Response to anonymous referee #2

We thank the reviewer for his/her constructive comments and suggestions, which
helped us to improve our manuscript. We have addressed the questions as follows:

General comments:

This manuscript reports a statistic analysis of polar total column BrO and its
corresponding meteorological parameters (including temperature, surface pressure,
wind seed, direction and tropopause height), using 10-year GOME-2 BrO and
meteorological data. A further Spearman rank correlation analysis was applied to assess
the dependence of total column BrO on various meteorological parameters. Some
interesting results regarding the spatial distribution of enhanced BrO and its relation to
the above meteorological parameters are reported which is welcome. The authors also
attempted to link the relationship to relevant physical/chemical mechanism(s) being
proposed previously. This study indeed adds some new knowledge to help a better
understanding of the underlying processes involved. However, I found their attempt to
evaluate some relevant mechanisms is dangerous and inappropriate. This is because the
bromine source is a complex function of multiple (rather than one) factors and the
relations between them are largely non-linear, rather than linear. For example, the SSA
production from blowing snow is a complex function of wind speed, temperature and
relative humidity (Yang et al., 2019), more specifically, the SSA production (and bromine
flux) is actually proportional to the sublimation flux of blowing snow, rather than
individual parameters (winds, temperature and RH). Secondly, these meteorological
parameters examined are not independent, instead they are deeply correlated (also
pointed by the authors). For example, they are deeply correlated during a storm system.
For this reason, [ suggest the authors add a table to show the cross-correlation among
these meteorological parameters during enhanced BrO cases and discuss their
implications to deriving your conclusions. Thirdly, it is not correct to assume that a
higher correlation coefficient between two factors than others necessary means this link
is stronger than other links. Unfortunately, this assumption seems being used in this
manuscript to make some conclusions. For the above reasons, I suggest a major revision
before recommend it to publish in ACP.

We agree with the reviewer’s comments that the mechanisms associated with
bromine release are a function of multiple factors and that the meteorological factors
examined in this study are not independent but correlated. To provide additional
information on this, cross-correlations between the relevant meteorological parameters
during the enhancement of total BrO VCD have been investigated and analyzed. The
results were added in section 4.3 of the revised manuscript as suggested. Also, time-
lagging effects on the relationship between meteorological parameters and total BrO
VCD have been investigated. These additional test results and their analysis are



described in section 4.3 (P16 L514) as follows (blue text):

“The relationship between individual meteorological parameters and the total BrO
vertical column investigated above illustrates how each meteorological parameter is
linked to BrO variations in terms of temporal and spatial distribution. However, since
meteorological parameters are not independent of each other and vary systematically in
general, cross-relationships between meteorological parameters affecting directly or
indirectly BrO variations should also be considered. For example, Yang et al. (2019)
showed that the sea salt aerosol (SSA) production affecting the enhancement of BrO at
the tropospheric level is proportional to the sublimation flux of blowing snow which is
affected by various meteorological parameters including surface wind speed,
temperature and relative humidity. Also, Zhao et al. (2015) and Blechschmidt et al.
(2016) showed that large-scale enhanced BrO plumes over the Beaufort Sea are
associated with weather systems which change the various relevant meteorological
parameters together. They also demonstrated that the size and lifetime of BrO plumes
depend on the development stage of the weather system. Therefore, cross-correlations
between meteorological parameters for those data having enhanced total BrO columns
were investigated (see Table 4). During the occurrence of enhanced total BrO, sea level
pressure has a negative correlation with surface level temperature and wind speed,
while it has a positive correlation with tropopause height. For example, the development
of a low pressure system during the enhancement of BrO columns may correlate with a
decrease in tropopause height as well as an increases in surface level air temperature
and wind speed. Although the correlation coefficients found are not large, results show
that sea level pressure is linked with both surface level meteorological conditions and
the tropopause height which can account for stratospheric dynamics. Indeed, pressure
systems which usually evolve due to interactions of temperature differences in the
atmosphere derive directly the airflow motion within the troposphere and also may
affect the tropopause height in relation to the convergence or divergence of air masses.
It is also interesting to note from Table 4 that the tropopause height has insignificant
correlations with surface level meteorological parameters during the BrO enhancements,
except for the air temperature in the Arctic, which is predictable since the tropopause
height is a factor more closely related to stratospheric dynamics compared to the
surface level weather system.

All analysis so far was correlating meteorological parameters and BrO enhancements
for the same time step. In order to investigate possible time-lagging effects of
meteorological conditions on total BrO VCDs, correlations between total BrO VCD and
meteorological parameters were performed with several days lag for each grid cell. In
general, signs of correlations between meteorological parameters and total BrO VCDs
are not changed with +2 days time-lags and the most pronounced correlation for the
tropopause height and surface air temperature appears without the time lag (see Fig.21
and 22). In particular, the tropopause height shows clearly the strongest negative
correlation with total BrO VCD in both the Arctic and Antarctic when there is no time-lag
and has a gradient where the correlation coefficient weakens with the time-lags. This



may indicate that the effect of stratospheric contribution on total BrO VCD according to
the change in the tropopause height is immediate and the effect of time-lagging is not
significant compared to other factors. However, total BrO VCD shows slightly larger
negative correlations with the sea level pressure in terms of negative time-lags.
Although changes in the correlation coefficients are small, the analysis result indicates
that the current total BrO VCDs are more related to the atmospheric pressure systems of
the previous days than those of the next days. Also, surface wind speed shows positive
correlations with total BrO VCD, but it can be confirmed that as the time-lag increases,
the relationship weakens with a wide correlation coefficient range.

Table 4. Cross-correlations of meteorological parameters for the enhanced total BrO cases in
the Arctic and Antarctic sea ice region.

Arctic Antarctic
Sea level T Sea level T
caleve Temperature Wind speed ropc?pause caleve Temperature Wind speed rop(.)pause
pressure height pressure height
Sea level pressure 1 -0.186 -0.228 0.186 1 -0.163 -0.195 0.173
Temperature 1 0.183 0.249 1 0.158 -0.009
Wind speed 1 -0.013 1 -0.05
Tropopause height 1 1
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Figure 21. Box and whisker plots of the time-lagged correlation between the total BrO VCD and
each meteorological parameter (a) sea level pressure, (b) surface air temperature, (c) wind
speed at 10 m, and (d) tropopause height in the Arctic sea ice region. Time-lagged correlation
coefficients performed in all reference grid cells with different time-lags (-2, -1, 0, +1, and +2
days) are summarized. The 5th, 10th, 25th 50t (median), 75t%, 90t and 95t percentiles of
correlation coefficients are represented by the bottom filled circle, the lower whisker, horizontal
lines of the box, the upper whisker, and the upper filled circle, respectively, and the mean value
is shown as a red dashed line.
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Figure 22. As Fig. 21, but for the Antarctic sea ice region.

Specific comments:

P2L35-36: ‘Overall, the BrOx catalytic destruction cycles are significant but not as
important as those of ClOx) though this statement is correct, recent modelling-based
work indicates the cross-halogen reactions (e.g. between Br and ClI) are important in
terms of stratospheric ozone depletion, see recent work by Fraiser et al. (2019).

We have revised the text and added a sentence as suggested (blue text) in section 1
(P2 L34):



“Inorganic bromine is then involved in a variety of stratospheric chemical reactions. The
ozone catalytic removal cycles involving bromine atoms, Br, and bromine monoxide
(Br0), known as BrOx, have higher chain lengths than those involving chlorine atoms,
and chlorine monoxide (ClO), together known as ClOx. Although bromine is more
effective at depleting ozone, it cannot be said that BrOx catalytic destruction cycles are
more important than those of ClOx since bromine released by man is much less than
chlorine. Also, recent studies found that the sensitivity of the ozone depletion to
bromine concentration depends on the amount of chlorine present by the
chlorine/bromine cross reaction (Yang et al., 2014; Dennison et al.,, 2019). More details
of the current assessment of the role of bromine in the stratosphere are reported in the
recent ozone assessment (WMO, 2018).”

Yang, X., Abraham, N. L., Archibald, A. T, Braesicke, P,, Keeble, ]., Telford, P. ]., Warwick, N.
J., and Pyle, ]. A.: How sensitive is the recovery of stratospheric ozone to changes in
concentrations of very short-lived bromocarbons?, Atmos. Chem. Phys., 14, 10431-
10438, https://doi.org/10.5194 /acp-14-10431-2014, 2014.

Dennison, F, Keeble, ], Morgenstern, 0. Zeng, G. Abraham, N. L, and Yang, X.
Improvements to stratospheric chemistry scheme in the UM-UKCA (v10.7) model: solar
cycle and heterogeneous reactions, Geosci. Model Dev, 12, 1227-1239,
https://doi.org/10.5194 /gmd-12-1227-2019, 2019.

P2L43-44: ‘An important tropospheric inorganic bromine source is the polar sea ice
region (Kaleschke et al., 2004 and references therein)’. It would be better to cite a review
paper (e.g. Abbatt et al., 2012) here, as Kaleschke et al’s paper specifically addressed the
importance of frost flowers. Or you can specify various proposed candidates of sea ice
sourced bromine from frost flowers (Kaleschke et al. 2004), first-year sea-ice (Simpson
et al,, 2007b; Pohler, et al., 2010), sea salt aerosol produced from blowing snow (Yang et
al., 2008), stratospheric origin (Salawitch et al., 2010), snowpack photochemistry (e.g.
Pratt et al, 2013) and sea spray from open leads (e.g. Peterson et al, 2015). See
references shown below.

As suggested, we have revised the text in section 1 (P2 L43) and added references as:

“An important tropospheric bromine source is the polar sea ice region (Abbatt et al,,
2012 and references therein). First-year sea-ice (Simpson et al., 2007b; Pohler, et al,,
2010), frost flowers (Kaleschke et al. 2004), sea salt aerosol produced from blowing
snow (Yang et al,, 2008), snowpack photochemistry (Yang et al., 2008; Pratt et al.,, 2013),
stratospheric origin (Salawitch et al., 2010), and sea spray from open leads (Peterson et
al,, 2015) have been proposed as major sources of bromine in polar region.”

Abbatt, J. P. D., Thomas, |. L., Abrahamsson, K., Boxe, C., Granfors, A., Jones, A. E., King, M.



D., Saiz-Lopez, A., Shepson, P. B, Sodeau, ]., Toohey, D. W,, Toubin, C., von Glasow, R., Wren,
S. N, and Yang, X.: Halogen activation via interactions with environmental ice and snow
in the polar lower troposphere and other regions, Atmos. Chem. Phys., 12, 6237-6271,
https://doi.org/10.5194 /acp-12-6237-2012, 2012.

Simpson, W. R,, Carlson, D., Honninger, G., Douglas, T. A., Sturm, M., Perovich, D., and Platt,
U.: First-year sea-ice contact predicts bromine monoxide (BrO) levels at Barrow, Alaska
better than potential frost flower contact, Atmos. Chem. Phys., 7, 621-627,
https://doi.org/10.5194 /acp-7-621-2007, 2007b.

Pohler, D., Vogel, L., Frief3, U, and Platt, U.: Observation of halogen species in the
Amundsen Gulf, Arctic, by active long-path differential optical absorption spectroscopy,
P. Natl Acad. Sci., 107, 6582-6587, d0i:10.1073 /pnas.0912231107, 2010.

Pratt, K. A,, Custard, K. D., Shepson, P. B.,, Thomas, D. A., Pohler, D., General, S., Zielcke, ].,
Simpson, W. R, Platt, U, Tanner, D. J.,, Huey, L. G, Carlson, M. and Stirm, B. H.:
Photochemical production of molecular bromine in arctic surface snowpacks, Nat.
Geosci., 6,351-356, doi:10.1038/ngeo01779, 2013

P4L.119-123: ‘In this study, to overcome this snapshot treatment of elevated BrO events
during polar spring, and to obtain a more general understanding of the enhancements of
total BrO columns, we .. I do not agree that snapshot study is less-advantaged
comparing to general statistic study. They both have their individual advantage and
disadvantage, they may compensate each other at some point. I suggest a slight change

to the tone used in the statement.

As suggested, we changed the tone used in the statement as follows (blue text) in
section 1 (P4 L119):

“As mentioned above, many studies on the possible sources of BrO enhancements and
the driving meteorological conditions in polar regions have been conducted using
ground-based and satellite measurements. Study results clearly indicate that
meteorological conditions affect the processes of BrO enhancements in several ways.
These previous studies mainly focus on specific case-studies or analysis using relatively
short-term datasets. This study aims at adding to this body of knowledge and to obtain a
more general and comprehensive understanding of the enhancements of total BrO
columns using a consistent long-term dataset. Therefore, we statistically analyse the
spatial distribution of occurrence frequency of enhanced total BrO column and its
relationship to various meteorological parameters in the Arctic and Antarctic sea ice
regions by using a 10 year long-term dataset. In particular, the relationship between
total BrO vertical columns retrieved from GOME-2A/2B and meteorological fields
including sea level pressure, surface level wind speed and direction, surface air
temperature, and tropopause height were investigated.”



P15/P18: in P15L476-477 ‘Surface wind speed is not significantly correlated with total
BrO vertical column density in either the Arctic or Antarctic. A similar statement is also
in the summary (P18L557). However, they are contrary to the results shown in Table 3
and Fig. 20, where it shows ‘Note that all Spearman’s rank correlations are significant
(p<0.001)". Is surface wind speed significantly correlated with total BrO vertical column
density or not?

In a statistical hypothesis test, p-value and r are indicators of different statistical
meanings, finding something that is likely above chance (p-value) or finding meaningful
correlations between variables (r). Therefore, having a low correlation coefficient and
significant p-value between the surface wind speed and total BrO vertical column
density is not a contradictory concept.

To avoid misunderstanding in the interpretation of the analysis results, the sentences
(P15 L476-477 and P18 L557) has been changed as follows in the revised manuscript
(blue text):

“Surface wind speed has correlation coefficients close to 0 with total BrO vertical
column density in both the Arctic and Antarctic, and even for wind speeds above 8 m-s1,
which can cause blowing snow, there is no clear relationship between them.” This could
either be due to stratospheric air dominating the total BrO column or due to the large
variability of wind speed conditions under which tropospheric BrO explosion events
occur according to previous studies described above.

“Sea level pressure and surface level wind speed are negatively and positively correlated
with the total BrO vertical column density, respectively, but their correlation coefficients
are low and the strengths of the relationships are weak.”

P17L533-4 and L552-555, the two statements are actually duplicated, either delete one
or move one to section 4.3.2.

As suggested, we have revised sentences (P17 L553-555) as follows in the revised
manuscript:

“One remarkable point is that the temperature is negatively correlated with total BrO
column in most sea ice regions, but has a positive correlation over the central Arctic,
which is the same as the result of the temperature anomaly pattern discussed above.

A




P27 Table 3: given that the occurrence of blowing snow has a threshold wind speed, e.g.
7~8 m/s, | suggest add an extra row in the Table to show the correlation coefficients for

wind speeds > 8 m/s (or >12 m/s).

We have added an extra row in Table 3 for the Spearman rank correlation coefficients
of wind speeds > 8m/s as suggested, and revised the text as in section 4.3 (P15 L476-

477):

“Surface wind speed has correlation coefficients close to 0 with the total BrO vertical
column density in both the Arctic and Antarctic, and even for wind speeds above 8 m-s1,
which can cause blowing snow, there is no clear relationship between them.”

Table 3. Spearman rank correlation coefficients between total BrO VCDs and four
meteorological parameters. The results are shown separately for different months in spring in
the Arctic and Antarctic. Note that all Spearman’s rank correlation coefficients are significant (p
<0.001). Abbreviation: MA (March to April), SO (September to October).

Arctic Antarctic

Mar Apr MA Sep Oct SO
Sea level pressure -0.032 -0.098 -0.070 -0.228 -0.053 -0.130
Temperature -0.242 -0.149 -0.180 -0.305 -0.110 -0.193
Wind speed -0.011 0.067 0.035 0.038 0.043 0.040
(v28m:-s1) -0.002 0.026 0.010 0.041 0.035 0.037
Tropopause height -0.336 -0.298 -0.315 -0.400 -0.307 -0.345
Minors:

P1L26: change ‘they release bromine atoms and Br and bromine monoxide (Br0)..” to
‘they release bromine atoms, e.g. Br and bromine monoxide (BrO) ...

This has been corrected in the revised manuscript.

P1L28: Theys et al., 2009b should be 20093, as Theys et al., 2009a has not been cited.

Thanks for pointing this out. We have corrected all relevant references.



P2L31: change ‘2Br2’ to ‘Br2’

This has been corrected in the revised manuscript.

P21.32: again you cited ‘They et al., 2009b’ before their 2009a paper.

This has been corrected in the revised manuscript. Theys et al., 2009a has been cited
before in P1L28.

P3L67: Theys et al,, 2009a should be cited before 2009b.

This has been corrected in the revised manuscript.

P41.112: ‘A bromine explosion event linked to cyclone development in the Arctic was
investigated by Blechshmidt et al. (2016).” The same event was also studied by Zhao et
al,, 2016.

As suggested, we have added the reference Zhao et al,, 2016 in the revised manuscript.

“A bromine explosion event linked to cyclone development in the Arctic was investigated
by Zhao et al. (2015) and Blechschmidt et al. (2016).”

Zhao, X, Strong, K., Adams, C., Schofield, R., Yang, X., Richter, A., Frief3, U., Blechschmidt,
A.-M,, and Koo, ]J.-H.: A case study of a transported bromine explosion event in the
Canadian high Arctic, J. Geophys. Res. Atmos., 121, 457-477,
doi:10.1002/2015]JD023711, 2016.



Response to anonymous referee #3

We thank the reviewer for his/her detailed and constructive comments and suggestions,
which helped us to improve our manuscript. We have addressed the questions as follows:

General comments:

The manuscript by Seo et al. presents an interesting statistical research work using long-
term satellite-based BrO column measurements. The analysis process is comprehensive.
The findings, especially the wind-direction based analysis, in this work are important for
the atmospheric bromine research community. The only major concern [ have is why the
author did not use tropospheric BrO column products. I am sure with such valuable 10-
yrs observations, the author can provide more important and meaningful results to the
research community, if both total and tropospheric BrO columns are used. Otherwise, the
manuscript is well written and should be published after addressing the following
comments.

1) P5 L158: I think the author wants to say all BrO DSCDs (or from which ones?) are fitted
by a Gaussian function, and the mode of the function is used in the correction. Anyway,
the sentence is not very clear. Please revise it.

As suggested, we have revised sentences (blue text) in P5 L153-160 as follows:

When using a Pacific background spectrum, the retrieved differential slant columns
(DSCD) need to be corrected by adding the BrO slant column over that region. Here we
follow earlier studies (Richter et al,, 2002; Sihler et al., 2012; Seo et al.,, 2019) and assume
a BrO vertical column of Vnormref = 3.5x1013 molec cm-2 over the Pacific reference sector.
The corresponding BrO SCD is computed by multiplying the Vnormref with the geometric
air mass factor Ageo. Ageo is defined as:

1 1

Aceo =
£eo cos(SZA)  cos(VZA)

(SZA: solar zenith angle, VZA: viewing zenith angle) (1)

As the differential BrO slant columns (DSCD) over the Pacific are not exactly 0, the mode
u of a Gaussian fitted to their distribution is taken into account for the normalization
correction:

SCD = DSCD + Ageo 'Vnorm,ref —H (2)

2) P8 L236-237: No information about cloud filtering are provided. BrO enhance-
ment/hotspots induced by large scale low-pressure systems (e.g., the case in



Blechschmidt et al, 2016) may accompany with large cloud covers and even
precipitations (e.g., Zhao et al., 2017). How these cloudy pixels were treated? What are
their impacts (to sensitivities of stratospheric and tropospheric BrO)? [ understand some
cloudy pixels should be kept for the purpose of this study. But, can you provide statistical
analysis with/without cloudy pixels (e.g., with any threshold like cloud fraction < 0.3 or
any reasonable one)?

No cloud filtering was applied in this study on the enhancement of BrO in polar regions.
The reasons for this decision and potential errors related to this exclusion of cloud
filtering have been added to the revised manuscript as follows (blue text):

In section 4.1 (P8 L237):

In this study, a reference grid with 200X200 km resolution was used. The enhanced BrO
occurrence frequency fgg.o was calculated by dividing the number of pixels classified as
enhanced BrO column in a given reference grid cell by the total number of satellite pixels
within the reference grid cell. “One thing to note is that cloud filtering was not applied in
this study. Clouds can affect the BrO column retrieval generally in three ways: (1) the
albedo effect related to the increase of the reflectivity and sensitivity for cloudy scenes,
(2) the enhancement of optical light path due to multiple scattering inside clouds, and (3)
the shielding effect that hides trace gases below clouds. The first two effects could
increase the absorption of trace gases and lead to values greater than the actual total BrO
column, while the third effect leads to an underestimation of the total BrO column (Antén
and Loyola, 2011). Therefore, as clouds affect the BrO retrieval, it is necessary to consider
the presence and characteristics of clouds for accurate BrO analysis. However, obtaining
long-term reliable cloud products such as cloud fraction and cloud top height over the
polar seaice regions is difficult since detecting clouds and retrieving their properties over
a bright snow/sea ice surface from satellite measurements are difficult (Heidinger and
Stephens, 2000). Inaccurate cloud data may cause errors in statistical analysis using long-
term data. Also, the difference between cloud free and cloudy conditions in polar sea ice
regions is relatively small due to the bright surface (Figure 1 in Blechschmidt etal., 2016).
Based on these considerations, this study did not attempt to correct the effects of clouds
on the enhancement of BrO columns.”

Antén, M. and Loyola, D.: Influence of cloud properties on satellite total ozone
observations, J. Geophys. Res., 116, D03208, doi:10.1029/2010JD014780, 2011.

Heidinger, A. K. and Stephens, G. L.. Molecular Line Absorption in a Scattering
Atmosphere. Part II: Application to Remote Sensing in the 02 A band, J. Atmos. Sci., 57,
1615-1634, d0i:10.1175/1520-0469(2000)057<1615:MLAIAS>2.0.C0O;2, 2000



3) P8 L240-242. It is a very interesting and important figure (Fig. 2). It shows the
Canadian archipelagoes are the BrO swamp. But, [ am not sure it is misleading or not. I
think the author only used the pixels over the sea with sea ice fraction > 5 % (Section 3.1).
So, is this selection make any impact over Canadian archipelagoes (i.e., where the land-
sea ratio was determined by what?)? Anyway, from Fig. 2, I think this is the region that
has larger land to sea ratio, compare to all other studied regions. Please provide more
comments and explanations for this important result.

Fig.A2(a) Arctic MAR Arctic APR
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Figure A2. Monthly spatial distribution of the number of (a) all data collected (sea ice
concentration > 5%) and (b) selected data for enhanced BrO cases over the Arctic during the
study period.



The reviewer is right that the limitation to measurements over sea-ice impacts on the
statistics in the Canadian archipelago. As shown in Figure A2, due to the large land-sea
ratio in the Canadian archipelago, the number of data points collected for the analysis is
low compared to other regions. However, since enhanced BrO cases are observed more
frequently than in other regions, the relative occurrence frequency of enhanced total BrO
column is high in this region. Since a relatively small number of data points was used in
the statistical analysis compared to other regions, the monthly histograms of the total
BrO VCD (Fig. 1), the frequency distribution of meteorological factors for the mean field
and enhanced BrO cases (i.e. Fig. 3, 6, 9, and 17) as well as Spearman rank correlation
analysis (Table 3) will not change significantly if the Canadian archipelago is included or
excluded from the study domain.

We have added comments in Section 4.1 (P8 L241) as follows:

In the Arctic, enhanced total BrO columns are frequently observed over the north of the
Canadian coast with a frequency of ~0.25 (25 %). Also, over the Hudson Bay, fEBrO is
higher than ~0.18 in both March and April. “Due to the large land-sea ratio in the
Canadian archipelago, the number of data collected for the analysis is low compared to
other regions. However, since enhanced BrO cases are observed more frequently than in
other regions, the relative occurrence frequency of enhanced total BrO column is high in
this region.” The spatial distribution patterns of fesro are mostly similar in March and
April, but relatively high values of ~0.15 are observed over the Chukchi Sea and the East
Siberian Sea in April.

4) P10 L301-306: The positive surface temperature anomalies coincident within the
regions that have low-pressure anomalies. I don’t think it is a surprise, but a good
indication that these analyses are strongly correlated (warmer surface temperature in
the low-pressure system). The factors analyzed in this work (e.g., temperature, wind
speed, and tropopause) are not truly independent in contributing to the enhanced total
column BrO. Without separation of the source of bromine enhancement, i.e,
enhancement due to dynamic process (low tropopause, more stratospheric bromine) or
chemical process (surface bromine explosion) or both, the results presented here are a
bit vague and complex. The mechanism of enhanced BrO columns discussed in this and
the previous section (Sects. 4.2.1 and 4.2.2) are mostly for surface bromine enhancement
(except low tropopause). So, why not performing all the above analyses with satellite
tropospheric BrO data? To me, this will provides more insights from this valuable 10-yrs
satellite observations.

We agree with your comment that the factors analyzed in this study are not truly
independent. In this regard, additional analysis was performed on the cross correlation
between meteorological parameters during the enhancement of total BrO columns and
added in section 4.3 (P16 L514) of the revised manuscript as follows:



“The relationship between individual meteorological parameters and the total BrO
vertical column investigated above illustrates how each meteorological parameter is
linked to BrO variations in terms of temporal and spatial distribution. However, since
meteorological parameters are not independent of each other and vary systematically in
general, cross-relationships between meteorological parameters affecting directly or
indirectly BrO variations should also be considered. For example, Yang et al. (2019)
showed that the sea salt aerosol (SSA) production affecting the enhancement of BrO at
the tropospheric level is proportional to the sublimation flux of blowing snow which is
affected by various meteorological parameters including surface wind speed,
temperature and relative humidity. Also, Zhao et al. (2015) and Blechschmidtetal. (2016)
showed that large-scale enhanced BrO plumes over the Beaufort Sea are associated with
weather systems which change the various relevant meteorological parameters together.
They also demonstrated that the size and lifetime of BrO plumes depend on the
development stage of the weather system. Therefore, cross-correlations between
meteorological parameters for those data having enhanced total BrO columns were
investigated (see Table 4). During the occurrence of enhanced total BrO, sea level
pressure has a negative correlation with surface level temperature and wind speed, while
it has a positive correlation with tropopause height. For example, the development of a
low pressure system during the enhancement of BrO columns may correlate with a
decrease in tropopause height as well as an increases in surface level air temperature and
wind speed. Although the correlation coefficients found are not large, results show that
sea level pressure is linked with both surface level meteorological conditions and the
tropopause height which can account for stratospheric dynamics. Indeed, pressure
systems which usually evolve due to interactions of temperature differences in the
atmosphere derive directly the airflow motion within the troposphere and also may affect
the tropopause height in relation to the convergence or divergence of air masses. It is also
interesting to note from Table 4 that the tropopause height has insignificant correlations
with surface level meteorological parameters during the BrO enhancements, except for
the air temperature in the Arctic, which is predictable since the tropopause height is a
factor more closely related to stratospheric dynamics compared to the surface level
weather system.

Table 4. Cross-correlations of meteorological parameters for the enhanced total BrO
cases in the Arctic and Antarctic sea ice region.

Arctic Antarctic
zi::::rei Temperature Wind speed Tr(;p;(;;);:se }S;:Sl::i Temperature Wind speed Tr(;p;(i)é);:se
Sea level pressure 1 -0.186 -0.228 0.186 1 -0.163 -0.195 0.173
Temperature 1 0.183 0.249 1 0.158 -0.009
Wind speed 1 -0.013 1 -0.05

Tropopause height 1 1




Also, as the reviewer points out, tropopause height is related to the stratospheric
contribution, while surface air temperature and wind are related to the tropospheric
contribution on the BrO column.

We agree that in principle, it is more desirable to perform the analysis on tropospheric
BrO vertical columns to more clearly distinguish the effect of meteorological factors on
the stratospheric and tropospheric BrO columns. However, there are two main reasons
for using total BrO vertical column instead of tropospheric BrO vertical column in this
study.

First, meteorological systems contribute to both the troposphere and stratosphere as
changes in atmospheric pressure, tropopause height, temperature, wind speed and
direction interact with each other. For example, high or low pressure systems evolve
due to atmospheric temperature differences and the pressure systems may affect the
tropopause height and surface level winds. Therefore, this study aims to investigate how
the meteorological systems generally affect the total BrO column, rather than attempting
to separate the effects on the enhancement of BrO in the troposphere and stratosphere.

The second reason is that the accuracy of tropospheric BrO retrieved by applying a
stratospheric correction and tropospheric AMF to satellite observation data over a long
period of 10 years is difficult to assess. One of the most used methods for stratospheric
correction is the climatological approach developed by Theys et al. (2009), a method
using stratospheric BrO profiles based on a parametrization using 3D chemistry
transport model BASCOE data. The advantage of this stratospheric correction method is
the reflection of both dynamical and chemical effects on the stratosphere using the
intermediate input data of total O3 and stratospheric NOz columns from satellite
measurements which are rather easily accessible compared to other model data.
However, the BASCOE model climatology look-up-table (LUT) developed in Theys et al.
(2009) is a result using three years of data (from April 2003 to March 2006) of a low
resolution (3.75° x 5°) model run. Since this study is based on the analysis of long-term
data for 2008-2018, correction factors for the long-term trend would have to be
considered. Also, dynamical effects are not necessarily well reflected in the climatology
because of the low spatial resolution of the model run, resulting in large uncertainties of
tropospheric columns in situations with large tropopause changes. We therefore decided
to use total columns for this study. Once well validated separation methods are available,
the analysis should be repeated on tropospheric columns.

The reasons for using total BrO columns to investigate the enhancement of BrO and its
relation to meteorological factors have been added to the revised manuscript.

- In section 1 (P4 L126):

In particular, the relationship between total BrO vertical columns retrieved from GOME-
2A/2B and meteorological fields including sea level pressure, surface level wind speed



and direction, surface air temperature, and tropopause height were investigated. “The
reason for using total BrO columns instead of tropospheric and stratospheric columns
separately to examine the relationship with the meteorological fields is that existing
separation methods for satellite BrO data are difficult to apply to a long-term dataset in
both hemispheres. They also have large uncertainties in connection with low pressure
systems and large tropopause height changes which affect both stratospheric and
tropospheric columns. This study aims to investigate how the meteorological system
generally affects the total BrO column, rather than separate the effects on the
enhancement of BrO in each atmospheric layer.” Differences in meteorological conditions
and their regional characteristics between high BrO situations and the mean field were
investigated in order to better understand meteorological effects on processes involved
in BrO enhancements. Finally, based on Spearman rank correlation analysis, the degree
of influence of different meteorological parameters on total BrO columns was evaluated
and the most important meteorological parameters, influencing BrO, and their regional
patterns were identified.

5) P10 L294-299: Comparing to the frequency distribution of pressure (i.e., Fig. 3), the
results (Fig. 6) here show a significant difference between Arctic and Antarctic. Can the
author provide some comments on why we observed such differences? Is this indicate
some major differences in the driven factors in total BrO at these two regions? Anyway,
similar to my previous comments, the Canadian archipelagos have unique conditions in
these analyses (i.e., larger land-sea ratio, thus colder than pure sea ice region in general).
With/without this region may affect the frequency distributions.

The pattern in the frequency distribution of sea level pressure between the enhanced
BrO cases and the mean field is similar in both the Arctic and Antarctic, whereas the
difference in the frequency distribution of the surface air temperature is large between
the Arctic and Antarctic. The reason why the difference in the frequency distribution of
the surface air temperature is more apparent in the Antarctic than the Arctic can be
identified in the Fig. 7 and 8. The spatial distribution of surface air temperature anomalies
between the enhanced BrO and the mean field shows a slight air temperature increase
over the central Arctic. The detection of enhanced BrO in the central Arctic (80-90 °N)
may be related to the transport of plumes with high BrO occurring at relatively lower
latitudes (70-80 °N). The Canadian archipelago region with a larger land-sea ratio is one
of the coldest regions in the Arctic as much as the central Arctic, but the temperature
anomalies map shows that the temperature is lower when BrO enhancements occur (see
Fig. 7). Thus, it is expected that the pattern will not change largely if the Canadian
archipelago is not included in the statistical analysis since the main cause of the small
difference of the frequency distributions of air temperature between the enhanced BrO
cases and the mean field in the Arctic is attributed to the temperature rise in the central
Arctic.



Unlike the Arctic, the difference in the range of air temperature frequency distribution
between the enhanced BrO cases and the mean field in the Antarctic is large. In the
Antarctic, it can be seen that in most regions except Antarctic coastal regions, the surface
air temperature decreases strongly when total BrO enhancements occur, especially in the
sea ice margin (55-60 °S). This is related to the contrast between relatively warm air
coming from the open ocean region and cold air from the continent / sea ice region which
is the result of the very different sea-land distribution in the two hemispheres.

6) P10 L317: Well, I thought the community already found the base assumptions
supporting frost flower as the direct-source of bromine explosion is over (Abbatt et al,,
2012). The surface area of the frost flower is not as large as expected (e.g., Obbard et al,,
2009; Roscoe et al,, 2011). There are still some hypotheses that frost flower could play
some indirect roles in bromine explosion, but please do not say frost flower is a “primary
source of bromine explosion events”. Otherwise, this will be misleading, and an overlook
of all previous research works.

We agree that the sentence was misleading and revised it as following:

“Frost flowers which are water ice, coated with brine can act as a primary source of
bromine explosion events.”

7) P11 L334-335: I cannot agree with this. The wind speed anomalies in the Canadian
archipelagoes are weaker than the other regions mentioned by the author (e.g., the
eastern coast of Greenland). In fact, the wind speed in the Canadian archipelagoes is lower
compare to most of other regions. This is topography determined. The conclusion here is
not valid (enhancement of BrO columns related to positive wind anomalies), unless one
excludes the Canadian archipelagoes in the frequency analysis (which [ would suggest to).

Also, even for the high wind regions (the eastern coast of Greenland or centre Arctic sea),
[ did not see the high frequency of BrO enhancement in Fig. 2. The cause of this might be
the high surface wind (10 m wind) is only one of the driven factors for blowing snow
induced surface BrO enhancement. But, the author had a discussion of total column
frequency (not tropospheric column), which has other major driven factors should be
considered. Anyway, perfect separation of all these strongly correlated factors is not
possible. But, at least, one can separate the stratospheric signal.

As suggested, we have added descriptions (blue text) for the Canadian archipelago
which has different characteristics from most other Arctic regions with respect to the
relationship between the surface wind speed and the total BrO column enhancement in
the revised manuscript.



- In section 4.2.3 (P11 L326-335):

“Next, surface level wind speed is investigated to evaluate how this may affect the
occurrence of total BrO column enhancements. Figure 9 shows the frequency distribution
of wind speed at 10 m for the average field and for enhanced BrO cases of the 10 years of
measurements in the Arctic and Antarctic sea ice region. The distribution is shifted
towards high wind speeds in both polar regions for enhanced total BrO vertical columns,
the increase in wind speed being more pronounced in the Antarctic region. The difference
in wind speeds is also confirmed by the spatial distribution maps (Fig. 10 and 11). Higher
wind speeds are observed in most Arctic and Antarctic regions for situations with
enhanced total BrO columns compared to the mean field. In particular, differences in
wind speed of more than 5 m-s-1 and high wind speeds of over 10 m-s-1 are found at
specific regions of the Arctic such as the eastern coast of Greenland, the Bering Strait and
the central Arctic. However, the Canadian archipelago has weaker wind speed anomalies
with a low wind range of 3-5 m-s-1in both the mean field and enhanced BrO situations
due to the effect of topography. In the Antarctic region, wind speeds greater than 12 m-s-
1 are predominantly observed over the sea ice margins and some of the Antarctic
coastline. In the Antarctic region, wind speeds greater than 12 m-s-1 are predominantly
observed over the sea ice margins and some of the Antarctic coastline. Our results show
that enhancements of BrO columns are mainly related to positive wind speed anomalies
except for some areas such as the Canadian archipelago. The enhanced BrO columns in
the Canadian archipelago, an area where total BrO hotspots are frequently detected with
low surface wind speeds, may be attributed to local production/recycling of reactive
bromine under a stable boundary layer or an increase in stratospheric BrO.”

We partly agree with the statement that separating troposphere and stratosphere
would be simplifying the interpretation of the results. However, as discussed above
(Question #4), we feel that the accuracy of current separation methods would introduce
additional uncertainty. Our results of the relationship between total BrO vertical columns
and surface wind speeds show large positive wind speed anomalies (Fig. 10) and high
values of the relative frequency of strong surface winds during the occurrence of
enhanced total BrO (Fig. 12) along the eastern coast of Greenland and the central Arctic.
From these results, we can suppose that although the occurrences of enhanced total BrO
columns in these regions are not as high as in other regions, the supply of reactive
bromine sources from blowing snow events caused by high surface wind speeds and the
tropospheric bromine explosion mechanism contribute to the increase in total BrO
columns.

8) P11-12 L355-363: Fig. 12 is the high wind speeds frequency, which shows that we have
more high wind conditions at locations such as Greenland or centre Arctic sea. [ agree



with this. But, how this can prove high wind speed frequency is consistent with a high
frequency of BrO enhancement? [ am very confused about this paragraph. For example, if
we compare Figs. 2 and 12, we can easily find the eastern coast of Greenland has a low
frequency in BrO enhancement but a high frequency in high wind speed. Same for the
Canadian archipelagoes, where the high wind is less common but has a very high chance
of enhanced BrO columns. [ am not challenging the blowing snow scheme, but one should
be clear that the transported bromine explosion events may have a different spatial
distribution pattern compare to stable shallow boundary layer events. In other words,
shallow ones are confined at local, which one might find easy correlation as “low-wind
and high BrO” in one place. But, the transported events may be originated or triggered in
this 12 m/s wind speed conditions, but transported in relative mild condition (e.g., < 6
m/s). Anyway, the analysis done in the next paragraphs is decent and important (L364-
416). Wind speed analysis should be done together with wind direction.

We agree with the reviewer that local BrO enhancements and transported BrO events
need to be treated separately, and that transported events are more difficult to link to the
driving mechanisms. We also would like to point out that Figure 12 shows regions, where
high wind speeds are found frequently during enhanced BrO events, which we take as
indication that the high wind speed could be related to the formation of BrO. This is in
line with Figures 10 and 11 showing regions where the probability for high wind speeds
increases in the presence of BrO.

To clarify the conclusions that can be inferred from the occurrence frequency map of
enhanced total BrO column (Fig. 2) and the relative frequency map of high wind speeds
during enhanced total BrO occurrences (Fig. 12), the following blue text has been added
and revised in section 4.2.3:

- In section 4.2.3 (P12 L363):

The spatial distribution map of surface wind speed anomalies derived in this study shows
that during the enhancement of total BrO vertical columns, wind speeds are generally
enhanced. However, the average wind speed field during the high BrO cases shows values
of 6-8 m-s-1 in most areas. For the tropospheric bromine explosion events created by
strong winds, previous studies indicate that wind speeds above ~12 m-s-! are required.
The regions that satisfy this wind speed threshold consistently are confined to the Bering
Strait, the central Arctic, and the east coast of Greenland in the Arctic and the Antarctic
sea ice margins and some coastal locations. This behaviour is clearly identified in the
spatial distribution maps of the relative frequency of high wind speeds for the occurrence
of enhanced total BrO columns (see Fig. 12) which show where strong surface winds
contribute to the enhancement of BrO columns. In Fig. 12, high frequencies above 30 %
are found over the central Arctic and eastern coast of Greenland in the Arctic, whereas in
the Antarctic, they are most frequently detected around the marginal ice zone of the
Weddell and Ross Sea.
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opespheric-bromine source-generated-by-high-wind-speeds: “In particular, although
the central Arctic and eastern coast of Greenland are regions where enhanced total BrO
columns are not frequently detected in the Arctic as shown in Fig. 2, it is clear that the
occurrence of enhanced total BrO columns in the corresponding regions is often
associated with higher wind speeds (Fig. 10 and 12). This could indicate that
tropospheric bromine sources from blowing snow events generated by high wind speeds
are important in these areas.”

- In section 4.2.3 (P11 L335):

“Our results show that enhancements of BrO columns are mainly related to positive wind
speed anomalies except for some areas such as the Canadian archipelago. The enhanced
BrO columns in the Canadian archipelago, an area where total BrO hotspots are
frequently detected with low surface wind speeds, may be attributed to local
production/recycling of reactive bromine under a stable boundary layer or an increase
in stratospheric Br0O.”

10) P16 L503-504: As the author already found out, use only wind speed is not sufficient
(need to include wind-direction at least). Do you have correlation analysis for different
wind directions too? Do we have a better (higher) correlation when we have preferred
wind-directions?

The reason why the correlation analysis between the surface wind direction and total
BrO vertical column was not performed in Section 4.3 is that wind direction is a
categorical variable (8 wind direction groups) unlike other meteorological parameters
such as sea level pressure, air temperature, wind speed and tropopause height. Instead
of the correlation analysis between the wind direction (categorical variable) and total
BrO VCD (numerical variable), to investigate the dominant wind direction related to the
enhancement of total BrO columns, we examined the spatial distribution of relative
frequency for each wind direction during the occurrence of enhanced total BrO columns
(Fig. 13-16 in Section 4.2.3). Although the statistical analysis whether preferred wind
directions have higher correlation coefficients with total BrO columns has not been
performed, it can be assumed by spatial distribution maps of relative frequency
anomalies of wind direction between enhanced total BrO cases and the mean field (Fig.
14 and 16). Positive frequency anomalies mean that the corresponding wind direction
has a higher correlation with total BrO column than other wind directions in the study
area.

11) P18 L562-566: These are significant factors that should be addressed before the
analysis. I fully understand the limits and difficulties in performing this large scale study



(both time and spatial). The paper is well written and meaningful. But, [ would suggest
the author provide these limits before the beginning of the analysis. The author can
inform the reader why the stratospheric correction is not applied (i.e., why not using BrO
tropospheric columns).

As suggested, we have added limitations and potential weaknesses of this study in the
revised manuscript as follows:

- In section 1 (P4 L126):

In particular, the relationship between total BrO vertical columns retrieved from GOME-
2A/2B and meteorological fields including sea level pressure, surface level wind speed
and direction, surface air temperature, and tropopause height were investigated. “The
reason for using total BrO columns instead of tropospheric and stratospheric columns
separately to examine the relationship with the meteorological fields is that existing
separation methods for satellite BrO data are difficult to apply to a long-term dataset in
both hemispheres. They also have large uncertainties in connection with low pressure
systems and large tropopause height changes which affect both stratospheric and
tropospheric columns. This study aims to investigate how the meteorological system
generally affects the total BrO column, rather than separate the effects on the
enhancement of BrO in each atmospheric layer.”

- In section 4.1 (P8 L237):

In this study, a reference grid with 200200 km resolution was used. The enhanced BrO
occurrence frequency fgg.o was calculated by dividing the number of pixels classified as
enhanced BrO column in a given reference grid cell by the total number of satellite pixels
within the reference grid cell. “One thing to note is that cloud filtering was not applied in
this study. Clouds can affect the BrO column retrieval generally in three ways: (1) the
albedo effect related to the increase of the reflectivity and sensitivity for cloudy scenes,
(2) the enhancement of optical light path due to multiple scattering inside clouds, and (3)
the shielding effect that hides trace gases below clouds. The first two effects could
increase the absorption of trace gases and lead to values greater than the actual total BrO
column, while the third effect leads to an underestimation of the total BrO column (Antén
and Loyola, 2011). Therefore, as clouds affect the BrO retrieval, it is necessary to consider
the presence and characteristics of clouds for accurate BrO analysis. However, obtaining
long-term reliable cloud products such as cloud fraction and cloud top height over the
polar seaice regions is difficult since detecting clouds and retrieving their properties over
a bright snow/sea ice surface from satellite measurements are difficult (Heidinger and
Stephens, 2000). Inaccurate cloud data may cause errors in statistical analysis using long-
term data. Also, the difference between cloud free and cloudy conditions in polar sea ice
regions is relatively small due to the bright surface (Figure 1 in Blechschmidtetal., 2016).



Based on these considerations, this study did not attempt to correct the effects of clouds
on the enhancement of BrO columns.”

Technical corrections:
P5 L139: Use proper multiple signs in here and thereafter, not letter “x”.

This has been corrected in the revised manuscript.

P5 L160: Define DSCD.
As suggested, we have defined the sentence as follows (blue text):

When using a Pacific background spectrum, the retrieved differential slant columns
(DSCD) need to be corrected by adding the BrO slant column over that region.

P28. Fig 1: Use consistent y limits for all four panels (e.g., 1e5). The current selections for
each panel are a bit arbitrary.

As suggested, changes have been applied to Fig.1.
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Figs. 2 and 4: The 0-degree Longitude sign and the 70-degree Latitude sign are jammed.

As suggested, changes have been applied to maps (Fig. 2, 4, 5, 7, 8, 10-16, 18-20) in the
revised manuscript. Here, we have attached Fig.2 and 4.
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Figure 2. Monthly spatial distribution of the occurrence frequency of enhanced total BrO columns
over the Arctic (top left: March, top right: April) and Antarctic sea ice region (bottom left:
September, bottom right: October) during the study period of 2008-2018.
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Figure 4. Monthly sea level pressure for the mean field (left), the enhanced BrO case (middle), and
sea level pressure anomalies (difference of sea level pressure between the enhanced BrO case
and the mean field) (right) over the Arctic in March (upper panel) and April (lower panel).

P13 L421: Please provide the definition of DU (Dobson unit).
As suggested, we have revised the sentence as follows:

Salawitch et al. (2010) found that enhanced total BrO columns over the Hudson Bay
observed by OMI are coincident with a low tropopause of ~5 km and high total O3 column
of ~450 DU (Dobson unit).

P20 L627: Capitalize each word; change “Geophysical research letters” to “Geophysical
Research Letters.”

This has been corrected in the revised manuscript.



P23 L736: Remove “n/a-n/a”".

This has been corrected in the revised manuscript.
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Spatial distribution of enhanced BrO and its relation to
meteorological parameters in Arctic and Antarctic sea ice regions
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Abstract. Satellite observations have shown large areas of elevated BrO covering several thousand km? over the Arctic and
Antarctic sea ice region in polar spring. These enhancements of total BrO columns result from increases in stratospheric or
tropospheric bromine amounts or both, and their occurrence may be related to local meteorological conditions. In this study,
the spatial distribution of the occurrence of total BrO column enhancements and the associated changes in meteorological
parameters are investigated in both the Arctic and Antarctic regions using 10 years of GOME-2 measurements and
meteorological model data. Statistical analysis of the data presents clear differences in the meteorological conditions between
the 10 year mean and episodes of enhanced total BrO columns in both polar sea ice regions. These differences show pronounced
spatial patterns. In general, atmospheric low pressure, cold surface air temperature, high surface-level wind speed and low
tropopause heights were found during periods of enhanced total BrO columns. In addition, spatial patterns of prevailing wind
directions related to the BrO enhancements are identified in both the Arctic and Antarctic sea ice region. The relevance of the
different meteorological parameters on the total BrO column is evaluated based on a Spearman rank correlation analysis,
finding that tropopause height and surface air temperature have the largest correlations with the total BrO vertical column
density. Our results demonstrate that specific meteorological parameters can have a major impact on the BrO enhancement in

some areas, but in general, multiple meteorological parameters interact with each other in their influence on BrO columns.

1 Introduction

Bromine compounds play an important role in atmospheric chemistry in particular with respect to removal of ozone. It has
been estimated that bromine contributes about 25 % to the global destruction of stratospheric ozone, and up to 50 % to polar
stratospheric O3 depletion (McElroy et al., 1986; Harder et al., 2000).

Stratospheric bromine is predominantly present in its inorganic form, originating from both natural and anthropogenic
organic sources. Man-made brominated hydrocarbons (halons) are long-lived and are transported to the stratosphere where
they release bromine atoms,and- e.g. Br and bromine monoxide (BrO), through UV photolysis and oxidation. Methyl bromide
(CH3Br) released from the ocean by natural processes and used in agriculture is oxidized in the troposphere but so slowly that
it is also transported to the stratosphere (Harder et al., 2000; Theys et al., 2009ab). In addition, rapid vertical transport of short-

lived bromine compounds, which are mainly of natural origin, also affects the stratospheric bromine budget significantly
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(Sinnhuber et al., 2005; Liang et al., 2010). In the stratosphere, organic bromine source gases are converted into inorganic
forms of Bry, such as Br, BrO, BrONO,, HOBr, HBr, BrCl, 2Br, either by direct photolysis or by reaction with OH and O
(Sinnhuber et al., 2005; Theys et al., 2009b). Inorganic bromine is then involved in a variety of stratospheric chemical reactions.
The ozone catalytic removal cycles involving bromine atoms, Br, and bromine monoxide (BrO), known as BrOx, have higher

chain lengths than those involving chlorine atoms, and chlorine monoxide (ClO), together known as ClOx. Hewever;there has

depleting ozone, it cannot be said that BrOx catalytic destruction cycles are more important than those of ClOx since bromine

released by man is much less than chlorine. Also, recent studies found that the sensitivity of the ozone depletion to bromine

concentration depends on the amount of chlorine present by the chlorine/bromine cross reaction (Yang et al., 2014; Dennison

et al., 2019). More details of the current assessment of the role of bromine in the stratosphere are reported in the recent ozone
assessment (WMO, 2018).

Tropospheric ozone depletions linked to bromine chemistry were first discovered in the Arctic ~30 years ago (Barrie et al.,
1988) from the analysis of Br™ on filters. The oceanic biosphere releases a variety of organobromine compounds (e.g. CH3Br,
CH,Br;, CHBI3; etc) as well as organochlorine compounds (e.g. CH3Cl, CH,Cl; etc) and organoiodine compounds (e.g. CH3l,
CHal; etc). It is therefore not surprising that bromine is present in the troposphere. However, as there is approximately 600
times less bromide (Br™) than chloride (Cl7) in the oceans it was at the time surprising to find that inorganic reactions play an
important role in releasing bromine to the troposphere. An important tropospheric inorganic bromine source is the polar sea

ice region (Abbatt et al., 2012Kalesehke-etal52004-and references therein). First-year sea ice (Simpson et al., 2007b; Pdhler,

et al., 2010), frost flowers (Kaleschke et al. 2004), sea salt aerosol produced from blowing snow (Yang et al., 2008), snowpack

photochemistry (Yang et al., 2008:; Pratt et al., 2013), stratospheric origin (Salawitch et al., 2010), and sea spray from open

leads (e.g. Peterson et al., 2015) have been proposed as major sources of bromine in polar region. The rapid and sudden

appearance of BrO over the polar regions has been called the “bromine explosion" (Barrie and Platt, 1997). A large amount of
active bromine compounds is released by an autocatalytic heterogeneous mechanism and leads to substantial ozone depletion
(Fan and Jacob, 1992; McConnell et al., 1992; Simpson et al., 2007a) and mercury depletion (Steffen et al., 2008) in the polar

boundary layer in spring. Examples of the heterogeneous chain reactions involving BrO are:

Br; + hv (350 nm <A < 500 nm) — 2Br RD
2(Br + O3 — BrO + 0y) (R2)
2(BrO + HO, — HOBr + 0,) (R3)
2(HOBrt () = HOBr(g)) (R4)
2(HOBrt(aq) + Br~(aq) + H¥ (aq) — Brag) + H20pg) ) (R5)
Net: 205 + 2HO, + 2Br~ g + 2H* uq) — Brz + 40, + 2H,0 (R6)
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This is autocatalytic cycle because the Br, released is photolysed to generate Br and the chain reaction accelerates. Another
autocatalytic mechanism for halogen release from sea salt aerosol starts from the reaction of HOBr with CI™ in the presence of

acid as shown below (Vogt et al., 1996; Sander et al., 2003):

HOBr(g) + H i) + Cl ™ (aq) — BrCliaq) + H20 R7)
BrCl + Br™ & Br,Cl™ (R8)
Br:Cl™= Br, + CI™ (R9)
Br; + hv (350 nm <A <500 nm) — 2Br R1)
2(Br+ O3 — BrO + 0») (R2)
2(BrO + HO, — HOBr + 0Oy) (R3)
2(HOBr(g) = HOBrag) (R4)
Net: 203 + 2HO; + H* (3q) + Br~(aq) — HOBr + 40, + H,O (R10)

Although usually at lower concentrations than in polar regions, tropospheric bromine is also detected over salt lakes (Hebestreit
etal., 1999; Hormann et al., 2016), in volcanic plumes (Bobrowski et al., 2003; Theys et al., 2009a) and in the marine boundary
layer (Sander et al., 2003; Saiz-Lopez et al., 2004).

BrO is observed by both ground-based and satellite measurements using the differential optical absorption spectroscopy
(DOAS) technique (Platt and Stutz, 2008). Ground-based measurements such as long-path DOAS (Honninger et al., 2004;
Stutz et al., 2011), multi-axis DOAS (Honninger et al., 2004; FrieB3 et al., 2011), and chemical ionization mass spectrometry
(Liao et al., 2011; Choi et al., 2012) provide good temporal coverage and in some cases the vertical profile of BrO, while UV-
visible nadir satellite measurements allow us to study the global distribution of BrO columns with good spatial coverage. In
particular, since observing BrO by satellites became possible, studies on the mechanism for large-scale release of bromine
over both polar sea ice regions, where a management of ground-based instruments is difficult, have been carried out.

The first satellite observations of polar BrO events were performed using the GOME instrument (Wagner and Platt, 1998;
Richter et al., 1998; Chance, 1998). A long time-series of total BrO columns and the spatial distribution of regions with
enhanced BrO in both hemispheres were investigated using 6 years of GOME data (Hollwedel et al., 2004), finding that general
features of the BrO distribution are similar between years but the strength of BrO explosion events varies from year to year
with an increasing trend in both polar regions. SCIAMACHY, which was launched after GOME, can measure scattered and
reflected solar radiation in limb and nadir geometry. Thus, both BrO vertical profiles and BrO column densities could be
retrieved from two different observation modes of SCTAMACHY and an averaged global background of tropospheric BrO
was estimated by comparing the integrated stratospheric BrO profile with the simultaneously measured total BrO column
(Sinnhuber et al., 2005; Rozanov et al., 2011). OMI and GOME-2, which were launched in 2004 and 2006, respectively,
provide data with improved spatial resolution and signal to noise ratio enabling to answer additional scientific questions related
to polar springtime BrO explosion events. Salawitch et al. (2010) showed that the locations of total BrO column hotspots
during Arctic spring observed by OMI are coincident with high total Oz column and low tropopause height, suggesting a

stratospheric contribution for the BrO enhancements. Theys et al. (2011) developed and applied an algorithm to retrieve
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tropospheric BrO columns from GOME-2 measurements and investigated polar tropospheric BrO hotspot areas. They found
that elevated BrO columns are occasionally related to stratospheric processes due to tropopause descend in line with the result
of Salawitch et al. (2010). However, they argued that the stratospheric origin cannot account for all cases and the release of
bromine in the troposphere also contributes to satellite observed BrO plumes. Choi et al. (2012) conducted a comparison of
satellite-derived tropospheric BrO and aircraft in-situ BrO profiles obtained from the ARCTAS and ARCPAC field campaigns
for several events of rapid enhancement of BrO columns. From the two Arctic field campaigns, they showed that retrievals of
tropospheric BrO columns from OMI and GOME-2, combined with modelled stratospheric BrO estimates, show reasonably
good agreement with in-situ tropospheric BrO observations. Recently, the improved spatial resolution (3.5x7 km?) of
TROPOMI onboard Sentinel-5 Precursor which was launched in October 2017 has enabled the detection of spatial variations
and small-scale emission sources in more detail. Seo et al. (2019) showed the advantage of the high spatial resolution and
signal to noise ratio of TROPOMI BrO retrievals in various source regions.

Meteorological conditions for the occurrence of bromine explosion events have also been studied. Jones et al. (2006) and
Jacobi et al. (2006) found that ozone depletion events and elevated BrO concentrations are related to a stable and shallow
boundary layer occurring under temperature inversions and low wind speeds. Such conditions allow chemical reactions to
proceed efficiently, the boundary layer acting as a closed reaction chamber. However, enhanced BrO events were also detected
during episodes of high wind speed. Jones et al. (2010) found that BrO explosion events can occur under environmental
conditions consisting of high wind speeds and the presence of blowing snow. Choi et al. (2018) also showed a significant
association between the temporal and spatial extent of tropospheric BrO explosions observed from OMI and GEOS-5 simulated
sea salt aerosol emissions generated by blowing snow. They demonstrated that saline aerosol particles generated during
blowing snow events serve as a source of reactive bromine in the bromine explosion mechanism. The role of wind speed and
atmospheric stability in determining the lower tropospheric BrO vertical distribution was reported by Peterson et al. (2015)
using MAX-DOAS observations. In that study, high wind speeds were linked to some of the high columns of BrO, but based
on the low frequency of these cases, they argued that high wind speeds and blowing snow are not the sole driver of halogen

activation. Sihler (2012) investigated the relationship between tropospheric BrO vertical columns retrieved from GOME-2

measurements and environmental parameters including meteorological parameters from the ECMWF weather model and cloud

properties measured by CALIPSO for selected cases. It was found that the occurrence of enhanced tropospheric BrO vertical

columns are related to boundary layer meteorology although the causality is not always clear. A bromine explosion event

linked to cyclone development in the Arctic was investigated by Zhao et al. (2015) and Blechshmidt et al. (2016). The vertical
lifting and high wind speeds driven by the front of the polar cyclone can transport cold brine coated snow and salt aerosols
into the free troposphere, resulting in bromine explosion events and extending BrO plume lifetime through continuous supply
of reactive bromine.

As mentioned above, many studies on the possible sources of BrO enhancements and the driving meteorological conditions

in polar regions have been conducted using ground-based and satellite measurements. Study results clearly indicate that

meteorological conditions affect the processes of BrO enhancements in several ways. Hewever,-these-previousstudies-foeus
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term-dataset—These previous studies mainly focus on specific case-studies or analysis using relatively short-term datasets. This

study aims at adding to this body of knowledge and to obtain a more general and comprehensive understanding of the

enhancements of total BrO columns using a consistent long-term dataset. Therefore, we statistically analyse the spatial

distribution of occurrence frequency of enhanced total BrO column and its relationship to various meteorological parameters

in the Arctic and Antarctic sea ice regions by using a 10 year long-term dataset. In particular, the relationship between total

BrO vertical columns retrieved from GOME-2A/2B and meteorological fields including sea level pressure, surface level wind

speed and direction, surface air temperature, and tropopause height were investigated. The reason for using total BrO columns

instead of tropospheric and stratospheric columns separately to examine the relationship with the meteorological fields is that

existing separation methods for satellite BrO data are difficult to apply to a long-term data set in both hemispheres. They also

have large uncertainties in connection with low pressure systems and large tropopause height changes which affect both

stratospheric and tropospheric columns. This study aims to investigate how the meteorological system generally affects the

total BrO column, rather than separate the effects on the enhancement of BrO in each atmospheric layer. Differences in

meteorological conditions and their regional characteristics between high BrO situations and the mean field were investigated
in order to better understand meteorological effects on processes involved in BrO enhancements. Finally, based on Spearman
rank correlation analysis, the degree of influence of different meteorological parameters on total BrO columns was evaluated

and the most important meteorological parameters, influencing BrO, and their regional patterns were identified.

2 Data
2.1 GOME-2 BrO retrievals

The GOME-2 is a series of three identical instruments operating on board the Metop satellites. They were launched sequentially
to enable continuous long-term monitoring of atmospheric composition with the same instrument specification (Callies et al.,
2000; Munro et al., 2016). The first GOME-2 aboard Metop-A was launched in October 2006, and the second and third onboard
Metop-B and Metop-C were launched in September 2012 and November 2018, respectively (hereafter referenced as GOME-
2A, GOME-2B and GOME-2C, respectively). GOME-2 is a nadir-viewing scanning UV-vis spectrometer with four channels
covering the spectral range between 240 and 790 nm at a spectral resolution of 0.26-0.51 nm (Munro et al., 2016). The spatial
resolution of GOME-2 data is typically 80xx40 km? and the Metop platforms all have an equator crossing time of 09:30 local

time in the descending node (Munro et al., 2016).
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In this study, we use data from GOME-2A from 2008 to 2011 and data from GOME-2B from 2013 to 2018. The first year
of data after the launch of GOME-2A and GOME-2B is not used to avoid sampling bias from incomplete coverage during this
time period. Also, as the swath width of GOME-2A was reduced from 1920 km to 960 km in July 2013 resulting in a change
in ground pixel size to 40x40 km?, we used the GOME-2B data since 2013. BrO slant column densities (SCDs) were retrieved
by applying the DOAS technique to the GOME-2 Level 1 spectra using the settings summarised in Table 1. These settings
have been selected based on the results from an earlier study on BrO retrievals using data from different satellite instruments
(Seo et al., 2019). The absorption cross sections used are BrO (Wilmouth et al., 1999), Oz at 223 K and 243 K (Serdyuchenko
et al., 2014), NO, (Vandaele et al., 1998), OCIO (Kromminga et al., 2003), HCHO (Meller and Moortgat, 2000), and O4
(Thalman and Volkamer, 2013). A Ring spectrum to account for rotational Raman scattering was calculated by the SCTATRAN
model (Vountas et al., 1998) and a fourth-order polynomial was included in the BrO retrieval. As background spectrum, daily
averaged earthshine spectra from the equatorial Pacific were used (+ 30°N, 150-240°E) and a post-processing of the BrO slant
columns was performed to minimize the impact of instrumental degradation and differences between the two instruments.

When using a Pacific background spectrum, the retrieved differential slant columns (DSCD) need to be corrected by adding
the BrO slant column over that region. Here we follow earlier studies (Richter et al., 2002; Sihler et al., 2012; Seo et al., 2019)
and assume a BrO vertical column of Viom ref = 3.5x10'3 molec cm over the Pacific_reference sector. The corresponding BrO

SCD is computed by multiplying the Vnom.rer With the geometric air mass factor Ageo. Ageois defined as:

1 1
cos(SZA)  cos(VZA)

As the differential BrO slant columns (DSCD) over the Pacific are not exactly 0, the mode p of a Gaussians- fitted to their

Ageo =

(SZA: solar zenith angle, VZA: viewing zenith angle) (1)

distribution is taken into account for the normalization final-correction:

SCD = DSCD + Ageo * Vhormrer — H 2

To account for differences in the light path through the atmosphere, total geometric vertical columns were derived from
retrieved BrO SCDs by application of a stratospheric air mass factor (AMF), which considers only viewing geometry and

wavelength. Only total BrO vertical column densities (VCDs) having solar zenith angles smaller than 85° were used in this

study.

2.2 Sea ice data

Sea ice concentrations (Spreen et al., 2008), i.e., the percentage of a given area covered with sea ice relative to the total,
retrieved from AMSR-E (Advanced Microwave Scanning Radiometer-EOS) and AMSR2 (Advanced Microwave Scanning
Radiometer 2) satellite measurements were used to identify the sea ice domain for the 2008-2011 and 2013-2018 periods,
respectively. The reason for the missing of analysis for 2012 in this study is that there was a gap between AMSR-E and AMSR2.
AMSR-E stopped producing data in October 2011 and calibrated brightness temperature data from the AMSR2, the successor
of AMSR-E, have been released in January 2013. Sea ice concentrations are retrieved by the ARTIST Sea Ice (ASI) algorithm

based on the polarization difference of brightness temperature at the 89 GHz channel and weather filtering using other channels
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(Spreen et al., 2008). Sea ice concentration data are provided on a daily basis with high spatial resolution of 6.25x6.25 km? by
the Institute of Environmental Physics, University of Bremen (https://seaice.uni-bremen.de/sea-ice-concentration/) and these

data products were used in this study.

2.3 Meteorological data

To explore meteorological conditions in polar regions, European Centre for Medium-Range Forecasts (ECMWF) ERA Interim
reanalysis data (Dee et al., 2011) (https://apps.ecmwf.int/datasets/data/interim-full-daily/) were used. More specifically, sea
level pressure, air temperature at 2 m, and surface winds at 10 m at a spatial resolution of 0.75 x 0.75 degree and a 6 hour time
resolution were extracted from the data. The tropopause height was computed from ECMWEF ERA-Interim reanalysis data
with 91 levels by applying the dynamical (potential vorticity) criterion of 3 PVU (1 PVU = 10 m? s! K kg'") or higher to
define stratospheric air (Ebojie et al., 2014).

3 Method
3.1 Data matching

To investigate the relationship between BrO and various meteorological factors over the polar sea ice regions, a spatio-temporal
matching of the different datasets is required. According to previous studies, enhanced BrO columns are observed over the
continent near the coast in the presence of blowing snow, and even over the interior of the continent by long-range transport
of air masses from the sea ice regions (Choi et al., 2018). However, development and maintenance of large-scale enhanced
BrO plumes requires a continuous supply of reactive bromine over a large area, and the origins of these sources are typically,
located on the polar sea ice. Thus, we limited the study domain for long-term analysis to the region where the sea ice remains.
Since the spatial resolution of daily sea ice concentration data from AMSR-E and AMSR2 is higher than that of GOME-2 BrO
columns, GOME-2 BrO data were selected if an average of sea ice concentration located within the GOME-2 satellite pixel is
higher than 5 %. The selected GOME-2 BrO data over the sea ice region are also matched with ECMWF meteorological
datasets in both time and space. First, the meteorological datasets were linearly interpolated with respect to the observation
time of GOME-2 BrO, and then spatially matched by interpolation with an inverse weighting proportional to the distance of
the nearest four pixels from the GOME-2 BrO pixel. The temporally and spatially matched datasets were used to explore the

spatial behaviour of the relationship between BrO columns and meteorological parameters in the next sections.

3.2 Detection of enhanced total geometric BrO columns over sea ice regions

To investigate the characteristics of occurrences of enhanced BrO, we first need to establish a reasonable detection criterion

for BrO enhancements. In previous studies, satellite observations of enhanced BrO columns during spring, termed as “BrO
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hotspots”, were defined as the region where the total column BrO is elevated by at least 2x10'* molec cm™ relative to the zonal
mean (Salawith et al., 2010; Theys et al., 2011). Hollwedel et al. (2004) defined the high BrO events as tropospheric BrO
columns above the 5.5x10'3 molec cm™. In addition to these definitions, Theys et al. (2011) analysed the events of possible
stratospheric origin as the case when the retrieved tropospheric BrO column is lower than 3.5x10'* molec cm™. We could
detect enhanced BrO columns by applying the same threshold value and method used in previous studies. However, this study
is based on 10 years of data in both hemispheres, and not on case studies or analysis of short-term data covering less than 2
years as in previous studies, and therefore a new detection criterion of enhanced BrO valid for long-term data is required.

Figure 1 shows the monthly histogram of GOME-2 total BrO VCDs over the Arctic (March and April) and Antarctic sea
ice regions (September and October) for the study period from 2008 to 2018. Average total BrO VCDs are in general normally
distributed representing the mean background BrO. However, the right side of the BrO column distribution has higher
frequencies of occurrence compared to the left side and is long-tailed due to BrO enhancements during polar springtime. We
defined a threshold for BrO hotspot detection as the mode of the BrO column distribution +2¢ (standard deviation of the
distribution) based on the monthly fitted Gaussian distribution using 10 years of GOME-2 data to have a consistent approach
for the analysis of the long-term dataset. If a total BrO column is larger than the threshold, it is identified as an occurrence of
enhanced BrO. The thresholds for BrO hotspot detection are 7.64x10'* and 7.54x10'* molec cm™ for March and April,
respectively, over the Arctic sea ice, and 7.50x10'* and 7.40x10'* molec cm™ for September and October, respectively, over
the Antarctic sea ice (see blue dashed lines in Fig.1). Although the thresholds are in a similar range, the limits for the Arctic
are slightly higher than those of the Antarctic, and the limits for the early spring of March and September are slightly higher
than those for April and October. Our statistical results are consistent with the results of Hollwedel et al. (2004), who also
found that high BrO events and areas covered by BrO clouds are usually larger in the Arctic than in the Antarctic from 6 years
GOME measurements.

One issue to note is that monthly thresholds for identification of BrO hotspots in each hemisphere determined by this
statistical method have a limitation in discerning a clear source of enhanced total BrO column. In principle, there are three
conceivable explanations for enhanced total BrO columns observed by satellite: (1) the enhancement results from descending
BrO enriched stratospheric air when the tropopause is low, (2) the increased results from bromine explosion events occurring
in the troposphere, (3) the enhancements are due to a combination of both stratospheric and tropospheric contributions. Thus,
to assess whether total column BrO enhancements, detected by using the BrO VCD threshold criteria defined above, is of

stratospheric or tropospheric origin, we will investigate related meteorological factors in the next sections.
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4 Result
4.1 Frequencies of enhanced BrO columns and spatial distributions

To identify areas where BrO hotspots occur frequently, the spatial distribution of the frequency of enhanced BrO occurrences
was investigated over a long time period. To map the spatial distribution of frequency, a reference grid is required because the
positions of the satellite pixels are not constant. In this study, a reference grid with 200x200 km resolution was used. The
enhanced BrO occurrence frequency fgg:o was calculated by dividing the number of pixels classified as enhanced BrO column
in a given reference grid cell by the total number of satellite pixels within the reference grid cell. One thing to note is that cloud

filtering was not applied in this study. Clouds can affect the BrO column retrieval generally in three ways: (1) the albedo effect

related to the increase of the reflectivity and sensitivity for cloudy scenes, (2) the enhancement of optical light path due to

multiple scattering inside clouds, and (3) the shielding effect that hides trace gases below clouds. The first two effects could

increase the absorption of trace gases and lead to values greater than the actual total BrO column, while the third effect leads

to an underestimation of the total BrO column (Antén and Loyola, 2011). Therefore, as clouds affect the BrO retrieval, it is

necessary to consider the presence and characteristics of clouds for accurate BrO analysis. However, obtaining long-term

reliable cloud products such as cloud fraction and cloud top height over the polar sea ice regions is difficult since detecting

clouds and retrieving their properties over a bright snow/sea ice surface from satellite measurements are difficult (Heidinger

and Stephens, 2000). Inaccurate cloud data may cause errors in statistical analysis using long-term data. Also, the difference

between cloud free and cloudy conditions in polar sea ice regions is relatively small due to the bright surface (Figure 1 in

Blechschmidt et al., 2016). Based on these considerations, this study did not attempt to correct the effects of clouds on the

enhancement of BrO columns.

Figure 2 shows how frequently enhanced total BrO columns were observed over the Arctic and Antarctic sea ice regions in
spring. As can be seen in Fig. 2, patterns and magnitudes of fgg:0 are different between the Arctic and Antarctic, and also vary
between polar spring months. In the Arctic, enhanced total BrO columns are frequently observed over the north of the Canadian
coast with a frequency of ~0.25 (25 %). Also, over the Hudson Bay, fgg:o is higher than ~0.18 in both March and April. Due

to the large land-sea ratio in the Canadian archipelago, the number of data collected for the analysis is low compared

to other regions. However, since enhanced BrO cases are observed more frequently than in other regions, the relative

occurrence frequency of enhanced total BrO column is high in this region. The spatial distribution patterns of fgg;0 are

mostly similar in March and April, but relatively high values of ~0.15 are observed over the Chukchi Sea and the East Siberian
Sea in April. In contrast to the Arctic, where stronger regional enhancements in BrO occurrence are evident, fgg:o is distributed
relatively uniformly around the Antarctic continent with a comparatively low number of local enhancements over the Weddell
and Ross Sea. In addition, unlike in the Arctic, where the values of fgg:o are similar in March and April, the range of frequency
values in Antarctica is smaller in October than in September, in particular, around the Weddell and Ross Sea. Statistical

analysis using decadal GOME-2 observations showed spatial and temporal behaviours of total BrO column enhancements in
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the Arctic and Antarctic region. Spatial variations in the occurrence frequency of enhanced total BrO columns may be linked

to the influence of various meteorological parameters, and this will be discussed in detail in Section 4.2.

4.2 Relationship between enhanced BrO columns and meteorological parameters

In this section, we examine the relationship between the occurrence of enhanced total BrO columns and various meteorological
conditions, focusing on the magnitude and spatial distribution of changes in meteorological conditions when comparing

situations with BrO enhancements to the mean.

4.2.1 Sea level pressure

The first parameter investigated is sea level pressure. Figure 3 shows histograms of ERA-interim sea level pressure data from
2008 to 2018 for the Arctic and Antarctic sea ice region during spring (March and April for the Arctic, September and October
for the Antarctic). The red line shows the frequency distribution of sea level pressure for cases with enhanced total BrO,
whereas the black line represents the frequency distribution of the mean field using all sea level pressure data for the study
period. As can be seen in Fig. 3, the frequency distribution of sea level pressure is shifted towards lower sea level pressure
during BrO enhancements in both polar regions, indicating that enhancement in total BrO vertical column is related to lower
sea level pressure. This decrease of sea level pressure can also be clearly seen from a comparison of the mean sea level pressure
map for all measurements with the mean sea level pressure map for the enhanced BrO cases (see Fig. 4). When total BrO
columns are enhanced, sea level pressure is generally decreased by up to ~25 hPa in most areas of the Arctic when compared
to the average sea level pressure. Significant decreases in sea level pressure are in particular found in the central Arctic and
the Bering Strait. Sea level pressure tends to increase slightly only over the Kara Sea in March. Similar to the results in the
Arctic, lower sea level pressure is associated with enhanced BrO columns in Antarctica (see Fig. 5). Negative sea level pressure
anomalies are found in most areas, and a particularly pronounced negative anomaly in sea level pressure (~ 20 hPa) is observed
over the east side of the Antarctic Peninsula in September. Also, from Fig. 5, it is clear that the decrease of Antarctic sea level
pressure for the enhanced BrO cases in October is not as large as in September.

Our analysis using long-term datasets demonstrates that enhancements in total BrO columns are associated with negative
sea level pressure anomalies in both the Arctic and Antarctic sea ice region. The Arctic and Antarctic have fundamentally
different geographical features. The Arctic is a frozen ocean surrounded by land whereas Antarctica is a frozen continent
surrounded by ocean, which leads to differences in the major synoptic pressure systems. The lower tropospheric circulation
over the frozen Arctic ocean is dominated by high pressure systems over the continents, while that of the sea ice zone around
Antarctica is driven by a strong low pressure belt (Jones et al., 2010; Screen et al., 2018). Although the atmospheric dynamic
systems are different between the Arctic and Antarctic sea ice regions, sea level pressure is generally lower during the
enhancement of BrO columns in both polar regions, which indicates that atmospheric depressions have an influence on

generating enhanced total BrO.

10
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Previous studies support the association between atmospheric low pressure systems and enhanced BrO columns. Jones et al.
(2010) found that large scale tropospheric ozone depletion events and enhanced BrO columns appear around large low pressure
systems in the Antarctic region using data from tethersondes, free-flying ozonesondes, and satellites. Blechschmidt et al. (2016)
revealed a link between polar cyclones and bromine explosion events development for a case over the Arctic. These studies
argue that vertical lifting and high wind speeds in synoptic scale atmospheric low pressure systems result in development of
blowing snow, so that the BrO explosion reaction cycle occurs around the wind-blown brine coated snow particles in
tropospheric air. Convergence and ascent of air occur along fronts within low pressure systems. This convective process
facilitates air masses potentially having reactive bromine source conditions at the ground to be transported to higher altitudes
and cooled. Theys et al. (2009b) and Salawitch et al. (2010) showed that some of the enhancement in total BrO columns are
associated with increases in stratospheric BrO due to a decrease of the tropopause height, coincident with low pressure systems.
The details of how surface level wind and tropopause height, which can be affected by changes in atmospheric pressure, are

associated with the enhancement of the total BrO column will be discussed in later sections.

4.2.2 Surface level temperature

The relationship between air temperature at 2 m and the enhancements of total BrO columns was investigated in the same way
as for pressure in the previous section. From Fig. 6, it can be seen that the surface level air temperature is low during
enhancements of total BrO column in both the Arctic and Antarctic sea ice regions. The air temperature frequency distribution
of the Antarctic is shifted more clearly towards lower temperatures than that of the Arctic. The highest frequencies of 27 % in
the mean field and 32 % in the enhanced BrO field are detected at the same temperature range of -20 to -15 °C in the Arctic.
However, for the Antarctic, the temperature range of the highest frequency is -20 to -15 °C in the high BrO situations, compared
to -15 to -10 °C in the mean field. Spatial distributions of monthly temperature differences for the Arctic and Antarctic are
also shown in Fig. 7 and 8, respectively. One remarkable feature in these maps is that temperature differences vary depending
on region. When the total BrO column is enhanced, negative surface level air temperature anomalies (up to ~12°C colder
compared to the long-term mean) are found over the Arctic sea ice region except for the central Arctic region where positive
anomalies occur. The pattern of surface level air temperature in the Antarctic is similar to that of the Arctic as shown in Fig.
8. Atmospheric temperature during enhanced BrO events is lower in most areas of the Antarctic and a significant decrease of
temperature is found at the margin of the sea ice. In contrast, a slight increase in temperature is associated with the enhancement
of BrO around the Antarctic coastal region. These patterns indicate that not only relative temperature changes but also absolute
temperatures are linked to the conditions in which enhanced BrO events can occur. Negative temperature anomalies are needed
for BrO enhancement in the marginal sea ice regions where temperatures are closer to the freezing point than in the central
Arctic and Antarctic, where temperatures are always low.

Temperature effects in the chemical mechanism of bromine release were discussed in several previous studies. Sander et al.
(2006) demonstrated why bromine release is accelerated on cold saline surfaces using a 1-dimensional atmospheric chemistry

model. They found that the acid-catalyzed atmospheric bromine explosion cycle is triggered in their simulations by
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precipitation of carbonates at a temperature below 263 K leading to reduced buffering capacity of the alkaline sea water and
facilitating its acidification. Model calculations identified the strong temperature dependency of the equilibrium reactions (R8)
and (R9) releasing Br, and BrCl. These reactions transform the bromide in brine into reactive bromine. The cold conditions
associated with bromine explosions at the surface are similar to those required to form frost flowers in polar regions. Frost
flowers which are water ice, coated with brine can act as a-primary source of bromine explosion events. They are mainly
formed when open polynyas or leads freeze at very low temperature (Martin et al., 1996; Kaleschke et al., 2004; Obbard et al.,
2009). Kaleschke et al (2004) reported that potential frost flower regions, associated with cold surface air temperature, match
spatially the source regions of enhanced BrO columns detected by satellites. The results from our long-term statistical analysis
are consistent with those from previous studies showing the importance of low temperature conditions for bromine explosions.
In summary, the present results combined with findings on chemical mechanisms, assumed to be responsible for the
development of tropospheric bromine explosion events in previous studies, indicate that atmospheric temperature is one of the

important parameters in the BrO column variability.

4.2.3 Surface level wind speed and direction

Next, surface level wind speed is investigated to evaluate how this may affect the occurrence of total BrO column
enhancements. Figure 9 shows the frequency distribution of wind speed at 10 m for the average field and for enhanced BrO
cases of the 10 years of measurements in the Arctic and Antarctic sea ice region. The distribution is shifted towards high wind
speeds in both polar regions for enhanced total BrO vertical columns, the increase in wind speed being more pronounced in
the Antarctic region. The difference in wind speeds is also confirmed by the spatial distribution maps (Fig. 10 and 11). Higher
wind speeds are observed in most Arctic and Antarctic regions for situations with enhanced total BrO columns_compared to
the mean field. In particular, differences in wind speed of more than 5 m's™! and high wind speeds of over 10 m-s! are found

at specific regions of the Arctic such as the eastern coast of Greenland, the Bering Strait and the central Arctic. However, the

Canadian archipelago has weaker wind speed anomalies with a low wind range of 3-5 m-s’! in both the mean field and enhanced

BrO situations due to the effect of topography. In the Antarctic region, wind speeds greater than 12 ms™! are predominantly

observed over the sea ice margins and some of the Antarctic coastline. Our results show that enhancements of BrO columns

are mainly related to positive wind speed anomalies- except for some areas such as the Canadian archipelago. The enhanced

BrO columns in the Canadian archipelago, an area where total BrO hotspots are frequently detected with low surface wind

speeds, may be attributed to local production/recycling of reactive bromine under a stable boundary layer or an increase in

stratospheric BrO.

The relationship between surface wind speed and enhanced BrO column has been discussed in previous studies, and still is
under debate. Some of the related studies showed tropospheric ozone depletion events and bromine explosion events at lower
wind speeds of less than 8 m's™! in polar sea ice regions (Simpson et al., 2007a; Jones et al., 2010). These case study results
support the opinion that tropospheric BrO explosion events occur efficiently at low wind speeds since under these conditions,

reactants can accumulate within the stable boundary layer while under strong wind conditions, a dilution of bromine sources
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due to rapid vertical mixing and horizontal spreading prevents the BrO explosion. On the other hand, highly saline sea salt
aerosols produced during blowing snow events driven by high surface wind speeds can act, if sufficiently cold, as a bromine
source in the tropospheric BrO explosion mechanism (Yang et al., 2008; Obbard et al., 2009; Jones et al., 2009; Blechschmidt
et al., 2016). Yang et al. (2010) successfully simulated bromine explosion events using a global chemistry transport model by
considering bromine emissions from sea salt aerosols and saline snow lying on sea ice during blowing snow events. Also,
Jones et al (2009) and Blechschmidt et al. (2016) reported that high wind speeds and vertical lifting caused by a cyclone can
provide blowing snow. When the wind speed exceeds ~8 m's™!, snow particles begin to dislodge from the surface, and at wind
speeds above ~12 m's™!, active mixing and transport of snow and sea salt aerosols within the boundary layer become possible
(Jones et al., 2009). Thus, blowing snow created by high surface wind speeds is a plausible mechanism releasing reactive
bromine sources into the boundary layer or above it. This supports the notion that high wind speeds also lead to enhanced BrO
in the lower atmosphere.

The spatial distribution map of surface wind speed anomalies derived in this study shows that during the enhancement of
total BrO vertical columns, wind speeds are generally enhanced. However, the average wind speed field during the high BrO
cases shows values of 6-8 m's™! in most areas. For the tropospheric bromine explosion events created by strong winds, previous
studies indicate that wind speeds above ~12 m's! are required. The regions that satisfy this wind speed threshold consistently
are confined to the Bering Strait, the central Arctic, and the east coast of Greenland in the Arctic and the Antarctic sea ice
margins and some coastal locations. This behaviour is clearly identified in the spatial distribution maps of the relative frequency
of high wind speeds for the occurrence of enhanced total BrO column (see Fig. 12) which show where strong surface winds
contribute to the enhancement of BrO columns. In Fig. 12, high frequencies above 30 % are found over the central Arctic and
eastern coast of Greenland in the Arctic, whereas in the Antarctic, they are most frequently detected around the marginal ice

zone of the Weddell and Ross Sea.

Arctic and eastern coast of Greenland are regions where enhanced total BrO columns are not frequently detected in the Arctic

as shown in Fig. 2, it is clear that the occurrence of enhanced total BrO columns in the corresponding regions is often associated

with higher wind speeds (Fig. 10 and 12). This could indicate that tropospheric bromine sources from blowing snow events

generated by high wind speeds are important in these areas.

In order to investigate whether not only the wind speed but also the wind direction affects the occurrence of BrO
enhancement in terms of regions, the relative frequency of wind direction for data with enhanced BrO columns was mapped.
The relative frequency was calculated for the case that the number of data collected within the reference grid is greater than
20 to avoid errors from using too small sample size. The wind direction was divided into eight groups at intervals of 45 degrees.
From Fig. 13, we can identify which wind directions are related to BrO enhancements and the regional characteristics of these
prevailing wind directions. First, the northern and western wind directions are more frequent compared to the southerly and

easterly winds when enhancements of total BrO column occur in the Arctic sea ice region. High occurrence frequencies of
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above 50 % are found around the Bering Strait and the eastern coast of Greenland. This is expected because the northerly
winds blowing from the interior of the Arctic sea ice are likely to be cold and contain bromine sources such as saline snow,
frost flowers and sea salt aerosols rather than the southerly winds from the open sea. In contrast to the prevailing northerly
winds around the Arctic sea ice margins, southern winds including S, SE and SW are mainly observed around the central
Arctic and high latitude regions for the BrO event cases. This may be explained by the transport of air masses with enhanced
BrO from sea ice margins to high latitudes by southerly winds, which is also in line with the temperature increase pattern over
the central Arctic reported in the previous section. Overall, north-westerly winds are the most dominant wind direction,
associated with the enhancement of total BrO column in the Arctic, especially high occurrence frequencies being found over
the northern coast of Canada, Hudson Bay and Baffin Bay. These regions have been mentioned in many previous studies as
areas where satellite BrO hotspots frequently appear during Arctic spring (Salawitch et al., 2010; Theys et al., 2011; Nghiem
et al., 2012). Fig. 14 shows the degree of changes in the frequency of wind directions in cases of enhanced BrO compared to
the mean field in the Arctic in terms of spatial variation. In general, the south and east winds have decreased frequencies in
most regions during the occurrence of enhanced BrO compared to the mean, whereas the frequencies of NW, W, and N, the
main wind directions associated with BrO enhancements, increase by more than 20 %, especially around the sea ice margin
area.

The spatial distribution of the wind direction frequency during the occurrence of enhanced total BrO columns is clearer in
the Antarctic, compared to the Arctic. As shown in Fig. 15, the northern winds show low relative frequency overall in the
Antarctic sea ice region for BrO enhancement cases, which indicates that the northerly winds have a low association with BrO
enhancements. This is consistent with our understanding of the conditions required for BrO enhancements because the
northerly winds blowing from the open water to Antarctica are usually relatively warm, and thus sea salt aerosols are not cold
enough to trigger the bromine explosion mechanism. Another feature of wind direction distribution in the Antarctic is that
easterly winds are strongly related to enhanced BrO columns along the coast of Antarctica, whereas westerly winds are
prevailing over the sea ice region except for the Antarctic coastlines. Basically, the main winds of the Antarctic can be divided
into two types: (1) large-scale circulations composed of westerly winds and (2) local katabatic winds deflected in the cross-
slope direction with an eastward component due to the Coriolis force. Consequently, the predominant wind direction during
the BrO enhancement also follows the Antarctic large-scale circulation. Depending on the large-scale atmospheric system,
easterly winds in the coastal regions and westerly winds in the sea ice regions are dominant, but the influence of the south
wind increases in the presence of enhanced BrO columns. Maps of differences in the frequency of the wind direction between
the high BrO situation and the mean field (see Fig. 16) clearly show that occurrence frequencies of wind directions from
southerly and westerly directions increase during the occurrence of enhanced BrO columns. In particular, the southwestern
winds prevail for situations with enhanced BrO columns, as frequencies increase by more than 20 % over a large area of
Antarctic sea ice including the marginal ice zones.

We investigated further the impact of high wind speed on the total BrO column enhancement at each wind direction in the

Arctic and Antarctic regions during spring. Table 2 summarizes the relative frequency of wind direction for the mean field,
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for the enhanced BrO cases and for enhanced BrO cases accompanied by high wind speeds (v > 12 m-s™! for the Arctic and v
> 14 m-s™! for the Antarctic), respectively. The average frequency of wind direction is generally evenly distributed between
10.6-14.7 % in the Arctic. However, for the cases with enhanced total BrO columns, the relative frequency of the northwest,
west and north winds increase to 22.0, 17.9 and 16.0 %, and when limited to high surface wind speed cases, frequencies
increase further to 24.7, 21.1 and 18.9 %, respectively. In the Antarctic sea ice region, the difference in the frequency between
the individual wind directions is larger than in the Arctic. The average frequency of the northeast wind is 8.1%, while the
frequency of the west wind is as high as 20.1 %. The difference in the relative frequency distribution of the wind directions
becomes even larger if cases with enhanced BrO are considered. The southwest and west winds are then prevailing with a
relative frequency of 30.4 and 26.0 %, which increases further to 35.5 and 32.6 % under high wind speed conditions. Through
the statistical analysis, we confirmed that the specific wind directions affect the BrO enhancement and if the relevant winds
become strong, the supply of reactive bromine source in the troposphere becomes active, which can contribute further to the

increase of total BrO column density.

4.2.4 Tropopause height

The last factor investigated in connection with the enhancement of total BrO columns is the tropopause height. The relationship
between the tropopause height and BrO hotspots observed from satellites was discussed in previous studies using data for
periods from several days up to two years. Salawitch et al. (2010) found that enhanced total BrO columns over the Hudson
Bay observed by OMI are coincident with a low tropopause of ~5 km and high total O3 column of ~450 DU _(Dobson unit). In
general, the stratospheric BrO columns are anti-correlated with the tropopause height field, and thus they concluded that the
elevated total BrO columns at low tropopause heights over the Hudson Bay may be attributed to an increase of stratospheric
BrO columns. Theys et al. (2011) also investigated total, stratospheric and tropospheric BrO columns retrieved from GOME-
2 measurements and the corresponding tropopause heights for the northern high latitudes in spring. They found two different
cases through their analysis using two years of data: (1) situations where the spatial distribution patterns of enhanced total BrO
columns and low tropopause heights are consistent, (2) BrO hotspots, which are not associated with low tropopause heights
and high stratospheric BrO columns. The first case shows that the increase in total BrO columns can be affected by the
stratospheric contribution in line with the findings of Salawitch et al. (2010), but the second indicates that elevated total BrO
columns can also be linked to the increase of tropospheric BrO columns.

In this study, the relationship between tropopause height and total BrO column enhancements is investigated in both the
Arctic and Antarctic sea ice region using 10 years long-term data in terms of magnitude, region and time, and the results are
compared with those from previous studies. The relative frequency distributions of tropopause height for the mean field and
the cases with enhanced total BrO columns in the Arctic and Antarctic are presented in Fig. 17. In both polar regions, the
frequency distribution is shifted towards lower tropopause height during the occurrence of enhanced total BrO columns, and
this effect is larger in the Antarctic than the Arctic. This indicates that the decrease of tropopause heights is associated with

the enhancement of total BrO columns, which is consistent with previous study results. Our results also show that the
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enhancement of total BrO columns due to tropopause descends is more prominent in the Antarctic than in the Arctic. This
conclusion is different from the finding of Theys et al. (20118), who reported that the effect of low tropopause height on the
increase of BrO column seems to be more important in the Arctic than in the Antarctic region. One possible explanation for
the difference apart from the different time periods investigated is that here, the frequency distribution of the tropopause height
was investigated for situations with enhanced total BrO column whereas Theys et al. (20118) investigated the impact of
tropopause height on the tropospheric BrO column.

In addition to the frequency distribution of tropopause height, also the differences in maps of tropopause height between
situations with enhanced total BrO column and the mean were investigated (Fig. 18 and 19). The mean field of tropopause
height shows generally a tropopause height of 9.0-9.5 km range over the Arctic except for the north coast of Canada (e.g.
Canadian Archipelago), Fram Strait and the Barents Sea where slightly lower tropopause heights of 8.0-8.5 km appear. For
the BrO enhancement cases, tropopauses are lower in the 7.5-9.0 km range in most areas. In particular, large differences in
tropopause height of ~2 km are observed over Bering Strait, Hudson Bay, and Baffin Bay, indicating that enhancements of
total BrO columns in these areas may be more affected by stratospheric BrO through tropopause descent. Similar to the Arctic
case, the tropopause height is lower by up to ~2.3 km in most of the Antarctic sea ice region in situations with enhanced total
BrO columns. Especially, large differences are detected around the Antarctic Peninsula in September. Negative tropopause
height anomalies influence the total BrO column through the increase of the stratospheric column, or by mixing stratospheric
air with high BrO concentrations into the troposphere. However, they are also associated with changes in meteorological
conditions in the troposphere, which favour BrO release close to the surface. Consequently, not only the surface level
meteorological factors such as surface level atmospheric temperature, wind speed and direction but also the impact of the

stratospheric field should be considered in the interpretation of enhancements in the total BrO column.

4.3 Correlation analysis between total BrO vertical column and meteorological parameters

To assess statistically the dependence between total BrO vertical column and multiple meteorological parameters investigated
in the previous sections, we performed a Spearman’s rank correlation analysis. The Spearman correlation determines the
strength and direction of the monotonic relationship between two variables. Thus, this method is less sensitive to strong outliers
and distribution type than the Pearson correlation, which is the reason for using the Spearman rank correlation analysis in this
study.

Monthly Spearman correlation coefficients between total BrO vertical column density and meteorological parameters
including sea level pressure, surface level air temperature, surface level wind speed, and tropopause height are provided in
Table 3. Correlation coefficients with p-values less than 0.001, indicating that results are statistically significant, are presented
here. Correlations are low for all four factors investigated (apart from tropopause heights for September in the Antarctic which
shows a moderate correlation of 0.4). Overall, tropopause height shows the largest negative correlation with total BrO vertical

column density in both the Arctic and Antarctic. Total BrO vertical column is more negatively correlated with tropopause
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height in the Antarctic than the Arctic, and the negative correlation coefficients of March and September are larger than those
of April and October. Total BrO vertical column has also a negative correlation with the surface level air temperature in both
polar regions, but these correlation coefficients are smaller than correlation coefficients with tropopause height. Larger
correlation coefficients are found in March and September than April and October. Sea level pressure has a negative correlation
of -0.23 with total BrO column in September in the Antarctic region, but correlations are even lower in the Arctic and in other

months.

Antaretie-Surface wind speed has correlation coefficients close to 0 with total BrO vertical column density in both the Arctic

and Antarctic, and even for wind speeds above 8 m/s, which can cause blowing snow, there is no clear relationship between

them. This could either be due to stratospheric air dominating the total BrO column or due to the large variability of wind
speed conditions under which tropospheric BrO explosion events occur according to previous studies described above.

The regional differences of the statistical dependence between total BrO vertical column and meteorological factors were
also investigated by performing the Spearman correlation analysis for each cell of the reference grid. Figure 20 displays the
spatial distribution of Spearman correlation coefficients between total BrO vertical column and each meteorological factor
where the p-value < 0.001. The strong negative correlation between total BrO vertical column and tropopause height appears
in both the Arctic and Antarctic region. The strongest negative correlation coefficients reaching values below -0.6 are found
over the Hudson Bay, Baffin Bay and Bering Strait in the Arctic sea ice region, while the regional variation in the correlation
is not large in the Antarctic region. These strong negative correlations between total BrO vertical columns and tropopause
heights during springtime indicate that the total BrO vertical column tends to increase when the tropopause height is lowered,
which means that the contribution of stratospheric origins to total BrO columns is significant. It was also confirmed from the
spatial distribution of correlation coefficient that the influence of tropopause height on the total BrO vertical column varies
depending on the region. Over the Hudson Bay and Bering Strait with stronger negative correlations, the stratospheric BrO
fields associated with the change of tropopause height may have a greater impact on total BrO columns than in other regions.

Surface level air temperature also shows different Spearman correlation patterns depending on the region. The correlation
between total BrO vertical column and temperature is negative at relatively lower latitudes of the Arctic and then turns to
positive values over the central Arctic region. This indicates that an increase of surface air temperature is related to the
enhancement of total BrO vertical column over the central Arctic, while a decrease of temperature is associated with the
increase of total BrO column in most areas except for the central Arctic. In contrast to the Arctic, opposite correlation patterns
between total BrO column and surface air temperature as a function of latitude are not detected in the Antarctic sea ice region.
Correlations are not very significant around the Antarctic coastal region and negative correlation coefficients of ~ -0.3 are
found in most sea ice areas. These spatial distribution patterns of correlation coefficients for surface air temperature are similar
to those of the difference in the temperature between the enhanced total BrO field and the mean field (see Fig. 7 and 8).

Spatially, sea level pressure is negatively correlated with total BrO vertical column in most regions of the Arctic and

Antarctic. However, sea level pressure has weak negative correlations with total BrO column compared to the values found

17



550

555

560

565

570

575

580

for tropopause height and surface air temperature. Wind speed is positively correlated with total BrO vertical column in most
areas of both polar sea ice, but the correlation is very weak with Ir] <0.2.

The correlation analysis using the long-term dataset improves our understanding of the influence of meteorological factors
on total BrO vertical columns in terms of the region and the time of year (month). The strongest influence of the different
parameters on total BrO column, having a large correlation coefficient, is tropopause height, which indicates that the
stratospheric contribution is significant in the total BrO column density variations. This is presumably because low tropopause
heights result in a larger contribution of stratospheric BrO column to the total column. Consequently, accurate stratospheric
correction is important in studying the tropospheric bromine explosion events and estimating tropospheric BrO content from
the measured total BrO columns. Among the surface level meteorological parameters, air temperature impacts on the total BrO
column density, arguably because temperature is an important factor in the chemical mechanism of reactive bromine release
in the lower atmospheric layer. Sea level pressure and surface level wind speed are negatively and positively correlated with
the total BrO vertical column density, but correlations are lower than for surface air temperature, which indicates that their
influence on total BrO column is not as large as surface air temperature.

The relationship between individual meteorological parameters and the total BrO vertical column investigated above

illustrates how each meteorological parameter is linked to BrO variations in terms of temporal and spatial distribution.

However, since meteorological parameters are not independent of each other and vary systematically in general, cross-

relationships between meteorological parameters affecting directly or indirectly BrO variations should also be considered. For

example, Yang et al. (2019) showed that the sea salt aerosol (SSA) production affecting the enhancement of BrO at the

tropospheric level is proportional to the sublimation flux of blowing snow which is affected by various meteorological

parameters including surface wind speed, temperature and relative humidity. Also, Zhao et al. (2015) and Blechschmidt et al.

(2016) showed that large-scale enhanced BrO plumes over the Beaufort Sea are associated with weather systems which change

the various relevant meteorological parameters together. They also demonstrated that the size and lifetime of BrO plumes

depend on the development stage of the weather system. Therefore, cross-correlations between meteorological parameters for

those data having enhanced total BrO columns were investigated (see Table 4). During the occurrence of enhanced total BrO

sea level pressure has a negative correlation with surface level temperature and wind speed, while it has a positive correlation

with tropopause height. For example, the development of a low pressure system during the enhancement of BrO columns may

correlate with a decrease in tropopause height as well as an increases in surface level air temperature and wind speed. Although

the correlation coefficients found are not large, results show that sea level pressure is linked with both surface level

meteorological conditions and the tropopause height which can account for stratospheric dynamics. Indeed, pressure systems

which usually evolve due to interactions of temperature differences in the atmosphere derive directly the airflow motion within

the troposphere and also may affect the tropopause height in relation to the convergence or divergence of air masses. It is also

interesting to note from Table 4 that the tropopause height has insignificant correlations with surface level meteorological

parameters during the BrO enhancements, except for the air temperature in the Arctic, which is predictable since the tropopause

height is a factor more closely related to stratospheric dynamics compared to the surface level weather system.
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All analysis so far was correlating meteorological parameters and BrO enhancements for the same time step. In order to

investigate possible time-lagging effects of meteorological conditions on total BrO VCDs, correlations between total BrO

VCD and meteorological parameters were performed with several days lag for each grid cell. In general, signs of correlations

between meteorological parameters and total BrO VCDs are not changed with +2 days time-lags and the most pronounced

correlation for the tropopause height and surface air temperature appears without the time lag (see Fig.21 and 22). In particular,

the tropopause height shows clearly the strongest negative correlation with total BrO VCD in both the Arctic and Antarctic

when there is no time-lag and has a gradient where the correlation coefficient weakens with the time-lags. This may indicate

that the effect of stratospheric contribution on total BrO VCD according to the change in the tropopause height is immediate

and the effect of time-lagging is not significant compared to other factors. However, total BrO VCD shows slightly larger

negative correlations with the sea level pressure in terms of negative time-lags. Although changes in the correlation coefficients

are small, the analysis result indicates that the current total BrO VCDs are more related to the atmospheric pressure systems

of the previous days than those of the next days. Also. surface wind speed shows positive correlations with total BrO VCD,

but it can be confirmed that as the time-lag increases, the relationship weakens with a wide correlation coefficient range.

5 Summary and conclusions

Bromine monoxide is located in both the stratosphere and the troposphere and large-scale BrO column enhancement is
frequently observed in the Arctic and Antarctic sea ice region during polar springtime by satellites. In this study, we analysed
10 years of GOME-2 total BrO columns and various meteorological parameters to establish statistical connections between
where the enhanced BrO columns mainly appear and the underlying meteorological conditions. The occurrence of enhanced
total BrO columns showed regional characteristics. Relatively high occurrence frequencies are detected over the north
Canadian coast, the Hudson Bay and the east Siberian Sea in the Arctic, while in the Antarctic, enhanced BrO columns are
often observed across the Weddell and Ross Sea, especially in September. The occurrence frequency of enhanced total BrO
columns showed more spatial variation in the Arctic, whereas it varied more temporally in the Antarctic region.

Several meteorological parameters such as sea level pressure, surface level air temperature, wind speed and direction, and
tropopause height were investigated to assess any significant relationships with the occurrence of enhanced total BrO columns.
If the mean meteorological conditions are compared with those during enhanced BrO events, the latter are associated with low
pressure systems, cold air temperature, high surface wind speed and a decrease of tropopause height in both the Arctic and
Antarctic sea ice region. Low pressure systems can drive vertical uplifting and high wind speeds, lifting considerable amounts
of saline snow or aerosols acting as a source of reactive bromine in the troposphere. In the case of temperature, surface air
temperature is clearly lower during high BrO events in most of both polar regions, but it is slightly higher over the central
Arctic and the Antarctic coastal region. The slight positive temperature anomalies in the central Arctic region during BrO
events may be influenced by transport of BrO rich air with the southern wind blowing from the sea ice margins where
temperatures are relatively higher. Surface wind speed is generally higher during BrO column enhancements, and in particular,

high surface wind speed above 12 m-s™! which can drive blowing snow events is found over the eastern coast of Greenland,
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Bering Strait, the central Arctic and the Antarctic sea ice margins. Regional characteristics, comprising the prevailing wind
direction and the wind speed during the BrO enhancement, were also identified. The occurrence of enhanced total BrO columns
is closely associated with winds from the northwest, west and north in the Arctic sea ice region, whereas the dominant wind
direction in the Antarctic during BrO enhancements is from the southwest and south. As characteristics of the spatial
distribution of the dominant winds associated with BrO enhancements, north-western winds are frequently observed at the
north coast of Canada and over the Hudson Bay, and northerly winds over the east coast of Greenland and the Bering Strait
during Arctic spring. For the Antarctic sea ice region, prevailing southwestern winds are mainly found during high BrO periods,
especially in the marginal ice zones with relative frequencies larger than 50 %. Tropopause heights are significantly lower
during enhancements of total BrO columns in both the Arctic and Antarctic region in agreement with earlier studies. The effect
of increased stratospheric contributions due to sinking of BrO enriched air as the tropopause descends leads to the enhancement
of total BrO columns.

We also performed a Spearman rank correlation analysis between total BrO vertical column density and meteorological
factors to assess the relevance of these factors for total BrO column enhancements. Total BrO vertical column density has the
strongest negative correlation with tropopause height in both the Arctic and Antarctic regions, reflecting both the importance
of contributions in the stratospheric BrO column for the total BrO column and of the link between low tropopause height and
tropospheric conditions required for bromine explosions. The next most statistically significant factor is surface air temperature.

One remarkable point is that the temperature is negatively correlated with total BrO column in most sea ice regions, but has a

positive correlation over the central Arctic, which is the same as the result of the temperature anomaly pattern discussed above.-

that-aet-as—aseuree—of bromine—explosion—Sea level pressure and surface level wind speed are negatively and positively
correlated with the total BrO vertical column density, respectively, but their correlation coefficients are low and-netstatistieally

stgnifieant the strengths of the relationships are weak.

This study has focused on a statistical analysis of a large set of GOME-2 BrO total columns to derive spatial and temporal
patterns of links between meteorological conditions and the occurrence of enhanced BrO columns. The results show systematic
connections between all of the parameters studied and BrO enhancements. However, such links do not necessarily constitute
a cause and effect relationship, in particular as quantities such as surface pressure, wind speed, temperature and tropopause
height are closely linked to each other. Another important aspect not covered by the approach of this study is the transport of
air masses with enhanced BrO levels away from the region of initial bromine activation — in such cases, the correlation between
meteorological parameters such as high wind speed and elevated BrO is not linked to the initial bromine release mechanism.
In future studies, other parameters such as sea ice type, snow cover or the presence of polynyas should also be included and

ideally an optimal stratospheric correction applied to the BrO columns to better focus on tropospheric bromine explosions.

20



650

655

660

Author contributions

SS carried out the GOME-2 BrO retrievals, collected the model meteorological data, performed the analysis, and wrote the
paper. AR, JPB, AMB and IB provided helpful idea and feedback in designing of the study. AR developed the DOAS retrieval
code and supported the satellite retrieval. JPB, AMB, and IB supported data interpretation. All co-authors contributed to the
writing of the paper.

Acknowledgements

We gratefully acknowledge the funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) -
Projektnummer 268020496 - TRR 172, within the Transregional Collaborative Research Center “ArctiC Amplification:
Climate Relevant Atmospheric and SurfaCe Processes, and Feedback Mechanisms (AC)*” in subproject C03. GOME-2 Lv1
data were provided by EUMETSAT. ERA Interim meteorological data were provided by ECMWEF. We thank the sea ice
remote sensing group of Institute of Environmental Physics, University of Bremen, for providing sea ice concentration data

retrieved from AMSR-E and AMSR?2 (https://seaice.uni-bremen.de/start/).

21



665

670

675

680

685

690

References

Abbatt, J. P. D., Thomas, J. L., Abrahamsson, K., Boxe, C., Granfors, A., Jones, A. E., King, M. D., Saiz-Lopez, A., Shepson,

P. B., Sodeau, J., Toohey, D. W., Toubin, C., von Glasow, R., Wren, S. N., and Yang, X.: Halogen activation via interactions

with environmental ice and snow in the polar lower troposphere and other regions, Atmos. Chem. Phys., 12, 6237-6271,

https://doi.org/10.5194/acp-12-6237-2012, 2012.

Antén, M. and Loyola, D.: Influence of cloud properties on satellite total ozone observations, J. Geophys. Res., 116, D03208,
d0i:10.1029/2010JD014780, 2011.
Blechschmidt, A. M., Richter, A., Burrows, J. P., Kaleschke, L., Strong, K., Theys, N., Weber, M., Zhao, X., and Zien, A.: An

exemplary case of a bromine explosion event linked to cyclone development in the Arctic, Atmospheric Chemistry and
Physics, 16, 1773-1788, 10.5194/acp-16-1773-2016, 2016.

Bobrowski, N., Honninger, G., Galle, B., and Platt, U.: Detection of bromine monoxide in a volcanic plume, Nature, 423, 273-
276, 10.1038/nature01638, 2003.

Brune, W. H., Anderson, J. G., Toohey, D. W., Fahey, D. W., Kawa, S. R., Jones, R. L., McKenna, D. S., and Poole, L. R.:
The potential for ozone depletion in the Arctic polar stratosphere, Science, 252, 1260-1266, 10.1126/science.252.5010.1260,
1991.

Callies, J., Corpaccioli, E., Eisinger, M., Hahne, A., and Lefebvre, A.. GOME-2 - Metop's second-generation sensor for
operational ozone monitoring, Esa Bulletin-European Space Agency, 28-36, 2000.

Chance, K.: Analysis of BrO measurements from the Global Ozone Monitoring Experiment, Geophysical Research Letters,
25,3335-3338, 10.1029/98g152359, 1998.

Choi, S., Wang, Y., Salawitch, R. J., Canty, T., Joiner, J., Zeng, T., Kurosu, T. P., Chance, K., Richter, A., Huey, L. G., Liao,
J., Neuman, J. A., Nowak, J. B., Dibb, J. E., Weinheimer, A. J., Diskin, G., Ryerson, T. B., da Silva, A., Curry, J., Kinnison,
D, Tilmes, S., and Levelt, P. F.: Analysis of satellite-derived Arctic tropospheric BrO columns in conjunction with aircraft
measurements during ARCTAS and ARCPAC, Atmospheric Chemistry and Physics, 12, 1255-1285, 10.5194/acp-12-1255-
2012, 2012.

Choi, S., Theys, N., Salawitch, R. J., Wales, P. A., Joiner, J., Canty, T. P., Chance, K., Suleiman, R. M., Palm, S. P., Cullather,
R. I, Darmenov, A. S., da Silva, A., Kurosu, T. P., Hendrick, F., and Van Roozendael, M.: Link Between Arctic
Tropospheric BrO Explosion Observed From Space and Sea-Salt Aerosols From Blowing Snow Investigated Using Ozone
Monitoring Instrument BrO Data and GEOS-5 Data Assimilation System, Journal of Geophysical Research-Atmospheres,
123, 6954-6983, 10.1029/2017jd026889, 2018.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M.,
Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M.,
McNally, A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., Peubey, C., de Rosnay, P., Tavolato, C., Thepaut, J. N,

22



695

700

705

710

715

720

725

and Vitart, F.: The ERA-Interim reanalysis: configuration and performance of the data assimilation system, Quarterly
Journal of the Royal Meteorological Society, 137, 553-597, 10.1002/qj.828, 2011.

Dennison, F., Keeble, J., Morgenstern, O., Zeng., G., Abraham, N. L., and Yang, X.: Improvements to stratospheric chemistry
scheme in the UM-UKCA (v10.7) model: solar cycle and heterogeneous reactions, Geosci. Model Dev., 12, 1227-1239
https://doi.org/10.5194/gmd-12-1227-2019. 2019.

Ebojie, F., von Savigny, C., Ladstatter-Weissenmayer, A., Rozanov, A., Weber, M., Eichmann, K. U., Botel, S., Rahpoe, N.,
Bovensmann, H., and Burrows, J. P.: Tropospheric column amount of ozone retrieved from SCIAMACHY limb-nadir-
matching observations, Atmospheric Measurement Techniques, 7, 2073-2096, 10.5194/amt-7-2073-2014, 2014.

Fan, S. M., and Jacob, D. J.: Surface ozone depletion in Arctic spring sustained by bromine reactions on aerosols, Nature, 359,
522-524,10.1038/359522a0, 1992.

Friel, U., Sihler, H., Sander, R., Pohler, D., Yilmaz, S., and Platt, U.: The vertical distribution of BrO and aerosols in the
Arctic: Measurements by active and passive differential optical absorption spectroscopy, Journal of Geophysical Research-
Atmospheres, 116, 10.1029/2011jd015938, 2011.

Harder, H., Bosch, H., Camy-Peyret, C., Chipperfield, M. P., Fitzenberger, R., Payan, S., Perner, D., Platt, U., Sinnhuber, B.
M., and Pfeilsticker, K.: Comparison of measured and modeled stratospheric BrO: Implications for the total amount of
stratospheric bromine, Geophysical Research Letters, 27, 3695-3698, 10.1029/1999¢g1011215, 2000.

Hebestreit, K., Stutz, J., Rosen, D., Matveiv, V., Peleg, M., Luria, M., and Platt, U.: DOAS measurements of tropospheric
bromine oxide in mid-latitudes, Science, 283, 55-57, 10.1126/science.283.5398.55, 1999.

Heidinger, A. K. and Stephens, G. L.: Molecular Line Absorption in a Scattering Atmosphere. Part II: Application to Remote
Sensing in the O2 A band, J. Atmos. Sci., 57, 1615-1634, doi:10.1175/1520-0469(2000)057<1615:MLAIAS>2.0.CO:2
2000

Hollwedel, J., Wenig, M., Beirle, S., Kraus, S., Kuhl, S., Wilms-Grabe, W., Platt, U., and Wagner, T.: Year-to-year variations

of spring time polar tropospheric BrO as seen by GOME, in: Trace Constituents in the Troposphere and Lower Stratosphere,
edited by: Burrows, J. P., and Thompson, A. M., Advances in Space Research, 4, 804-808, 2004.

Honninger, G., Leser, H., Sebastian, O., and Platt, U.: Ground-based measurements of halogen oxides at the Hudson Bay by
active longpath DOAS and passive MAX-DOAS, Geophysical Rresearch Lietters, 31, 2004.

Hoérmann, C., Sihler, H., Beirle, S., Penning de Vries, M., Platt, U., and Wagner, T.: Seasonal variation of tropospheric bromine
monoxide over the Rann of Kutch salt marsh seen from space, Atmospheric Chemistry and Physics, 16, 13015-13034,
10.5194/acp-16-13015-2016, 2016.

Jacobi, H. W., Kaleschke, L., Richter, A., Rozanov, A., and Burrows, J. P.: Observation of a fast ozone loss in the marginal
ice zone of the Arctic Ocean, Journal of Geophysical Research-Atmospheres, 111, 10.1029/2005jd006715, 2006.

Jones, A. E., Anderson, P. S., Wolff, E. W., Turner, J., Rankin, A. M., and Colwell, S. R.: A role for newly forming sea ice in
springtime polar tropospheric ozone loss? Observational evidence from Halley station, Antarctica, Journal of Geophysical

Research-Atmospheres, 111, 10.1029/2005jd006566, 2006.

23



730

735

740

745

750

755

760

Jones, A. E., Anderson, P. S., Begoin, M., Brough, N., Hutterli, M. A., Marshall, G. J., Richter, A., Roscoe, H. K., and Wolff,
E. W.: BrO, blizzards, and drivers of polar tropospheric ozone depletion events, Atmospheric Chemistry and Physics, 9,
4639-4652, 10.5194/acp-9-4639-2009, 20009.

Jones, A. E., Anderson, P. S., Wolff, E. W., Roscoe, H. K., Marshall, G. J., Richter, A., Brough, N., and Colwell, S. R.: Vertical
structure of Antarctic tropospheric ozone depletion events: characteristics and broader implications, Atmospheric Chemistry
and Physics, 10, 7775-7794, 10.5194/acp-10-7775-2010, 2010.

Kaleschke, L., Richter, A., Burrows, J., Afe, O., Heygster, G., Notholt, J., Rankin, A. M., Roscoe, H. K., Hollwedel, J., Wagner,
T., and Jacobi, H. W.: Frost flowers on sea ice as a source of sea salt and their influence on tropospheric halogen chemistry,
Geophysical Research Letters, 31, 10.1029/2004g1020655, 2004.

Kromminga, H., Orphal, J., Spietz, P., Voigt, S., and Burrows, J. P.: New measurements of OCIO absorption cross-sections in
the 325-435 nm region and their temperature dependence between 213 and 293 K, Journal of Photochemistry and
Photobiology a-Chemistry, 157, 149-160, 10.1016/s1010-6030(03)00071-6, 2003.

Liang, Q., Stolarski, R. S., Kawa, S. R., Nielsen, J. E., Douglass, A. R., Rodriguez, J. M., Blake, D. R., Atlas, E. L., and Ott,
L. E.: Finding the missing stratospheric Br-y: a global modeling study of CHBr3 and CH2Br2, Atmospheric Chemistry and
Physics, 10, 2269-2286, 10.5194/acp-10-2269-2010, 2010.

Liao, J., Huey, L. G., Tanner, D. J., Brough, N., Brooks, S., Dibb, J. E., Stutz, J., Thomas, J. L., Lefer, B., Haman, C., and
Gorham, K.: Observations of hydroxyl and peroxy radicals and the impact of BrO at Summit, Greenland in 2007 and 2008,
Atmospheric Chemistry and Physics, 11, 8577-8591, 10.5194/acp-11-8577-2011, 2011.

Martin, S., Yu, Y. L., and Drucker, R.: The temperature dependence of frost flower growth on laboratory sea ice and the effect
of the flowers on infrared observations of the surface, Journal of Geophysical Research-Oceans, 101, 12111-12125,
10.1029/96jc00208, 1996.

McConnell, J. C., Henderson, G. S., Barrie, L., Bottenheim, J., Niki, H., Langford, C. H., and Templeton, E. M. J.:
Photochemical bromine production implicated in Arctic boundary-layer ozone depletion, Nature, 355, 150-152,
10.1038/355150a0, 1992.

McElroy, M. B., Salawitch, R. J., Wofsy, S. C., and Logan, J. A.: Reductions of Antarctic ozone due to synergistic interactions
of chlorine and bromine, Nature, 321, 759-762, 10.1038/321759a0, 1986.

Meller, R., and Moortgat, G. K.: Temperature dependence of the absorption cross sections of formaldehyde between 223 and
323 K in the wavelength range 225-375 nm, Journal of Geophysical Research-Atmospheres, 105, 7089-7101,
10.1029/1999jd901074, 2000.

Munro, R., Lang, R., Klaes, D., Poli, G., Retscher, C., Lindstrot, R., Huckle, R., Lacan, A., Grzegorski, M., Holdak, A.,
Kokhanovsky, A., Livschitz, J., and Eisinger, M.: The GOME-2 instrument on the Metop series of satellites: instrument
design, calibration, and level 1 data processing - an overview, Atmospheric Measurement Techniques, 9, 1279-1301,

10.5194/amt-9-1279-2016, 2016.

24



765

770

775

780

785

790

Nghiem, S. V., Rigor, I. G., Richter, A., Burrows, J. P., Shepson, P. B., Bottenheim, J., Barber, D. G., Steffen, A., Latonas, J.,
Wang, F. Y., Stern, G., Clemente-Colon, P., Martin, S., Hall, D. K., Kaleschke, L., Tackett, P., Neumann, G., and Asplin,
M. G.: Field and satellite observations of the formation and distribution of Arctic atmospheric bromine above a rejuvenated
sea ice cover, Journal of Geophysical Research-Atmospheres, 117, 10.1029/2011jd016268, 2012.

Obbard, R. W., Roscoe, H. K., Wolff, E. W., and Atkinson, H. M.: Frost flower surface area and chemistry as a function of
salinity and temperature, Journal of Geophysical Research-Atmospheres, 114, 10.1029/2009jd012481, 2009.

Peterson, P. K., Simpson, W. R., Pratt, K. A., Shepson, P. B., Friess, U., Zielcke, J., Platt, U., Walsh, S. J., and Nghiem, S. V.:
Dependence of the vertical distribution of bromine monoxide in the lower troposphere on meteorological factors such as
wind speed and stability, Atmospheric Chemistry and Physics, 15, 2119-2137, 10.5194/acp-15-2119-2015, 2015.

Platt, U., and Stutz, J.: Differential absorption spectroscopy, in: Differential Optical Absorption Spectroscopy, Springer, 135-
174, 2008.

Pohler, D., Vogel, L., Frie3, U., and Platt, U.: Observation of halogen species in the Amundsen Gulf, Arctic, by active long-
path differential optical absorption spectroscopy. P. Natl Acad. Sci., 107, 6582-6587, doi:10.1073/pnas.0912231107, 2010.

Pratt, K. A., Custard, K. D., Shepson, P. B., Thomas, D. A., Pohler, D., General, S., Zielcke, J., Simpson, W. R., Platt, U.,

Tanner, D. J., Huey, L. G., Carlson, M., and Stirm, B. H.: Photochemical production of molecular bromine in arctic surface

snowpacks, Nat. Geosci., 6, 351-356, doi:10.1038/ngeo1779, 2013

Richter, A., Wittrock, F., Eisinger, M., and Burrows, J. P.. GOME observations of tropospheric BrO in northern hemispheric
spring and summer 1997, Geophysical Research Letters, 25, 2683-2686, 10.1029/98g152016, 1998.

Richter, A., Wittrock, F., Ladstatter-Weissenmayer, A., and Burrows, J. P.. GOME measurements of stratospheric and
tropospheric BrO, in: Remote Sensing of Trace Constituents in the Lower Stratosphere, Troposphere and the Earth's Surface:
Global Observations, Air Pollution and the Atmospheric Correction, edited by: Burrows, J. P., and Takeucki, N., Advances
in Space Research, 11, 1667-1672, 2002.

Rozanov, A., Kuhl, S., Doicu, A., McLinden, C., Pukite, J., Bovensmann, H., Burrows, J. P., Deutschmann, T., Dorf, M.,
Goutail, F., Grunow, K., Hendrick, F., von Hobe, M., Hrechanyy, S., Lichtenberg, G., Pfeilsticker, K., Pommereau, J. P.,
Van Roozendael, M., Stroh, F., and Wagner, T.: BrO vertical distributions from SCIAMACHY limb measurements:
comparison of algorithms and retrieval results, Atmospheric Measurement Techniques, 4, 1319-1359, 10.5194/amt-4-1319-
2011, 2011.

Saiz-Lopez, A., Plane, J. M. C., and Shillito, J. A.: Bromine oxide in the mid-latitude marine boundary layer, Geophysical
Research Letters, 31, 10.1029/2003g1018956, 2004.

Salawitch, R. J., Canty, T., Kurosu, T., Chance, K., Liang, Q., da Silva, A., Pawson, S., Nielsen, J. E., Rodriguez, J. M., Bhartia,
P. K., Liu, X., Huey, L. G, Liao, J., Stickel, R. E., Tanner, D. J., Dibb, J. E., Simpson, W. R., Donohoue, D., Weinheimer,
A., Flocke, F., Knapp, D., Montzka, D., Neuman, J. A., Nowak, J. B., Ryerson, T. B., Oltmans, S., Blake, D. R., Atlas, E.
L., Kinnison, D. E., Tilmes, S., Pan, L. L., Hendrick, F., Van Roozendael, M., Kreher, K., Johnston, P. V., Gao, R. S.,

25



795

800

805

810

815

820

825

Johnson, B., Bui, T. P., Chen, G., Pierce, R. B., Crawford, J. H., and Jacob, D. J.: A new interpretation of total column BrO
during Arctic spring, Geophysical Research Letters, 37, 10.1029/2010g1043798, 2010.

Sander, R., Keene, W. C., Pszenny, A. A. P., Arimoto, R., Ayers, G. P., Baboukas, E., Cainey, J. M., Crutzen, P. J., Duce, R.
A., Honninger, G., Huebert, B. J., Maenhaut, W., Mihalopoulos, N., Turekian, V. C., and Van Dingenen, R.: Inorganic
bromine in the marine boundary layer: a critical review, Atmospheric Chemistry and Physics, 3, 1301-1336, 10.5194/acp-
3-1301-2003, 2003.

Sander, R., Burrows, J., and Kaleschke, L.: Carbonate precipitation in brine - a potential trigger for tropospheric ozone
depletion events, Atmospheric Chemistry and Physics, 6, 4653-4658, 10.5194/acp-6-4653-2006, 2006.

Screen, J. A., Deser, C., Smith, D. M., Zhang, X. D., Blackport, R., Kushner, P. J., Oudar, T., McCusker, K. E., and Sun, L.
T.: Consistency and discrepancy in the atmospheric response to Arctic sea-ice loss across climate models, Nature Geoscience,
11, 155-+, 10.1038/s41561-018-0059-y, 2018.

Seo, S., Richter, A., Blechschmidt, A. M., Bougoudis, 1., and Burrows, J. P.: First high-resolution BrO column retrievals from
TROPOMI, Atmospheric Measurement Techniques, 12, 2913-2932, 10.5194/amt-12-2913-2019, 2019.

Serdyuchenko, A., Gorshelev, V., Weber, M., Chehade, W., and Burrows, J. P.: High spectral resolution ozone absorption
cross-sections - Part 2: Temperature dependence, Atmospheric Measurement Techniques, 7, 625-636, 10.5194/amt-7-625-
2014, 2014.

Sihler, H.: Halogen activation in the polar troposphere, PhD dissertation, University of Heidelberg, Germany
http://archiv.ub.uni-heidelberg.de/volltextserver/13663/1/SihlerDiss2012 original.pdf, 2012.

Sihler, H., Platt, U., Beirle, S., Marbach, T., Kuhl, S., Dorner, S., Verschaeve, J., Friess, U., Pohler, D., Vogel, L., Sander, R.,

and Wagner, T.: Tropospheric BrO column densities in the Arctic derived from satellite: retrieval and comparison to ground-
based measurements, Atmospheric Measurement Techniques, 5, 2779-2807, 10.5194/amt-5-2779-2012, 2012.

Simpson, W. R., von Glasow, R., Riedel, K., Anderson, P., Ariya, P., Bottenheim, J., Burrows, J., Carpenter, L. J., Friess, U.,
Goodsite, M. E., Heard, D., Hutterli, M., Jacobi, H. W., Kaleschke, L., Neff, B., Plane, J., Platt, U., Richter, A., Roscoe, H.,
Sander, R., Shepson, P., Sodeau, J., Steffen, A., Wagner, T., and Wolff, E.: Halogens and their role in polar boundary-layer
ozone depletion, Atmospheric Chemistry and Physics, 7, 4375-4418, 10.5194/acp-7-4375-2007, 2007a.

Simpson, W. R., Carlson, D., Honninger, G., Douglas, T. A., Sturm, M., Perovich, D., and Platt, U.: First-year sea-ice contact

predicts bromine monoxide (BrO) levels at Barrow, Alaska better than potential frost flower contact, Atmos. Chem. Phys.,
7, 621-627, https://doi.org/10.5194/acp-7-621-2007, 2007b.
Sinnhuber, B. M., Rozanov, A., Sheode, N., Afe, O. T., Richter, A., Sinnhuber, M., Wittrock, F., Burrows, J. P., Stiller, G. P.,

von Clarmann, T., and Linden, A.: Global observations of stratospheric bromine monoxide from SCIAMACHY,
Geophysical Research Letters, 32, 10.1029/2005g1023839, 2005.

Spreen, G., Kaleschke, L., and Heygster, G.: Sea ice remote sensing using AMSR-E 89-GHz channels, Journal of Geophysical
Research-Oceans, 113, 10.1029/2005jc003384, 2008.

26



830

835

840

845

850

855

860

Steffen, A., Douglas, T., Amyot, M., Ariya, P., Aspmo, K., Berg, T., Bottenheim, J., Brooks, S., Cobbett, F., Dastoor, A.,
Dommergue, A., Ebinghaus, R., Ferrari, C., Gardfeldt, K., Goodsite, M. E., Lean, D., Poulain, A. J., Scherz, C., Skov, H.,
Sommar, J., and Temme, C.: A synthesis of atmospheric mercury depletion event chemistry in the atmosphere and snow,
Atmospheric Chemistry and Physics, 8, 1445-1482, 10.5194/acp-8-1445-2008, 2008.

Stutz, J., Thomas, J. L., Hurlock, S. C., Schneider, M., von Glasow, R., Piot, M., Gorham, K., Burkhart, J. F., Ziemba, L.,
Dibb, J. E., and Lefer, B. L.: Longpath DOAS observations of surface BrO at Summit, Greenland, Atmospheric Chemistry
and Physics, 11, 9899-9910, 10.5194/acp-11-9899-2011, 2011.

Thalman, R., and Volkamer, R.: Temperature dependent absorption cross-sections of O»-O> collision pairs between 340 and
630 nm and at atmospherically relevant pressure, Physical Chemistry Chemical Physics, 15, 15371-15381,
10.1039/c3cp50968k, 2013.

Theys, N., Van Roozendael, M., Dils, B., Hendrick, F., Hao, N., and De Mazi¢re, M.: First satellite detection of volcanic
bromine monoxide emission after the Kasatochi eruption, Geophysical Research Letters, 36, ata-n/a; 10.1029/2008g1036552,
2009a.

Theys, N., Van Roozendael, M., Errera, Q., Hendrick, F., Daerden, F., Chabrillat, S., Dorf, M., Pfeilsticker, K., Rozanov, A.,
Lotz, W., Burrows, J. P., Lambert, J. C., Goutail, F., Roscoe, H. K., and De Maziere, M.: A global stratospheric bromine
monoxide climatology based on the BASCOE chemical transport model, Atmospheric Chemistry and Physics, 9, 831-848,
10.5194/acp-9-831-2009, 2009b.

Theys, N., Van Roozendael, M., Hendrick, F., Yang, X., De Smedt, 1., Richter, A., Begoin, M., Errera, Q., Johnston, P. V.,
Kreher, K., and De Maziere, M.: Global observations of tropospheric BrO columns using GOME-2 satellite data,
Atmospheric Chemistry and Physics, 11, 1791-1811, 10.5194/acp-11-1791-2011, 2011.

Vandaele, A. C., Hermans, C., Simon, P. C., Carleer, M., Colin, R., Fally, S., Merienne, M. F., Jenouvrier, A., and Coquart,
B.: Measurements of the NO, absorption cross-section from 42 000 cm™' to 10 000 cm™' (238-1000 nm) at 220 K and 294
K, Journal of Quantitative Spectroscopy & Radiative Transfer, 59, 171-184, 10.1016/s0022-4073(97)00168-4, 1998.

Vogt, R., Crutzen, P. J., and Sander, R.: A mechanism for halogen release from sea-salt aerosol in the remote marine boundary
layer, Nature, 383, 327-330, 10.1038/383327a0, 1996.

Vountas, M., Rozanov, V. V., and Burrows, J. P.: Ring effect: Impact of rotational Raman scattering on radiative transfer in
earth's atmosphere, Journal of Quantitative Spectroscopy & Radiative Transfer, 60, 943-961, 10.1016/s0022-
4073(97)00186-6, 1998.

Wagner, T., and Platt, U.: Satellite mapping of enhanced BrO concentrations in the troposphere, Nature, 395, 486-490,
10.1038/26723, 1998.

Wilmouth, D. M., Hanisco, T. F., Donahue, N. M., and Anderson, J. G.: Fourier transform ultraviolet spectroscopy of the
A2H3/2 « X2H3/2 transition of BrO, Journal of Physical Chemistry A, 103, 8935-8945, 10.1021/jp9916510, 1999.

World Meteorological Organization.: WMO statement on the state of the global climate in 2018, WMO-No. 1233, Geneva,
Switzerland, 2019.

27



865

870

Yang, X., Pyle, J. A., and Cox, R. A.: Sea salt aerosol production and bromine release: Role of snow on sea ice, Geophysical

Research Letters, 35, 10.1029/2008g1034536, 2008.

Yang, X., Pyle, J. A., Cox, R. A., Theys, N., and Van Roozendael, M.: Snow-sourced bromine and its implications for polar
tropospheric ozone, Atmospheric Chemistry and Physics, 10, 7763-7773, 10.5194/acp-10-7763-2010, 2010.
Yang, X., Abraham, N. L., Archibald, A. T., Braesicke, P., Keeble, J., Telford, P. J., Warwick, N. J., and Pyle, J. A.: How

sensitive is the recovery of stratospheric ozone to changes in concentrations of very short-lived bromocarbons?, Atmos.
Chem. Phys., 14, 10431-10438. https://doi.org/10.5194/acp-14-10431-2014, 2014.
Yang, X., Frey, M. M., Rhodes, R. H., Norris, S. J.. Brooks. I. M., Anderson, P. S., Nishimura, K., Jones, A. E., and Wolff, E.

W.: Sea salt aerosol production via sublimating wind-blown saline snow particles over sea ice: parameterizations and
relevant microphysical mechanisms, Atmos. Chem. Phys., 19, 8407-8424, https://doi.org/10.5194/acp-19-8407-2019, 2019.
Zhao, X., Strong, K., Adams, C., Schofield, R., Yang, X., Richter, A., Frie8, U., Blechschmidt, A.-M., and Koo, J.-H.: A case

study of a transported bromine explosion event in the Canadian high Arctic, J. Geophys. Res. Atmos., 121, 457-477.
doi:10.1002/2015JD023711, 2016.

28



875

Table 1. Summary of DOAS settings used for the GOME-2 BrO slant column retrievals.

Parameter

Description

Fitting window

334.6-358 nm

Absorption cross-sections

BrO (Wilmouth et al., 1999), 228 K

O3 (Serdyuchenko et al., 2014), 223 and 243K
NO: (Vandaele et al., 1998), 220 K

OCIO (Kromminga et al., 2003), 213 K
HCHO (Meller and Moortgat, 2000), 298 K
O4 (Thalman and Volkamer, 2013), 293 K

Ring effect

Ring cross section calculated by SCIATRAN model

Polynomial

5 coeff

Solar reference spectrum

Kurucz solar spectrum (Chance and Kurucz, 2010)

Background spectrum

Daily averaged earthshine spectrum in equatorial Pacific region

Intensity offset correction

Linear offset

29



Table 2. Relative frequency (expressed in %) of surface level wind directions for all data, the enhanced BrO case and the enhanced BrO
with high wind speeds for the Arctic and Antarctic in spring.

Wind direction (%)
N NE E SE S SW w NW
Arctic
Relative frequency for all data 14.7 12.6 12.7 12.5 11.4 10.6 11.5 14.0
Relative frequency during the enhanced BrO occurrence 16.0 11.0 9.2 7.4 6.7 9.8 17.9 22.0
a‘ftlﬁtgghfrv‘z?l‘l‘g‘;g:&‘;‘(‘igzthlezeﬁ?z_‘})ced BrOoceurrence 19 53 7.1 45 44 120 211 247
Antarctic
Relative frequency for all data 8.4 8.1 11.4 10.1 10.4 18.4 20.1 13.1
Relative frequency during the enhanced BrO occurrence 2.7 3.0 6.7 10.4 13.5 30.4 26.0 7.3
Relative frequency during the enhanced BrO occurrence 05 13 6.6 9.4 94 355 16 47

with high wind speeds (v > 14 m-s™)
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Table 3. Spearman rank correlation coefficients between total BrO VCDs and four meteorological parameters. The results are shown
880  separately for different months in spring in the Arctic and Antarctic. Note that all Spearman’s rank correlation coefficients are significant (p
<0.001). Abbreviation: MA (March to April), SO (September to October)

Arctic Antarctic
Mar Apr MA Sep Oct SO
Sea level pressure -0.032 -0.098 -0.070 -0.228 -0.053 -0.130
Temperature -0.242 -0.149 -0.180 -0.305 -0.110 -0.193
Wind speed -0.011 0.067 0.035 0.038 0.043 0.040
(v>8ms") -0.002 0.026 0.010 0.041 0.035 0.037
Tropopause height -0.336 -0.298 -0.315 -0.400 -0.307 -0.345

885 Table 4. Cross-correlations of meteorological parameters for the enhanced total BrO cases in the Arctic and Antarctic sea ice region.

Arctic Antarctic

Sea level pressure Temperature Wind speed Tropopause height Sea level pressure Temperature Wind speed Tropopause height

Sea level pressure 1 -0.186 -0.228 0.186 1 -0.163 -0.195 0.173
Temperature 1 0.183 0.249 1 0.158 -0.009
Wind speed 1 -0.013 1 -0.05
Tropopause height 1 1
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Figure 1. Monthly histograms of the total BrO VCD from GOME-2 measurements during the study period of 2008-2018 (March and April
for the Arctic, September and October for the Antarctic). The blue solid line is a fitted Gaussian distribution and the blue dashed line indicates
a range of mode+2c (used as the monthly threshold for classifying cases of enhanced BrO columns) for the Gaussian distribution.
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Figure 2. Monthly spatial distribution of the occurrence frequency of enhanced total BrO columns over the Arctic (top left: March, top right:
April) and Antarctic sea ice region (bottom left: September, bottom right: October) during the study period of 2008-2018.
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Figure 3. Frequency distribution of sea level pressure for all data (black line) and situations with enhanced BrO columns (red line) in (a) the
Arctic and (b) Antarctic sea ice region in spring (Arctic: March to April, Antarctic: September and October).
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Figure 4. Monthly sea level pressure for the mean field (left), the enhanced BrO case (middle), and sea level pressure anomalies (difference
910 of sea level pressure between the enhanced BrO case and the mean field) (right) over the Arctic in March (upper panel) and April (lower

panel).
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Figure 5. As Fig. 4, but for the Antarctic in September (upper panel) and October (lower panel).
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and (b) Antarctic sea ice region in spring (Arctic: March to April, Antarctic: September and October).

41

T

-5

0




Arctic; MAR

o -
WY o

k

P P
Temperature [°C] Difference [°C]
BT I
-35 -30 -25 -20 -15 -10 -5 0 12-10-8 6 4 -2 0 2 4 6

Temperature [°C] Difference [°C]

-35 -30 -25 -20 -15 -10 -5 0 12-10-8 6 4 -2 ¢ 2 4 6

42



Arctic; MAR

g i

7w
Difference [°C]

12-10-8 6 4 -2 ¢ 2 4 6

7B
Difference [°C]
12-10-8 6 4 -2 0 2 4 6

925

Figure 7. Monthly surface air temperature for the mean field (left), the enhanced BrO case (middle), and surface air temperature anomalies

(difference of surface air temperature between the enhanced BrO case and the mean field) (right) over the Arctic in March (upper panel) and

April (lower panel).
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Figure 8. As Fig. 7, but for the Antarctic in September (upper panel) and October (lower panel).
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940  Figure 9. Frequency distribution of wind speed at 10 m for all data (black line) and the enhanced BrO case (red line) in (a) the Arctic and
(b) Antarctic sea ice region in spring (Arctic: March to April, Antarctic: September to October).
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Figure 10. Monthly wind speed at 10 m for the mean field (left), the enhanced BrO case (middle), and surface wind speed anomalies
(difference of wind speed between the enhanced BrO case and the mean field) (right) over the Arctic in March (upper panel) and April (lower
panel).
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955  Figure 11. As Fig. 10, but for the Antarctic in September (upper panel) and October (lower panel).
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960 Figure 12. Spatial distributions of the relative frequency of high wind speeds during the enhanced BrO occurrences in the Arctic (v > 12
m-s™) and Antarctic (v > 14 m-s™!) sea ice region in spring (Arctic: March to April, Antarctic: September to October).
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Figure 13. Relative frequency maps of surface level wind direction for data with BrO enhancements over the Arctic during spring (March
965  to April in 2008-2018). The frequency was calculated for the cases where the number of data collected within the reference grid is greater
than 20. The results are shown separately for different wind directions.
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Figure 14. Spatial distributions of the differences in relative frequencies of wind direction between enhanced BrO cases and the mean field
970  for the Arctic in spring (March to April in 2008-2018). The results are shown separately for different wind directions.
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Figure 15. As Fig. 13, but for the Antarctic during spring (September to October in 2008-2018).
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Figure 16. As Fig. 14, but for the Antarctic during spring (September to October in 2008-2018).
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Figure 17. Frequency distribution of tropopause height for all data (black line) and the enhanced BrO case (red line) in (a) the Arctic and
980 (b) Antarctic sea ice region in spring (Arctic: March to April, Antarctic: September to October).
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Figure 18. Monthly tropopause height for the mean field (left), the enhanced BrO case (middle), and tropopause anomalies (difference of
tropopause height between the enhanced BrO case and the mean field) (right) over the Arctic in March (upper panel) and April (lower panel).
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Figure 19. As Fig. 18, but for the Antarctic in September (upper panel) and October (lower panel).
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Figure 20. Spatial distributions of the Spearman correlation coefficients between total BrO VCD and four meteorological parameters (sea
1000 level pressure, surface air temperature, wind speed at 10 m, and tropopause height) for the Arctic and Antarctic in spring. Spearman
| correlation coefficients with p-value < 0.001 are only plotted.
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005 Figure 21. Box and whisker plots of the time-lagged correlation between the total BrO VCD and each meteorological parameter (a) sea level
pressure, (b) surface air temperature, (¢) wind speed at 10 m, and (d) tropopause height in the Arctic sea ice region. Time-lagged correlation
coefficients performed in all reference grid cells with different time-lags (-2, -1, 0, +1, and +2 days) are summarized. The 5th, 10th, 25th,
50th (median), 75th, 90th and 95th percentiles of correlation coefficients are represented by the bottom filled circle, the lower whisker.

horizontal lines of the box, the upper whisker, and the upper filled circle, respectively, and the mean value is shown as a red dashed line.
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Figure 22. As Fig. 21. but for the Antarctic sea ice region.
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