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Abstract A chemical ionization mass spectrometer was used to measure BrO and HOBr + Br2 over the
Tropical West Pacific Ocean within the altitude range of 1 to 15 km, during the CONvective TRansport of
Active Species in the Tropics (CONTRAST) campaign in 2014. Isolated episodes of elevated BrO (up to
6.6 pptv) and/or HOBr + Br2 (up to 7.3 pptv) were observed in the tropical free troposphere (TFT) and were
associated with biomass burning. However, most of the time we did not observe significant BrO or HOBr + Br2
in the TFT and the tropical tropopause layer (TTL) above our limits of detection (LOD). The 1min average
LOD for BrO ranged from 0.6 to 1.6 pptv and for HOBr + Br2 ranged from 1.3 to 3.5 pptv. During one flight, BrO
observations from the TTL to the extratropical lowermost stratosphere were used to infer a profile of
inorganic bromine (Bry). Based on this profile, we estimated the product gas injection of bromine species into
the stratosphere to be 2 pptv. Analysis of Bry partitioning further indicates that BrO levels are likely very low in
the TFT environment and that future studies should target the measurement of HBr or atomic Br.

1. Introduction

Bromine compounds are important ozone-depleting substances [e.g., Daniel et al., 1999;World Meteorological
Organization (WMO), 2011, 2014; Wennberg et al., 1994; Salawitch et al., 2005]. Ozone (O3) is destroyed
much more efficiently by bromine, than by chlorine [e.g., Daniel et al., 1999; Danilin et al., 1996]. Current
estimates of the stratosphere bromine loading range from 16 to 23 pptv, which is roughly 150 times lower
than stratospheric chlorine [Carpenter et al., 2014]. However, bromine accounts for 20 to 40% of the ozone
(O3) loss in the lowermost stratosphere (LMS) at midlatitudes [Lee et al., 2002] and ~50% of the O3 loss
in the Antarctic ozone hole [e.g., Lee et al., 2002; Danilin et al., 1996; Frieler et al., 2006; Salawitch et al.,
1993]. Consequently, even low concentrations of bromine have a relatively large impact on O3 [Salawitch
et al., 2005].

Bromine is supplied to the stratosphere by three routes. First, the long-lived compounds methyl bromide
(CH3Br) and halons cross the tropopause, typically without decomposing. This process has been studied
for a long time and the stratospheric supply of bromine from CH3Br and halons is well understood
[Carpenter et al., 2014]. Methyl bromide has both natural and anthropogenic sources; the present atmo-
spheric loading is dominated by natural sources, due to the success of the Montreal Protocol. Halons (banned
by the Montreal Protocol) have only anthropogenic sources and are slowly declining due to long atmospheric
lifetimes. The other two routes for supply of bromine to the stratosphere involve very short lived (VSL) com-
pounds produced by oceanic organisms, which can cross the tropopause either without decomposing or
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after decomposing in the tropo-
sphere. The term CBry

VSL refers to
bromocarbons with tropospheric life-
times less than half a year (e.g., CHBr3
and CH2Br2), which are primarily pro-
duced by marine algae [e.g., Ko et al.,
2002; Tegtmeier et al., 2012; Warwick
et al., 2006].

The input of inorganic bromine
(collectively known as Bry, Bry=Br
+ BrO+HOBr + BrNO3 + 2× Br2 + BrCl
+ HBr), following the tropospheric
decomposition of VSL compounds,
is estimated to contribute 1.1 to
4.3 pptv to the stratospheric bromine
burden [Carpenter et al., 2014;
Montzka et al., 2011]. The input of
Bry to the stratosphere is usually
termed product gas injection (PGI)
of bromine species and the input of
bromocarbons (CBry) to the strato-
sphere is termed source gas injection
(SGI) of bromine species. The most
important PGI pathway is thought to
be in the tropics; the Western Pacific
plays a particularly important role
due to the deep convection in this
region [e.g., Pan et al., 2016]. Deep
convection transports Bry from the
marine boundary layer (MBL) and
tropical free troposphere (TFT) (1 to

12 km) to the tropical tropopause layer (TTL) (~12 to 17 km) and subsequently to the LMS [Aschmann et al.,
2009; Ashfold et al., 2012; Fernandez et al., 2014; Levine et al., 2007; Tegtmeier et al., 2012; Sinnhuber and
Folkins, 2006]. The release of Bry from saline aerosols in the lower part of the troposphere and the degradation
of very short lived bromocarbons (CBry

VSL) throughout the troposphere and the TTL serve as sources of Bry [e.
g., Ko et al., 1997; Orlando, 2003; Yang et al., 2005; Salawitch, 2006; Hossaini et al., 2010].

The computed transport of Bry to the stratosphere is also sensitive to model treatment of the partitioning of
Bry (Table 1) [e.g., Parrella et al., 2012; Fernandez et al., 2014]. This sensitivity occurs because (1) soluble species
such as HOBr, BrNO3, and HBr are subject to loss from the gas phase by scavenging (Table 1, (R17)–(R19)) in
the troposphere before being delivered to the stratosphere and (2) heterogeneous chemistry can recycle Bry
back to the gas phase (Table 1, (R20)–(R23)) and thus partially compensate for the impact of scavenging [Iraci
et al., 2005; Fernandez et al., 2014]. For these reasons, the mechanism for PGI of Bry is complex as it couples
biological, chemical, and dynamical processes. Measurements of Bry in the tropical troposphere are necessary
to understand the whole PGI mechanism: the release of Bry, the transport, the chemistry, and finally the
amount of Bry delivered to the stratosphere.

There has been considerable effort to measure tropospheric Bry, mainly in the extratropical troposphere [Choi
et al., 2012; Dibb et al., 2010; Fitzenberger et al., 2000; Hebestreit et al., 1999; Hönninger et al., 2004; Liao et al.,
2011a, 2011b, 2012;Mahajan et al., 2009; Neuman et al., 2010; Pommier et al., 2012; van Roozendael et al., 2002;
Schofield et al., 2004]. But neither the distribution nor the partitioning of Bry is zonally uniform in the
troposphere [e.g., von Glasow et al., 2004; Yang et al., 2005]. To date, limited measurements in the tropical
troposphere have solely focused on BrO and have led to an uncertain picture. Retrieval of BrO from
the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) satellite

Table 1. The Partitioning of Bry
Reaction

(R1) Br + O3➔ BrO +O2

(R2a) BrO + BrO➔ Br2 + O2

(R2b) BrO + BrO➔ Br + Br + O2

(R3) BrO + hυ➔ Br + O(3P)

(R4) BrO + HO2➔HOBr + O2

(R5) BrO +OH➔ Br + HO2

(R6) BrO + NO2 +M➔ BrNO3 +M

(R7) BrO + NO➔ Br + NO2

(R8a) BrO + ClO➔ Br + Cl + O2

(R8b) BrO + ClO➔ Br + OClO

(R8c) BrO + ClO➔ BrCl + O2

(R9) Br + CH2O➔HBr + HCO

(R10) Br + CH3CHO➔HBr + CH3CO

(R11) Br + HO2➔HBr +O2

(R12) Br2 + hυ➔ Br + Br

(R13) HOBr + hυ➔ Br + OH

(R14a) BrNO3 + hυ➔ Br + NO3

(R14b) BrNO3 + hυ➔ BrO + NO2

(R15) BrCl + hυ➔ Br + Cl

(R16) HBr + OH➔ Br + H2O

(R17) HBr(g)➔HBr(particle)

(R18) HOBr(g)➔HOBr(particle)

(R19) BrNO3(g)➔ BrNO3(particle)

(R20) BrNO3 + H2O→
heterogeneous HOBr + HNO3

(R21) HOBr + HBr→heterogeneous Br2 + H2O

(R22) HOBr + HCl→
heterogeneous

BrCl + H2O

(R23) HOCl + HBr→
heterogeneous

BrCl + H2O
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instrument suggested that the BrO column below 15 km across the equator is equivalent to a uniform distri-
bution of 1 pptv BrO throughout the tropospheric column [Sinnhuber et al., 2005]. On the other hand,
SCIAMACHY BrO retrieved in other work suggested the presence of 2 to 4 pptv of BrO in the tropical upper
troposphere, with little or no BrO present below 15 km [Sioris et al., 2006]. Theys et al. [2007] deduced a max-
imum 2 to 5 pptv of BrO in the free troposphere above Réunion Island (21°S, 56°E) according to the measured
vertical tropospheric BrO column, (1.1 ± 0.45) × 1013 molecule · cm�2, by a differential optical absorption
spectroscopy (DOAS). In contrast, another DOAS instrument performed measurements in Teresina, Brazil
(5.1°S, 42.9°W), and it was concluded that BrO in the TFT is compatible with zero with the uncertainties of
around 1 pptv [Dorf et al., 2008]. In addition, the model simulation by von Glasow et al. [2004] suggested that
an unknown source of Bry would need to be assumed in the TFT to explain higher levels of observed BrO. It
has also been suggested that the partitioning of Bry in the TFT and TTL may be shifted to species other than
BrO, such as HBr, HOBr, or Br [Fernandez et al., 2014; von Glasow et al., 2004; Liang et al., 2014; Yang et al.,
2005]. Thus, a small amount of BrO observed in the TFT and TTL can reflect the presence of a much higher
amount of Bry. Consequently, the full assessment of PGI requires observations of a wider suite of inorganic
bromine species in the tropics.

The CONvective TRansport of Active Species in the Tropics (CONTRAST) experiment was an airborne investi-
gation utilizing the National Center for Atmospheric Research (NCAR) Gulfstream-V (GV) aircraft equipped
with a suite of chemical and meteorological parameter instruments. The CONTRAST flights were based out
of Guam (13.5°N, 144.6°E) during January and February 2014. A complete description of the CONTRAST
experiment is detailed in the overview paper [Pan et al., 2016]. A primary scientific objective was to study
the chemistry and transport of Bry into the TTL and LMS over the Tropical West Pacific Ocean. During
CONTRAST, we measured BrO as well as the sum of Br2 and HOBr (HOBr + Br2) using a chemical ionization
mass spectrometer (CIMS). These results represent some of the first observations of Bry species other than
BrO in the tropics. Observations of both BrO and HOBr + Br2 can provide more information for the assessment
of local Bry chemistry and PGI.

2. Measurements

A suite of instruments used during CONTRAST related to this study are listed in Table 2. The dynamical and
chemical models for forecasting and flight planning are documented in the CONTRAST field catalog (http://

Table 2. Measurements of Species and Meteorological Parameters Relevant to This Study

Instruments Measured Species/Parameters PI/Institutions

CIMS BrO, HOBr + Br2, N2O5 Huey/GA Tech
Chemiluminescence O3 Weinheimer/NCAR
Chemiluminescence NO, NO2 Weinheimer/NCAR
Vacuum UV Fluorescence CO Campos/NCAR
Picarro WS-CRDSa CH4, CO2 Campos/NCAR
TOGAb VOCs/bromocarbons/HCN Apel/NCAR & Riemer/U Miami
AWASc VOCs/bromocarbons Atlas/U Miami
ISAFd CH2O Hanisco/NASA
HARPe actinic flux Hall/NCAR
VCSELf H2O vapor Jensen/NCAR
2DCg cloud droplets (12.5–3200 μm) Jensen/NCAR
CDPh particle (2–50 μm) Jensen/NCAR
UHSASi particle (0.06–1 μm) Jensen/NCAR
GV platform time, location, T, p, Wind Jensen/NCAR

aWavelength-scanned cavity ring-down spectroscopy.
bTrace organic gas analyzer.
cAdvance whole air sampler.
dIn situ airborne formaldehyde.
eHIAPER airborne radiation package.
fVertical cavity surface emitting laser hygrometer.
gTwo-dimensional optical array cloud probe.
hCloud droplet probe.
iUltrahigh sensitivity aerosol spectrometer.
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catalog.eol.ucar.edu/contrast) and described in Pan et al. [2016]. In this section, we focus on the CIMS
employed for measurements of BrO and HOBr + Br2.

2.1. CIMS

CIMS utilizes a reagent ion to selectively react and ionize targeted atmospheric species [Huey, 2007]. The CIMS
instrument used in this work is very similar to that described by Kim et al. [2007] and Liao et al. [2011a]. Here
we briefly describe the configuration of the CIMS used in this experiment (Figure 1) and how it differed from
earlier versions. As in previous work, the CIMS was composed of the following differentially pumped regions:
a flow tube, a collisional dissociation chamber (CDC), an octopole ion guide, a quadrupole mass filter, and an
ion detector. These components were evacuated by a scroll pump (Varian TriScrollTM 300), a drag pump
(AdixenMDP 5011), and two turbo pumps (Varian Turbo-V70), respectively. Air was sampled via an orifice into
the flow tube, where the ionmolecule reactions took place. The ionized products were sampled into the CDC,
where the collision energy between ions and neutral molecules was enhanced by an electric field. Weakly
bound cluster ions (mainly water cluster ions) were dissociated into core ions (e.g., Br2 · I

� · (H2O)n was disso-
ciated into Br2 · I

�). Then ionization products were guided by the octopole to the quadrupole for mass selec-
tion and then detection.

During CONTRAST, smaller turbo pumps were used to evacuate the octopole and quadrupole regions (i.e.,
Varian Turbo-V70 instead of Varian Turbo-V300), to reduce size, weight, and power consumption of this instru-
ment relative to previous versions. In addition, the flow tube was elongated to ~20 cm, and the operating
pressurewas increased from 20 to 50 torr tomaximize the sensitivity of the CIMS to BrO species. This increased
the concentrations of both the reagent ion and measured species in the flow tube while also increasing
reaction time. This resulted in an increase in sensitivity for BrO from~3Hz · pptv�1 to ~10Hz · pptv�1.

In previous studies, we used an orifice of fixed area in the entrance to the flow tube to sample air. For an ori-
fice of fixed area, the sample volumetric flow (in liter per minute) is constant, but the sample mass flow (in

Figure 1. The configuration of CIMS used in CONTRAST, adapted from Liao et al. [2011a].
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sLpm, standard liter per minute, standard = 0°C and 1013 hPa) decreases at high altitudes as the pressure
decreases, resulting in a decreasing CIMS sensitivity. In CONTRAST, to stabilize the CIMS sensitivity at higher
altitudes, an automatic variable orifice (AVO) was used tomaintain the sample mass flow. The area of the AVO
increased as the ambient pressure decreased, keeping the flow tube pressure constant. The area of the AVO
was controlled by the combination of a microprocessor and stepping motor, which moved a polished piece
of stainless steel across a triangular shaped opening.

2.2. Inlet

Ambient air was delivered to the CIMS from a standard GV chemical inlet (Figure 1). The inlet probe was a
cigar-shaped faring that housed a TeflonTM FEP tube (outer diameter = 1.3 cm, inner diameter = 1 cm, ~1m
long). The whole inlet was maintained at 40°C to keep it warmer than ambient for all flight conditions
while avoiding thermal decomposition of species such as bromine nitrate. At all altitudes, a constant flow
of 5.2 sLpm was maintained in the inlet tubing, of which 3.5 sLpm was exhausted through a mass flow con-
troller and the remaining 1.7 sLpm sampled through the AVO.

2.3. Ion Chemistry

We used hydrated iodide ion (I� · (H2O)n) as the reagent ion. I
� · (H2O)n has been utilized to selectively detect

a series of halogen and nitrogen containing compounds [Huey, 2007; Bertram and Thornton, 2009; Kercher
et al., 2009; Liao et al., 2011a, 2011b, 2012, 2014; Neuman et al., 2010; Slusher et al., 2004; Zheng et al.,
2011]. Iodide was produced by flowing 2.9 sLpm of N2, containing a few ppmv CH3I (99.5%, Alfa Aesar) over
a 210Po ion source into the flow tube. In addition, 0.1 sLpm of humidified N2 was introduced separately into
the flow tube to ensure that the iodide ion was hydrated throughout the altitude range of the aircraft. In the
flow tube, targeted species were ionized via the reactions below [Liao et al., 2011a, 2011b, 2012; Neuman
et al., 2010]:

I� · H2Oð Þn þ BrO➔ BrO· I� m=z ¼ 222; 224ð Þ þ nH2O(R24)

I� · H2Oð Þn þ HOBr➔ HOBr· I� m=z ¼ 223; 225ð Þ þ nH2O(R25)

I� · H2Oð Þn þ Br2 ➔ Br2 · I� m=z ¼ 285; 287; 289ð Þ þ nH2O:(R26)

BrO, HOBr, and Br2 were detected as their corresponding cluster ions with I� ((R24)–(R26)). However, it should
be noted that we express the ionization products as their core ion forms for simplicity; the water molecules in
these clusters were removed in the CDC (section 2.1). Each product ion has at least two isotopes due to the
presence of natural 79Br (50.69%) and 81Br (49.31%), and thus, the concentration of each species can be
derived from signals at more than one mass. We derived concentrations for each species from all the
detected masses. For each flight, we derived the concentrations from the mass peak with the least noise
and/or interference levels. However, for most of the experiment we used m/z 222 for BrO, m/z 225 for
HOBr, and m/z 287 for Br2. It should also be pointed out that HOBr can be efficiently converted to Br2 in
the type of inlet used in this study [Neuman et al., 2010]. Hence we report HOBr + Br2 instead of HOBr and
Br2 separately, although under sunlit conditions HOBr is expected to dominate due to the short photolytic
lifetime of Br2.

2.4. Background Determination

The instrumental background was periodically determined during the research flights (RF) for 1min out of
every 10min. A custom-made three-way TeflonTM valve was used to switch between measurement mode
and background mode (Figure 1). In background mode, ambient air passed through an activated carbon
scrubber before being introduced into the CIMS. The scrubber was found to remove >99% of targeted
species in ambient air. The three-way TeflonTM valve and all tubing were also thermostatted at 40°C.

2.5. Calibrations

Since portable standards of BrO and HOBr have not yet been developed, we calibrated the CIMS indirectly. In
the field, a known amount of Cl2 gas from a permeation tube (KIN-TEK) was introduced to the inlet tomeasure
the sensitivity in flights [Liao et al., 2012, 2014].

I� · H2Oð Þn þ Cl2 ➔ Cl2 · I
� m=z ¼ 197; 199; 201ð Þ þ nH2O:(R27)
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The emission rates of the permeation tube were measured throughout the campaign by a spectrophoto-
metric method [Wu et al., 1963; Kazantseva et al., 2002]. After the campaign, the sensitivities of BrO, HOBr,
and Br2 relative to Cl2 were assessed in the laboratory using methods described by Liao et al. [2011a,
2012]. The absolute sensitivities of BrO, HOBr, and Br2 were obtained from their relative sensitivity to Cl2.
The calibration uncertainty (2σ) is 23% for BrO and 25% for HOBr + Br2, accounting for uncertainties of the
emission rate of Cl2, and the relative sensitivities of BrO, HOBr and Br2 to Cl2.

2.6. Limit of Detection (LOD)

The accurate estimate of our limit of detection (LOD) is very important in this work because we were at or
below the LOD for much of the mission. Commonly, we have estimated the CIMS LOD based on the standard
deviation of the variation of background signals [e.g., Liao et al., 2011a; Neuman et al., 2006]. In this mission,
we defined the LOD as 3 times the standard deviation (3σ) of the background variations and estimated aver-
age LODs for each flight (5.2 to 8.1 h long) for BrO and HOBr + Br2. The LOD of HOBr + Br2 combines LODs of
both HOBr and Br2 as in equation (1).

LOD HOBrþ Br2ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LOD HOBrð Þ½ �2 þ LOD Br2ð Þ½ �2

q
: (1)

However, it should also be noted that this method may under or overestimate the true LOD when back-
ground levels varied more rapidly than the time scale of the background measurements (every 10min) or
are influenced by factors such as cabin temperature. For example, in this study we have found that
background levels were higher if the cabin temperature was warmer than normal. Since we derived the con-
centration of a species from several masses, for each period of time, the LOD was determined based on the
mass used for the derivation of concentration. For all available BrO and HOBr + Br2 data in CONTRAST, this
method gave the 1min-based LOD of BrO ranging between 0.6 and 1.6 pptv, with an average of 1.0 pptv,
and a median of 1.1 pptv, and gave the 1min-based LOD of HOBr + Br2 ranging between 1.3 and 3.5 pptv,
with an average of 2.2 pptv, and a median of 2.1 pptv. The LOD of HOBr + Br2 was higher as it accounts for
uncertainties of both HOBr and Br2.

2.7. Interferences

Due to the very low levels of halogens measured during CONTRAST, we encountered several interference
issues that impacted our observations. During the first several research flights Br2 was utilized as the calibra-
tion gas to track the sensitivities of CIMS. However, we found that the Br2 residual in the inlet could have sig-
nificantly interfered with measurements of BrO, HOBr, and Br2. For this reason, we switched the calibration
gas to Cl2 and rinsed the inlet thoroughly before RF09 (5 February). No significant interference coming from
the Br2 residual was found on later RFs nor did we see any sign of interference generated by the Cl2 calibra-
tion. Here we reported data from RF09 to the end of the campaign.

We have also found that high O3 levels in the LMS interfered with both HOBr + Br2 and BrO measurements.
Laboratory experiments showed that an unrecognized species, which does not contain bromine atoms
appears at m/z= 222 at high O3 levels. This species interferes with the measurement of BrO at m/z=222.
However, the mechanism for producing this and other interfering masses at high O3 is not certain but may
involve chemistry driven by the formation of O3 · I

� and other ions associated with O3. The interferences
impacted part of the BrO and HOBr + Br2 data during RF15 (24 February). For RF15, we did not report
HOBr + Br2 data when O3>~125 ppbv and BrO data when O3>~480 ppbv.

Table 3. Species Included in the Steady State Modela

Species

Constrained O3, H2O(v), NO, CO, CH4, C2H6, CH3OH, CH2O, CH3CHO, CH3C(O)CH3, BrO, HCl
b, Clb

Steady state O(3P), O(1D), OH, HO2, CH3O2, CH3C(O)CH2O2, NO2, HOBr, Br, BrNO3, BrCl, ClO

aFor inorganic chlorine species the model only considered HCl, Cl, and ClO. The interconversions between Cl and ClO
were rapid under CONTRAST conditions (Cl + O3➔ ClO +O2, ClO + NO➔ Cl + NO2, ClO + hυ➔ Cl + O(3P)), and thus, ClO
can be estimated assuming steady state with the constraint of Cl.

bEstimated. See text.
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3. Photochemical Models

Two zero-dimensional photochemical models [Sjostedt et al., 2007; Kim et al., 2007; Liao et al., 2011b], a steady
state model and a time-dependent model, were applied in this study. Br, Br2, BrO, HOBr, BrNO3, and BrCl have
much shorter lifetimes than HBr. Here we term these shorter-lived species as photoreactive Bry. The steady
state model was used to evaluate the partitioning amongst photoreactive Bry. The time-dependent model
was used to evaluate the partitioning between HBr and photoreactive Bry.

In the steady state model, temperature (T ), pressure (p), and photodissociation rates ( j values) were con-
strained by aircraft measurements. Long-lived chemicals (lifetime longer than hours) were also constrained
by measurements, while short-lived chemicals were calculated by assuming steady state, as shown in
Table 3. We only considered relatively simple organics as CONTRAST was carried out in a remote and clean
environment. NO2 was calculated assuming steady state with observed NO, O3, jNO2, etc., because measure-
ments of NO2 at higher altitudes were likely interfered with by thermally labile NOy such as HO2NO2 and
CH3O2NO2, which can decompose to NO2 in the heated inlet [Browne et al., 2011]. For photoreactive Bry,

Table 4. Species Included in the Time-Dependent Model

Species

Constraineda O3, H2O(v), CO, CH4, C2H6, CH3OH, CH2O, CH3CHO, CH3C(O)CH3
Steady state O(3P), O(1D), OH, HO2, CH3O2, CH3C(O)CH2O, NO

b, NO2
b, Cl

Time dependent HBr, HCl

Time dependent and Steady statec Br, BrO, HOBr, BrCl, BrNO3, ClO, Cl2O2, OClO, HOCl, ClNO3

aConstrained species are held at measured values.
bNOx is held as the sum of measured NO and calculated NO2, while the NO/NO2 partitioning is calculated assuming

stead state.
cThese species are treated as in steady state if their (instantaneous) lifetimes are shorter than Δt (150 s) and treated as

time dependent if their lifetimes are longer. Photoreactive Bry were initialized as calculated by the steady state model.
ClO, Cl2O2, OClO, HOCl, and ClNO3 were initialized to be zero.

Figure 2. Flight paths during CONTRAST (RF09 to RF17).
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BrO was constrained, and other species are calculated. We did track the ClO and BrCl masses during the cam-
paign, but we did not observe significant signals for either compound, although the LODs for these species
were relatively high (LOD(ClO) ~ 5 pptv, LOD(BrCl) ~ 2 pptv) as we did not spend much of the measurement
duty cycle on these masses. To estimated BrCl, the model was constrained by estimated [Cl] and [HCl]. [Cl]
was estimated in two steps: First, the [Cl] to [OH] ratio was derived from ratios of various alkanes and benzene
measured by advanced whole air sampler (AWAS) and trace organic gas analyzer (TOGA) (Table 2), as
described in Rudolph et al. [1997] and Arsene et al. [2007]. Then [Cl] was determined bymultiplying the derived
[Cl] to [OH] ratio by model calculated [OH]. [HCl] was estimated using the UWCMmodel (version 3) [Wolfe and
Thornton, 2011] with the constraint of [Cl].

The time-dependent model was run with Δt= 150 s. T and pwere held at observed values, while j values were
parameterized as a function of solar zenith angle (SZA) and altitudes based on the data set of measured j
values. Table 4 lists the chemical species and how they are treated. The time-dependent model included
the heterogeneous cycling of Bry but neglected the deposition since the time scale of deposition is much
longer than of partitioning [Parrella et al., 2012]. The heterogeneous reaction rate constants were calculated
based on measured particle distributions. We considered background fine particles at all altitude levels and
ice particles when ambient Twas less than�20°C. Background fine particles were measured by ultrahigh sen-
sitivity aerosol spectrometer (UHSAS) (Table 2). There was no specific measurement of ice particles. However,
at T<�20°C, we assumed that particles detected by cloud particle probes (CDP and 2DC, Table 2) were ice
particles. The supporting information [Burkholder et al., 2015; Crowley et al., 2010; Jacob, 2000; Schwartz, 1986]
provides more details of both models.

Figure 3. Vertical profiles of (left) BrO and (right) HOBr + Br2. All 1 min averaged data points of BrO and HOBr + Br2 are
plotted. Significant BrO and HOBr + Br2 levels are highlighted according to their locations: black open squares for the
troposphere and black-filled squares for the TTL-LMS transition region and LMS (see section 4.4). The 2 km averages with
standard deviations (blue filled squares) and medians (red open squares) of all data points in the TTL and the TFT are
superposed. Significant BrO and HOBr + Br2 of LMS origin are excluded when averages and medians were calculated. The
numbers of data points falling into each 2 km bin are plotted on the side. Note that the medians are more representative
than the averages.
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4. Results
4.1. Overview

CONTRAST data are available at http://data.eol.ucar.edu/master_list/?project=CONTRAST. In this study, all
analyses are based on 1min averaged data, and all times are in UTC (Guam local time is UTC + 10 h). Flight
paths for RFs 09 through 17 are shown in Figure 2. RF17 was the returning transit fight and was out of the
Tropical West Pacific Ocean. Here we focus on RF09 to RF16.

From RF09 to RF16, the GV covered a wide area above the Tropical West Pacific Ocean, with an altitude range
up to ~15.3 km. Sampling was mostly performed in the TTL (~32 h), with most of the remaining time in the
TFT (~19 h). Observed BrO and HOBr + Br2 in these flights are plotted against altitude in Figure 3. Most of
the time we did not observe BrO or HOBr + Br2 above the detection limit of the CIMS. However, significant
levels of BrO and/or HOBr + Br2, defined as consistently above the LOD, were observed episodically. They
are highlighted in Figure 3 according to their locations (see section 4.4 for details). The averages andmedians

Figure 4. Diurnal profiles of BrO and HOBr + Br2 plotted against SZA. In all panels, similar to Figure 3, all 1 min averaged
data points are plotted, and significant BrO and HOBr + Br2 are highlighted according to their locations, black open
squares for troposphere, and black filled squares for the TTL-LMS transition region and LMS (see section 4.4). The 10°
SZA-binned averages with standard deviation (blue filled squares), and medians (red open squares) are superposed. The
numbers of data points falling into each 2 km bin are plotted on the bottom of each panel. Note that scales may be
different in different panels.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025561

CHEN ET AL. MEASUREMENTS OF BRO, HOBR +BR2 IN CONTRAST 12,568

http://data.eol.ucar.edu/master_list/?project=CONTRAST


of BrO and HOBr + Br2 based on 2 km altitude intervals are superimposed in Figure 3. The median values are
probably more representative of BrO and HOBr + Br2 compared to average values since episodic events can
bias the averages. However, both average and median values are indistinguishable with zero within the
uncertainties at all levels.

Our flights targeted both sunlit and dark conditions. The diurnal patterns of BrO and HOBr + Br2 were exam-
ined by plotting them against SZA (Figure 4). Figures 4a and 4b show all data points against SZA; Figures 4c–
4h show data points against SZA at three different altitude levels (<6 km, 6 to 12 km, and>= 12 km).
Similarly, averages and medians based on intervals of 10° of SZA were superposed in Figure 4a–4h. For the
whole data set neither averages nor medians displayed significant departure from zero within uncertainties,
and in general, the same conclusion holds for different altitude levels, especially in the TTL (altitude>12 km)
where the sample size is relatively large. However, episodic significant levels can bias averages and medians
in lower altitudes (<6 km, and 6 to 12 km), due to smaller sample size in these altitude and SZA intervals.

4.2. TTL: Fresh Convective Outflows and a Stagnant Anticyclone

Convective lifting is thought to be crucial for PGI, as it carries air from lower altitudes to the upper TFT and
TTL, redistributing Br-containing species in the troposphere. In addition, an aged plume can allow Bry to
be produced from the decomposition of CBry

VSL precursors. Here we examine two fresh convective outflows
and an aged anticyclone in the TTL and look for enhanced Bry in these air masses. The convective outflows
and the aged anticyclone were identified and located prior to each RF with dynamic models, and confirmed
by in situ measured trace gases in-flight.

In RF11 (13 February) between 12 and 14 km we targeted fresh convective outflow originating from a clean
MBL (Figure 5). The convective outflow was clearly characterized by high cloud particle concentrations (aver-
age 11.8 L�1) and high water-ice content (average 1.3 × 10�3 g ·m�3). Low O3 (27.3 ± 2.2 ppbv, average ± 1σ,
sic passim) as well as background levels of CO (95.5 ± 6.8 ppbv) and HCN (144 ± 18 pptv) were consistent with
an origin of the clean MBL. Inside the outflow, we observed 0.03 ± 0.26 pptv of BrO (median 0.00 pptv), and
0.003 ± 0.42 pptv of HOBr + Br2, (median 0.00 pptv). We did not find significant BrO or HOBr + Br2 inside this
convective plume. Significant levels of BrO and HOBr + Br2 sampled during 00:30 to 01:00 UTC were not of
convective origin (see section 4.3).

Figure 5. Time series of BrO, HOBr + Br2, and related species and parameters during RF11 and RF12. Convective outflow regions are shaded in light yellow.
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Similar results were found for the convective outflow sampled in RF12 (17 February) located between 12 and
14 km to the south and southeast of Guam (Figure 5). This outflow can also be recognized by high water-ice
content (average 1.8 × 10�3 g ·m�3) and upward motion of air (vertical wind speed,W, up to ~ 1m · s�1). The
cloud particle concentration is unavailable for this flight; but low O3 (23.5 ± 2.9 ppbv), background levels of
CO (79.2 ± 3.2 ppbv) and HCN (112 ± 18 pptv) inside the outflow are consistent with an origin from the
unpolluted MBL air. In the plume, BrO was �0.005 ± 0.28 pptv (median 0.025 pptv), and HOBr + Br2 was
0.19 ± 0.55 pptv (median 0.105 pptv). In the adjacent air masses outside the plume (00:30 to 01:16, 04:07 to
05:00UTC), we observed �0.04 ± 0.32 pptv of BrO (median �0.02 pptv), and 0.09 ± 0.62 pptv of HOBr + Br2
(median 0.07 pptv). We did not observe significant levels of BrO or HOBr + Br2 inside or outside the
convective outflow.

A stagnant anticyclone centered at ~12°N, 160°E was probed in RF13 (19 February) before and after sunrise
(Figure 6). The GV sampled inside the anticyclone between 19:00 and 22:20 UTC (local sunrise ~19:40 UTC).
The GV stayed inside the anticyclone at ~13 km until ~21:40 UTC, then sampled a vertical profile from
~13 km down to ~2.5 km, then flew up to ~14 km. Although different levels of O3 and CO were observed
at different altitudes, no significant BrO or HOBr + Br2 was observed at any altitude level, inside and outside
the anticyclone, prior to and post sunrise.

4.3. Enhanced BrO and/or HOBr+Br2 in the Tropical-Free Troposphere

Plumes of significant BrO and/or HOBr + Br2 were episodically observed in the TFT (Table 5). For convenience,
we name these plumes with a prefix “Br” and a number (e.g., Br-1). Although our LODs varied with time, in all
these plumes, BrO and/or HOBr + Br2 were clearly elevated. These plumes all featured high O3, HCN, and

Figure 6. Time series of BrO, HOBr + Br2, and related species and parameters during RF13. The anticyclone region is shaded
in light blue.
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CH3CN levels and low relative humid-
ity (RH) (Figure 7). O3 in these plumes
reached 60 to 90 ppbv, in contrast to
the typical levels of 20 to 40 ppbv in
the TFT. HCN in these plumes ranged
from 200 pptv to 468 pptv, compared
to background levels of 100 to
150 pptv. RH inside these plumes was
generally<10%, except that in plume
Br-2 RH varied from 8% to 75% and
was probably influenced by mixing
processes. In addition, in five out of

the six plumes COwas clearly enhanced from the background levels. Finally, CH3CNwasmoderately enhanced
in all these plumes. BothHCNandCH3CNare specific tracers of biomass burning emissions [e.g.,Holzinger et al.,
1999]. All of these plumes are characteristic of the high-ozone, low-water structures that Anderson et al. [2016]
linked to biomass burning. Particularly, plumeBr-4was an interesting case known as the “CORiver,”where bio-
mass burning-influenced air was trapped along the subtropical jet [Pan et al., 2016].

The steady state model was applied to check if observed BrO and HOBr + Br2 levels in these plumes were self-
consistent. HOBr + Br2 was calculated with constraints of observed BrO and other measurements. In three out

Table 5. Significant BrO and HOBr + Br2 Levels Observed in the TFT

Plume RF
Highest BrO
(LOD)/pptva

Highest HOBr + Br2
(LOD)/pptva

Br-1 RF09 2.7 (1.3) <LOD (3.5)
Br-2 RF09 4.4 (1.3) <LOD (3.5)
Br-3 RF09 4.5 (1.3) <LOD (3.5)
Br-4 RF10 6.6 (1.1) 7.3 (3.0)
Br-5 RF11 1.5 (0.6) 3.9 (1.5)
Br-6 RF11 1.0 (0.6) 2.3 (1.5)

aValues quoted are flight-averaged LOD.

Figure 7. Episodic significant BrO, HOBr + Br2 in the TFT, and related species and parameters. Plumes of significant BrO and/or HOBr + Br2 are shaded in light orange.
In three of these plumes we had sufficient data to calculate HOBr + Br2 with the steady state model, using measured BrO as a constraint. Measured HOBr + Br2 (blue
squares) and calculated HOBr + Br2 (brown solid line) are compared. CHBr3 and CH2Br2 measured by AWAS (solidmarkers) and TOGA (openmarkers) are also plotted.
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of the six plumes we had sufficient data to calculate HOBr + Br2. In all three plumes, the calculated HOBr + Br2
is consistent with our measured values (Figure 7).

Significant BrO and HOBr in biomass burning plumes has been reported [Pommier et al., 2012]. However, to
sustain these amounts of BrO and/or HOBr + Br2, a strong source of Brymust be present [Pommier et al., 2012].
Measured CHBr3 and CH2Br2 appeared to be slightly lower inside these plumes compared to adjacent air
masses. The degradation of CHBr3 and CH2Br2 after injection by biomass burning could be a source of Bry.
We do expect bromocarbons to be elevated in biomass plumes in the immediate vicinity of the combustion
[e.g., Simpson et al., 2011]. Biomass burning plumes observed over the remote Tropical West Pacific have
remained intact, unaffected by recent convective precipitation, for much longer periods of time than
adjacent air masses [Anderson et al., 2016]. Therefore, the abundance of CHBr3 and CH2Br2 could appear to
be suppressed in these biomass burning air masses, relative to adjacent air, due to the longer time for photo-
chemical loss. Since we do not know the original plume concentrations of CHBr3 and CH2Br2, this mechanism
cannot be further evaluated.

4.4. A Survey From the TTL to the Extratropical LMS

During RF15 (25 February) the GV sampled both the TTL and the extratropical LMS at altitudes of 12 to 14 km,
with the northernmost point at ~40°N (see Figure 3 for flight path). Time series of BrO, HOBr + Br2, and other
species/parameters are plotted in Figure 8, together with the potential vorticity (PV). Here the PV was calcu-
lated from 6-hourly 1° latitude × 1° longitude, 26 vertical level National Centers for Environmental Prediction
Global Forecast System-final (GFS-FNL) analyses and then colocated with GV observations by interpolating in
space (latitude, longitude, and pressure) and time along the GV track (http://www.emc.ncep.noaa.gov/gmb/

Figure 8. Time series of BrO, HOBr + Br2, and related species/parameters during RF15. The LMS leg is highlighted in pink, and the TTL-LMS transition region is high-
lighted in light gold. Note: because of interferences, BrO data are unavailable when O3> ~480 ppbv, and HOBr + Br2 data are unavailable when O3> ~125 ppbv.
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para/parabout.html). A previous application example of the derived PV can be found in Pan et al. [2007]. Both
chemical tracers and PV clearly displayed the sharp change in the transition from the TTL to the extratropical
LMS (Figure 8). In the TTL, O3, CO, and CFC-11 (CCl3F) were roughly 20 ppbv, 100 ppbv, and 235 pptv, respec-
tively, and PV was consistently< 1.7 potential vorticity unit (PVU) (1 PVU= 10�6 K ·m2 · kg�1 · s�1). At latitudes
greater than ~25°N, O3 increased, and CO decreased. Meanwhile, H2O vapor dropped to< 10 ppmv, and PV
rapidly increased from roughly 1.4 PVU to roughly 7.5 PVU. However, CFC-11 still remained at ~235 pptv
until ~ 33°N. At ~ 33°N CFC-11 sharply dropped to ~215 pptv, while O3 sharply increased from ~100 ppbv
up to ~800 ppbv. H2O vapor decreased to 3 to 4 ppmv. PV remained at ~8 PVU. Although O3 started to
increase and CO started to decrease at ~25°N, ΔCO/ΔO3 was �0.395 between ~25°N and ~33°N and
�0.0239 between ~33°N and ~40°N. At latitudes greater than ~33°N, the sharp increase of O3, the decrease
of CFC-11, plus the high PV values undoubtedly denoted the extratropical LMS. The region between ~25°N
and ~33°N should be regarded as a transition region between the TTL and extratropical LMS. In this transition
region, CFC-11 levels were the same as in the TTL (~235 pptv), but PV and the CO-O3 correlation [e.g., Pan
et al., 2004] still distinguished it from the LMS and TTL (Figure 9). The discontinuity in CO-O3 relationship
occurred at latitude ~33°N, CO ~56ppbv, O3 ~ 138 ppbv, and PV ~6 to 8 PVU. It clearly marked the point of
entering the stratosphere. The 6 to 8 PVU PV value near the discontinuity point is very consistent with the cli-
matological PV value that represents the dynamical tropopause at the 370–380 K isentropic level during the
Northern Hemisphere winter [Kunz et al., 2011].

We observed different levels of BrO and HOBr + Br2 in the TTL, the TTL extratropical LMS transition region, and
the extratropical LMS. In the TTL, we observed 0.11 ± 0.35 pptv of BrO (median 0.10 pptv), and 0.17 ± 0.64 pptv
of HOBr + Br2 (median 0.10 pptv). In the transition region, we observed 0.48 ± 0.58 pptv of BrO (median
0.34 pptv), and 0.63 ± 1.14 pptv of HOBr + Br2 (median 0.58 pptv). In the LMS, BrO levels were clearly above
zero, up to roughly 4.5 pptv at 480 ppbv of O3. This survey indicates that BrO and HOBr + Br2 were near zero
in the TTL and started to increase in the TTL-LMS transition region.

5. Discussion
5.1. Bry Partitioning in the TFT and TTL

The partitioning of Bry in the TFT and TTL was estimated in two steps. First, photoreactive Bry was estimated
with the steady state model. A constant level of 1 pptv of BrO was assumed for these calculations as this was

Figure 9. Correlation between CO and O3 in the TTL-LMS transition region (open black circles) and the LMS (open red
circles). In the TTL-LMS transition region, [CO]/ppbv = 110.8� 0.395 × [O3]/ppbv (r =�0.952). In the LMS, [CO]/
ppbv = 59.7� 0.0239 × [O3]/ppbv (r =�0.933). The CO-O3 correlations were different in the TTL-LMS transition region
and the LMS. The potential vorticity (PV) (solid yellow circles) rapidly increased in the TTL-LMS transition region but
was relatively stable in the LMS.
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our approximate LOD for BrO for most of the campaign. For the steady state model we only consider daytime
chemistry and thus only use those data points with SZA< 80°, since the steady state assumption does not
hold if photodissociation rates are low. After that, HBr was estimated with the time-dependent model. The
time-dependent model was run until stable diurnal profiles of Bry were reached, and thus, the estimated
HBr must be regarded as a regional average. We took daytime averages of HBr for comparisons with other
Br species. We estimate the daytime vertical profiles of ([HOBr] + [Br2])/[BrO], [BrNO3]/]BrO], [Br]/[BrO],
([Bry]� [HBr])/[BrO], and [HBr]/[Bry], as shown in Figure 10. Given both gas-phase and heterogeneous sources
of BrCl ((R8c), (R22), and (R23)), BrCl was still found to be negligible (on the order of 10�3 pptv) in the daytime
due to its rapid photo dissociation ( j(BrCl) ~10�2 s�1).

For the daytime photoreactive Bry budget HOBr was the dominant species from the bottom of the TFT to
~8 km, where ([HOBr] + [Br2])/[BrO] ranged from 1 to 4 (Figure 10). Yet we did not observe significant HOBr
+ Br2, indicating very low BrO in these altitude levels. The ratio of [Br]/[BrO] increased with altitude and is sig-
nificantly greater than 1 in the TTL, making Br atom the dominant daytime photoreactive Bry component
from ~11 km to the highest altitude we sampled (~15 km). HBr was the major component of Bry throughout
the TFT, accounting for ~70% of Bry (Figure 10). The dominance of HBr is driven by (1) low O3, which favors Br
atom rather than BrO, and (2) sufficient CH2O, which reacts with Br atoms to form HBr. BrO was not the domi-
nant Bry species nor even the dominant photoreactive Bry species. In the TTL at ~14 km HBr/Bry dropped to
60%, mostly due to the heterogeneous cycling of HBr ((R21) and (R22)). However, as the ice particle distribu-
tion is highly variable in the TTL, our calculation of HBr/Bry there is uncertain, although it is difficult to
estimate the uncertainty based on our data set and model scheme. Consequently, it is possible that
HBr/Bry was less than what we estimated, and Br atoms dominate the bromine distribution in the TTL.

Our findings do not support significant “excess” BrO in the TFT [e.g., Wang et al., 2015], in good agreement
with the observation by Dorf et al. [2008] and modeling studies by von Glasow et al. [2004], Yang et al.
[2005], Parrella et al. [2012], Liang et al. [2014], and Fernandez et al. [2014]. However, it should be pointed
out that low and nearly insignificant levels of BrO and HOBr + Br2 do not necessarily indicate insignificant
Bry. Indeed, our analysis suggests that HBr is the most abundant Bry species in the TFT, and either HBr or
Br is the most abundant Bry species in the TTL up to ~15 km. However, HBr and Br atom levels are not
constrained by observations, and measurement of these species is needed in future studies.

5.2. Estimation of PGI of Bromine Species

We estimated the amount of PGI of bromine species based on RF15 data. The Bry profiles from the TTL-LMS
transition region to the LMS were inferred with similar processes as in section 5.1. Since CH2O was well

Figure 10. (a–d) Vertical profiles of ([HOBr] + [Br2])/[BrO], [BrNO3]/[BrO], [Br]/[BrO], and ([Bry]� [HBr])/[BrO] ratios while
SZA< 80°, estimated by the steady state model. The 2 km averages with standard deviations are shown in blue, and
2 km medians are shown in red. (e) Daytime vertical profile of [HBr]/[Bry] ratio estimated by the time-dependent model.
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constrained in the TTL-LMS transition region but not in the LMS, we constrained our models with measured
CH2O in the TTL-LMS transition region but assumed levels of CH2O (1 pptv, 5 pptv, and 20 pptv) in the LMS
leg. However, HBr was found much less sensitive to CH2O in the LMS than in the TTL/TFT, since partitioning
to BrO is favored at high O3, which suppresses the reaction of Br with CH2O. The inferred Bry profiles were
plotted against O3 in Figure 11. We use O3 as the independent variable, because O3 is an effective marker
of the depth of stratospheric penetration. The inferred Bry was about 1 to 2 pptv in the TTL-LMS transition
region, then slowly increased with increasing O3. We estimated the PGI of bromine species to be roughly
2 pptv, based on the Bry level inferred at the boundary between the TTL-LMS transition region and the
LMS. This estimate of Bry is in the range of values recently reported in Carpenter et al. [2014] and Navarro
et al. [2015].

6. Conclusions

We performed observations of BrO and HOBr + Br2 with CIMS during CONTRAST over the Tropical West
Pacific. Our observations showed that the levels of BrO and HOBr + Br2 were effectively below our LODs in
the TFT and TTL from ~1 km up to ~15.3 km. We did not observe significant levels of BrO and HOBr + Br2
inside multiple fresh deep convective plumes and an aged anticyclone in the TTL. The episodic significant
BrO and HOBr + Br2 in the troposphere were found to be associated with elevated O3, CO, HCN, CH3CN,
and low RH. We postulate these significant Bry originated from biomass burning. However, the relevant
mechanism of the release of Bry remains unclear. In RF15, profiles of BrO and HOBr + Br2 from the TTL to
the extratropical LMS were obtained. In this flight, significant levels of BrO were observed in the extratropical
LMS, slightly elevated BrO and HOBr + Br2 were observed in the TTL-LMS transition region, but no significant
amount of BrO and HOBr + Br2 was found in the TTL. This is consistent with our findings during other flights
that BrO and HOBr + Br2 were near zero in the TTL.

Figure 11. Box and whisker plot of inferred Bry from the TTL-LMS transition region to the LMS. The bottom and top of the
boxes are the first and third quartiles, and the bands inside the box are the medians. The ends of whiskers represent
the 10th and 90th percentiles. Bry in the TTL-LMS transition region was inferred based on measured CH2O and are plotted
in all panels. Bry in LMS was inferred assuming (a) 1 pptv, (b) 5 pptv, and (c) 20 pptv CH2O. The boundary between the Q15
TTL-LMS transition region and the LMS is marked.
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Our observations of BrO gave no indication for excess BrO in the TFT. Furthermore, our analysis of Bry parti-
tioning shows that during the day HOBr and Br were the dominant photoreactive Bry species at altitude levels
of 1 to 8 km and 11 km to 15 km, respectively. The low levels of HOBr + Br2 we observed from the bottom of
the TFT to ~8 km were consistent with even lower BrO. Our analysis also suggests that HBr is the most abun-
dant Bry species in the TFT, and either HBr or the Br atom is the most abundant Bry species in the TTL below
15 km. We strongly suggest measuring HBr and Br atoms in future studies. We inferred the Bry profile from the
TTL to the extratropical LMS based on RF15 and estimated PGI of bromine species to be roughly 2 pptv based
on the inferred Bry profiles.
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