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Abstract

Arctic ozone depletion events (ODEs) are due to catalytic ozone loss driven by halo-
gen chemistry. The presence of ODEs is affected not only by in situ chemistry but also
by transport including advection of ozone-poor air mass and vertical mixing. To bet-
ter characterize the ODEs, we analyze the combined set of surface, ozonesonde, and5

aircraft in situ measurements of ozone and bromine compounds during the Arctic Re-
search of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS)
and the Aerosol, Radiation, and Cloud Processes affecting Arctic Climate (ARCPAC)
experiments (April 2008). Tropospheric BrO columns retrieved from satellite measure-
ments and back trajectories calculations are used to investigate the characteristics10

of observed ODEs. The implications of the analysis results for the validation of the
retrieval of tropospheric column BrO are also discussed. Time-lagged correlation anal-
ysis between in situ (surface and ozonesonde) measurements of ozone and satellite
derived tropospheric BrO indicates that the ODEs are due to either local halogen-
driven ozone loss or short-range (∼ 1 day) transport from nearby regions with ozone15

depletion. The effect of in situ halogen-driven loss is also evident in the diurnal varia-
tion of surface ozone concentrations at Alert, Canada. High-BrO regions revealed by
satellite measurements tend to be collocated with first-year sea ice, particularly over
the Chukchi Sea. Aircraft observations indicate low-ozone air mass transported from
these high-BrO regions. Correlation analyses of ozone with potential temperature and20

time-lagged tropospheric BrO column show that the vertical extent of local ozone loss is
surprisingly deep (1–2 km) at Resolute and Churchill, Canada. The unstable boundary
layer during ODEs at Churchill could potentially provide a source of free tropospheric
BrO through convective transport and explain the significant negative correlation be-
tween free tropospheric ozone and tropospheric BrO column at this site.25
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1 Introduction

In the Arctic spring, tropospheric ozone depletion events (ODEs) were first found in
the early 1980s (Oltmans et al., 1981), and Barrie et al. (1988) showed that the ODEs
are associated with high particulate bromide concentrations. Catalytic ozone loss pro-
cesses involving halogens, especially heterogeneous bromine chemistry, are believed5

to be the main cause (e.g. Fan and Jacob, 1992; Sander and Crutzen, 1996; Tang and
McConnell, 1996). During ODEs, aqueous-phase reactions involving soluble species
such as HOBr, BrNO3, HBr and HCl play important roles in the release of Br− and Cl−

and converting reservoir species in the gas and aqueous phases into reactive bromine
radicals (e.g. Vogt et al., 1996; Sander et al., 1999; Foster et al., 2001). In addition10

to aerosols, snowpack (Michalowski et al., 2000; Simpson et al., 2005; Toyota et al.,
2011), frost flower (Kaleschke et al., 2004; Piot and von Glasow, 2008), and first-year
sea ice (Simpson et al., 2007) are potentially important media for heterogeneous re-
actions. Recently, blowing snow was also suggested to be a source of bromine (Jones
et al., 2009; Yang et al., 2010). The rate-limiting step of bromine-driven ozone depletion15

is mostly through the self-reaction of BrO (e.g. Hausmann and Platt, 1994; Zeng et al.,
2006).

Transport of ozone-poor air mass is another important factor contributing to the ob-
served ODEs. The transport pattern during ODE periods was investigated based on
the analysis of synoptic-scale meteorology patterns (Hopper et al., 1998; Strong et al.,20

2002; Zhao et al., 2008). Back trajectory analysis is often useful to estimate the po-
tential source region of ozone-poor air mass (Bottenheim and Chan, 2006). Analyses
of satellite measurements of BrO, sea ice conditions, and back trajectories suggested
that the ozone-poor air mass is usually transported from the high-BrO or first-year sea
ice regions (Zeng et al., 2003, 2006; Kaleschke et al., 2004; Simpson et al., 2007; Bot-25

tenheim et al., 2009; Gilman et al., 2010; Nghiem et al., 2012; Oltmans et al., 2012),
although not all ODEs can be explained by the transport effect (Jacobi et al., 2006),
implying the importance of in situ chemistry.
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The characteristics of ODEs are affected by ambient conditions, such as tempera-
ture and atmospheric stability. Although high BrO enhancements can be related to cold
temperature (Pöhler et al., 2010; Nghiem et al., 2012), ODEs occur in a wide range
of temperature (Zeng et al., 2003; Bottenheim et al., 2009; Neuman et al., 2010). At-
mospheric stability also affects the vertical profile of ODEs (Bottenheim et al., 2002;5

Tarasick and Bottenheim, 2002; Jacobi et al., 2006). Generally ODEs occur in a stable
layer, which effectively isolates depleted ozone from mixing with ozone-rich air mass
above (Lehrer et al., 2004), although they also occur with vertical mixing from the sur-
face (McElroy et al., 1999; Jones et al., 2010).

During the Arctic Research of the Composition of the Troposphere from Aircraft and10

Satellites (ARCTAS), the Aerosol, Radiation, and Cloud Processes affecting Arctic Cli-
mate (ARCPAC), and the Arctic Intensive Ozonesonde Network Study (ARCIONS) ex-
periments in April 2008, extensive aircraft and ozonesonde measurements were made.
We combine these measurements with surface and satellite observations and back
trajectory calculations to analyze the spatiotemporal characteristics of ODEs. Follow-15

ing Tarasick and Bottenheim (2002), we define two categories of ODEs, strong ODEs
(ozone mixing ratio <10 ppbv) and partial ODEs (ozone mixing ratio between 10 to
20 ppbv). We focus on two aspects of the ODE characteristics: the relative importance
of in situ chemistry compared to transport of ozone-poor air mass, and the impacts of
tropospheric BrO distributions on ODEs in the Arctic. Available in situ BrO observations20

are too limited (e.g. Neuman et al., 2010; Liao et al., 2012) to be applied directly to an-
alyze ODE characteristics. The retrievals of tropospheric BrO columns from satellite
measurements are still problematic (e.g. Choi et al., 2012), but can potentially provide
the information on tropospheric BrO distributions (e.g. Zeng et al., 2003, 2006). One
particular challenge in this work is to examine how useful information on ODE char-25

acteristics can be obtained from careful analysis of satellite BrO products while taking
into account of the uncertainties in satellite products. We describe the measurement
data, the retrievals of tropospheric BrO columns, and meteorological and back trajec-
tory simulations in Sect. 2. Detailed analyses of these data are presented in Sect. 3.
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We discuss in Sect. 4 the feasibility of using available in situ BrO measurements to
validate satellite column BrO products and the implications of our analysis results for
satellite BrO product validation. Conclusions are given in Sect. 5.

2 Data Description

2.1 In situ measurements5

2.1.1 Ozone and temperature

We used surface ozone measurements at three monitoring stations in the Arctic located
in Barrow (71.3◦ N, 156.8◦ W), Alaska in the US (Oltmans and Levy, 1994) and Alert
(82.5◦ N, 62.3◦ W), Nunavut in Canada (Anlauf et al., 1994), and Zeppelin mountain
(78.9◦ N, 11.9◦ E) at Spitsbergen, Norway (Solberg et al., 1996). All three sites are in10

coastal regions. The Barrow site (near the sea level) is located along the northern coast
of Alaska and surrounded by the Chukchi Sea to the west and the Beaufort Sea to the
north. The station, operated by the NOAA Earth System Research Laboratory (ESRL),
has observed surface ozone since the 1970s. The Alert site (at 200 m above the sea
level) is located on the northeastern tip of Ellesmere Island close to Greenland. The15

Canadian Air and Precipitation Monitoring Network (CAPMoN) of Environment Canada
collected surface ozone observations at this site from the 1990s. The Zeppelin (ZPL)
mountain site is located at a fjord on a mountain ridge of 474 m altitude close to Ny-
Ålesund, which is on the island Spitsbergen in the Norwegian Arctic Ocean. The Nor-
wegian Institute for Air Research (NILU) started surface ozone measurements at this20

site in the 1989 and ODEs were often detected (Solberg et al., 1996; Bottenheim and
Chan, 2006). The optical technique using the strong UV absorption band (e.g. Oltmans
et al., 2012) was used to measure ozone at all three sites, and hourly average ozone
data were reported. The accuracy of ozone dataset are in the range of 0.5–2 ppbv
(Helmig et al., 2007), adequate for the study. Surface temperature measurements at25
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Barrow and Alert were obtained from the NOAA National Climatic Data Center (NCDC),
and temperature measurements at ZPL were obtained from NILU.

Ozonesonde measurements were made during the ARCIONS campaign for 1–20
April 2008 (Thompson et al., 2011). Balloons carrying the Electrochemical Concen-
tration Cell (ECC) instrument were launched daily around local noontime at Barrow,5

Alaska in the US (71.3◦ N, 156.8◦ W), Resolute, Nunavut in Canada (74.7◦ N, 95.0◦ W),
and Churchill, Manitoba in Canada (58.7◦ N, 94.1◦ W).

In spring 2008, aircraft measurements were made during two extensive field cam-
paigns, the ARCTAS and ARCPAC experiments. Ozone was measured in situ by the
chemiluminescence method on the NASA DC-8 (Jacob et al., 2010) and NOAA WP-3D10

(Brock et al., 2010) aircraft missions. Ozone and potential temperature data used in this
study are from 7 DC-8 flights (on 4, 5, 8, 9, 12, 16, and 17 April) and 5 WP-3D flights
(on 12, 15, 18, 19, and 21 April). The vertical distribution of ozone was also measured
by the ultraviolet Differential Absorption Lidar (UV-DIAL) on DC-8 (Fenn et al., 1999;
Browell et al., 2003). The high-resolution (151 layers) UV-DIAL profiles of ozone pro-15

vided additional cases of ODEs not detected by the in situ measurements. We analyze
in situ and DIAL aircraft observations below 1 km where ODEs usually occurred.

2.1.2 Bromine species

In situ bromine measurements from aircraft during the ARCTAS and ARCPAC experi-
ments were used for the comparison with satellite-derived tropospheric BrO columns.20

We used in situ observations of BrO, soluble bromide, and Br2 +HOBr (Neuman et al.,
2010; Liao et al., 2012) in the lowest 2 km. BrO and Br2 +HOBr were measured by
a chemical ionization mass spectrometer (CIMS) and soluble bromide by the mist
chamber (Dibb et al., 2010). Soluble bromide includes ∼100 % of Br2, HOBr, and
HBr and 40 % for BrO (Liao et al., 2012). The uncertainty of measurements is ±40 %25

with detection limits of 2–5 pptv for BrO, ±15 %+0.5 pptv for soluble bromide, and
15 %+2 pptv for Br2 +HOBr (Neuman et al., 2010; Liao et al., 2012).
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2.2 Satellite measurements

2.2.1 Tropospheric BrO vertical columns

Tropospheric BrO columns from satellite observations are good indicators of ODEs
(e.g. Zeng et al., 2003, 2006). We use the residual method (e.g. Zeng et al., 2003;
Theys et al., 2011; Choi et al., 2012) to derive tropospheric vertical columns of BrO.5

In this method, we need the total vertical BrO columns retrieved from satellite sensors,
estimates of the stratospheric BrO columns, and stratospheric and tropospheric air
mass factors (ratio of the slant column to the vertical column at a given vertical range)
calculated from a radiative transfer model. Tropospheric vertical columns of BrO are
obtained by subtracting the estimated stratospheric columns from the satellite total10

vertical BrO columns, followed by air mass factor correction. We used the total vertical
columns of BrO from two satellite instruments, the Ozone Monitoring Instrument (OMI,
Aura satellite) (Kurosu and Chance, 2011) and the Global Ozone Monitoring Experi-
ment 2 (GOME2, MetOp satellite) (Begoin et al., 2010). We did not use tropospheric
BrO columns at latitudes higher than 85◦ north since the uncertainty of retrieval is very15

large due to large solar zenith angles (Richter et al., 1998; Zeng et al., 2003; Choi et al.,
2012).

Retrievals of tropospheric BrO columns from satellite measurements are quite uncer-
tain, particularly in the estimate of stratospheric BrO columns (e.g. Choi et al., 2012).
During our analysis period, in situ BrO observations are too limited and they do not20

provide enough quantitative constraints to validate satellite tropospheric BrO column
products (the details will be discussed in Sect. 4). This lack of quantitative validation,
however, does not imply that satellite BrO measurements do not provide useful infor-
mation in the analysis of the ODE characteristics. For example, if ODEs were driven by
BrO chemistry, we expect that the air mass of an ODE had encountered high BrO pre-25

viously. The question to analyze is therefore if there is an enhancement of BrO along
the back trajectory of the ODE air mass. A key point here is that the enhancement
can be relative to BrO measurements in other regions. We do not necessarily need
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the absolute magnitude of BrO column or concentration. The statistical method to use
is correlation analysis between BrO along the air mass back trajectory and ozone. In
correlation analysis, it is the variation not absolute magnitude that matters.

In order to take into account of the uncertainties in the estimates of stratospheric
BrO vertical columns, we take the approach of using three different estimate methods.5

These methods give different estimates of latitudinal/longitudinal variations in strato-
spheric column BrO and consequently in tropospheric column BrO. Most importantly,
the estimated stratospheric BrO columns using these methods do not introduce in the
resulting tropospheric BrO columns an unphysical correlation with tropospheric ozone.
Therefore the uncertainty in the retrieval method can reduce or even eliminate the10

(anti)correlations between ozone and BrO, but it should not produce false correlations
consistently. Therefore, if we can establish consistent (anti)correlations between ozone
and time-lagged tropospheric BrO, we should be able to learn the characteristics of
ODEs from the correlation information without the need to know if the magnitudes of
tropospheric BrO columns are correct. In fact, even the values of (anti)correlations be-15

tween ozone and BrO are not that important. It is the change of the (anti)correlation
between ozone and BrO with time or altitude that provides useful information on the im-
portance of in situ chemistry relative to transport and on the vertical extent of bromine-
driven ozone loss.

The three methods we chose in this study to estimate stratospheric BrO columns20

from satellite measurements are as follows. The first one is the 20th percentile method,
in which we assume that the lowest 20th percentile among all total BrO vertical columns
of each 80 km latitude bin is the stratospheric BrO column. In this estimate, the longi-
tudinal variations of satellite observed BrO columns are assumed to reside all in the
troposphere. In the other two estimates, we include longitudinal stratospheric BrO col-25

umn variations. In the second estimate, we derive stratospheric BrO columns using
BrO profiles from limb measurements of the SCanning Image Absorption Spectrometer
for Atmospheric Cartography (SCIAMACHY) measurements (Sinnhuber et al., 2005;
Rozanov et al., 2011). Here, the stratospheric BrO data of version 3.2 provided by
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the Institute of Environmental Physics, University of Bremen (Rozanov et al., 2011)
are used. The averaging kernels imply that the BrO profile measurements from SCIA-
MACHY are sensitive down to about 15 km altitude. Therefore, we estimate strato-
spheric BrO profile below 15 km by extrapolation as follows: since the SCIAMACHY
limb sounding is sparse, we use the mean BrO profile for latitude bins of 10 degrees.5

We assume the stratospheric BrO mixing ratio profile to be a second-order polynomial
function of altitude. We then extrapolate the polynomial fit obtained between 15 and
33 km to the tropopause. We integrate the obtained BrO profile from the tropopause to
the upper limit of SCIAMACHY BrO profile (33 km). We use the reanalysis data from
the National Center for Environmental Prediction/National Center for Atmospheric Re-10

search (NCEP/NCAR) (Kalnay et al., 1996) to calculate the tropopause height. Here-
after, we refer to these stratospheric BrO columns as the SCIA2ND method. In the third
approach, we estimate the stratospheric BrO columns calculated by the Regional Air
Quality Modeling System (RAQMS) by zonal scaling such that the zonal mean values
match the estimates from the 20th percentile method since RAQMS estimated strato-15

spheric columns are too low compared to the previous two methods. By subtracting 3
sets of stratospheric column estimates from the total columns of OMI and GOME2, we
obtain 6 sets of tropospheric BrO columns (OMI-20th, OMI-SCIA2ND, OMI-RAQMS,
GOME2-20th, GOME2-SCIA2ND, and GOME2-RAQMS).

Furthermore, in situ aircraft observations of BrO, Br2 +HOBr, and soluble bromide20

are used to investigate if these products capture to some extent the distributions of
lower tropospheric BrO. To correlate with tropospheric BrO columns, we integrate in
situ aircraft observations of BrO, Br2 +HOBr, and soluble bromide from the surface to 7
altitude levels (100, 300, 500, 750, 1000, 1500, and 2000 m), respectively. The vertical
profile of correlation coefficients between these integrated concentrations of bromine25

compounds and retrieved tropospheric BrO columns are calculated (see Supplement,
Figs. S1–S4).

While not quantifying the uncertainties in the derived tropospheric BrO columns,
the large separation of correlation coefficients does indicate that the products have
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different characteristics. As discussed previously, the uncertainty of satellite retrievals
can affect the (anti)correlations between ozone and BrO. We therefore chose three
products (OMI-SCIA2ND, GOME2-SCIA2ND, and GOME2-20th) that show generally
high correlations with in situ measurements of bromine compounds in this study. For
simplicity, we show in the paper only the analysis results using the GOME2-SCIA2ND5

products, the correlations of which are the highest with in situ bromine measurements.
The analysis results using OMI-SCIA2ND and GOME2-20th products are shown in the
Supplement. Analyses using the three products generally show consistency in how the
correlation between ozone and BrO changes with time or altitude.

2.2.2 Sea ice concentration10

We used the dataset of sea ice concentration (Cavalieri et al., 2008; Meier et al., 2008)
to estimate the spatial distribution of first-year sea ice (FYI). The 25 km sea ice concen-
tration data were obtained from the National Snow and Ice Data Center (NSIDC). The
data were retrieved from the brightness temperature derived from the Nimbus-7 Scan-
ning Multichannel Microwave Radiometer (SMMR) and Defense Meteorological Satel-15

lite Program Special Sensor Microwave/Imager (DMSP SSM/I) radiances (Maslanik
and Stroeve, 2008). The FYI areas were calculated by subtracting ice-covered surface
in the melting season (September) from the freezing season (April).

2.3 Back trajectory simulation

We used back trajectory calculations to investigate the transport patterns for ODE re-20

gions. Back trajectories were computed using a kinematic model (Arimoto et al., 2008)
based on the meteorological simulations by the polar version of MM5 model (Bromwich
et al., 2001), which was constrained by the NCEP global final analysis (FNL) grid data
and DC-8 aircraft measurements. The details of polar MM5 model setup were de-
scribed by Zeng et al. (2006). 5-day back trajectories were calculated every 10 min25
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at the surface sites (10 m above the ground) and at the altitudes of ozonesonde and
aircraft measurements.

3 Results and discussion

3.1 Surface and aircraft observed ODEs

Observed ODEs can occur due to in situ bromine chemistry or transport of air mass5

depleted of ozone from another region. We first investigate the surface ozone observa-
tions at Barrow, Alert, and ZPL, which have better temporal coverage than ozonesonde
or aircraft measurements.

3.1.1 Diurnal ozone cycles

Figure 1 shows the time series of surface ozone mixing ratios at Barrow, Alert, and ZPL10

in April 2008. All three sites have several ODEs during the analysis period, but ODEs
at Barrow are the most frequent. To illustrate how the diurnal cycles of ODEs may dif-
fer from non-ODE days, we show the diurnal patterns of the 10th, 25th, 50th (median),
75th, and 90th percentile of hourly ozone at the sites. Also shown is the diurnal solar el-
evation. For ozone above the 50th percentile, we see no clear diurnal patterns. For 25th15

percentile and particularly 10th percentile ozone, there is an increasingly clear diurnal
pattern at Alert, lower at high solar elevation and higher at night. While more detailed
bromine chemistry simulation is needed to understand the particular shape of the di-
urnal pattern, it is consistent with daytime bromine-driven ozone loss and nighttime
recovery (by transport). In contrast, the diurnal patterns of 10th and 25th percentile20

ozone at Barrow are similar to those of higher-percentile ozone, which do not show
a clear diurnal cycle. The 10th and 25th percentile ozone at ZPL shows larger diur-
nal variations than the higher-percentile ozone, but they are not as distinct as at Alert.
These results indicate that in situ chemistry is more important at Alert and potentially
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at ZPL and transport of ozone-poor air is more important at Barrow. We examine how
transport patterns at three sites differ.

3.1.2 Transport patterns and BrO distributions

We use back trajectory analysis to define the transport patterns. However, we also need
information on the source regions of ozone-poor air masses. Since BrO enhancements5

indicate local ozone losses (Zeng et al., 2003, 2006), tropospheric BrO vertical columns
from satellite measurements were used to estimate the source region of ozone-poor
air mass in the Arctic. Figure 2 shows the monthly mean distribution of tropospheric
BrO columns in April 2008. We can clearly identify high-BrO regions over the Chukchi
Sea and the Canadian archipelago, where the multi-year ice (MYI) has been replaced10

by FYI in recent years (Nghiem et al., 2007; Gilman et al., 2010). Simpson et al. (2007)
suggested that FYI is more conducive to the release of bromine from the ocean than
MYI. For April 2008, we also find that FYI and high BrO columns tend to be collocated,
particularly over the Chukchi Sea.

We examine the relationships between ODEs and the air mass history of BrO expo-15

sure using 5-day back trajectories calculated from the polar MM5 simulations and tro-
pospheric BrO vertical columns. We first computed tropospheric BrO vertical columns
along the back trajectory using BrO measurements in the past 5 days. We then com-
puted the correlations between hourly surface ozone concentrations and BrO vertical
columns for the day of ozone observations (D-0) or the previous i -th day (D-i), where20

i = 1 . . .5. (e.g. Parrish et al., 2010). These coefficients are then averaged to obtain the
daily mean values for D-i (i = 0 . . .5).

Figure 3 shows the time-lagged daily mean correlation coefficients between ozone
and 3 tropospheric BrO vertical column products at the three surface sites. The vari-
ation of the R-values with lagged days is generally consistent among the three tropo-25

spheric BrO products. The lower correlations found at Alert may reflect larger uncer-
tainties in the tropospheric BrO columns due in part to its high latitude location (hence
higher solar zenith angles). The correlations are either low or positive for D-5. At Alert
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and ZPL, the R-values are usually the largest in D-0 or D-1, indicating a strong local
influence. At Barrow, however, the R-values for D-1, D-2, and D-3 are lower than D-
0, suggesting a more significant transport effect than at the other two sites, consistent
with the stronger diurnal cycle of lower percentile ozone concentrations at the two other
sites than Barrow (Fig. 1).5

To demonstrate the change of transport patterns associated with ODEs, we show
the patterns of two-day back trajectories for ODE (ozone mixing ratio <20 ppbv) and
non-ODE cases separately (Fig. 4). The largest transport difference is found at Bar-
row, suggesting a significant transport effect. During ODE periods, the air mass usu-
ally comes from the Chukchi Sea (the Northwest of Barrow) where tropospheric BrO10

columns are high (Fig. 2). During non-ODE periods, however, air mass comes from the
Beaufort Sea, where we did not find the enhancement of tropospheric BrO. The pat-
terns of back trajectories for ODEs and non-ODEs are similar at Alert, consistent with
the dominating effect of local chemistry. At ZPL, the patterns of back trajectories for
ODEs and non-ODEs are different but the difference is not as large as at Barrow. The15

ODE cases at this site are associated with transport from the northwest where there is
moderate increase of tropospheric BrO away from the site. The non-ODE cases do not
have a clear transport direction.

We obtained additional information by analyzing aircraft (NASA DC-8 and NOAA
WP-3D) observations, which provide better regional coverage than surface sites. We20

found total 34 ODE cases (9 from in situ measurements on DC-8, 12 cases from WP-
3D in situ measurements, and 13 cases from DC-8 UV-DIAL measurements), including
17 strong ODEs and 17 partial ODEs. Since the aircraft measurements cannot provide
a time series of ozone at a given location, the correlation analysis of Fig. 3 cannot be
performed with aircraft data. Instead, we calculated daily averaged BrO tropospheric25

columns along the two-day back trajectories (Fig. 5). Strong ODEs usually take place
near the Chukchi Sea, a region with high tropospheric BrO columns. Note that the
mean BrO column during the period of ARCTAS and ARCPAC experiments is shown
in Fig. 5. However, partial ODEs are found over not only the Chukchi Sea, but also
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the Beaufort Sea. Partial ODEs over the Beaufort Sea are usually affected by trans-
port from the Canadian Archipelago, another region of enhanced tropospheric BrO
columns. On average, strong ODEs encountered higher tropospheric BrO columns
than partial ODEs. The back trajectory results also show that the average BrO col-
umn encountered by ODEs and partial ODEs is highest at the day of measurement5

and decreases rapidly along the back trajectory in the previous 1–2 days, implying that
transport is not as large a contributor as in situ chemical loss to the observed ODEs.

The Northern Alaska appears to be affected mostly by ozone-poor air masses orig-
inating from the Chukchi Sea. Transport from the Canadian Archipelago that also had
high BrO loading do not contribute to ODEs significantly in this region. Previously, Zhao10

et al. (2008) and Begoin et al. (2010) also showed that the Chukchi Sea is the domi-
nant source of ozone-poor air mass with high tropospheric BrO and transport from this
region may affect surface monitoring sites at northern high latitudes. In general, both
aircraft and surface measurements (at Barrow) suggest that the duration of transport
effects is within 2 days.15

3.1.3 The influence of temperature to ODEs

There are indications that ozone depletion is stronger in cold conditions (e.g. Zeng
et al., 2003; Pöhler et al., 2010; Nghiem et al., 2012). Recently, Seabrook et al. (2011)
reported DIAL observations of ODEs at 60–700 m from 9 March to 2 April 2008 at in
the Amundsen Gulf (71◦ N, 121–124◦ W). They found that there is a general correlation20

of ODEs with low temperature and that all ODEs occur below −25 ◦C. For the purpose
of comparison, we show in the supplement (Fig. S9) the relationship between ozone
and temperature at Barrow, which is located at the same latitude as the Amundsen
Gulf. While most of the ODEs in February occurred at temperature lower than −25 ◦C,
a significant portion of ODEs in March occurred at temperature warmer than −25 ◦C.25

ODEs in April and May are associated with even warmer temperatures (<−8 ◦C in April
and <−3 ◦C in May, not shown).
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The warming trend in spring could potentially mask the relationship between ODE
and temperature. In our investigation of this relationship, we first removed the linear
trends in temperature and ozone, and then computed linear correlations between de-
trended daily surface ozone and temperature at Barrow, Alert, and ZPL (Fig. 6). We
also show the correlations of aircraft measurements of ozone and potential tempera-5

ture (0–1 km). Potential temperature is used for aircraft measurements to account for
temperature variations with altitude. Since the effect of temperature on ozone will likely
take time to develop, we used daily average for the surface data and the average of
each ODE encounter for aircraft data. Significant correlations (R = 0.63–0.80) are ob-
tained for the three surface sites. Despite the large spatial coverage of aircraft data,10

where surface and transport conditions vary, a moderate correlation (R = 0.51) is still
obtained between ozone and potential temperature.

Mechanisms responsible for the observed positive correlations between ozone and
temperature have been proposed in the literature. The formation of a stable bound-
ary layer could be a necessary condition to reduce the exchange of ozone-depleted15

air mass with ozone-rich air mass above the inversion layer (Tarasick and Bottenheim,
2002; Lehrer et al., 2004). Pöhler et al. (2010) proposed, on the other hand, that open
ocean surface is warmer than the ambient atmosphere in the Arctic spring. When cold
air mass moves over the open leads, the increased temperature gradient enhances
the atmospheric exchange allowing a greater release of bromine from the ocean to the20

atmosphere, which leads to more frequent ODEs. Another question yet to be answered
is if there exists a threshold of temperature below, which ODEs tend to occur. ODEs
often occur at temperatures <−10 to −20 ◦C (Tarasick and Bottenheim, 2002; Botten-
heim et al., 2009; Neuman et al., 2010). We discussed previously the more recent DIAL
observations of a threshold temperature value of −25 ◦C by Seabrook et al. (2011).25

Examining surface and aircraft measurements in this analysis or the observations at
Barrow since 1979, we did not find a clear threshold value of temperature for the occur-
rence of ODEs. Instead of a threshold of temperature, a potentially important parameter
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is the variation of temperature, i.e., ODEs tend to occur during periods of decreasing
temperature (Zeng et al., 2003).

3.2 Vertical structure of the ODEs

Previous studies reported that Arctic ODEs could occur above the boundary layer
(Tarasick and Bottenheim, 2002; Zeng et al., 2006) up to 1500 m (Strong et al., 2002).5

The large vertical extent of an ODE can be driven either by an equally deep BrO layer or
by mixing with ozone-depleted air masses from the boundary layer. We make use of the
extensive ozonesonde measurements at three sites, Barrow, Resolute, and Churchill
during the ARCIONS campaign to examine the vertical structure of the ODEs.

We first compare the vertical profiles of the ozone and temperature for ODE and10

non-ODE cases (Fig. 7). The vertical extent of ODEs varied greatly by site. At Barrow,
ozone increases rapidly above 200 m. Similarly the average depth of ODEs at Resolute
is about 300 m, although the increase of ozone with altitude is not as drastic as in
Barrow at 200 m. In contrast, weak ODEs at Churchill extend almost uniformly to about
800 m similar to previous ODEs observed up to 2 km altitude in this region (Ridley15

et al., 2003). More striking is the difference of ozone profiles between ODE and non-
ODE cases. At Churchill, the difference extends to 2 km. At Resolute, large differences
are seen up to 800 m and small difference also extended to 2 km. Only at Barrow, the
difference disappeared above 1 km.

In contrast to the ozone profiles, ODE cases have lower temperature than non-ODE20

cases at all three sites up to 2 km. The largest temperature difference is at Churchill.
We also show the temperature lapse rate (dT /dz) in Fig. 7 to examine the vertical
stability of the boundary layer. At Barrow and Resolute, a clear temperature inversion
(positive lapse rate) layer of 400 m forms not near the surface but above 200 m during
ODEs. The temperature inversion layer at Resolute is 100–300 m higher than at Bar-25

row, leading to a deeper ODE layer at the site than in Barrow. During non-ODE periods,
the inversion is weaker at both sites. Analysis in the previous sections suggests the in-
fluence of transport of ozone-poor air mass to Barrow, and the strong inversion layer
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during ODEs is essential to suppress mixing from above and to maintain low ozone
below the temperature inversion layer.

The latitude of Churchill (58.7◦ N) is lower than the other surface and ozonesonde
sites, and the regions sampled by aircraft. We find a very different vertical tempera-
ture structure at this site from Barrow and Resolute. The surface temperature gradient5

is about −10 Kkm−1, implying strong vertical mixing. From surface to 2 km, there is
no temperature inversion layer during ODEs, although an isothermal layer existed at
around 1.2 km. In general, the thermal stability is weaker during ODE than non-ODE
cases up to 700 m, which is opposite to Barrow and Resolute. The effect of vertical mix-
ing is reflected in the consistent ozone difference between ODE and non-ODE cases10

up to 2 km.
We showed in Fig. 6 positive correlations between ozone and temperature during

ODEs in surface and aircraft observations. Here we calculated the linear correla-
tions between ozone and potential temperature from the ozonesonde measurements.
Figure 8 shows the vertical profiles of linear correlations at Barrow, Resolute, and15

Churchill. At Barrow, below the thermal inversion layer, a large positive correlation is
found (R > 0.6). Above the inversion layer, R-values decrease rapidly. At Resolute and
Churchill, however, the positive correlation (R > 0.6) extends to >2 km and ∼1.5 km,
respectively. It is interesting to note that at all three sites the correlation increases with
altitude from the surface in the lower 300 m, reflecting in part the increasing thermal20

stability away from the surface (Fig. 7).
Ozonesonde measurements provided additional information not available from sur-

face and aircraft data. We investigate now if and how tropospheric BrO columns relate
to the vertical structure of ODEs. Similar to the analysis in Sect. 3.1, linear correlations
between the ozone from ozonesonde measurements and time lagged (D-0 to D-5) BrO25

columns were calculated from the surface to 2 km. Figure 9 shows vertical profiles of
correlation coefficients at Barrow, Resolute, and Churchill. At Barrow, a strong negative
correlation near the surface is consistent with the analysis using surface ozone mea-
surements (Fig. 3). The 1-day delayed BrO column has the largest negative correlation
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with ozone, implying the effect of short-range transport. The magnitude of negative R-
values decreases rapidly above 400 m, consistent with the ozone and thermal stability
structure (Figs. 7 and 8), suggesting that BrO driven ozone loss is limited to the shallow
boundary layer.

At Resolute and Churchill, the layer of significant negative correlation (|r | > 0.5) be-5

tween ozone and BrO columns extends to ∼1 km and 2 km, respectively. In the altitude
range of ODEs (Fig. 7), the largest correlations are between concurrent ozone and
BrO (D-0) data, suggesting that transport is not a significant factor for ODEs at Reso-
lute. However, the correlation at Churchill is the largest with 1-day (D-1) or 2-day (D-2)
delayed BrO below 600 m, indicating the effect of transport. Back trajectory analysis10

shows that the transport was from the Canadian Archipelago, a region with enhanced
tropospheric BrO (Fig. 2), which is consistent with findings during the TOPSE experi-
ment (Ridley et al., 2003; Zeng et al., 2003).

The correlation analysis of ozone with potential temperature (Fig. 8) and tropospheric
BrO columns (Fig. 9) suggests that the vertical extent of BrO-driven ozone loss is larger15

than that of ODEs (Fig. 7). In particular, we find significant negative correlations be-
tween ozone and tropospheric BrO column in the free troposphere at Churchill. The
strong negative correlation of ozone with current (D-0) or 1-day delayed (D-1) BrO
extends from 600 m to 2 km altitude (Figs. 7 and 9). In contrast, the negative corre-
lation between ozone and tropospheric BrO column is weaker near the surface and20

has a longer time delay (1–2 days) in the unstable boundary layer. Convective trans-
port of boundary layer BrO into the free troposphere is possible at this site. McElroy
et al. (1999) first reported the evidence of free-tropospheric BrO based on aircraft mea-
surements, and hypothesized that the free-tropospheric BrO is lofted from the surface
by the strong convection. Begoin et al. (2010) showed strong upward lifting up to 3 km25

over the high-BrO region in the Arctic.
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4 Discussion of tropospheric column BrO retrieval validation

Retrievals of tropospheric BrO columns from satellite observations have large uncer-
tainties. In order to deal with these uncertainties, we used 3 different methods to es-
timate the stratospheric BrO columns (including stratospheric BrO observations from
SCIAMACHY) with two satellite products (GOME2 and OMI). Among the 6 resulting5

tropospheric column BrO products, we selected 3 that showed good correlations with
in situ measurements of bromine compounds (BrO, Br2 +HOBr, and soluble bromide).
The 3 selected products showed consistent correlation characteristics with ozone mea-
surements, i.e., the correlation change (not necessarily the correlation values) with time
or altitude is consistent among the 3 products. This consistency in the diverse datasets10

of surface, ozonesonde, and aircraft ozone measurements implies that the estimated
tropospheric column BrO can be effectively used to understand ODE characteristics in
the Arctic spring.

An important question that we have not yet directly addressed is the feasibility of
validating tropospheric column BrO products with in situ observations. We discuss here15

the constraints of in situ measurements on tropospheric column BrO estimates and
the implications for validating satellite BrO measurements. First, we point out that the
analysis approach we used in this study is somewhat different from the work by Choi
et al. (2012), who carried out detailed case studies. While providing rich information
on selected cases, the selection of cases is subjective and can inadvertently lead to20

qualitative arguments difficult to ascertain quantitatively with available measurements.
The analysis approach in this study is based on the correlation statistics using all the
measurement data. It does not provide the rich context of a case study, but it provides
a more robust quantitative measure for data validation. We chose to use the method of
linear regression, for example, between satellite column and in situ measurements of25

BrO. One caveat in this type of data validation analysis is that there is only one degree
of freedom left (a constant to adjust) when the correlation between the two datasets
is good. In other words, it is usually not difficult to match the magnitudes of the two
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datasets when the correlation is good. When the correlation is not good, there is little
reason to compare the magnitudes between the two datasets. The quality of correlation
is therefore fundamentally more important for initial data validation than the magnitude
comparison.

During the ARCTAS experiment, BrO measurements were available in only two5

flights on 16 and 17 April. Previous studies (Choi et al., 2012; Liao et al., 2012) showed
good correlations between satellite retrieved column BrO and in situ observations. Al-
though we did not use the same satellite BrO product in this study, we showed similar
results for the 3 products we chose to use in this study (Fig. S1 in the Supplement). In
contrast, neither Choi et al. (2012) nor this study found significant correlation between10

satellite retrieved tropospheric column BrO and in situ observations from 5 ARCPAC
flights (12, 15, 18, 19, and 21 April). The reason is unclear. We note that there are
4 different estimates of stratospheric column BrO and two satellite total column mea-
surements by combining Choi et al. (2012) with this study, which captures a reasonable
range of stratospheric column BrO variation estimates. The ARCTAS measurements15

were obtained further north, where there were a higher fraction of BrO measurements
above the detection limit compared to the ARCPAC measurements. Without additional
BrO measurements, a true validation study based on in situ BrO measurements is
therefore infeasible.

One approach is to focus on correlation analysis between tropospheric column BrO20

and other related in situ observations. The measurements of Br2 +HOBr were reported
for 7 ARCTAS fights and 5 ARCPAC flights (Neuman et al., 2010; Liao et al., 2012) and
soluble bromide measurements were also available in the ARCTAS flights (Liao et al.,
2012). These measurements were more abundant and had more data points above
the detection limits than BrO measurements. In Figs. S2–S4 in the Supplement, we25

showed that the 3 satellite products we selected are consistently correlated with these
in situ measurements of bromine compounds for both ARCTAS and ARCPAC flights.
Obviously these data cannot be used to evaluate the magnitude of estimated tropo-
spheric column BrO. The correlation analysis was then extended in this study from
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in situ measurements of bromine compounds to in situ ozone data since it provides
an additional constraint on tropospheric column BrO estimates. The 3 selected prod-
ucts again showed consistent correlation results, demonstrating a clear relationship
between ozone and BrO when ODEs occurred.

Considering the observations available from the ARCTAS and ARCPAC experiments,5

the current quantitative constraints on the magnitudes of tropospheric (or stratospheric)
column BrO are poor. However, judicious use of correlation analysis provides useful
scientific insights into the processes of bromine-related ODEs as we have shown in
this study. Our analysis results also help address two issues raised by previous studies
(e.g. Choi et al., 2012 and references therein). The first is the concern that BrO-ozone10

anti-correlation will be suppressed during severe ODEs. This problem is partially dealt
with in this study by analyzing time-lagged BrO-ozone correlations and we only find ev-
idence of short-range transport of ODEs (<3 days). The second issue is the potentially
large contribution of stratospheric column BrO particularly over the Hudson Bay re-
gion, masking the tropospheric (low BrO) signal. New observations that measure BrO15

through the entire tropospheric column are necessary to test this hypothesis. However,
the correlation analysis of ozonesonde observations with satellite tropospheric column
BrO at Churchill (Figs. 7–9), an ozonesonde site near Hudson Bay, suggests an alter-
native hypothesis that the tropospheric BrO and ODE layers were much deeper (up to
2 km) than at a site like Barrow (several hundred meters). In situ BrO and ozone obser-20

vations might not measure drastic changes of ozone over such a region with enhanced
tropospheric column BrO since the distribution of the column BrO enhancement into
a deep layer reduced average BrO concentrations and ozone loss was also mitigated
by vertical mixing of a large volume of air due to an unstable boundary layer.

5 Conclusions25

Based on surface, aircraft and ozonesonde measurements, satellite-derived tro-
pospheric BrO vertical columns, and back trajectory calculations, we investigated
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characteristics of the Arctic ODE in spring 2008. During the ARCTAS and ARCPAC
experiments, the BrO enhancement over the Chukchi Sea revealed by satellite mea-
surements appears to be a major contributor to the ODEs observed by aircraft. This
region is also covered with first-year sea ice, implying a potential link among BrO-
enhancement, ODE, and first-year sea ice.5

Time-lagged correlation analysis between ozone and tropospheric BrO columns al-
lowed us to examine the relative importance of in situ ozone loss and transport. We did
not find evidence for significant long-range (≥3 days) transport effect at the three sta-
tions. ODEs appeared to occur within 1–2 day transport from the BrO source regions.
There was a significant correlation between ozone and temperature during ODEs, al-10

though we did not find evidence for a threshold temperature value, which implies that
temperature variation is a stronger factor for ODE formation.

Both Barrow and Resolute are capped by an inversion layer at 400 and 600 m above,
respectively, below which ODEs occur at these sites. In contrast, the boundary layer at
Churchill is unstable from the surface to 500 m. At this site, we find a much deeper layer15

of ozone loss in ODE days than non-ODE days up to 2 km. The depth of the ozone loss
layer is corroborated in the correlation analysis of ozone with tropospheric BrO column
and potential temperature. The unstable boundary layer during ODEs could potentially
provide a source of free tropospheric BrO through convective transport and explain the
significant negative correlation between free tropospheric ozone and tropospheric BrO20

column at this site. In situ observations of bromine species will be needed to confirm
and understand the sources and recycling of BrO in the free troposphere.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/16219/2012/
acpd-12-16219-2012-supplement.pdf.25
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 2 

Figure 1. (a) Time series of surface ozone concentrations in April 2008 at Barrow (black), 3 

Alert (red), and ZPL (blue), and the diurnal variations of surface ozone in percentiles of 10, 4 

25, 50, 75, and 90% at (b) Barrow, (c) Alert, and (d) ZPL. The black line in panels (b), (c), 5 

and (d) shows the solar elevation. 6 

Fig. 1. (a) Time series of surface ozone concentrations in April 2008 at Barrow (black), Alert
(red), and ZPL (blue), and the diurnal variations of surface ozone in percentiles of 10, 25, 50, 75,
and 90 % at (b) Barrow, (c) Alert, and (d) ZPL. The black line in panels (b), (c), and (d) shows
the solar elevation.

16249

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 29 

 1 

 2 

Figure 2. (a) Monthly mean tropospheric BrO vertical column density (VCD, molecule/cm2) 3 

and (b) the sea ice distribution in April 2008. “A” denotes the location of Alert, “B” for 4 

Barrow, “C” for Churchill, “R” for Resolute, and “Z” for Zeppelinfjellet (ZPL), “CA” for 5 

Canadian Archipelago, “CS” for Chukchi Sea, “BS” for Beaufort Sea, and AK for Alaska. In 6 

panel (b), the yellow area is covered by multi-year sea ice (MYI), and the orange area is 7 

covered by the first-year sea ice (FYI). The GOME2-SCIA2ND results are shown in panel 8 

(a). Results for OMI-SCIA2ND and GOME2-20th BrO VCDs show similar distribution 9 

patterns (Figs. S5 and S6). 10 
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Fig. 2. (a) Monthly mean tropospheric BrO vertical column density (VCD, moleculescm−2) and
(b) the sea ice distribution in April 2008. “A” denotes the location of Alert, “B” for Barrow, “C”
for Churchill, “R” for Resolute, and “Z” for Zeppelinfjellet (ZPL), “CA” for Canadian Archipelago,
“CS” for Chukchi Sea, “BS” for Beaufort Sea, and AK for Alaska. In (b), the yellow area is
covered by multi-year sea ice (MYI), and the orange area is covered by the first-year sea ice
(FYI). The GOME2-SCIA2ND results are shown in (a). Results for OMI-SCIA2ND and GOME2-
20th BrO VCDs show similar distribution patterns (Figs. S5 and S6).
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Figure 3. Time-lagged daily mean correlation coefficients (R values) between surface ozone 3 

and tropospheric BrO VCD at (a) Barrow, (b) Alert, and (c) ZPL. D-i denotes ozone 4 

correlation with BrO VCD taken along the back trajectories on the previous ith day (see text 5 

for details). We used three tropospheric BrO VCD products, GOME2-20th (black), GOME2-6 

SCIA2ND (red), and OMI-SCIA2ND (blue). 7 

 8 

Fig. 3. Time-lagged daily mean correlation coefficients (R-values) between surface ozone and
tropospheric BrO VCD at (a) Barrow, (b) Alert, and (c) ZPL. D-i denotes ozone correlation with
BrO VCD taken along the back trajectories on the previous i -th day (see text for details). We
used three tropospheric BrO VCD products, GOME2-20th (black), GOME2-SCIA2ND (red),
and OMI-SCIA2ND (blue).
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Figure 4. Transport patterns using two-day back trajectories at (a) Barrow for ODEs, (b) Alert 3 

for ODEs, (c) ZPL for ODEs, (d) Barrow for non-ODEs, (e) Alert for non-ODEs, and (f) ZPL 4 

for non-ODEs. Color shows the probability of back trajectories passing through the grid box. 5 

The locations of Barrow, Alert, and ZPL observatory are denoted as “B”, “A”, and “Z”, 6 

respectively. 7 
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Fig. 4. Transport patterns using two-day back trajectories at (a) Barrow for ODEs, (b) Alert for
ODEs, (c) ZPL for ODEs, (d) Barrow for non-ODEs, (e) Alert for non-ODEs, and (f) ZPL for
non-ODEs. Color shows the probability of back trajectories passing through the grid box. The
locations of Barrow, Alert, and ZPL observatory are denoted as “B”, “A”, and “Z”, respectively.
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Figure 5. Two-day back trajectories for (a) strong ODEs (Fig. 5a) and (b) partial ODEs based 3 

on aircraft measurements, (c) aircraft flight tracks, and (d) averaged tropospheric BrO VCD 4 

along the back trajectories for the measurement days (D-0) and prior 1 or 2 days (D-1 or D-2). 5 

In panels (a) and (b), orange lines denote back trajectories up to 1 day, and yellow lines for 1-6 

2 days prior to the time of ozone measurements. The average BrO VCDs during the period of 7 

aircraft measurements (from April 1 to 21 April) are also shown. The GOME2-SCIA2ND 8 

BrO VCDs are used here. Results using OMI-SCIA2ND and GOME2-20th BrO VCDs are 9 

similar (Figs. S7 and S8). 10 
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Fig. 5. Two-day back trajectories for (a) strong ODEs and (b) partial ODEs based on aircraft
measurements, (c) aircraft flight tracks, and (d) averaged tropospheric BrO VCD along the back
trajectories for the measurement days (D-0) and prior 1 or 2 days (D-1 or D-2). In (a) and (b),
orange lines denote back trajectories up to 1 day, and yellow lines for 1–2 days prior to the time
of ozone measurements. The average BrO VCDs during the period of aircraft measurements
(from 1 April to 21 April) are also shown. The GOME2-SCIA2ND BrO VCDs are used here.
Results using OMI-SCIA2ND and GOME2-20th BrO VCDs are similar (Figs. S7 and S8).
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Figure 6. (a) Correlations between the detrended daily average ozone and temperature at 3 

Barrow (black), Alert (red), and ZPL (blue), and (b) correlations between average ozone and 4 

potential temperature for ODEs in aircraft measurements. 5 
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Fig. 6. (a) Correlations between the detrended daily average ozone and temperature at Barrow
(black), Alert (red), and ZPL (blue), and (b) correlations between average ozone and potential
temperature for ODEs in aircraft measurements.
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Figure 7. Mean vertical profiles of ozone in the top row, and temperature (solid lines) and its 3 

lapse rate (dashed lines) in the bottom row for ODE (red) and non-ODE (black) periods at 4 

Barrow, Resolute, and Churchill. 5 
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Fig. 7. Mean vertical profiles of ozone in the top row, and temperature (solid lines) and its lapse
rate (dashed lines) in the bottom row for ODE (red) and non-ODE (black) periods at Barrow,
Resolute, and Churchill.
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Figure 8. Vertical profiles of linear correlation coefficients (R values) between potential 3 

temperatures and the ozone data measured by ozonesonde at Barrow (black), Resolute (red), 4 

and Churchill (blue). 5 
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Fig. 8. Vertical profiles of linear correlation coefficients (R-values) between potential temper-
atures and the ozone data measured by ozonesonde at Barrow (black), Resolute (red), and
Churchill (blue).
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Figure 9. Vertical profile of linear correlation coefficients (R values) between time-lagging 3 

tropospheric BrO VCDs (D-0, D-1, D-2, D-3, D-4, and D-5) and ozone data measured by 4 

ozonesonde at (a) Barrow, (b) Resolute, and (c) Churchill. The GOME2-SCIA2ND BrO 5 

VCDs are used here. Results using OMI-SCIA2ND and GOME2-20th BrO VCDs are similar 6 

(Figs. S10 and S11). 7 

 8 

Fig. 9. Vertical profile of linear correlation coefficients (R-values) between time-lagging tropo-
spheric BrO VCDs (D-0, D-1, D-2, D-3, D-4 and D-5) and ozone data measured by ozonesonde
at (a) Barrow, (b) Resolute, and (c) Churchill. The GOME2-SCIA2ND BrO VCDs are used here.
Results using OMI-SCIA2ND and GOME2-20th BrO VCDs are similar (Figs. S10 and S11).
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