature (0) bins. All stratospheric air is pooled (it was sampled
at different 0, but is of comparable age; termed old in Werner et
al., 2017). Bars indicate the mean Bry in each bin, and error bars
indicate the variances. For this work, cases 0-2 are pooled to calcu-
late the means and variances.

ing Bry, profiles through the LS (Liang et al., 2010), are cap-
tured well by the model. The differences in the Bry, profile
shape through the TTL are therefore unlikely to be related to
VSLS alone, but most likely require additional processes.
Elevated concentrations of BrO (up to 3 ppt) in pristine
air masses over the tEPO (Dix et al., 2016; Volkamer et
al., 2015; Wang et al., 2015), and above Florida (Coburn et
al., 2016) most likely reflect a variable influence of bromine
sources from the lower atmosphere (e.g., SSA) downwind of
marine convection (Long et al., 2014; Schmidt et al., 2016).
Interestingly, the source region of the TORERO flights ob-
served deep convective outflow that originated over the
tWPO warm pool in the area south of the CONTRAST study
area, where we observe significant BrO in the MBL consis-
tent with SSA bromine sources. This is in contrast to low
upper limits of less than 0.5 ppt MBL-BrO over the tEPO
(Mahajan et al., 2012; Volkamer et al., 2015). Atmospheric
models that represent sea-salt sources consistently predict
several ppt BrO over tropical oceans (Long et al., 2014; Or-
dodiez et al., 2012; Schmidt et al., 2016; Yang et al., 2005).
This conundrum is a primary reason why recent state-of-the-
art models such as GEOS-Chem have decided not to repre-
sent the sea-salt source of bromine in their default config-
uration (Sherwen et al., 2016). The BrO profiles measured
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during this study suggests that SSA is a significant source of
bromine over the tWPO. The reason for the low BrO over
the tEPO MBL (Volkamer et al., 2015; Wang et al., 2015)
deserves further study.

4.5 Atmospheric implications

4.5.1 Relevance of halogens for atmospheric
composition

Bromine is important for the oxidation of atmospheric mer-
cury (Coburn et al., 2016; Goodsite et al., 2004; Holmes
et al., 2006; Parrella et al., 2012), the destruction of ozone
(von Glasow et al., 2004; Read et al., 2008; Saiz-Lopez
and von Glasow, 2012; Schmidt et al., 2016; Simpson et
al., 2015; Wofsy et al., 1975), and oxidative capacity. Re-
cent first simultaneous measurements of BrO and IO over
the entire height of the tropical troposphere (Volkamer et
al., 2015) suggest that bromine and iodine together ac-
count regionally for 34 % of column-integrated ozone loss
over the tEPO (Wang et al., 2015). Globally, the impact
of bromine and other halogens reduces the ozone burden
between 10 and 18 %, which is comparable to the ozone
sink from the HO, + O3 reaction (Saiz-Lopez et al., 2012,
2014; Sherwen et al., 2016, 2017b). Bromine oxidation of
NO, is an important NO, sink, and contributes to ozone re-
duction by reducing the photochemical formation of ozone
(Schmidt et al., 2016). Halogen chemistry is responsible for
an 11 % reduction in global average OH radical concentra-
tions (Schmidt et al., 2016), and increases the atmospheric
lifetimes of methane from 7.47 to 8.28 years (Sherwen et
al., 2016). However, the most recent papers (Schmidt et
al., 2016; Sherwen et al., 2016) do not consider the SSA
source when estimating the impacts of bromine and other
halogens in the troposphere. This suggests that the above im-
pacts may be lower estimates, as our results strongly support
the need for a SSA source in the lower marine atmosphere.
Knowledge of heterogeneous/condensed-phase reactions
is rapidly evolving. Recent work has found that an im-
proved implementation of the condensed-phase reaction of
HOBr with S(IV) significantly inhibits recycling of HOBr
and lowers the global gas-phase Bry, burden by 50 % (Chen
et al., 2017). Our models are not optimized to include these
condensed-phase reactions, but including these sinks for Br,,
would lower Bry, estimates from global models in Fig. 6 (and
Table 5). However, recent laboratory observations of surface-
active BrO; (primary ozonide; Artiglia et al., 2017) also sup-
port the important role of O3 reactive uptake for the het-
erogeneous recycling of gas-phase Bry, which is most rel-
evant in the upper troposphere (Schmidt et al., 2016). The
surface activity of the primary ozonide suggests that recy-
cling of Bry, to the gas phase may be in competition with bulk
accommodation of HOBr and subsequent S(IV) chemistry,
which would reduce the efficiency of Br, washout. Further-
more, the role of organic surfactants is unclear. If organics
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reduce the rate of heterogeneous recycling, our Bry, estimates
could be lower limits; if surfactants are neutral or accelerate
heterogeneous reactions, our box-model-inferred Bry would
be rather insensitive since HBr is only a very minor reser-
voir species already. The impact of uncertain heterogeneous
chemistry is transparent from Fig. 5 (and Fig. S4), and most
relevant in the altitude range between 6.5 and 14.5 km, where
Bry inferred from BrO observations is sensitive to assump-
tions about heterogeneous chemistry, and estimated conser-
vatively here. Uncertain heterogeneous chemistry is less rel-
evant for our Bry estimates in the aged TTL and LS (where
the BrO / Bry ratio is flat in Figs. 5 and S4). Future devel-
opment of chemical transport and climate models needs to
refine the representation of heterogeneous/multiphase reac-
tions of halogens, which is currently highly simplified yet
important to assess the impacts of tropospheric halogens for
atmospheric composition and climate.

4.5.2 Inorganic bromine sources

The choice by recent global models (Schmidt et al., 2016;
Sherwen et al., 2016) to estimate halogen impacts only based
on CBr, sources, i.e., without considering the SSA source,
is justified by the ability to approximate the vertical pro-
files of BrO over the tEPO (Volkamer et al., 2015; Wang
et al., 2015) reasonably well without a SSA source, and by
the lack of any measurable BrO in the remote MBL over the
tEPO (see Sect. 4.4). A key difference between profiles over
the tWPO and tEPO is that significant BrO is measured in
the MBL over the tWPO. This strongly supports the need
for a SSA source. It also raises questions of whether models
used to rationalize previous measurements accurately repre-
sent all atmospheric processes. Chiu et al. (2017) speculated
that missing kinetic data to constrain Br + OVOC reactions
could obscure the need for a SSA source in models (Badia et
al., 2017). Figure 6 illustrates that a SSA source is needed to
explain inferred Bry in the MBL, and that this source impacts
atmospheric composition up to at least 3.5 km. The amount
of inferred Bry is well within the range predicted by two
global models, but models that include SSA sources predict
Bry, amounts that vary by a factor of 6-12 over this altitude
range. In the mid-FT, the data remains inconclusive; there is
no pressing need for a SSA source, but the range of inferred
Bry is not inconsistent either. Above 9.5 km the inferred Br,,
increases with altitude. A Wilcoxon—-Mann—Whitney rank
test shows that the inferred Bry in the upper FT and con-
vective TTL is higher than that in the mid-FT with 98 % con-
fidence, supporting a C-shaped profile of inferred Bry. Mod-
els generally do not predict this increase, and profiles remain
either flat or even decrease with altitude. This observation
supports the speculation by Wang et al. (2015) that marine
convection over the tWPO is a source of inorganic bromine.
Our data provide previously missing evidence that support
the widespread impact of inorganic bromine sources on the
upper troposphere.
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The mechanism driving the gas-phase Bry minimum in the
aged TTL is currently not well known, and could have dy-
namical or chemical reasons. The contribution of bromine to
ozone destruction is largest in the vicinity of the tropopause
(Fernandez et al., 2014; Salawitch et al., 2005; Schmidt et
al., 2016; Sherwen et al., 2016), and the observed reduction
in gas-phase Bry in the aged TTL is likely to have a signifi-
cant impact on ozone and OH that is relevant for the lifetime
of brominated VSLS. The lifetime of VSLS in the TTL af-
fects the ratio at which CBry is injected into the stratosphere
as organic source gases or inorganic product gases (Gao et
al., 2014; Nicely et al., 2016; Rex et al., 2014). Since the
complex structure of Bry in the TTL is only partially cap-
tured by a model like CAM-Chem, this suggests the need for
further development and testing of models that dynamically
couple the troposphere and the stratosphere.

5 Conclusions

We identify a gas-phase Bry minimum in the aged TTL that
is robust to assumptions regarding heterogeneous chemistry.
Single-tailed Wilcoxon—-Mann—Whitney rank tests (Mann
and Whitney, 1947; refer to supplement for details) suggest
that Bry in the aged TTL is: (1) a local minimum (> 95 %
confidence), (2) lower than in the LS (> 99 % confidence),
and (3) lower than in the convective TTL and upper FT
(>96 % confidence). To our knowledge, such a Bry, mini-
mum has not previously been observed or hypothesized.

The Bry minimum in the aged TTL is consistent with pre-
vious observations that BrO decreases from the upper FT
into the lower TTL over the eastern Pacific Ocean (Dix et
al., 2016), and with several recent Br, estimates in the LS
over the subtropical and tropical Pacific (Wang et al., 2015;
Stutz et al., 2017; Werner et al., 2017). The 2.7 ppt (2.4—
3.0ppt; 95 % CI) gas-phase Bry, inferred in the aged TTL
minimum and the tropospheric intercept of the fit of Bry
against CFC-11 (2.6 £ 0.6 ppt) constrain PGI into the strato-
sphere, and are in reasonable agreement with the latest World
Meteorological Organization assessment of 1.1-4.3 ppt PGI
(Carpenter et al., 2014).

Notably, a significant fraction of this Bry, may be SSA-
derived. It is furthermore currently unknown how much Br,,
is transported into the stratosphere as aerosol bromide, as
all currently available quantitative assessments of Bry in
the UTLS rely on measurements of gas-phase Bry species
alone. The lack of quantitative aerosol bromine measure-
ments leaves the total Bry budget in the UTLS open to specu-
lation. Indeed, aerosol measurements show a local maximum
in aerosol halogen signals in the UTLS (Froyd et al., 2010;
Murphy et al., 2006; Murphy and Thomson, 2000). Together
with the Bry, minimum identified here, this suggests that
the partitioning of bromine between the gas- and aerosol
phases is significant and cannot be ignored. Whether this
bromide is available for ozone destruction in the LS is cur-
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rently unknown. The proportional contribution of bromine to
ozone destruction is largest in the vicinity of the tropopause
(Fernandez et al., 2014; Salawitch et al., 2005; Schmidt et
al., 2016; Sherwen et al., 2016). A reduction in available
bromine could thus have a significant impact on ozone in the
TTL.

Our data provide evidence that a SSA-derived bromine
source is necessary to reproduce the observed profiles of BrO
and Bry, near the surface (up to 3.5 km), and provides corrob-
orating evidence that marine convection lofts a source of in-
organic bromine into the upper FT (Wang et al., 2015). Sensi-
tivity studies indicate that the inferred Bry, is highly sensitive
to assumptions about the rate of heterogeneous bromine re-
cycling (depends on the surface area of ice/aerosols, among
others) between 6.5 and 14.5 km, limiting reliable inferences
of total gas-phase Bry in the upper FT.

Notably, two global models that include a SSA bromine
source predict gas-phase Bry, that differs by a factor of 6-
12 in the MBL, and by a factor of 3—4 in the upper FT. The
global models bracket the amount of Br, inferred from the
box model. CAM-Chem, which dynamically couples the tro-
posphere and stratosphere, qualitatively reproduces the tro-
pospheric BrO profile shape, but underestimates the BrO
VCD; it captures a Bry minimum in the TTL, though not
quantitatively. GEOS-Chem with SSA has discrepancies in
the profile shapes but best matches the measured BrO VCD.
The most recent modeling estimates of the global impact of
bromine (Schmidt et al., 2016; Sherwen et al., 2016) do not
include a SSA source and are likely lower limits.

Models diverge as to the fraction of gas-phase Bry, that ex-
ists as HBr, especially in the lower atmosphere. Further mod-
eling studies will be necessary to determine the magnitude
of revised impacts that account for SSA-derived Bry. Major
areas for future development of chemistry climate transport
models include uncertainties about the SSA source, a more
detailed representation of aerosol and cloud chemistry (i.e.,
heterogeneous reactions, multiphase chemistry), and convec-
tive transport. Concurrent quantitative measurements of gas-
phase Br, species (BrO, HOBr, HBr, etc.) and aerosol bro-
mide are currently missing to evaluate models. Reducing the
uncertainties in impacts of halogens for atmospheric compo-
sition and climate will require comprehensive experimental
field and laboratory work to close the total Bry budget.

Data availability. The AMAX-DOAS BrO data are available from
the CONTRAST data archive: http://data.eol.ucar.edu/master_list/
?project=CONTRAST. The CONTRAST data set is open for use
by the public, subject to the data policy: https://www.eol.ucar.edu/
content/contrast-data-policy. The archive contains aircraft and at-
mosphere state parameters, in situ measurements, flight videos, and
links to the concurrent ATTREX and CAST campaign data archives
and other ancillary measurements.
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Glossary of abbreviations and symbols

Abbreviation

Definition

2D-C 2D-C Hydrometeor Probe

AMAX-DOAS | Airborne MAX-DOAS

AMF Air Mass Factor

AP1 AMAX-DOAS Acton Pixis covering 330-470 nm

AP2 AMAX-DOAS Acton Pixis covering 440-700 nm

ATTREX Airborne Tropical TRopopause EXperiment

AWAS Advanced Whole Air Sampler

BAe-146 British Aerospace 146 aircraft

box-AMF Air Mass Factor computed in Radiative Transfer Model gridbox

Br Bromine atom, atomic bromine

BrClI Bromine chloride

BrNO; Bromine nitrite

BrO Bromine monoxide

BrOs Primary bromide ozonide

BrONO; Bromine nitrate

BrOy Active bromine (= Br + BrO)

Bry Total inorganic bromine (= Br + Br, + BrO + BrNO; + BrONO; + HBr + HOBr +
BrCl + IBr)

CAST Coordinated Airborne Studies in the Tropics

CalNex California Nexus field campaign

CAM-Chem Community Atmospheric Model with Chemistry

CCD Charge Coupled Device

CDP Cloud Droplet Probe

CFC-11 Trichlorofluoromethane

CH4 Methane

CH.Br; Dibromomethane, methylene bromide

CH2BrClI Bromochloromethane

CH2IBr Briomoiodomethane

CHBIClI; Bromodichloromethane

CHBr.ClI Dibromochloromethane

CHBr3 Bromoform




CHOCHO

Glyoxal

Cl Confidence Interval

CIMS Chemical lonization Mass Spectrometry

(6{0) Carbon monoxide

CO: Carbon dioxide

CONTRAST CONvective TRansport of Active Species in the Tropics

CRDS Cavity Ring Down Spectrometer

Ccu University of Colorado

dSCD Differential Slant Column Denisty

DOAS Differential Optical Absorption Spectroscopy

EA Elevation Angle

FT Free Troposphere

FWHM Full width half maximum

GC-MS Gas Chromatograph - Mass Spectrometer

GEOS CCM Goddard Earth Observing System with Chemistry-Climate Model

GEOS-Chem Goddard Earth Observing System with Chemistry model

GEOS-FP Goddard Earth Observing System Forward-Processing data products

GMAO Global Modelling and Assimilation Office

GT Georgia Institute of Technology

GV NCAR/NSF Gulfstream V aircraft (synonym for HIAPER)

H20 Water

HARP HIAPER Atmospheric Radiation Package

HAIS Hyper Aircraft Instrumentation Solicitation

HBr Hydrogen bromide, hydrobromic acid

HCR Heterogeneous Chemical Regimes

HCHO Formaldehyde

HEFT-10 HAIS Experimental Flight Test 2010

HIAPER High-Performance Instrumental Airborne Platform for Environmental Research
(synonym for NSF/NCAR GV)

HSRL High Spectral Resolution Lidar

HOBr Hypobromous acid

HO; Hydroperoxy radical

HOx Hydrogen oxide radicals (= OH + HO,)




IBr lodine bromide

ISAF In Situ Airborne Formaldehyde

10 lodine monoxide

J Photolysis rate

k Reaction rate

LLS Longer Lived Species (of organohalogens)
LS Lower Stratosphere

MAX-DOAS Multi AXis - DOAS

MBL Marine Boundary Layer

MU Manchester University

NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NIR Near infrared

NSF National Science Foundation (USA)

NO Nitrogen monoxide

NO; Nitrogen dioxide

NOx Active nitrogen oxides (= NO + NO>)

Os Ozone

04 Oxygen collision pair (02-05)

OH Hydroxy radical

ovocC Oxygenated Volatile Organic Compound
PGI Product Gas Injection (of organohalogens)
PMT Photon Multiplier Tube

ppb Parts per billion (nmol mol™)

ppm Parts per million (umol mol™)

ppt Parts per trillion (pmol mol™)

QDOAS DOAS analysis software

RF Research flight

RTM Radiative Transfer Model

S(1V) The +4 oxidation state of sulfur

SA Surface Area

SCD Slant Column Density

SGI Source Gas Injection (of organohalogens)
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SSA Sea-Salt Aerosol
SZA Solar Zenith Angle
TL Transition Layer
TOGA Trace Organic Gas Analyzer
TTL Tropical Tropopause Layer
TTL-LMS Tropical Tropopause Layer — LowerMost Stratosphere
tWPO tropical Western Pacific Ocean
UHSAS Ultra-High Sensitivity Aerosol Spectrometer
UTC Coordinated Universal Time
UTLS Uppper Troposphere - Lower Stratosphere
VCD Vertical Column Density
VCSEL Vertical Cavity Surface Emitting Laser
VSLS Very Short Lived Species (of organohalogens)
VMR Volumn Mixing Ratio
VUV Vacuum Ultra-Violet
WS-CRDS Wavelength-Scanned CRDS
Surface reaction/uptake probability
Potential temperature
A Wavelength

Jet Cross Case Studies Description

Results from two jet cross flights are included in this work, the flight tracks are shown in Fig. 1. The jet location as
crossed in RF15 is also shown. The location of the jet during RFO06 is not fully corroborated by measurements as in
RF15, but was forecast to be very near the northernmost point of RF06 at 32°N.

The atmospheric context of RF06 is shown in Fig. S5. The data included for modeling starts at 01:16 UTC on 25
January, when the aircraft was at 23.65°N, 148.41°E, and 13.1km altitude. The flight path was NNW almost level at
13.2 km altitude, with small stepwise ascents in the latter portion of the flight. Figure S5 shows that horizontal wind
increased as the aircraft approached the subtropical jet stream. At 01:35 UTC the aircraft crossed from the convective
TTL to the aged TTL, changes in CO and 6 corroborate those in O3 and H,O. The aircraft entered the jet at 13.2 km
and 28.42°N, horizontal wind peaked just below 70 m s-'. At 02:18 UTC, 32.12°N, 149.90°E, and 13.3 km the GV
reversed course, heading SSW continuing to climb. Between 03:20 and 04:00 UTC the aircraft flew at a consistent
altitude between 14.3 km and 14.4 km, traveling through the convective TTL transition. The remainder of the flight

from 04:00 to 04:56 UTC sampled the more typical convective TTL, including instances of convection.
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Figure 3 shows a number of atmospheric tracers for RF15. The data included for modeling start at 00:26Z on 25
February, when the aircraft was at 24.01°N, 145.14°E, and 13.1 km altitude. The aircraft traveled almost due north,
with occasional climbs as geopotential altitude gradually decreased. The tropospheric approach of the jet was similar
to RF06. The GV transitioned from the convective TTL to the aged TTL at 01:01 UTC, and the jet was first
encountered at 01:12 UTC, reaching peak windspeed near 80 m s'. A second component of the jet with the slower
windspeed (~65 m s') was similar to the most stratospheric of the air masses encountered during RF 06: i.e., 100 ppb
< 03< 200 ppb, and H,O/O5; ~ 0.02 ppm/ppb, characteristic of the TTL. At 01:35 UTC, 32.92°N and 12.9 km, O3
increased sharply indicating the transition into the stratosphere, and windspeed decreased as the GV crossed into the
middleworld LS. Although not shown on Fig. 4, this transition was marked the first time CFC-11 deviated consistently
from tropospheric values, indicating long residence at high altitude with photochemical processing of the sampled air
masses. At 02:25 UTC the aircraft encountered a second rapid Oz gradient, traveled to the maximum flight latitude of
40.13°N, climbed from 12.6 to 12.9 km, reversed course to due south, and transitioned from the middleworld to the
overworld at 02:32 UTC. At 03:26 UTC at 13.5 km and 33.14°N the GV crossed from the overworld back to the aged
TTL, skipping the LS middleworld. Nothing analogous to the convective TTL “transition” in RF06 was encountered
during RF15. Instead there was a smooth change from the aged TTL to the convective TTL at 4:21 UTC. Instances of

convection were first encountered at 04:38 UTC.

Gas Phase Measurements Used to Constrain the Box Model

The measurements used to constrain the box model to infer Bry from BrO are summarized in Table 1. The handling of
AMAX-DOAS data is described in detail in the main text (Sect. 2.1). Other data were used in the following manner
with specific exceptions outlined here after. Where data were below detection limit the nominal value of % the
detection limit was used. With the exception of NO; discussed below no parameter impacted Bry partitioning
significantly at the relevant level when near its respective detection limit. Where data was quality flagged it was
interpolated across.

High frequency data ~1 Hz, namely Chemiluminescence (NO, NO;, and Os), HARP photolyses, ISAF HCHO,
PICARRO CH,, UHSAS aerosols, Aerolaser VUV fluorescence CO, and state parameters were averaged over the
relevant interval. For profiles this was at the 500 m of flight altitude, for level flight relevant periods of ~ 5 minutes.
Lower frequency data, namely AWAS and TOGA were interpolated to the mean; for level flight they were interpolated
in altitude, for level flight they were interpolated in time.

Early research flights including the profile case studies had incomplete data coverage. In particular, AWAS data were
not available for RF03 and RF04; PICARRO and Aerolaser VUV fluorescence for RF03; and ISAF for a portion of
RF04. For AWAS measurements with the exception of ethane TOGA measurements were available which were
substituted. For ethane, AWAS ethane was compared to Picarro methane for tropical profiles from RF05, RF06, and
RFO7 to obtain an average ratio of ethane:methane of 1.59x10-*:1. This ratio was used to obtain an ethane
concentration from the methane concentration for RF03 and RF04. For RF03 where CO and CH4 were not available
the mean profiles for each species from GEOS-Chem were used. For the portion of RF04 where ISAF HCHO is not
available, TOGA HCHO is substituted.
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AWAS and TOGA measure some of the same species used in the box model (propane, isobutane, n-butane, and
benzene). AWAS data were used for these species for level flight data, where detection limits give more complete
coverage in stratospheric air; while TOGA data were used for the profile case studies, where it has a higher frequency
and more consistent coverage, further AWAS data is unavailable for RF03 and RF04. The agreement between TOGA
and AWAS differs among the species measured, but very rarely exceeds their respective reported errors. CFC-11 and
bromocarbon measurements were examined to further understand differences, corroborating the level of agreement
for hydrocarbons. The species used in the box model (propane, isobutane, n-butane, and benzene) impact Bry
partitioning via alkylperoxy radicals which do not impact sufficiently by differences to have a significant impact.

NO. can have a significant impact on Bry partitioning, not only via direct reaction but indirectly through impacts on
HO.. At high altitude, some Chemiluminescence measurements of NO, were less than zero. These data were averaged
with GEOS-Chem NO. in order to have a physically meaningful value but remain generally consistent with the
observations of NO, below the levels elsewhere. Further for the RF15 case study, the Leighton ratio deviates
significantly from model predictions, and AMAX-DOAS NO, was used to constrain the box model for this flight (Fig.
S1). Inthe TTL, despite different measurement principles, AMAX-DOAS and Chemiluminescence NO, were roughly
consistent and generally elevated relative to box models and global model predictions. In the stratosphere high ambient
O3 may impact Chemiluminescence measurements of NO,, which deviated further from model predictions. AMAX-

DOAS NO,, however, while elevated relative to box models, is roughly consistent with CAM-Chem.

Gas Phase Measurement Techniques
Advanced Whole Air Sampler (AWAS)

The Advanced Whole Air Sampler (AWAS) consists of modules of 12 custom stainless-steel 1.3 L sampling canisters.
Typically five modules (60 canisters) were collected in a flight, sampling was determined by an inflight operator.
Sample flow was altitude dependent and varied between 5 slpm and 30 slpm. These samples can then be analyzed for
a wide variety of hydrocarbons, halocarbons, organonitrates, and other species.

Samples are analyzed on the ground after flight using a Markes Canister Interface 5 (CIA) and a Unity Il system
connected to an Agilent 5975 GC/MSD. Samples were dried and pre-concentrated on Markes Ozone Precursor Trap
(Markes UT1703P-2S). Samples of 800 scc are thermally desorbed at 300 °C and split between two GC, 1) a 30 m x
0.25 mm x 5 micron Alumina 10 PLOT column (HP-AL/S, Agilent Technologies) followed by a 1 m GasPro with a
flame ionization detector, and 2) a 20 m x 0.2 mm x 1.12 um DB-624 column (128-1324, Agilent Technologies) to
both an electron capture detector and the MSD. Further details on sampling and analysis can be found in Andrews et
al. (2016) and Navarro et al. (2015). Calibration was done every five samples against a cryogenically collected

standard which in turn is calibrated by a procedure described in Schauffler et al. (1999).

Chemical lonization Mass Spectrometer (CIMS)

The Georgia Tech CIMS (GT CIMS) measured gas phase bromine species (BrO, and HOBr +Br»), it is more fully

described in Chen et al. (2016). In brief the instrument sampled air from outside the GV through a Teflon tube, ionized
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by water-iodide clusters in a flow tube, ions are further processed in a collisional dissociation chamber (CDC), guided
by an octopole field, and then analyzed on a mass spectrometer. Air was sampled at 5.2 standard litres per minute
(sLpm). HOBrr is known to process to Br, on the inlet and the sum of the detected signals is used as a result. Up to 1.7
sLpm of this was sampled off the line by an automatic variable orifice with the remainder exhausted to maintain a
constant 50 Torr pressure in the flow tube. CHsl at a few ppm in 2.9 sLpm N buffer gas was flowed over a ?*°Po
source to generate iodide and then mixed with 0.1 sLpm humidified N to provide hydrated iodide ions in the flow
tube. Gas phase bromine species reacted with these to form clusters. Water was removed from the clusters by the
electric field in the CDC which in addition has a vacuum maintained independent of the flow tube. The core ions,
dehydrated iodide-analyte clusters, were then guided by the octopole then selected and detected on the quadrapole.

The consistency of detected signals from the bromine isotopes "°Br and 8 Br was used as a data quality check.

Chemiluminescence

Two instruments measure the trace gasses NO, NO», and O3 using chemiluminescence of the NO+O3 reaction. The
first is a two channel detector for NO and NO,. Air sampled from outside the aircraft is split onto the channels. On
the NO; channel, UV light at 395 nm is used to photolyse NO, to NO. Both channels are then reacted with O3 from
two ozonizers, PMT detectors measure the emission of the NO," product at 600 nm - 2800 nm. NO in N, is used as a
calibration gas. The Fast-O3 detects O3 using a similar system. Ambiently sampled Os is reacted with reagent grade
(> 99%) NO, and the same product is detected using a PMT.

In Situ Airborne Formaldehyde (ISAF)

The In Situ Airborne Formaldehyde (ISAF) instrument utilizes laser induced fluorescence (LIF) at 353.16 nm to
selectively measure formaldehyde in air collected off an inlet. A pulsed tunable fiber laser is rapidly tuned on and off
of the rotational resonance feature which minimizes interference and serves as a real time monitoring of background.
The resulting fluorescence is monitored by a PMT. The instrument was calibrated by standard addition of
formaldehyde before and after the campaign. A more complete description of ISAF is available in Cazorla et al.
(2015).

Piccaro CO2/CH4 Flight Analyzer

The Piccaro G1301-c Methane/Carbon Dioxide Analyzer utilizes Wavelength-Scanned Cavity Ring Down
Spectroscopy (WS-CRDS) driven by an NIR laser. Gas sampled from outside the aircraft is circulated through a cavity
with an effective path length of 20km. The instrument has been ruggedized for aircraft operation and utilizes a
patented, high-precision wavelength monitor to minimize interference from other trace gasses. Only methane is used

in the box model.

Trace Organic Gas Analyzer (TOGA)

TOGA consists of a custom GC-MS system which measures a variety of species including hydrocarbons, halocarbons,

and non-acid oxygenated volatile organic compound (OVOC). Samples are collected off the main inlet line at 15 ml
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per minute for 35 seconds through a series of three cold traps, then run on a custom GC with a Restek MXT-624
column. Effluent from the GC is analyzed on an Agilent Technologies 5973N quadrupole mass spectrometer system
ruggedized for aircraft use by substitution of the vacuum pump with a VVarian Model V301 NAV. Total time to process
a single sample is 2.0 minutes. Further details on TOGA can be found in Andrews et al. (2016) and Apel et al. (2003,
2010, and 2015).

VUV Carbon Monoxide

The VUV carbon monoxide instrument generates vacuum UV light through RF plasma discharge, this is bandpass
filtered (8 nm FWHM) around 150 nm to excite CO fluorescence while minimizing interference from water.

Fluorescence is monitored by PMT. A more complete description of the instrument is available in Gerbig et al. (1999).

Particle Measurements
2D-C Hydrometeor Probe (2D-C)

The 2D-C Hydrometeor Probe is customized through installation on high speed electronics and installation of a 64
element photodiode array from a product originally produced by Particle Measuring Systems Inc. An open path
between two arms perpendicular to flight is illuminated and images of individual particles are imaged on the 64
element array. Particles with diameters between 62.5 pm and 1587.5 um are detected, though the depth of field limits
sensitivity to smaller particles. Furthermore, the arms are known to shatter larger particles, though they have been
designed to minimize this effect. 2D-C images were not directly referenced, rather, a processed data product
classifying particles into 60 size bins was used an indication of cirrus clouds. Calculations of cirrus ice surface area

were used to inform box model sensitivity studies as discussed in Section 2.3.1.

Cloud Droplet Probe (CDP)

The Cloud Droplet Probe (CDP) manufactured by Droplet Measurement Technologies, Inc. utilizes forward scattering
to detect particles in the range of 2 pm to 50 pum in size. A diode laser is run across an open path perpendicular to
flight. Particles which pass through the depth of field in the open path are counted and sized into one of 30 bins in the
size range. A more complete description of the CDP is available in Lance et al. (2010). CDP data was referenced and

utilized in sensitivity studies but not ultimately utilized in the box model. This is discussed in Section 2.3.1.

Ultra-High Sensitivity Aerosol Spectrometer (UHSAS)

The wing-mounted Ultra-High Sensitivity Aerosol Spectrometer utilizes a laser at 1054 nm to optically detect particles
along the GV flight path. The instrument is sensitive to particles in the 0.060 um to 1.0 pum diameter range and records
particles into 99 roughly logarithmic size bins covering this size range. During CONTRAST, however, frequent noise
necessitated discarding the smallest twelve bins, making 0.084 nm the effective lower bound of the probe. A more
complete description of a ground-based version of the UHSAS may be found in Cai et al. (2008). UHSAS data were

used in the box model for all flights to compute aerosol surface area for heterogeneous reactions. Furthermore,
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sensitivity studies were conducted increasing diameter by a factor of two based on the results of a previous optical
closure study (Volkamer et al., 2015); this is further illustrated for the RFO03 profile in Fig. S3. Increasing particle
size by a factor of two leads to general agreement between AMAX-DOAS retrieved extinction using O4 and extinction
computed from UHSAS using Mie theory above ~3 km. In the boundary layer even increasing particle size and
including supermicron particles from the CDP still yields sub-Rayleigh scattering at 360 nm, significantly below the
extinction measured by AMAX-DOAS.

Meteorological Parameters
HIAPER Airborne Radiation Package (HARP)

The HIAPER Airborne Radiation Package (HARP) includes CCD spectroradiometers, and irradiance detectors
measuring upwelling and downwelling radiation. Detectors are mounted on an actively motion stabilized platform to
maintain horizontal stability despite aircraft deviations of up to 5 degrees. Data from the spectroradiometers was used
in this work. These measure actinic flux in the range of 280 nm to 680 nm. These are then processed using a modified
version of the Tropospheric Ultraviolet and Visible (TUV) radiative transfer model to generate photolysis frequencies
for a wide variety of species including Os, NOy species, small aldehydes and ketones, organonitrates, Bry species, and
Cly species. These were used for all photolysis reactions used in the box model. Further details on HARP can be found
in Pilewskie et al. (2003) and Shetter and Muller (1999).

Vertical Cavity Surface Emitting Laser (VCSEL) hygrometer

The Vertical Cavity Surface Emitting Laser (VCSEL) a tunable NIR laser based hygrometer measuring absolute water
concentration. The instrument achieves a high dynamic range by monitoring two different water absorptions at two
similar wavelengths, a ‘strong’ absorption at 1854.03 nm and a ‘weak’ one at 1853.37 nm. The cavity has a physical
extent of 14.95 cm which is passed 25 times for a path length of 3.74 m. Measurement is typically done by second
harmonic detection except in the mid-troposphere where the second harmonic of the strong band is nonlinear and

direct absorption is used. Further information on VCSEL is available in Zondlo et al. (2010).

GV State Parameters

The National Science Foundation/National Center for Atmospheric Research Gulfstream V (NSF/NCAR GV) aircraft
records a wide variety of state parameters. Some of these such as temperature and pressure were utilized in the box
model. Others such as 6 and horizontal wind speed were used as context for model results. Finally, in order to match
the spatial scale probed by in situ sensors and remote sensors, the median photon sampled by the AMAX-DOAS was
calculated by radiative transfer, and the in situ data were averaged, and shifted in time to match DOAS sampled air
volumes. For the horizontal case studies — RF06 and RF15 — the lateral wind speed was strong, such that the aircraft
heading and the measurement vector are offset by approximately 5°. No further corrections were made to attempt
account for this perpendicular offset. However, the air masses probed remotely are blown towards the aircraft, and the

time delay at which the in situ data were averaged partially account for this offset.

10
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Statistical tests of the local maxima/minima of Bry in the convective upper FT and aged TTL

We test whether there is a local minimum in the aged TTL in three steps, first we assess the likelihood that Bry in the
aged TTL is less than Bry in the convective TTL and upper FT (Bry artL < Bryurr,er7L), Second the probability that Bry
in the aged TTL is less than Bry in the lower stratosphere (Byy atTi < Bry Ls), and finally the joint probability that these

are simultaneously true.

Comparison of inferred Bry in the upper FT and convective TTL with the aged TTL presents a challenge, the
distribution of inferred Bry values in the upper FT and convective TTL is skew and not normally distributed; to tackle
this a Wilcoxon-Mann-Whitney rank test is used (Mann and Whitney, 1947). In brief, this method sums for elements
from one distribution the number of elements from the other distribution which they are greater than, termed the U-
statistic. The U-statistic is assessed against a null hypothesis; because the distributions (e.g. variance and skew) of Bry
in the upper FT and convective TTL, and in the aged TTL are dissimilar a one-tailed null hypothesis is stated in terms
of stochastic ordering. Specifically, we test against the null hypothesis, Ho: Bry a > Bryp, i.e. that for any and all
concentrations of Bry the likelihood of a random inferred Bry in region a is greater than that concentration is greater
than the likelihood that a random inferred Bry in region b is greater than the same concentration. A statistic related to
U ,p, assesses the overlap of the data sets; a value of 0.5 indicates a statistical tie, while values of 0 and 1 indicate a

sweep for one set or the other.

Applying Wilcoxon-Mann-Whitney rank tests we find that Bry in the aged TTL is lower than in the convective TTL
and in the upper FT (U = 2781, nuererri=111, narr=60, p=0.4176, p<0.04, reject Ho: BryarrL >t Bryuercrr), and that
it is lower than in the lower stratosphere (LS) (U = 4, nyererri=51, Narr =60, p=0.0013, p<<0.01, reject Ho: BryartL
>4 Brys). The p value for the second test is vanishingly small; applying the Vysochanskij-Petunin modification of
the Chebyschev inequality obtains a more conservative value of p = 0.02. Taking the more conservative significance
and using the Bonforroni-Holm (Holm, 1979) method we can reject both null hypotheses with p<0.05. With 95%

confidence there is a Bry minimum in the aged TTL.

The Wilcoxon-Mann-Whitney rank tests was also applied to assess whether Bry in the mid FT is lower than in the
convective TTL and in the upper FT (U = 2034, nurrerri=111, nmer=51, p=0.3593, p<0.02, reject Ho: Bry mer >s Bry
urTeTTL). This is used to infer that the tropospheric profile has a maximum at altitude and is C-shaped with 98%

confidence.
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Supplemental Tables and Figures

Table S1: Parameters input and output for optimal estimation.

Parameter

RF03 | RF04 | RFO7

p, T, H20, NO2, Os, O4

in situ data where available, model above flight altitude

Aerosol Properties

AOD (360 nm) 0.304 | 0.272 | 0.231
g-parameter 0.77 (0-2.4 km), 0.72 (2.4-6.0 km), 0.7 (>6.0 km)

Single Scattering Albedo 0.98

Surface Albedo 0.05

Inversion Properties

ab initio profile

1.0 ppt constant tropospheric mixing ratio

ab initio error 2,000% | 10,000% | 10,000%
Inversion Grid 500 m (aerosol at 200 m resolution)

Degrees of Freedom 18.2 17.2 26.9
Mean Averaging Kernel 0.728 0.953 0.962
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Table S2: Comparisons of partial and total tropospheric HBr VCDs predicted by different models.

Altitude HBr VCD x10'2 HBr VCD (GEOS- | HBr VCD (GEOS- | HBr VCD (CAM-

(box-model -case 1) | Chem no SSA Chem w/ SSA chem)

source) source)

MBL 0.0(0.0,0.0) 0.1(0.0,0.8) 5.2 (0.8,9.0) 0.8(0.4,2.9)
TL 0.0 (0.0, 0.0 3.1(15,5.4) 18.9 (9.3, 28.4) 3.1(1.1,6.5)
Lower FT 0.0 (0.0,0.1) 6.2 (3.7,9.2) 14.6 (7.6, 27.3) 9.0(3.9,17.0)
Mid FT 0.3(0.1,0.8) 1.5(0.9, 2.6) 2.3(1.0,4.4) 2.7(0.7,5.2)
Upper FT 2.7(2.1,5.2) 2.2 (1.6,2.7) 3.4(2.6,4.1) 1.0(0.0,1.7)
TTL 0.1 (0.0, 0.8) 1.0 (0.6, 1.3) 1.5(0.9,1.9 0.3(0.0,0.9)
Troposphere 3.2(2.1,6.8) 14.1 (8.3, 22.0) 46.0 (22.2, 75.2) 17.0 (6.2, 34.3)

Values in parentheses are the 1%t and 3™ quartile. Global models have much more HBr, especially in the lower

atmosphere. This is likely related to the handling of HBr uptake as discussed in the text. The global models also show

an HBr minimum in the upper FT and TTL, which is the box model maximum.
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Table S3: Summary of BrO and Bry over the tWPO.

Region BrO ppt Bry ppt

case 0 case 1 case 2 case 3
MBL 1.7(0.2,1.0,3.8,4.4) 13.8 (2.0, 5.5, 30.2, 35.0) 13.8 (2.0, 5.5, 30.2, 35.0) 13.8 (2.0, 5.5, 30.2, 35.0) 13.8 (2.0, 5.5, 30.2, 35.0)
TL 1.2(0.3,0.6,1.3,1.8) 5.8(1.9,34,8.7,12.4) 5.8(1.9,34,8.7,12.4) 5.8(1.9,3.4,8.7,12.4) 5.8(1.9,3.4,8.7,12.4)
IFT 0.7 (-0.1,0.4,0.9, 1.2) 2.8(0.9,1.6,5.0,6.1) 2.8(0.9,1.6,5.0,6.1) 2.8(0.9,1.6,5.0,6.1) 2.8(0.9,1.6,5.0,6.1)
mFT 0.6 (0.1,05,1.0,1.3) 3.6(0.8,1.7,5.1,6.0) 1.6(0.8,1.2,35,4.1) 1.6 (0.7,1.2,3.4,3.9) 1.6(0.7,1.2,3.4,3.9)
uFT 0.6 (0.2,0.3,0.7,0.8) 6.2 (2.1, 2.6,7.6,10.9) 2.1(0.8,15,3.1,6.2) 1.7(0.5,0.7,2.1,2.3) 1.7(0.5,0.7,2.1,2.3)
cTTL 0.9(0.3,05,1.1,1.1) 4.8(2.9,4.0, 6.5, 10.5) 3.3(1.7,2.6,4.2,5.3) 26(1.4,18,3.1,3.4) 2.6(1.4,18,3.1,3.4)
aTTL 1.2(0.7,0.9,1.8,1.9) 2.7(1.7,2.1,36,4.2) 2.7(1.6,20,35,4.1) 2.6(1.6,20,3.4,3.9) 2.6 (1.6,2.0,3.2,3.7)
LS 3.1(2.6,28,3.2,3.3) 6.9 (5.5,6.5,75,8.2) 6.8 (5.5,6.4,75,8.2) 6.9 (5.5,6.5,7.5,8.2) 6.0 (4.9,5.7, 6.5, 7.0)

Values in table are reported as follows: median, (1% decile, 1% quartile, 3" quartile, 9" decile). Air masses are classified as elsewhere, see Sects. 3.1 and 3.2.
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Figure S1: Comparison of NOz between (black) in situ NO2, (gold) DOAS NO2, (green) NO2 modeled using the box model constrained
by in situ measured NO, (blue) NO2 modeled by a second box model operated at the University of Maryland, constrained by in situ
measured NO. AMAX-DOAS and in-situ NOz agree within error bars in the troposphere. However, DOAS is systematically lower
than in-situ NOz in the stratosphere, where high Os is believed to introduce a high bias to the in situ NO2 measurements; Os is shown
in red on the right axis. DOAS NO2 was used to constrain the box model in this case study.
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Figure S2: Optimal estimation of BrO profiles for case studies 1) RF03, 2) RF04, 3) RF07. Panels A: the retrieved aerosol extinction
profile at 360 nm, the aerosol optical depth is integrated over the column retrieved assuming zero above maximum flight altitude.
Panels B: left subpanel in black measured O4 SCDs, in red modeled O4 SCDs, right subpanel the residual (modeled-measured),
individual residuals are within +2x10%2. Panels C: The BrO profiles retrieved by optimal estimation, error bars include fit error,
and optimal estimation errors. Panels D: averaging kernels for the BrO optimal estimation. Sharp peaks near 1 indicate independent
information in each altitude bin. The Degrees of Freedom (DoF) is the trace of the matrix here truncated to flight altitudes.
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Figure S3: Comparison of aerosol extinction at 360 nm for the RF03 case study profile. AMAX-DOAS extinction is retrieved based
on O4 dSCDs. Particle instrument extinctions are determined by using Mie theory with measured particle size distributions and
concentrations as input. Consistent with the findings in Volkamer et al. (2015) measured size distributions do not reproduce the
observed extinction and are sub-Rayleigh even in the boundary layer. Increasing particle size improves agreement.
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Figure S4: Sensitivity of the BrOx/Bry ratio to SA and Os, under conditions typical of the upper troposphere. (dashed vertical lines)
the heterogeneous chemical regimes (HCR, see Sect. 2.3.1). The decreasing HBr fraction with increasing Os is visible in HCR1, and
is a result of lower bromine atom concentrations (and thus HBr formation rates). HCR2 exhibits the largest sensitivity at
low/moderate Os, typical of the upper FT (uFT) and convective TTL (cTTL). In HCRS3 the ratio is largely insensitive to SA, but
strongly depends on Os.
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Figure S6: Air mass classification in the context of tracer-tracer classification schemes. Left panel, the scheme from Pan et al., 2014.
Air masses that have neither stratospheric H20 nor tropospheric Os (outside the grey regions) are in the TTL. Under such a scheme
the convective TTL includes tropospheric air and the aged TTL includes stratospheric air. Right panel, the scheme from Chen et
al., 2016, which defines a TTL-LMS transition where the slope between CO and Oz is -0.4 (CO/O3), this generally corresponds to the
aged TTL in this work, but also includes portions of the convective TTL and a low altitude filament from RF07. Some aged TTL air
masses fall on parallel lines with a CO/Os3 slope of -0.03 consistent with the stratosphere in the Chen et al. scheme.
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Figure S9: Bry from CAM-chem for the flights discussed in this work. Grey points in background are individual data points from
the extraction, red boxes represent medians, 25" and 75™ percentiles, whiskers indicate 10" and 90™ percentiles. Consistent with
the observations, a Bry minimum is found in the UTLS, though unlike the observations, at lower 0. CAM-chem has a median (quartile
range) of 1.2 (1.0, 1.5) ppt Bry near 350-355 K, and 2.3 (2.0, 2.8) ppt for 360-365 K. The median and quartile range are consistent
with the observed Bry minimum for 360-365 K, but less Bry is predicted at lower 6.
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Figure S10: Comparison of bromine measurements by the CU Boulder AMAX-DOAS (blue), Georgia Tech CIMS (Chen et al., 2016)
(black) aboard the NSF/NCAR GV during CONTRAST, and the Manchester University CIMS (Le Breton et al., 2017) (red) aboard
the FAAM aircraft during CAST. Data are presented as box and whisker plots, where boxes show the interquartile range and
median, and whiskers show the 10! and 90™" percentile. (a) BrO measurements. Data for the CONTRAST instruments are filtered
to exclude stratospheric data (using the LS definition described in the main text). (b) Other Bry species. Manchester reports Br,
HOBY, and BrCl separately, these are added and statistics gathered on the resulting sum. Georgia Tech reports a single value for
the sum of Br2 and HOBr. AMAX-DOAS values are inferred using the box model (case 1), and taken as the sum Br2+HOBTr (the
model was run with zero chlorine and hence zero BrCl).
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