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Abstract. During polar spring, ozone depletion events (ODEs) are often observed in combination with bromine
explosion events (BEEs) in N y—Alesund. In this study, two long-term ozone data sets (2010-2021) from
ozonesonde launches and in situ ozone measurements have been evaluated between March and May of each
year to study ODEs in Ny-Alesund. Ozone concentrations below 15 ppb were marked as ODEs. We applied a
composite analysis to evaluate tropospheric BrO retrieved from satellite data and the prevailing meteorologi-
cal conditions during these events. During ODEs, both data sets show a blocking situation with a low-pressure
anomaly over the Barents Sea and anomalously high pressure in the Icelandic Low area, leading to transport of
cold polar air from the north to Ny-Alesund with negative temperature and positive BrO anomalies found around
Svalbard. In addition, a higher wind speed and a higher, less stable boundary layer are noticed, supporting the as-
sumption that ODEs often occur in combination with polar cyclones. Applying a 20 ppb ozone threshold value to
tag ODE:s resulted in only a slight attenuation of the BrO and meteorological anomalies compared to the 15 ppb
threshold. Monthly analysis showed that BrO and meteorological anomalies are weakening from March to May.
Therefore, ODEs associated with low-pressure systems, high wind speeds, and blowing snow more likely occur
in early spring, while ODEs associated with low wind speed and stable boundary layer meteorological condi-
tions seem to occur more often in late spring. Annual evaluations showed similar weather patterns for several
years, matching the overall result of the composite analysis. However, some years show different meteorologi-
cal patterns deviating from the results of the mean analysis. Finally, an ODE case study from the beginning of
April 2020 in N y—Alesund is presented, where ozone was depleted for 2 consecutive days in combination with
increased BrO values. The meteorological conditions are representative of the results of the composite analysis.
A low-pressure system arrived from the northeast to Svalbard, resulting in high wind speeds with blowing snow
and transport of cold polar air from the north.
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1 Introduction

During polar spring, large losses of ozone in the lower
troposphere are observed regularly. These “ozone deple-
tion events” (ODEs) often occur in combination with en-
hanced bromine monoxide (BrO) values. In the 1980s, Bar-
rie et al. (1988) first reported a link between the ozone loss
and the appearance of reactive bromine, further known as
“bromine explosion events” (BEEs) (Barrie and Platt, 1997),
and concluded that ozone destruction appears when sunlight
is present in autocatalytic chain reactions involving BrO,
(Br, BrO) radicals. Usually, these events last between a cou-
ple of hours and a few days, where ozone can be depleted be-
low the detection limit of the instruments (e.g. Langendorfer
etal., 1999; Jacobi et al., 2006). The current understanding of
this ozone depletion is that in a heterogeneous, autocatalytic,
chemical chain reaction cycle, molecular bromine (Brp) is
released from the cryosphere (e.g. sea ice, brine, snow) into
the troposphere (e.g. Simpson et al., 2007). In the presence
of sunlight, Br; is photolysed, creating bromine (Br) radicals
(Reaction R1) that react with ozone to yield bromine oxide,
BrO (Reaction R2). The resulting BrO can be observed by
satellite and ground-based measurements using the differen-
tial optical absorption spectroscopy (DOAS) technique (Platt
and Stutz, 2008). After the oxidation, BrO reacts with HO,
and forms HOBr (Reaction R3), which is scavenged and en-
ters the cryosphere again, converted from the gas phase into
a liquid or solid phase (Reaction R4). In the liquid phase,
HOBr reacts with halogens to form Bry (Reaction R5), which
is released to the atmosphere, and the cycle starts over again.
For each Br atom scavenged from the gas phase, two Br
atoms are released from the liquid phase. Thus, the mech-
anism is autocatalytic and rapidly accelerating.

Bry +hv — 2Br (R1)
2Br+203 — 2BrO+20; (R2)
2BrO + 2HO, — 2HOBr + 20, (R3)
2HOBIr(g) <> 2HOBI(s, ) (R4)

2HOBi(s, [) + 2Br (s, 1) +2H" (s, 1) — 2H,0 + 2Br» (R5)

Net : Bry 4203 +2HO; +2Br~ +2H' — 2H,0 440, +2Br; (R6)

There is also a potential catalytic depletion cycle involv-
ing bromine chloride (BrCl). However, chlorine (Cl) atoms,
unlike Br atoms, react with methane (CHy) and alkyl volatile
organic carbon (VOC) compounds in the troposphere, reduc-
ing the Cl atoms concentrations available for further reac-
tions in the catalytic cycle.

There are still uncertainties about the sources of the bro-
mide ion Br~ (Reaction RS5) in the cryosphere and the initial
release mechanism of Br, that leads to the large BrO plumes
observed in polar spring. So far, it is known that sea ice
and saline surfaces are associated with the Br source. Since
first-year sea ice is saltier than multi-year sea ice, it is re-
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garded as a more likely contributor to bromine release (Simp-
son et al., 2007). Other potential sources include frost flow-
ers (Kaleschke et al., 2004), sea salt aerosols from blowing
snow (Yang et al., 2010), sea spray from open leads (Peter-
son et al., 2015), and BrO transported down from the strato-
sphere into the troposphere (Salawitch et al., 2010). Further-
more, low temperatures favour the bromine explosion reac-
tion, and a pH below 6.5 seems to be necessary to start the
activation of the autocatalytic reaction cycle described above
(Fickert et al., 1999). The potential triggering of the acid-
catalysed bromine explosion by carbonate precipitation in
cold brine and the temperature dependence of Reaction (R5)
have also been discussed in Sander et al. (2006). In addition
to bromine, iodine also appears to play an important role in
ozone depletion in spring and is present all year as long as
there is sunlight (Benavent et al., 2022).

Regarding the meteorological conditions leading to ODEs
or BEEs, Jones et al. (2009) found two different situations
favouring the events: (1) low wind speeds and a stable bound-
ary layer, where bromine can accumulate and deplete ozone,
and (2) high wind speeds above approximately 10 ms~! with
blowing snow and a higher, unstable boundary layer. The first
condition was observed, for example, during a ship cruise
west and northwest of Svalbard in 2003 (Jacobi et al., 2006).
Here, the ozone concentration was near or below the in-
strument’s detection limit for more than 5d, along with el-
evated BrO concentrations and a stable shallow boundary
layer with low wind speeds. Therefore, they concluded that
this event was local and that no transport of ozone-depleted
air took place. The second condition often occurs in combi-
nation with polar cyclones, where bromine can be recycled
aloft on snow and aerosol surfaces (Peterson et al., 2017).
The photolytic lifetime of BrO is approximately 1 min (e.g.
Lehrer et al., 2004; Pratt et al., 2013). Nevertheless, several
studies (e.g. Begoin et al., 2010; Blechschmidt et al., 2016;
Zhao et al., 2016) showed BrO plumes in combination with
polar cyclones that were transported over the Arctic region
for several days, leading to the assumption that BrO must
have been recycled on blowing snow or aerosol surfaces,
increasing the lifetime of the BrO plumes. Due to a good
spatial coverage, large BrO plumes are best observed from
satellites. The first observations were reported in 1998 using
the GOME instrument (Wagner and Platt, 1998; Richter et
al., 1998; Chance, 1998). Subsequently, polar tropospheric
BrO columns were also retrieved from measurements of the
SCIAMACHY instrument (Jacobi et al., 2006), OMI (Salaw-
itch et al., 2010), GOME-2 (Begoin et al., 2010; Theys et al.,
2011), and TROPOMI (Seo et al., 2019). Recently, a long-
term tropospheric BrO data set (1996 to 2017) was estab-
lished by Bougoudis et al. (2020) using observations from
four different satellites. It shows an increasing trend of tro-
pospheric BrO of around 1.5 % yr~! during polar springs for
the evaluated time period. Seo et al. (2020) investigated the
relation between areas of elevated total BrO columns and me-
teorological parameters in the Arctic and Antarctic sea ice
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regions using 10 years of GOME-2 measurements. In a sta-
tistical analysis, meteorological conditions were compared
to a 10-year mean during enhanced BrO periods, and distinct
spatial patterns were identified. They found that atmospheric
low pressure, with low temperature, high wind speed, and a
low tropopause height, prevailed in areas of enhanced BrO.
In this study, a similar approach is applied, but instead of
examining large-scale regions with elevated BrO, we evalu-
ate time periods of ozone-depleted air at a specific location
to identify the prevailing meteorological conditions during
ODEs.

This study focuses on ODEs recorded in Ny-Alesund,
Svalbard (Norway), a small town on the shore of the bay
of Kongsfjorden. For almost 1 decade, the bay has not
been completely frozen in the winter months (Serrat, 2015).
Mainly icebergs and patches of ice sheets occur in the other-
wise ice-free bay during winter and early spring. Ny-Alesund
is the northernmost permanent civilian research station, and
several institutes have installed measurement facilities and
instruments at the site, which gives us an opportunity to
examine ODEs from several aspects. The first studies of
ODEs in combination with increased bromine values in the
Ny—Alesund area were published as part of the ARCTOC
(Arctic Tropospheric Ozone Chemistry) campaigns in 1995
and 1996 (e.g. Tuckermann et al., 1997; Langendorfer et
al., 1999). Luo et al. (2018) observed enhanced BrO values
in combination with depleted ozone in Ny-Alesund using a
ground-based MAX-DOAS instrument. Sea ice, which was
transported to Kongsfjorden during that time, was assumed
to be the major source of Bry. Chen et al. (2022) recently re-
ported a BEE in Ny-;%lesund that was associated with a polar
cyclone approaching Svalbard, leading to high wind speeds
and blowing snow. Here, it was assumed that the observed
BrO was transported and recycled on its way to Ny—Alesund.

In this study, the occurrence of ODEs in Ny-Alesund and
their dependence on meteorological conditions is investi-
gated. To this end, ozone data measured between 2010 and
2021 in Ny-Alesund are combined with satellite BrO obser-
vations, sea ice concentrations, and meteorological parame-
ters in a composite analysis. In addition, a case study of a
severe ODE observed in Ny-Alesund preceded by a polar cy-
clone in the beginning of April 2020 is presented.

The paper is structured as follows: in Sect. 2, all data sets
used and the composite analysis are introduced. In Sect. 3,
the results of the composite analysis are described and dis-
cussed (Sect. 3.1). This is complemented by a sensitivity
study in Sect. 3.2, which analyses the influence of different
threshold values (Sect. 3.2.1) and investigates whether the re-
sults of the composite analysis are only valid in given months
(Sect. 3.2.2) or years (Sect. 3.2.3). In Sect. 3.3, a severe ODE
case study is discussed. The paper ends with a summary and
conclusion (Sect. 4).
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2 Data and methods

2.1 Ozone data

For this study, two ozone data sets have been used to anal-
yse ODEs in Ny—Alesund. The first data set originates from
ozonesondes that have been launched from Ny—Alesund at
least once per week since 1992. The sounding frequency in-
creases up to about two to three times per week plus ad-
ditional launches during campaigns. Data for ozonesonde
records are publicly available from the Network for the De-
tection of Atmospheric Composition Change (NDACC) at
https://www.ndacc.org (last access: 16 February 2022). The
vertically resolved ozonesonde profiles allow us to study the
altitude distribution of ODEs in the boundary layer with an
ozone detection limit of 2ppb in this area. The majority
of ODEs occur in the lower troposphere. Consequently, the
ozonesonde data were evaluated from the surface up to 4 km.
An examination of the ozonesonde data above 4 km revealed
no ozone concentrations below the two applied threshold val-
ues of 15 and 20 ppb (see below).

To overcome the irregular temporal coverage of the
ozonesonde record and allow for better statistics, addi-
tional in situ ozone measurements (detection limit of 1 ppb)
from the Zeppelin observatory on top of Zeppelin mountain
(474 m) about 1 km south of Ny-Alesund are included in our
analyses. The observatory is located higher above sea level
and does not necessarily capture all ODE:s at sea level. Ozone
concentrations have been monitored there almost continu-
ously at hourly resolution since October 1988 and are pro-
vided by the Norwegian Air Research Institute (Platt et al.,
2022). This data set enables a much better temporal resolu-
tion of ODEs than the ozonesondes, which is helpful for the
statistical analysis later, but due to the fixed location no alti-
tude profiles are possible.

Since ODEs occur in polar spring, both data sets are eval-
uated between March and May for each year from 2010-
2021. The data are separated into points in time with ODEs
and points in time without ODEs, using an ozone volume
mixing ratio threshold value of 15 ppb. Background levels of
ozone in the boundary layer are normally around 40 ppb. The
sensitivity of the meteorological conditions and BrO to the
choice of the threshold value is further discussed in Sect. 3.2.
Both data sets are shown in Fig. 1. All ozonesondes that con-
tain ozone values below 15 ppb at altitudes between 0 and
2km are marked as ODE and displayed in red, the remain-
ing ozonesondes are coloured in blue. For the Zeppelin data,
every hour below the threshold value is counted as ODE and
displayed in red, and every hour above is shown in blue. We
use the name ODE here despite it is not being quite correct in
this context, since all consecutive hours below the threshold
are individually marked with the abbreviation ODE, which is
not consistent with the definition of ODE. However, in order
to avoid introducing a new abbreviation, we kept the term
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ODE when referring to individual hours with ozone values
below the threshold.

Overall, 242 measurements were taken by ozonesondes
and 24406 h of ozone were monitored at the Zeppelin ob-
servatory. The frequencies of ODEs and no ODE:s are listed
in Table 1 for the sonde and Table 2 for the Zeppelin data set.
Note that Zeppelin ozone data have several data gaps that re-
sult in an incomplete number of hours of data per month.
Interestingly, on Zeppelin mountain most ODEs were ob-
served in May and the highest number of ODEs per month
for 1 year was observed in May 2014 with 200 ODEs. For
the ozonesonde data set, most ODEs were found in April.
This is probably the result of the decreasing number of sonde
launches from March to May, reducing the probability of de-
tecting ODEs in May. The influence of the individual years
and months on the analysis is discussed in more detail in
Sect. 3.2.

2.2 MAX-DOAS BrO profiles from Ny-Alesund

The IUP Bremen has been operating a DOAS system on top
of the roof of the observatory building of the joint French—
German Arctic research station in Ny-Alesund since 1995
(Wittrock et al., 2000). The setup was updated to a two-
channel Multi AXis DOAS (MAX-DOAS) system in 1999
(Wittrock et al., 2004). In short, the MAX-DOAS instrument
consists of a telescope unit mounted on a pan-tilt head on
top of the roof of the observatory that is connected via light
fibre to a spectrometer and CCD unit inside the laboratory.
Since 1999, routine measurements of scattered sunlight have
been performed in several azimuthal directions and at sev-
eral elevation angles, enabling the analysis of trace gases at
a high temporal and spatial resolution. In this study, vertical
profiles of BrO concentrations are presented that have been
calculated with the inversion algorithm BOREAS (Bosch et
al., 2018) from dSCD (differential slant column density) re-
trieved from elevation scans measured in a northwesterly di-
rection (328° clockwise from north).

The vertical sensitivity of MAX-DOAS profile retrievals
is highest for lower altitudes and decreases strongly for alti-
tudes larger than 2-3 km (Bosch et al., 2018; Tirpitz et al.,
2021). However, elevated trace gas layers can still be re-
trieved when this layer is the dominant trace gas concentra-
tion — no shielding effect of larger near-surface concentra-
tions is present (Tirpitz et al., 2021).

2.3 Satellite observations

To analyse the distribution of tropospheric BrO in the area of
Svalbard during ODEs, three satellite data sets were used and
are listed in Table 3. The time period between 2010 and 2017
is covered by the long-term BrO time series of Bougoudis et
al. (2020). For this data set, tropospheric BrO north of 70° N
was derived for a 22-year time period (1996-2017) from
four ultraviolet-visible satellite instruments: GOME (Global
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Ozone Monitoring Experiment), SCTAMACHY (SCanning
Imaging Absorption spectroMeter for Atmospheric Cartog-
rapHY), GOME-2A, and GOME-2B. For spring 2018, the
GOME-2B (Global Ozone Monitoring Experiment-2B) tro-
pospheric BrO data set is used. GOME-2B was launched
in 2012 on board the MetOp-B (Meteorological Operational
Satellite-B) satellite and belongs to a series of three identical
GOME-2 instruments on the platforms MetOp-A, MetOp-
B, and MetOp-C (Callies et al., 2000). The time period
from 2019 until 2021 is covered by tropospheric BrO from
TROPOMI (TROPOspheric Monitoring Instrument), which
was launched on board the Copernicus S5P (Sentinel 5 Pre-
cursor) satellite in October 2017. Although BrO data from
TROPOMI are already available for 2018, these data are not
used here due to several data gaps. To obtain the tropospheric
SCD (slant column density) of the total BrO column, a strato-
spheric correction was applied based on Theys et al. (2011).
To achieve a consistent BrO analysis, all three data sets were
gridded on a 0.125° x 0.125° grid. A sea ice flagging with
EASE-Grid Sea Ice Age data was applied (Tschudi et al.,
2019) to analyse only sea-ice-covered areas.

2.4 Meteorological and sea ice data

To investigate the meteorological parameters during ODEs,
hourly ECMWF ERAS reanalysis products have been used
(Hersbach et al., 2020). Based on earlier studies, the follow-
ing parameters have been selected: mean sea level pressure
(MSLP), planetary boundary layer height (PBLH), tempera-
ture at 2 m altitude, and wind speed at 10 m altitude. The data
are provided on a latitude—longitude grid of 0.25° x 0.25°.

Daily AMSR (Advanced Microwave Scanning Radiome-
ter) SIC observations on a 25 x 25 km? grid have been uti-
lized to analyse the sea ice concentration (SIC) around Sval-
bard as the potential sources region for BEEs (data accessed
via https://doi.org/10.24381/cds.3cd8b812, Copernicus Cli-
mate Change Service, 2020).

25 WRF

In order to study the meteorological conditions for the ODE
case study in the beginning of April 2020 and to provide
wind fields for the subsequently conducted FLEXPART-
WREF runs, the regional Weather Research and Forecasting
(WRF) model from the National Center for Atmospheric Re-
search (NCAR) was used (Skamarock et al., 2019). WREF is
a mesoscale numerical weather prediction and atmospheric
simulation system, and for this case study version 4.2 was
applied.

To capture the full development of the ODE during the
case study, the model run starts on 31 March 2020 at
12:00 UTC and ends on 3 April 2020 at 12:00 UTC. The
model run was initialized using NCEP (National Centers for
Environmental Prediction) FNL (Final) Operational Global
Analysis data with a 6h time step and 1° spatial resolu-
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Figure 1. (a) All ozone launches between March and May from 2010 to 2021. Every launch with values below 15 ppb between 0 and 2 km
is marked in red as ODE, and the other launches are shown in blue. The dashed line indicates the altitude of the Zeppelin observatory. (b) All
hourly ozone measurements from Zeppelin observatory from 2010 to 2021. Every hour between March and May with ozone concentration
below the red line (15 ppb) is labelled as ODE. All measurements from June to March are in black. Note that the measurements in June below
the red line are not included in the ODE data set because this period is not evaluated.

Table 1. The number of occurrences of ODEs and no ODEs for each month and year from ozonesonde observations.

Year March ‘ April ‘ May ‘ Total
ODE noODE | ODE noODE | ODE 1noODE | ODE no ODE
2010 0 1| o 6| 0 4 0 21
2011 1 16| 1 91 © 4 2 29
2012 0 6| 0 40 1 4 1 14
2013 0 30 0 41 0 2 0 9
2014 0 1| 1 3 2 3 3 17
2015 0 120 0 51 0 4 0 21
2016 1 10| 1 6| 0 4 2 20
2017 0 6| 0 41 0 3 0 13
2018 0 10| 0 51 0 5 0 20
2019 0 91 1 6| 0 5 1 20
2020 2 3] 3 1| o 4 5 28
2021 0 91 0 310 4 0 16
Total 4 16 | 7 66 | 3 46 14 228
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Table 2. The number of occurrences of ODE and no ODE for each month and year from hourly in situ ozone measurements at Zeppelin

observatory.
Year March ‘ April ‘ May ‘ Total
ODE noODE | ODE noODE | ODE noODE | ODE no ODE
2010 0 720 | 27 690 0 738 | 27 2148
2011 21 720 5 713 | 80 518 | 106 2014
2012 6 737 15 53 | 36 705 | 57 1978
2013 10 727 | 99 618 | 39 702 | 148 2047
2014 24 708 | 105 612 | 200 539 | 329 1859
2015 0 739 | 46 673 17 721 63 2133
2016 20 458 17 583 0 743 | 37 1784
2017 54 680 6 648 | 104 638 | 164 1966
2018 0 738 0 717 0 743 0 2198
2019 14 724 | 46 673 | 56 687 | 116 2084
2020 57 681 78 641 22 719 | 157 2041
2021 17 723 14 698 2 733 | 33 2154
Total 223 8355 | 458 7802 | 556 8249 | 1237 24409

Table 3. Description of the three satellite data sets used to determine daily tropospheric BrO vertical column densities (VCDs) from 2010 to

2021.
Year Data set Resolution Trop. BrO VCD retrieval
2010-2017  Long-term BrO time series  0.125° x 0.125° Bougoudis et al. (2020)
of Bougoudis et al. (2020)
2018 GOME-2B 80 x 40 km? Bougoudis et al. (2020)
2019-2021 TROPOMI 3.5 x 7km? October 2017-August 2019  Seo et al. (2019)

3.5 x 5.5km? since August 2019

tion (data accessed via https://doi.org/10.5065/D6M043C6,
National Centers for Environmental Prediction, National
Weather Service, NOAA, and U.S. Department of Com-
merce, 2000). To achieve a reasonable pixel size compared
to the TROPOMI resolution, two domains were used (see
Fig. 2) in a two-way nested run. The first domain has a
size of 6400 x 6400km? with 20 x 20km? resolution cen-
tred over the North Pole covering the whole Arctic region.
The second domain is located within the first one and con-
tains the region of interest in a 3924 x 3924 km? domain
with a 4 x 4 km? resolution centred north of Svalbard. Both
domains were projected on a polar stereographic map. The
WREF output is given in 30 min time steps. The planetary
boundary layer scheme from Mellor—Yamada—Janji¢ was ap-
plied in the model setup (Janji¢, 1994).

2.6 FLEXPART-WRF

The Lagrangian trajectory model FLEXPART-WRF
(Brioude et al, 2013) (https://www.flexpart.eu/wiki/
FpLimitedareaWrf, last access: 22 July 2022), a version
of the model FLEXPART (Stohl et al., 2005) driven by
WRF meteorological output data, is applied to track the

Atmos. Chem. Phys., 23, 9787-9814, 2023

route of the air masses before their arrival in Ny-Alesund
by using particles released in the model. Therefore, the
model runs backward in time using the wind fields of two
WRF model runs. The first run is very similar to the one
described above (see Sect. 2.5) but with a different start
and end time (here: 30 March 2020 at 12:00 UTC until
2 April 2020 at 12:00 UTC). For the second one, the same
WREF run as described above is used. To define the release
altitude and time of the two FLEXPART-WREF runs, the two
ozonesonde measurements of 2 and 3 April are used. In
total, 200 000 particles are released in one grid box (about
50 x 50m) containing the ozonesonde release station at
the altitude region, where ozone values below 15 ppb were
measured. The FLEXPART-WRF output is written on the
same spatial grid as the WRF wind fields and at a 30 min
time step.

2.7 Method: composite analysis

To investigate the anomalies of (1) meteorological condi-
tions, (2) BrO, and (3) SIC in the Arctic region during ODEs
in Ny-Alesund, a composite analysis was conducted. In a first
step, the two ozone data sets were separated individually into

https://doi.org/10.5194/acp-23-9787-2023
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Figure 2. The first WRF domain (outer yellow box) centred over
the North Pole and the second WRF domain (inner yellow box) cen-
tred north of Svalbard.

ODEs and no ODEs (see Sect. 2.1). For the 15 ppb thresh-
old, we found 14 ODEs and 228 no ODE:s in the ozonesonde
data set (see Table 1) and 1237 ODE and 24409 no ODE
hours in the Zeppelin data set (see Table 2). In a second step,
the time-corresponding meteorological, BrO, and SIC values
were selected and averaged. The anomalies were calculated
by subtracting the averaged values based on the ODE points
in time (Yopg) from the averaged values based on the no
ODE points in time (Y noODE):

YoDEanom = Y noODE — Y ODE, (1

where Y represents the meteorological parameter, BrO, or
SIC.

To investigate the development of meteorological condi-
tions and BrO, the anomalies 1 and 2 d before and after an
ODE were examined. To generate the new points in time, 24
or 48 h were added to or subtracted from the measured ODE
and the time-corresponding meteorological and BrO values
were selected. The anomalies Y, were calculated by

subtracting the averaged parameters Y opg from 7:00[)]3:
= %
YSDEanom = YnoODE — YODE‘ (@)

3 Results and discussion

3.1 BrO and meteorological conditions during ODEs

In this section, the anomalies of BrO, meteorological condi-
tions, and SIC during ODEs, calculated using Eq. (1), are dis-
cussed. The BrO anomalies in Fig. 3 show enhanced tropo-
spheric BrO vertical column densities (VCDs) during ODEs
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in Ny-Alesund for both data sets. The area north of Sval-
bard shows a positive BrO VCD anomaly of about 2.0 x
103 molec. cm~2, and overall in the Arctic region slightly
increased BrO values are noticeable. This indicates that dur-
ing ODEs in Ny-Alesund, BrO levels are enhanced both lo-
cally and in the larger Arctic region.

As already mentioned in Sect. 1, there are two meteo-
rological conditions stated by Jones et al. (2009) favour-
ing the release of Bry from the cryosphere and thus BEE:s:
(1) low wind speeds and a stable boundary layer and (2) high
wind speeds with blowing snow and a higher, unstable
boundary layer. Using the composite analysis, the systematic
anomalies in meteorological parameters during ODEs in Ny-
Alesund can be investigated. The results are summarized in
Fig. 4 for both ozone data sets. The first row in Fig. 4 shows
that during ODEs a low-pressure anomaly is located over the
Barents Sea, while the pressure in the Icelandic Low area is
anomalously high. Normally, the Icelandic Low would prop-
agate in a northeasterly direction towards the Barents Sea,
transporting warmer air from the south to Svalbard. But due
to the low-pressure system over the Barents Sea, the north-
east propagation is blocked and cold air from the north is
now transported to Svalbard. Therefore, this blocking situa-
tion due to the anomalously low pressure in the Barents Sea
is associated with cold air outbreaks near Svalbard and leads
to transport of polar air from the north to Ny-;\lesund. The
transport route can also be seen in the increased wind speed
(second row in Fig. 4) north of Greenland and southwards
into the Fram Strait (area between Greenland and Svalbard).
The maximum of the wind speed anomaly is more enhanced
in the ozonesonde data set and shows a maximum of about
4 ms~! west of Svalbard and north of Canada. The maximum
in the Zeppelin data set is located at the northeastern coast
of Greenland with increased values west of Svalbard. Seo
et al. (2020) also showed increased surface wind speed dur-
ing enhanced BrO periods over the eastern coast of Green-
land and prevailing wind directions from the north and west.
These findings indicate that Br is likely recycled on aerosol
or blowing snow on its way to Ny—Alesund, and therefore
ozone is continuously depleted along the trajectory to and in
Ny-Alesund. A lifting at the front of the low-pressure system
leading to an increase in the PBLH can be seen in the third
row. Interestingly, the temperature anomalies show low val-
ues during ODEs only around the area of Svalbard, and in the
Zeppelin data the whole northern part of the Arctic is even
slightly warmer. Our findings align with the results of Seo et
al. (2020), who found slightly positive temperature anoma-
lies in the central Arctic region and lower temperatures over
the Svalbard area during enhanced BrO events. The lower
temperatures over the Svalbard area favour the BEE reaction
cycle mechanism (Sander et al., 2006) and thus contribute to
the depletion of ozone. It should be taken into account that
the overall temperature increases from March until May, and
therefore seasonal effects might also play a role here, which
is further discussed in Sect. 3.2.
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Figure 3. Tropospheric BrO VCD anomalies using an ozone threshold value of 15 ppb based on the (a) ozonesonde data set and (b) Zeppelin

data set.

In addition, the behaviour of sea ice concentration (SIC)
during ODEs was investigated. The cryosphere and espe-
cially salty snow or sea ice, such as freshly formed sea ice,
are assumed to be an important source of Br,. Figure 5 shows
an increase in the SIC on ODE days for both data sets, which
would be consistent with Bry sources in this area. However,
seasonal effects must be taken into account since the anoma-
lies are also visible shortly before and after an ODE and can
therefore not be directly attributed to an ODE. The figure
also includes the sea ice edge (SIC below 15 %) for no ODEs
(solid line) and ODEs (dashed line). The sea ice edge (SIE)
based on the ozonesonde data (left) is further south, closer to
Ny-Alesund than in the Zeppelin data (right). Possible rea-
sons for the shift in the SIE could be (1) the formation of
fresh sea ice due to cold polar air from the north or (2) the
strong winds from the north pushing the SIE further south. A
combination of both is also possible.

In general, the anomaly patterns are similar between the
two data sets, but they are less pronounced in the Zeppelin
data set. This may be due to the larger number of measure-
ments and better coverage in April and May, which also
might include more ODEs resulting from low wind speeds
and a low, stable boundary layer.

To investigate the development of the meteorological con-
ditions and BrO before and after an ODE, the anomalies were
additionally examined 1 and 2d before and after an ODE
based on Eq. (2). Due to long computing times for the Zep-
pelin data set, only the ozonesonde data are used in this anal-
ysis. The resulting figures are shown in Appendix A. For BrO
(Fig. Al), an increase towards the day of the ODEs can be
observed, as can a decrease during the days thereafter. The
highest BrO anomaly over the 5 d period is observed mainly
north of the Svalbard coast. The MSLP in Fig. A2 shows
a lower pressure over and east of Svalbard on the 2d be-
fore the ODEs. The lower pressure migrates to the southwest
throughout the examination period. On the days of the ODEs,
the western coast of Svalbard lies in between the higher- and
lower-pressure areas. In the days after the ODE, the lower
pressure moves further southeast, whereas higher pressure

Atmos. Chem. Phys., 23, 9787-9814, 2023

from the west migrates over Svalbard. Figure A3 shows an
increase in wind speed towards the days of the ODEs, with a
maximum in the wind speed anomaly in the area around Ny-
Alesund. On the ODE days, high wind speed anomalies are
observed in the area around Ny-Alesund. On the days after
the ODE, only minor wind speed anomalies are visible. The
same behaviour is observed for the PBLH (Fig. A4). A max-
imum anomaly occurs on the ODE days with an increasing
trend towards these days and a decrease afterwards. The tem-
perature does not show a clear trend before and after the ODE
days (Fig. AS). However, around the days of ODEs there are
generally lower temperatures in the area around Svalbard.

This leads to the conclusion that ODEs in Ny-Alesund are
often induced by polar cyclones migrating from the northeast
towards Svalbard. This causes an elevated, unstable PBLH,
with higher wind speed and presumably blowing snow where
Br can be recycled and transported to N y-Alesund depleting
ozone on its way to and in Ny—Alesund.

3.2 Sensitivity and temporal analysis
3.2.1 Analysis of different threshold values

In this section, the influence of the ozone threshold on
the composite analysis is discussed. The same method as
above is applied but with a threshold of 20 ppb instead of
15 ppb. This leads to 29 ODE and 213 no ODE days in the
ozonesonde data set (difference from the amount of mea-
surements at 15 ppb: 15) and 2157 ODE and 23 489 no ODE
hours for the Zeppelin data set (difference from the amount
of measurements at 15 ppb: 920). The results for BrO and the
meteorological conditions are shown in Fig. 6 for the Zep-
pelin data set and in Fig. B1 for the ozonesonde data set.
Compared to the results for 15 ppb shown in Fig. 3 for BrO
and Fig. 4 for the meteorological conditions, only minor dif-
ferences are noticeable for the Zeppelin data set. The BrO
anomaly in the 20 ppb data set north of Svalbard is slightly
less pronounced than in the 15 ppb data set. The same pattern
is also noticeable in the MSLP at the lower-pressure area east
of Svalbard and in the PBLH west of Svalbard. The wind and

https://doi.org/10.5194/acp-23-9787-2023
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Figure 5. SIC anomalies for ODE and no ODE data points based on the (a) ozonesonde data set and (b) Zeppelin data set. The red cross
marks the location of Ny-Alesund. The solid grey line marks the mean SIE for no ODE data points, and the dashed grey line marks the mean

SIE for ODE data points.

temperature anomalies are almost identical in the area around
Svalbard.

For the ozonesonde data set, the differences between the
results when using the 15 ppb threshold shown in Fig. 3 for
BrO and Fig. 4 for the meteorological conditions and the
20 ppb threshold shown in Fig. B1 are more pronounced
compared to the Zeppelin data set. The BrO, PBLH, MSLP,
and wind speed anomalies are weaker when applying the
20 ppb threshold. The temperature anomaly around Svalbard
is very similar for both ozone thresholds. However, the tem-
perature is warmer throughout the Arctic region at ODEs for
the 15 ppb threshold. This may be explained by the increase
in the number of ODEs in March when using the 20 ppb
threshold, where the temperature in the Arctic is lower than
in May.

To investigate if a stronger separation between ODEs and
no ODE:s alters the observed anomalies, a threshold of 40 ppb
for no ODEs was set in addition to the threshold of 15 ppb
for ODEs. This evaluation was solely based on the Zep-
pelin data. A minor rise in BrO, MSLP, PBLH, and tempera-
ture anomalies is evidenced in the results not displayed here.
Hardly any changes can be seen in the wind speed anoma-
lies. Setting a no ODE threshold removes the weaker ODEs
from the no ODE data set and increases anomalies, but the
local distribution of the anomalies remains constant for all
parameters.

Overall, the anomalies are slightly less pronounced in both
data sets when using the 20 ppb threshold, but no major dif-
ferences in BrO and meteorological anomalies are observed
when changing the ozone threshold value. Introducing a limit
for no ODEs follows a similar structure. Here, the anomalies
slightly increase. We therefore conclude that our analysis is
robust with respect to the choice in separation thresholds.

3.2.2 Analysis of anomalies by month

To analyse the influence of seasonal effects, March, April,
and May data were analysed separately between 2010 and
2021 for both data sets. Figure 7 shows the results for the
Zeppelin data set. The results for the ozonesonde data set are
shown in Fig. Cl. In the BrO anomalies based on the Zep-

Atmos. Chem. Phys., 23, 9787-9814, 2023

pelin data set, a decrease in BrO is visible between March
and May. High anomalies are visible in March mainly north
of Svalbard. In April, the BrO anomalies are still positive
but not as pronounced and more homogeneously distributed
over the Arctic Ocean. The anomalies in May are smaller
compared to the other 2 months. This is unexpected, since
the largest number of ODE:s is observed in May on Zeppelin
mountain (see Table 2). In general, it is expected that with in-
creasing temperature at the end of spring the amount of inor-
ganic Br; released from the cryosphere decreases, and there-
fore less Br is available to deplete ozone. In the ozonesonde
data set, three ODEs are observed in May (see Table 1), and
the BrO anomalies in Fig. C1 show that enhanced BrO val-
ues are observed throughout the Arctic region for these 2 d.
One possible explanation might be that only a few observed
ODEs were induced by Br transported to Ny-Alesund and
that mainly locally induced ODEs with low wind speed and
stable boundary layer were observed on Zeppelin mountain.
A decrease in the anomaly can also be seen in the MSLP.
From March to May, the area of the lower-pressure anomaly
becomes weaker and smaller. This decrease is connected to
the wind speed anomaly, which also decreases, especially
northeast of Greenland and west of Svalbard. The temper-
ature anomaly around Svalbard also decreases. Interestingly,
in May the region around the North Pole seems to be slightly
cooler during ODEs, which is not observed in March or
April. Overall, the observed trends towards a decrease in the
described anomalies support the assumption that by the end
of spring ODEs in Ny-Alesund might be more often induced
locally and not due to transport from the North Pole region.
The PBLH anomalies do not show any clear trends for these
3 months. The enhanced values northeast of Greenland in
March and April are probably connected to the enhanced
wind speed anomalies and support the assumption that air
is transported from this area to Svalbard.

3.2.3 Analysis of anomalies by year

In order to analyse the influence of each year on the results
of the composite analysis, a yearly evaluation was performed
using the Zeppelin data set. The ozonesonde data set was
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Figure 6. Tropospheric BrO VCDs, MSLP, wind speed, PBLH, and temperature anomalies based on the Zeppelin data set using an ozone

threshold value of 20 ppb.

omitted here because only in 4 of the analysed years was
more than one ODE measured (see Tablel), which does not
lead to robust results. Note that the year 2018 is not included
in the analysis because there were no ODEs measured that
year (see Table 2). Figure D1 shows the mean BrO anoma-
lies for each year. The years 2016 and 2020 show very high
anomalies of BrO north of Svalbard. Except for 2012 and
2015, the other years show enhanced values around the Sval-
bard region as well, albeit not as strongly as the 2 previ-
ously mentioned years. Enhanced values in 2012 are mainly
observed in the Fram Strait area and directly on the west-
ern coast of Svalbard over Ny—Alesund. In 2015, enhanced
BrO values are visible northeast and east of Greenland and
northeast of Svalbard. Overall, each year shows positive BrO
anomalies during ODEs, but the years 2016 and 2020 might
have the greatest influence on the composite analysis.

The MSLP plots in Fig. D2 show very strong pressure
anomalies with lower pressure to the east of Svalbard and
higher pressure to the west of Svalbard in the years 2011,
2015, 2016, and 2020. In 2012, 2014, and 2019, a pressure
dipole is still visible, albeit not as clearly. For 2017 and 2021,
there is a lower pressure overall east and west of Svalbard but
more pronounced lower-pressure anomalies on the east side,
especially in 2021. No dipole is visible in 2010 and 2013,
instead there is only a lower-pressure area north of Svalbard.
It can be concluded that a lower-pressure area east and/or
a higher-pressure area west of Svalbard can be seen during
ODEs in most years, leading to a transport of cold polar air
from the north to Svalbard.

https://doi.org/10.5194/acp-23-9787-2023

These observations are consistent with the results of the
wind speed plotted in Fig. D3. In 2010, where no MSLP
anomaly dipole was observed, negative wind speed anoma-
lies are obtained. It is the only year where lower wind speeds
are observed during ODEs. Additionally, it is the year with
the smallest number of observed ODEs other than 2018. Be-
sides 2011 and 2014, which show hardly any change in wind
speed close to Ny-Alesund during ODEs, for every other
year increased wind speeds are observed. For the years with
positive wind speed anomalies it is very likely that recycled
Br and/or ozone-depleted air is transported to Ny—Alesund,
leading to the ODE:s. In the areas of enhanced wind speed
anomalies, increased PBLH anomalies are visible in Fig. D4
as well.

The temperature anomalies for each year in Fig. D5 con-
sistently show lower temperatures in the area west of Sval-
bard during ODEs. This finding supports the assumption
that lower temperatures accelerate the Br, release from the
cryosphere and therefore can deplete ozone in a sunlit atmo-
sphere. In addition, a seasonality of the temperature is ob-
served in the plots. In years where most of the ODEs took
place in May, the Arctic region shows overall positive tem-
perature anomalies, except for the region around Svalbard.
On the other hand, in years such as 2016 where most of the
ODEs occurred in March, a continuous negative temperature
anomaly is observed due to the lower temperatures in March
compared to May.

Overall, there is a strong inter-annual variability. Some
years have low numbers of ODEs compared to others but

Atmos. Chem. Phys., 23, 9787-9814, 2023
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show strong anomalies (e.g. 2016), while the year with the
most ODEs (e.g. 2014) shows weaker anomalies. Several
years, including 2015, 2016, and 2020, show strong anoma-
lies, which significantly influence the composite analysis
presented in Sect. 3.1. However, other years still show a sim-
ilar pattern of anomaly, albeit in a weakened form. Some
years, such as 2010 and 2013, show different anomaly pat-
terns in terms of MSLP and wind but still have lower temper-
ature values on ODE days. It might be possible that in years
with ODEs in late spring, where no strong MSLP dipole is
visible, ODEs might be induced due to a temperature drop
that leads to the formation of new sea ice in the area very
close to Ny—Alesund (e.g. Kongsfjorden), where Bry is emit-
ted locally and initiates the ozone depletion cycle. Another
possibility could be sea spray, which infuses coastal snow
with salty aerosols, and a subsequent temperature drop can
then initiate the bromine reaction cycle.

3.3 ODE case study

At the beginning of April 2020, a major ODE was observed
in the ozonesonde observations and in the Zeppelin in situ
measurements. The event started around noon on 2 April and
lasted for 2d (see Fig. 8). During these 2d, ozone was de-
pleted below the detection limit, which is the most severe
event recorded between 2010 and 2021. This event occurred
in connection with a high-latitude cyclone, a situation which
was already discussed in other studies (e.g. Blechschmidt
et al., 2016; Chen et al., 2022; Choi et al., 2018). Before
the onset of the ODE in Ny—/eklesund, a large comma-shaped
BrO plume was observed north of Svalbard in the TROPOMI
satellite data on 1 April (see upper left of Fig. 10). The plume
arrived in Ny-Alesund in the afternoon, as recorded by the
stationary MAX-DOAS instrument. As shown by the blue
line in Fig. 9a, a BrO peak is observed at the same altitude
region where a decrease in ozone can be identified. For these
3 d, daily ozonesonde data are available. Ozone was depleted
below detection limit in the Zeppelin data for the 2 following
days, as well as in the sonde data up to around 1.5 km alti-
tude. Enhanced BrO values were also detected by the MAX-
DOAS instrument in the same altitude region (see Fig. 9).
For 2 April, the TROPOMI satellite image (see upper middle
Fig. 10) shows several BrO hotspots scattered over Svalbard
and northeast of Greenland. For the following day, the main
plume is partly visible east of Greenland, and only a very
weak signal of BrO is visible over Svalbard (see upper right
Fig. 10). However, the MAX-DOAS instrument (see Fig. 9¢)
shows elevated BrO values for that day and ozone is still de-
pleted below the detection limit of the sonde. This leads to
the assumption that the amount of BrO is not fully captured
by the satellite observations due to lack of sensitivity in de-
tecting local phenomena.

To investigate the meteorological conditions during this
event, WRF simulations were conducted as shown in Fig. 10.
As in the composite analysis, MSLP, wind speed, PBLH,
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Figure 8. Zeppelin ozone data between 1 April at 12:00 UTC and
5 April at 12:00 UTC capturing a major ODE, where ozone is de-
pleted below the detection limit.

and temperature are plotted here. For better comparison, the
WREF output closest in time to a TROPOMI overpass over
Svalbard is used. The simulations show a low-pressure sys-
tem located northeast of Svalbard on 1 April that propagates
southwest towards Svalbard arriving on 2 April. The system
then moves over Svalbard and progresses further south on
3 April. The low-pressure system in combination with the
high-altitude ozone depletion captured by the ozonesondes
corresponds with the findings of Jones et al. (2010), who
observed ozone depletion above 1 km in conjunction with a
low-pressure system and high wind speed in the Southern
Hemisphere. Together with the low-pressure system, there
are increased wind speeds at the front of the cyclone, trans-
porting cold polar air southwards. A lifting of the planetary
boundary layer at the front of the cyclone can be seen as well.
These findings are consistent with the observations in Chen
et al. (2022), where it is assumed that the observed BEE in
Ny-Alesund was primarily initiated by blowing snow, pre-
sumably covered by brine, triggered by a polar cyclone ap-
proaching Svalbard.

Two FLEXPART-WRF backward runs were executed to
investigate the origin of the air masses arriving in Ny-
Alesund. The first run was initialized for 2 April and the par-
ticles were traced back 3 d (see Fig. 11a). Due to the assump-
tion that the source of Br is salty sea ice and therefore close to
the ground, only the trace of the particles within 50 m above
sea level is shown here. As can be seen, the particles arriving
at Ny-Alesund originate from the north with the highest sen-
sitivity and therefore a possible source close to Ny-Alesund.
Note that the particles released in the run can either represent
Br that depletes ozone or air masses where ozone is already
depleted. The ODE could have been induced by local Br or
Br that was recycled over the Arctic sea ice and transported
to Ny-Alesund. As another option, ozone-depleted air from
the Arctic sea ice arriving at Ny-Alesund led to the ODE.
The second run initialized on 3 April shows a transport route
of the particles that follows the shape of the polar cyclone
(see Fig. 11b). It is plausible that on this track a lot of ozone
depletion occurred and that the air arriving in Ny-Alesund
already contained very little ozone.

Atmos. Chem. Phys., 23, 9787-9814, 2023
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Figure 11. Output of two FLEXPART-WRF backward runs initialized on (a) 2 April at 11:00 UTC and (b) 3 April at 11:00 UTC.

In addition, aerosol profiles of the MAX-DOAS instru-
ment and camera images from Zeppelin mountain (https:
//data.npolar.no/_file/zeppelin/camera/, last access: 12 July
2023) were included to investigate the local conditions and
the role of blowing snow during this ODE. The aerosol pro-
files and camera images both showed high aerosol levels,
very likely blowing snow, on 1 April. Enhanced values of
BrO are recorded in the afternoon of that day. Therefore, the
blowing snow was already present when the plume arrived.
The data from 2 and 3 April did not show any signs of en-
hanced aerosols in the MAX-DOAS profiles. After 1 April,
according to the images from Zeppelin mountain, a new layer
of sea ice was formed in Kongsfjorden. Therefore, ozone de-
pletion of local Br origin from the freshly formed sea ice is
likely to have happened on 2 and 3 April. This case study
nicely illustrates the ODE conditions found by the results
of the composite analysis. A low-pressure system from the
northeast approaching Svalbard led to high wind speeds and
low temperatures transported from the north to Ny—Alesund
and resulted in increased BrO values and a severe ODE.

4 Summary and conclusion

This study investigated the meteorological conditions that are
associated with ODEs occurring in Ny-Alesund during the
period 2010-2021. A composite analysis was performed us-
ing two different ozone data sets: the ozonesonde record and
the hourly in situ observations at the Zeppelin observatory.
The composite analysis showed that ODEs are linked to an
atmospheric blocking situation, with a low-pressure anomaly
located over the Barents Sea and anomalously high pressure
in the region of the Icelandic Low. This leads to the transport
of cold polar air from the north to Ny-Alesund, with higher
wind speeds potentially inducing blowing snow along the
way. The PBLH is anomalously high in the areas of higher
wind speed. In addition to the pressure and wind anomalies,
lower than normal temperatures are found around Svalbard
during ODEs as well as enhanced BrO columns. Since the
coastal area around Ny-Alesund and Kongsfjorden is mostly
sea ice free in spring nowadays, air depleted in ozone and en-

https://doi.org/10.5194/acp-23-9787-2023

riched in BrO is probably transported to Ny-Alesund. During
the long-range transport over the sea-ice-covered areas north
of Svalbard, recycling of bromine on blowing snow is pos-
sible. Analysis of the days before and after an ODE showed
the development of a polar cyclone with the highest anoma-
lies in pressure, wind speeds, PBLH, and temperature on the
day of the ODE and decreasing anomalies thereafter.

To analyse the robustness of the results, both data sets were
additionally evaluated with a higher ozone threshold value of
20 ppb. For both data sets the anomalies were slightly less
pronounced at the 20 ppb threshold, with the differences in
the ozonesonde data set being slightly larger than in the Zep-
pelin data set. It is assumed that the ODEs in Ny—Alesund
also become less pronounced with weaker weather systems.

The monthly analysis showed a decrease in the anoma-
lies towards May in the Zeppelin data set. This leads to the
assumption that in early spring and mid-spring ODEs near
Ny-Alesund are induced more often by low-pressure systems
with high wind speeds and cold air masses transported from
the north. In late spring (around May), ODEs are probably
more often induced during calm meteorological conditions
where bromine can accumulate and deplete ozone. Possible
sources could be sea spray that infuses coastal snow with sea
salt aerosols that at a sufficiently low temperature releases
bromine to the troposphere. Another option might be that
fresh sea ice is formed locally due to a temperature drop,
serving as bromine source. Alternatively, ozone-depleted air
from the north can still be transported to Svalbard, leading to
ODEs without local ozone depletion chemistry.

The annual evaluation shows that several individual years
present similar patterns of anomalies to the combined data
set. These years have the strongest influence on the overall
outcome of the composite analysis. Some years show only
weak anomaly patterns or have a different anomaly pattern.
This applies especially for MSLP, wind, and PBLH. How-
ever, all years have in common that there are lower temper-
atures in Ny—Alesund during ODEs and higher BrO columns
upwind of the station.

Finally, a case study in the beginning of April 2020
was introduced when ozone was depleted below the detec-
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tion limit for 2d. The ODE occurred in conjunction with
a low-pressure system arriving at Svalbard from the north-
east with high wind speeds and transport of cold polar air
from the north. It showed similar meteorological patterns to
the anomalies of the composite analysis and is an example
of how these conditions can lead to severe ODEs in Ny-
Alesund. It is very likely that most of the ozone-poor air and
BrO was transported to Ny-Alesund with recycling of BrO
over the sea ice region. In summary, the majority of ODEs
in Ny-Alesund appear to be driven by meteorological condi-
tions favouring transport of cold polar air to Svalbard, partic-
ularly in early spring. With regard to the rising temperatures
in the Arctic (Serreze and Barry, 2011), the consequences
of changes in the meteorological parameters and SIC due to
rising temperatures on halogen release from the cryosphere
require further investigation. The evolution of the quantity
and strength of BEEs and consequently of ODEs in relation
to changing meteorological drivers will be a future topic of

discussion.
Appendix A
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Figure A1. Tropospheric BrO VCD anomalies 1 and 2 d before and after the ODE and the day of the ODE based on the ozonesonde data set.
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Figure A2. MSLP anomalies 1 and 2 d before and after the ODE and the day of the ODE based on the ozonesonde data set.

Wind Speed anomaly minus 2 days
TSP S

Wind Speed anomaly minus 1 day
A

Wind Speed anomaly [ms']
Wind Speed anomaly [ms]

Wind Speed anomaly [m s"]

Figure A3. Wind speed anomalies 1 and 2 d before and after the ODE and the day of the ODE based on the ozonesonde data set.
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Figure A4. PBLH anomalies 1 and 2 d before and after the ODE and the day of the ODE based on the ozonesonde data set.
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Figure A5. Temperature anomalies 1 and 2 d before and after the ODE and the day of the ODE based on the ozonesonde data set.

Atmos. Chem. Phys., 23, 9787-9814, 2023 https://doi.org/10.5194/acp-23-9787-2023



B. Zilker et al.: Meteorology and BrO during ODEs in Ny-Alesund 9805

Appendix B

BrO trop. VCD anomaly — ozone sondes MSLP anomaly — ozone sondes Wind Speed anomaly — ozone sondes
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Figure B1. Tropospheric BrO VCDs, MSLP, wind speed, PBLH, and temperature anomalies based on the ozonesonde data set using an
ozone threshold value of 20 ppb.
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Figure C1. Tropospheric BrO VCDs, MSLP, wind speed, PBLH, and temperature anomalies based on the ozonesonde data set for each
month: March (left column), April (middle column), and May (right column).
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Appendix D
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Figure D1. Tropospheric BrO VCD anomalies based on the Zeppelin data set for each year between 2010 and 2021. No ODEs were measured
in 2018, and therefore no anomalies are calculated.
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Figure D2. MSLP anomalies based on the Zeppelin data set for each year between 2010 and 2021. No ODEs were measured in 2018, and
therefore no anomalies are calculated for that year.
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Figure D3. Wind speed anomalies based on the Zeppelin data set for each year between 2010 and 2021. No ODEs were measured in 2018,
and therefore no anomalies are calculated for that year.
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Figure D4. PBLH anomalies based on the Zeppelin data set for each year between 2010 and 2021. No ODEs were measured in 2018, and
therefore no anomalies are calculated for that year.
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Figure D5. Temperature anomalies based on the Zeppelin data set for each year between 2010 and 2021. No ODEs were measured in 2018,

and therefore no anomalies are calculated for that year.

Code availability. WRF source code from the National Cen-
ter for Atmospheric Research (NCAR) Version 4.2 was ac-
cessed via http://www2.mmm.ucar.edu/wrf/users/ (Skamarock et
al., 2019). Flexpart-WRF was obtained from their website https:
/Iwww.flexpart.eu/wiki/FpLimitedareaWrf (Brioude et al., 2013).
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Data availability. Ozonesonde records are available from the
Network for the Detection of Atmospheric Composition Change at
https://www.ndacc.org (NDACC, 2022). Ozone in situ data from
Zeppelin mountain were provided by the Norwegian Institute for
Air Research (NILU) at https://ebas-data.nilu.no/ (Platt et al.,
2022). ERAS meteorological and sea ice data are available at
ECMWEF (Hersbach et al., 2020, https://doi.org/10.1002/qj.3803).
EASE-Grid Sea ice Age version 4 data were accessed via
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https://doi.org/10.5067/UTAV7490FEPB (Tschudi et al., 2019).
NCEP FNL data were provided by the Computational and
Information Systems Laboratory (CISL) on their website
https://doi.org/10.5065/D6M043C6 (National Centers for Envi-
ronmental Prediction, National Weather Service, NOAA, and U.S.
Department of Commerce, 2000). The long-term BrO data set from
Bougoudis et al. (2019) is available through the World Data Center
PANGAEA at https://doi.org/10.1594/PANGAEA.906046.
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