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[1] Halogen-driven ozone and hydrocarbon losses in springtime Arctic boundary layer are
investigated using a regional chemical transport model. Surface observations of ozone at
Alert and Barrow and aircraft observations of ozone and hydrocarbons during the
Tropospheric Ozone Production about the Spring Equinox (TOPSE) experiment from
February to May in 2000 are analyzed. We prescribe halogen radical distributions on the
basis of GOME BrO observations. Tropospheric GOME BrO column shows an apparent
anticorrelation with surface temperature over high-BrO regions. The enhancements of
tropospheric BrO columns coincide with movements of cold polar air masses. While
GOME BrO measurements reach the maximum in March, simulated near-surface ozone
loss peaks in April because of the increasing daylight hours and hence the time for
chemical processing. At its peak, the area of simulated near-surface ozone depletions (O3

< 20 ppbv) covers >50% of the northern high latitudes. Analysis of surface measurements
at Alert and Barrow points to the importance of long-range transport of ozone-poor air
from high-BrO regions. We find that specifying a BrO layer thickness of 300 m results
in the best overall agreement between observed and simulated ozone. The apparent
halogen-driven ozone loss up to 1 km was reproduced in the model because of vertical
transport of ozone-poor air from low altitudes. When the empirical Cl/Br ratios
derived from previous observations are used, the model can reproduce the observed
halogen loss of light alkanes and acetylene. The Cl/Br ratios from a recent box model
study using an accepted chemical mechanism are, however, much higher than the
empirical results. We show that the hydrocarbon loss is not as sensitive to the prescribed
thickness of the halogen layer as the ozone loss, therefore representing a more robust
measure for evaluating satellite BrO column measurements.
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1. Introduction

[2] Near surface ozone depletion events (ODEs) at north-
ern high latitudes during polar sunrise were first discovered
two decades ago [Oltmans et al., 1986; Bottenheim et al.,
1986]. Bromine chemistry is believed to be responsible for
this unusual phenomenon through the following catalytic
cycle [Barrie et al., 1988],

O3 þ Br ! BrOþ O2ðR1Þ

BrOþ BrO ! 2Br þ O2ðR2Þ

In this cycle, the rate-limiting step is reaction (R2), implying
that ozone loss chemistry is a quadratic function of BrO
concentrations [Hausmann and Platt, 1994],

d O3½ �
dt

¼ �2k2 BrO½ �2 ð1Þ

[3] Suspended sea-salt aerosols [Barrie et al., 1988],
deposited sea-salt aerosols on ice/snowpack [Tang and
McConnell, 1996; Impey et al., 1999], and ice crystals
[McConnell et al., 1992] are thought to provide reaction
surfaces for generating gaseous halogen species. Two het-
erogeneous reactions were postulated to be involved in the
activations of bromine and chlorine radicals [Fan and
Jacob, 1992; Vogt et al., 1996; Foster et al., 2001].

HOBr þ Br� þ Hþ ! Br2 þ H2OðR3Þ

HOBr þ Cl� þ Hþ ! BrClþ H2OðR4Þ
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[4] Several box model studies [Fan and Jacob, 1992;
Tang and McConnell, 1996; Vogt et al., 1996; Sander and
Crutzen, 1996; Sander et al., 1997; Michalowski et al.,
2000; Evans et al., 2003] have investigated polar surface
halogen chemistry by incorporating heterogeneous halogen
chemical mechanisms. Quantitative evaluations of the
heterogeneous halogen sources and the mechanisms re-
main difficult because of a lack of direct observation of
key radical species. Surface and aircraft field measure-
ments clearly indicate the frequent occurrence of near-
surface ODEs in the spring Arctic [e.g., Oltmans et al.,
1986; Bottenheim et al., 1986; Anlauf et al., 1994; Atlas et
al., 2003; Ridley et al., 2003]. Differential Optical Ab-
sorption Spectroscopy (DOAS) measurements of BrO
showed the close associations of high BrO concentrations
and ODEs [e.g., Hausmann and Platt, 1994; Tuckermann
et al., 1997].
[5] The coactivation of bromine and chlorine chemistry

predicted by photochemical models [e.g., Sander et al.,
1997; Michalowski et al., 2000] has been shown by direct
measurements [Jobson et al., 1994; Tuckermann et al.,
1997]. Hydrocarbons are particularly useful proxies. Light
alkanes are oxidized by Cl radicals and acetylene is oxi-
dized by both Br and Cl radicals. The temporal mean
concentrations of halogen radicals can therefore be estimated
by investigating the losses of light alkanes and acetylene
[Jobson et al., 1994; Solberg et al., 1996; Ariya et al., 1998;
Ramacher et al., 1999; Boudries and Bottenheim, 2000].
[6] Satellite measurements of BrO by the Global Ozone

Monitoring Experiment (GOME) represent a major
advancement in our capability to monitor halogen radicals
in the Arctic spring [Richter et al., 1998; Chance, 1998;
Wagner and Platt, 1998]. The spatial and temporal coverage
of GOME far exceeds the available surface aircraft mea-
surements of any chemical species related to halogen
chemistry. Taking advantage of this new capability, Zeng
et al. [2003] prescribed BrO concentration on the basis of
GOME measurements in March and April 2000 in a
regional chemical transport model (RCTM) to evaluate the
model simulated low-altitude ozone losses driven by
bromine chemistry with surface and aircraft observations
and to investigate the spatial and temporal extents of near-
surface ozone depletions, which cannot be determined from
available in situ or remote sensing observations.
[7] The Tropospheric Ozone Production about the Spring

Equinox (TOPSE) experiment took place from February to
May in 2000. Measurements of ozone, reactive nitrogen,
and hydrocarbons are made from 40 to 85�N and from the
surface up to 8 km. In this work, we extend the model study
of Zeng et al. [2003] to the entire period of TOPSE
observations. We systematically evaluate simulated ozone
concentrations with the observations from TOPSE and two
surface sites. Furthermore, light alkanes and acetylene are
simulated to investigate the additional observational con-
straints by aircraft measurements of these halogen proxies.
We also investigate the sensitivities of halogen-induced
ozone and hydrocarbon losses to the key model parameter,
the boundary layer height of halogen chemistry. We de-
scribe the model setup and data processing in section 2.
Simulations and evaluations of low-altitude ozone are dis-
cussed in section 3. The simulations of light alkanes and

acetylene measurements are presented in section 4. Con-
clusions are given in section 5.

2. Methodology

2.1. Model Description

[8] The regional three-dimensional chemical transport
model has been previously used by Zeng et al. [2003] and
Choi et al. [2005]. The polar version of the Penn State/
National Center for Atmospheric Research (NCAR) meso-
scale model MM5 [Bromwich et al., 2001; Cassano et al.,
2001] is used to generate the meteorological fields using
four-dimensional data assimilation with the National Center
for Environmental Prediction (NCEP) reanalysis, surface,
and rawinsonde observations. Polar MM5 has cloud physics
and radiative transfer parameterizations more suitable for
polar regions. A series of 6-day polar MM5 assimilations
are conducted and the last 5-day data assimilation products
are combined to produce 4-month meteorological fields to
drive the RCTM. The model domain has 106 	 106 grids
centered at the North Pole with a horizontal resolution of
80 km (Figure 1). There are 22 vertical layers extending up
to 10 hpa, eight of which are located in the lowest 1 km to
better simulate the shallow boundary layer at high latitudes.
The tops of the lowest eight layers are 16, 40, 80, 200, 320,
480, 650, and 1000 m, respectively.
[9] Relative to halogen chemistry, the lifetimes of ozone

and nonmethane hydrocarbons (NMHCs) due to losses
through tropospheric O3-NOx-HOx chemistry are much
longer. As a result, chemical boundary conditions for these
chemicals are often more important than chemical reactions
inside the regional model domain. We make use of the
global GOES-CHEM simulation results with ‘‘normal’’
tropospheric chemistry in our RCTM and focus our atten-
tion on halogen-related chemistry.
[10] GEOS-CHEM [Bey et al., 2001] simulations are used

to prescribe model initial and chemical boundary condi-
tions. We employ GEOS-CHEM version 5.02 (a horizontal
resolution of 4� 	 5� with 48 layers up to 0.01 hpa) driven
by assimilated meteorological fields (GEOS-3) from the
Goddard Earth Observing System (GEOS) of the NASA
Global Modeling Assimilation Office (GMAO). We set the
upper chemical boundary condition at 3 km for RCTM
since our concern is in the lower troposphere. For ozone
simulations, we archive hourly GOES-CHEM ozone pro-
duction rates and loss frequencies and use them in the
RCTM in combination with our estimation of bromine
driven losses. For NMHC simulations, we use hourly
archived OH fields from GEOS-CHEM. The changes of
OH at low altitudes due to halogen chemistry are assumed
to be insignificant [Evans et al., 2003].
[11] We use NMHCs as proxies to estimate the concen-

trations of Cl and Br radicals [Jobson et al., 1994]. There is
in general a strong association between the activations of Br
and Cl radicals [Vogt et al., 1996; Foster et al., 2001], and
both tend to have high concentrations when ozone depletion
occurs [Jobson et al., 1994; Tuckermann et al., 1997].
Differential reaction rates of NMHCs with halogen radicals
leave fingerprints for Cl and Br concentrations over their
loss by OH oxidations [e.g., Jobson et al., 1994; Ramacher
et al., 1999]. Light alkanes are oxidized significantly by Cl,
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