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The Role of Br, and BrCl in
Surface Ozone Destruction at
Polar Sunrise

Krishna L. Foster," Robert A. Plastridge,? Jan W. Bottenheim,?
Paul B. Shepson,* Barbara }. Finlayson-Pitts,’
Chester W. Spicer?*

Bromine atoms are believed to play a central role in the depletion of surface-
level ozone in the Arctic at polar sunrise. Br,, BrCl, and HOBr have been
hypothesized as bromine atom precursors, and there is evidence for chlorine
atom precursors as well, but these species have not been measured directly. We
report here measurements of Br,, BrCl, and Cl, made using atmospheric pres-
sure chemical ionization-mass spectrometry at Alert, Nunavut, Canada. In
addition to Br, at mixing ratios up to ~25 parts per trillion, BrCl was found at
levels as high as ~35 parts per trillion. Molecular chlorine was not observed,
implying that BrClis the dominant source of chlorine atoms during polar sunrise,
consistent with recent modeling studies. Similar formation of bromine com-
pounds and tropospheric ozone destruction may also occur at mid-latitudes but
may not be as apparent owing to more efficient mixing in the boundary layer.

Surface-level O, depletion events, at times
marked by O, mixing ratios below 1 part
per billion (ppb) (nmol/mol air), have been
observed at polar sunrise (March through
May) throughout the Arctic for over a de-
cade (I-4). This depletion has been shown
to be correlated with Br associated with
particles (3, 5), leading to the hypothesis
that the O, depletion is caused by a chain
reaction initiated by a Br atom (3). Labo-
ratory kinetic experiments and mechanistic
data suggest that the chain is initiated
through the photolysis of gas phase Br
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compounds (6—8). The BrO free radical, a
key intermediate in the Br-catalyzed de-
struction of O,, has been observed at
ground level over the Arctic (9, 10). Al-
though the source of active Br is believed
to be oxidation of Br~ in sea-salt aerosol,
snow, and frozen ocean surfaces (11, 12),
the mechanism is not well understood. The
key to elucidating the chemistry leading to
lower atmospheric ozone depletion in the
Arctic, and possibly at mid-latitudes, is the
measurement of specific gaseous halogen
compounds present before and during
ozone depletion episodes.

Ozone depletion by gas phase Br reactions
occurs via reactions 1 to 5:

Br + 0, >BrO + O, (1)
BrO + HO, >HOBr + 0,  (2)
HOBr + hv — OH + Br 3)
BrO + BrO »>2Br+ 0,  (4a)
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- BI'Z + 02
Br, + hv — 2Br

(4b)
(%)

Cross-reactions of BrO with ClO may also be
important (13):

BrO + CIO - Br + OCIO  (6a)
— Br + CIOO (6b)

— BrCl + O, (6¢)

BrCl + hv — Br + Cl @)

Removal of Br atoms from the chain occurs
through reactions with organic compounds
such as formaldehyde, which are present in
measurable concentrations in the polar spring
at high Arctic sites (/4). The Br™ ion in the
product HBr is then temporarily sequestered
in aerosol, surface snow, and ice.

To sustain the chain destruction of ozone,
there must be heterogeneous reactions to ac-
tivate Br~ ions from aerosol and surface
snowpack into a gaseous photochemically ac-
tive form. For example, the uptake of gaseous
HOBr on snow followed by its reaction with
Br~ was suggested as a recycling mechanism
for Br, in the Arctic (15):

aqueous

phase
HOBr + H* + Brr —— Br, + H,0 (8)
1ce

There is laboratory evidence for the produc-
tion of Br, via reaction 8 [e.g., (16, 17)].

Previous measurements indicated the
presence of a large source of photochemically
active Br and Cl precursors (6, 7), but the
technique used was nonspecific and therefore
left proof for the presence of Br, and other
halogen atom precursors open. Here we re-
port results from specific measurements of
Br,, BrCl, and Cl, in the troposphere of the
high Arctic, ~125 cm above the snow.

Figure 1 shows the mixing ratios of Br,
BrCl, and O, between 9 February and 13 March
2000 (day of year 40 to 73) (18). BrCl was first
observed above the 2-ppt detection limit on day
54 (23 February). The maximum Br, and BrCl
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Fig. 1. Ambient mixing ratios of 0
(A) Br,, with the ion pair 158/79. 1
The same mixing ratios of Br, are 25
derived with the 160/79 or 160/

81 ion pairs. (B) BrCl with the ion g 207
pair 114/35. The same mixing e .|
ratios of BrCl are derived with s

the 116/35 and 116/37 ion pairs. 104
(€) O, between days 40 and 73

REPORTS

First direct sunlight =%

(9 February to 13 March). The 51 L L' ‘
blank areas are periods where 0. N‘":u - VA

calibrations and zeroes were per-
formed or other species were be- 40 -
ing monitored. Signals were ob-
served for the ion pairs associat-
ed with BrCl starting on day 50,
but were not above the statisti-
cal detection limit until day 54.

351
30 -
25
20}
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10 1

Ambient air mxing ratio
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40

mixing ratios were 27 ppt Br, on day 71 and 35
ppt BrCl on day 68. Trends in BrCl and Br, are
similar, suggesting a common source. Cl, was
never observed above the detection limit of 2
ppt. Figure 1C shows the measured O, mixing
ratios, which were typically 30 to 40 ppb during
the initial dark period, as expected for relatively
clean background air (/9), and as found previ-
ously at Alert before sunrise. Variations in Br,,
BrCl, and O, result from changes in meteorol-
ogy (wind direction, height of the inversion
layer, and stability of the air parcel) and in the
chemistry producing the halogens (6, 7, 9).
Several ozone depletion episodes occurred,
one on days 67 to 69 when O, dropped from
~40 to 22 ppb, and one on days 71 to 72 when
O, dropped to 11 ppb. Br, and BrCl both de-
creased as the ozone recovered. Similar behav-
ior was seen on days 60 and 66, where smaller
O, depletion events occurred. These negative
correlations between Br,/BrCl and O, are con-
sistent with the negative correlation between
photolyzable gaseous halogen compounds and
O, reported by Impey and co-workers (6, 7), as
well as that between “filterable Br” and O, first
reported at Alert (3) and later at Spitsbergen,
Svalbard (4). The levels of O, and the Br com-
pounds in air after sunrise at Alert will be influ-
enced by air-mass history. Near surface air-mass
back trajectories (925 mbar isobaric) for the
period 10 to 12 March (days 70 to 72) indicate
surface-level air arriving from the northeast over

50 60 70
Day of year

the Arctic Ocean, north of Greenland. In con-
trast, back trajectories for the period 26 to 28
February (days 57 to 59) indicate local air-mass
origin from the east, off Greenland via the Nares
Strait. Trajectories from either Ellesmere to the
south or Greenland to the east tend to cause
mixing of free tropospheric ozone into the
boundary layer air, and higher ozone mixing
ratios, near 40 ppb (20). At 210 m above sea
level, the site at Alert is often above the Arctic
Ocean boundary layer, and during these periods
will not be exposed to Br species emitted at the
ocean surface, nor to the O, depletions that may
result from their photolysis.

The monitoring period began in complete
darkness. As a result, Br activation mechanisms
that require sunlight, such as the oxidation of
Br~ by OH (21), are not applicable under these
conditions. Direct sunlight was not present at
Alert before 2 March (day 62), and even then,
only for a few minutes each day (22). Labora-
tory experiments suggest that a possible mech-
anism for production of Br, in the dark is the
oxidation of Br™ in Br™-laden ice or snow by
O, (23), by the following proposed mechanism:

O, + Br- =>BrO” + O, 9)

BrO™ + H* <> HOBr (10)

The HOBr then undergoes reaction 8 with
Br™ to generate Br,.

Furthermore, BrCl is anticipated as a pre-
cursor in the ozone destruction cycle from

reaction 11 of HOBr with C1—, which has
been probed in laboratory (17, 24) and mod-
eling studies of mid-latitude and Arctic
chemistry (25, 26):

aqueous
HOBr + H* + CI~ phase BrCl + H,0
ice (11)

The kinetics of reactions 8 and 11 on ice sur-
faces at lower temperatures and in solution at
room temperature (27) are similar, so that the
loss process for HOBr formed by reaction 9
followed by reaction 10 will depend on the
relative amounts of Cl1~ and Br™ ions available
for reaction. In seawater, the molar ratio of CI~
to Br™ is 650:1 (19). However, studies of phase
transitions in seawater by Molina and co-work-
ers (28) suggest that C1~ will be concentrated by
a factor of ~11 and Br~ by a factor of ~38 in
seawater deposited on the ice pack under con-
ditions of polar sunrise. This would decrease the
C17/Br~ ratio to 188. Further support for en-
hancement of Br™ is found in the observation of
preferential surface segregation of Br~ in NaCl
crystals doped with small amounts of Br~ on
exposure to water vapor (29). In addition, recent
studies of the reactions of deliquesced NaCl
aerosol have shown the ready availability of C1~
ions at the interface (30), attributed to both the
size and polarizability of the Cl~ anion, and an
even greater effect is anticipated for the larger
and more polarizable Br~ ion; hence, if the
reaction occurs at the interface, Br chemistry
may be enhanced. At Alert in the February to
March time frame, the C1~/Br~ ratio in fresh
snowfall ranges from ~50 to 200 (37), and
enhanced mixing ratios of Br™ relative to C1™
were measured in the snowpack during this
study (32).

The measured ratio of BrCl to Br, in the
air is ~1, rather than ~50 to 650, which
might be expected on the basis of the relative
amounts of C1~ and Br™ in salt on the snow-
pack and in seawater. The Henry’s Law con-
stant for BrCl at 245 K is calculated to be 60
M atm™! on the basis of recent measurements
(33), compared with 13 M atm~! for Br,.
This decreased solubility of Br, compared
with BrCl should enhance the gas phase Br,
mixing ratios relative to BrCl. Furthermore,
the increased solubility of BrCl will increase
the opportunities for it to undergo secondary
reactions in the surface film (27):

BrCl + Br™ & Br,Cl”
K;5(298 K) = 1.8 X 10° M~ (27)

(12)

BrCl + CI” < BrCl,~
K,;(298K)=6.0M"'(27) (13)
The Br,C1~ formed in reaction 12 decompos-

es to Br, and C1™:
Br,Cl” < Br, + CI”

Ku(98K) = 1.3M(27)  (14)
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Sea-salt particles in the snowpack in the Arctic
are likely to be liquid (28), so that similar
reactions of BrCl might be anticipated at the
snowpack surface. At room temperature, the
equilibrium constant X, is larger than K, by a
factor of 3000. If this is also the case at the
lower temperatures (~240 K) characteristic of
the Arctic at this time of year, it more than
overcomes the smaller concentrations of Br™ in
seawater, which would otherwise favor reaction
13. In short, the observation that gaseous BrCl
and Br, are typically present at similar mixing
ratios suggests that most of the BrCl undergoes
secondary reactions in the ice surface layer to
form Br,, in competition with release to the gas
phase. A detailed multiphase modeling study
(26) updated with more recent rate constants
for the reaction of BrO with aldehydes (34)
indicates a BrCl/Br, ratio at peak concentra-
tions ranging from 0.7 to 1.4, consistent with
our measurements.

The observed simultaneous increases of Br,
and BrCl mixing ratios during ozone depletion
episodes is likely due to photolysis of Br, and
BrCl causing O, depletion and HOBr formation
by reactions 1 and 2. Subsequent heterogeneous
reactions 8 and 11 of HOBr with Br™ and C1™
on the snowpack produce more Br, and BrCl,
leading to increases in their mixing ratios. The
decrease in Br, and BrCl as O, recovers is likely
due to mixing with free tropospheric air, or to a
change in air mass to one that experienced less
time over the Arctic Ocean surface, which is
known to have a higher halide ion content.

The relative importance of BrCl and Br,
as Br atom precursors can be calculated from
the product ( J,/2J;) - ([BrCl)/[Br,]); for the
peak mixing ratios measured on day 71, we
obtain 0.15 using the relative J values esti-
mated by Michalowski et al. (26). Thus, it
appears that at the time of sunrise, Br, pho-
tolysis is likely to be the dominant source of
Br atoms.

That heterogeneous reactions on the snow-
pack such as reaction 8 are involved in the
production of Br, was confirmed by measuring

www.sciencemag.org SCIENCE VOL 291
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the Br, mixing ratio in the snowpack interstitial
air with an all-Teflon snow probe, as well as in
the air above the snowpack surface. The mixing
ratios of Br, in interstitial air just below the
air-snow interface were about twice those mea-
sured minutes later above the surface (Fig. 2).
The depth profile of Br, in the snowpack is
consistent with the observation of higher Br™
concentrations in the surface snow than at deep-
er levels. Bromide ions were measured in the
surface snow in February at this site at an aver-
age concentration of 3.5 X 1077 M, but de-
creased by more than an order of magnitude in
lower layers. There was also a strong vertical
gradient in O, in the snowpack air; O, typically
decreased by 50% over the first 10 cm of snow.

Although these observations were made in
the polar boundary layer, similar chemistry is
anticipated in mid-latitudes (25) where, howev-
er, lower mixing ratios of Br, and BrCl are
expected owing to more rapid mixing of bound-
ary layer air masses with the free troposphere,
and to more rapid photolysis of the halogens.
During studies of Cl, on the coast of Long
Island, New York (35), there was a small signal
of the ion pairs used to monitor Br,; however,
because the signals did not exceed the calculated
detection limit of 6 ppt, they were not reported.
Nevertheless, those observations, combined
with the findings presented here, suggest that Br
may be an important contributor to O, loss in
the lower atmosphere globally. This is consis-
tent with recent reports of ozone variability over
the Indian Ocean, which were best explained by
a contribution from Br chemistry (36), and with
some ozone destruction in the subtropical
Northwestern Pacific Ocean just after sunrise,
which appears to be associated with halogens in
sea-salt particles.
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Widespread Origins of
Domestic Horse Lineages

Carles Vild,"* Jennifer A. Leonard,? Anders Gotherstrom,?
Stefan Marklund,* Kaj Sandberg,* Kerstin Lidén,?
Robert K. Wayne,? Hans Ellegren’

Domestication entails control of wild species and is generally regarded as a
complex process confined to a restricted area and culture. Previous DNA se-
quence analyses of several domestic species have suggested only a limited
number of origination events. We analyzed mitochondrial DNA (mtDNA) con-
trol region sequences of 191 domestic horses and found a high diversity of
matrilines. Sequence analysis of equids from archaeological sites and late
Pleistocene deposits showed that this diversity was not due to an accelerated
mutation rate or an ancient domestication event. Consequently, high mtDNA
sequence diversity of horses implies an unprecedented and widespread inte-
gration of matrilines and an extensive utilization and taming of wild horses.
However, genetic variation at nuclear markers is partitioned among horse
breeds and may reflect sex-biased dispersal and breeding.

The domestication of the horse has profoundly
affected the course of civilization. Horses pro-
vided meat, milk, and enhanced transportation
and warfare capabilities that led to the spread of
Indo-European languages and culture and the
collapse of ancient societies (I, 2). Horse re-
mains become increasingly common in archae-
ological sites of the Eurasian grassland steppe
dating from about 6000 years ago, suggesting
the time and place of their first domestication
(3-5). Two alternative hypotheses for the origin
of the domestic horse from wild populations
can be formulated. A restricted origin hypoth-
esis postulates that the domestic horse was de-
veloped through selective breeding of a limited
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wild stock from a few foci of domestication.
Thereafter, domestic horses would have been
distributed to other regions. Under this hypoth-
esis, domestication is a complex and improba-
ble process requiring multigeneration selection
on traits that permit stable coexistence with
humans. Another alternative could be that
domestication involved a large number of
founders recruited over an extended time period
from throughout the extensive Eurasian range
of the horse. In this multiple origins scenario,
horses may have been independently captured
from diverse wild populations and then increas-
ingly bred in captivity as wild numbers dwin-
dled. Consequently, early domestic horses may
not represent a stock highly modified by selec-
tive breeding.

These two hypotheses for the origin of the
domestic horse make distinct predictions with
regard to genetic variation in maternally in-
herited mtDNA. The restricted origin hypoth-
esis predicts that mitochondrial diversity of
the horse should be limited to a few founding
lineages and those added subsequently by
mutation. In contrast, a multiple origins hy-
pothesis predicts diversity greater than that
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typically found in a single wild population
and divergence among lineages that well pre-
cedes the first evidence of domestication.

Phylogenetic analysis of 37 different
mtDNA control region sequences from domes-
tic horses deposited in GenBank, 616 base pairs
(bp) in length (6), revealed at least six divergent
sequence clades (clades A to F, Fig. 1A). After
correcting for multiple hits and ignoring indels,
the mean divergence observed between se-
quences was 2.6% (range: 0.2 to 5%). The
average divergence between donkey (Equus
asinus) and horses was 16.1% (range: 14.3 to
19.1%). Assuming that horses diverged from
the lineage leading to extant stenoid equids
(zebras and asses) at least 2 million years ago
(Ma), as the fossil record suggests (7), or about
3.9 Ma, according to molecular data (8), we can
estimate an average rate of equid mtDNA se-
quence divergence of 4.1% or 8.1% per million
years. Therefore, modern horse lineages coa-
lesce at about 0.32 or 0.63 Ma, long before the
first domestic horses appear in the archaeolog-
ical record (4). Even clade D, having a more
recent coalescence time, has a mean sequence
divergence of 0.8% (range: 0.2 to 2.0%), which
predicts an origin at least 0.1 Ma. These results
show that domestic horse lineages have an an-
cient origin. Thus, given the 6000-year origin
suggested by the archaeological record, numer-
ous matrilines must have been incorporated into
the gene pool of the domestic horse.

To expand the representation of modern and
ancient breeds, we sequenced 355 bp of the left
domain of the mtDNA control region in 191
horses from 10 distinct breeds (9), including
some that are very old such as the Icelandic
pony, Swedish Gotland Russ, and British Ex-
moor pony. A Przewalski’s horse was also se-
quenced. We found 32 different sequences, and
a search of GenBank provided 38 additional
haplotypes for the same region. We compared
all these sequences with those obtained from
DNA isolated from long bone remains of eight
horses preserved frozen in Alaskan permafrost
deposits from a locality near Fairbanks, Alaska,
dated 12,000 to 28,000 years ago (10, 11).
Additionally, we sequenced DNA of eight
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