We thank the reviewers for their overall positive and constructive comments, which we hope
have improved the manuscript. Our answers to the reviewers comments are given below.
The reviewer comments are in standard font, while our answers are in italic font and the
changes to the manuscript are shown in red.

Also attached at the end of the manuscript is a track-changed version of the manuscript.
In response to suggestions by the reviewers we have also added a supplement to the paper.

Reviewer #1
1 General comments

The paper presents novel observational data of VSLS from several aircraft campaigns and
compares them with modeling results. It extends on and confirms previous findings. Hence,
the title does reflect the contents of the paper.

Some scientific methods and assumptions need more thorough outline and proper
discussion.

This is a rather general remark, which makes it hard to give a specific answer. We have
added some further explanation where specific remarks have been given, especially in
section 5 with respect to the derivation of Bry.

The results are sufficient to support the interpretations and conclusions, but not all results
can be repeated based on the information given, e.g. the derivation of the tropopause for the
campaigns labeled as “private conversation”.

The tropopause information was indeed labelled as “private communication”. However, the
details and references are given and Michael Sprenger from ETH is acknowledged, therefore
the private communication has been deleted.

The authors give proper credit to related work and indicate their own contribution, but they
could make it more clear from the start, what the current consensus regarding the emission
scenarios is.

This is a good suggestion. We have added the following text in the Introduction describing
the conclusion from the most thorough review papers on this by Hossaini et al., after the
introduction of the 4 scenarios:

“Hossaini et al. (2013) concluded that the lowest suggested emissions of CHBr3; (Ziska et al.,
2013)) and the lowest suggested emissions of CH2Br- (Liang et al., 2014) yielded the overall
best agreement in the tropics and thus the most realistic input of stratospheric bromine from
VSLS. They also concluded that “Averaged globally, the best agreement between
modelled CHBrs; and CH.Br; with long-term surface observations made by NOAA/ESRL
is obtained using the top-down emissions proposed by Liang et al. (2010)“.

The abstract provides a complete summary, but it does not deliver regarding the WHY unit,
e.g. the context and importance of the measurement. It gives the impression of a paper
focused on observational data, whereas 2/3 of the figures and text are related to model
evaluation. If the point of the paper is to evaluate existing emission scenarios through a new
set of data, this should be made more clear.

The main point of the paper is not to evaluate emission scenarios, but rather to show the
increase in observed tropopause values with latitude especialld during winter and to discuss
how large the differences between our observations and different model setups are. We have
added a sentence at the beginning of the abstract explaining the WHY, as suggested by the
reviewer:

“These rather short lived gases are an important source of bromine to the stratosphere,
where they can lead to depletion of ozone. The measurements have been obtained using an
in-situ gas ....”



The overall presentation is well structured and clear. The language is fluent. The authors
should be more cautious with the usage of the term “significant”. Some parts of the paper
need editing. In particular, the manuscript does not follow the ACP guidelines in several
points:

The term significant has been replaced at several places:

The Asian monsoon has also been named as a possible pathway for transport of
bromine from VSLS to the stratosphere: significant changed to possible

The distributions observed during the WISE and the TACTS campaigns show rather
high levels of CH2Br: significantly changed to rather high levels.

The average values derived here for the 10 K interval below the extratropical
tropopause are significantly larger. Significantly deleted

This is most probably related to the increase in lifetime with latitude, as especially
during the wintertime PGS campaign the photolytical breakdown in higher latitudes is
significantly slower than in lower latitudes. Significantly deleted

The EMAC model with the Warwick et al. (2006) emissions significantly overestimates
both CH2Br2 and CHBr3 in the lowermost stratosphere of the mid latitudes.
Significantly changed to substantially

As has been shown in the comparison of the vertical profiles, significant differences
between model results and observations are found, especially in the case of the Ziska
et al. (2013) emissions in ... significant deleted

The deviations between the TOMCAT model using the Ziska et al. (2010) emissions
and the EMAC model using the Warwick et al. (2006) emissions are significantly
larger. Significantly replaced by substantially

In this case, both CH2Br2 and CHBr3 are overestimated significantly in the lower
stratosphere. Significantly deleted

who showed that TOMCAT using the Warwick et al. (2006) emission scenario
significantly overestimated HIAPER Pole-to-Pole Observations (HIPPO) in Northern ..
significantly deleted

As shown in the previous Section, significant discrepancies exist between the various
combinations of models and emission scenarios with respect to our observations,
both around the tropopause and in the lower stratosphere. Significant deleted

In contrast, EMAC results using the Warwick et al. (2006) emissions still show
significant amounts of CHBr3: significant changed to substantial

Therefore, despite the fact that EMAC still shows significant remaining CHBr3 rather
deep into the lowermost stratosphere, this model setup significantly .. first significant
replaced by substantial, second deleted.

Interestingly, while the Ziska et al. (2013) emissions in TOMCAT showed some
significant differences, in particular of CHBr3 at the tropopause, the differences in
total Bry are not as large. Significant removed

.. of the Ziska et al. (2013) scenario with seasonally varying emissions, yielded
significantly higher tropopause values. Significantly removed.

However, it is clear from the comparison with the scenario by Warwick et al. (2006),
which restricts emissions to latitudes below 50°, that the sources of these short-lived
brominated compounds are not only in the tropics, but that significant emissions must
also occur in higher latitudes. Significant replaced by substantial



Using simplified assumptions about the fractional distributions, we have shown that
there will be significant differences in stratospheric Bry depending on the emission
scenario, significant replaced by substantial

As shown in our sensitivity study (Section 5), the assumptions on the relative
contribution of the different source regions has a significant impact especially on the
Bry produced from CHBr3 in the lowermost stratosphere. Significant replaced by
substantial

Southern hemispheric distributions are expected to differ significantly from northern
hemispheric distributions.. significantly deleted

* Subsections should be consecutively numbered.
Subsection numbers have been added.

* Figure captions, figures, and tables:

—Usage of full campaign names renders the captions imprecise and utterly
unpleasant to read.

Full campaign names have been deleted

—Poor choice of colors (red, green, blue, black, grey) within the line plots (vector
graphics!) and the tick labels’ font size make the figures hard to read (Fig. 7, Figs. 13-15)

None of the other reviewers seemed to have problems with the colors and also we
feel that they are a rather common choice. Colors are unchanged. However, we have
increased the tick label fonts and made these consistent throughout all plots. We have also
increased the resolution of the plots, which hopefully also increases the readability.

.—The usage of “[ ]" around units in plots is depreciated
(—https://lwww.bipm.org/en/publications/si-brochure/section5-3.html)
This is not a general ACP guideline. Many papers in ACP use exactly the [ ] notation for
units. We could change this if the typesetting requires it. Unchanged.

» Some white spaces seem odd.
We have deleted white spaces that seemed odd,; if there are more than this could be solved
during the typesetting process.

« Equations are not properly set, e.g. usage of “*” as indicator for multiplication.
* has been changed to -

The number and quality of references are appropriate.

2 specific comments

» P4L33:“It is clearly visible that the halocarbons correlate [...]"Can you quantify this?
We are not sure if a quantification of this would really provide additional information, as it
would be unclear to which degree a spread around a correlation function is due to
instrumental issues and to atmospheric conditions. Also some model (linear/polynomial)

would be needed. We have chosen not to explore this in further depth.

* P5L40-P6L1:“Only bins which contain at least five data points [...]"What criterion led to this
choice? (See comment to Fig. 4 below.)

This number has been chosen arbitrarily, but with the intention of assuring that one single
measurement should not influence the mean too much, yet still having a reasonable
latitude/altitude coverage. We feel that this needs no further explanation in the paper.



» P6L21-22:"[...] the variability averaged over the four lowest stratospheric bins was always
lower when using A8 as a coordinate. "Can you elaborate on this? Why does the variability in
the four lowermost stratospheric bins change in response to the transformation of
coordinates A8 (relative to the tropopause)? Am | right to assume that this is due to bins with
mixed tropospheric/stratospheric data? If that is the case, “four lowest stratospheric bins” is
misleading. Please elaborate on this.

Ideally (if the tropopause attribution were perfect) such mixed bins would exist only in 6 and
not in A@ coordinates. The variability in the stratosphere decreases when using tropopause-
centred A6 co-ordinates instead of 6 coordinates, due to the elimination of mixing of
tropospheric and stratospheric data to a large degree. We have made this clearer by
explicitly stating:

“For all campaigns, the variability averaged over the four lowest stratospheric bins when
using A8, was always lower than in the 4 lowest bins above the climatological tropopause
using 8 as a coordinate(see Tables 3 and 4). This shows that using the tropopause centered
coordinate system A8 reduces the variability and that this coordinate system is thus best
suited to derive typical distributions.”

» P7L5-7:"The data have been binned in5-latitude and 5 K intervals of potential temperature.
As expected, the distributions closely follow the tropopause (indicated by the dashed line),
with values decreasing with distance to the tropopause and also with increasing equivalent
latitude. "In the previous section the authors used“[o]nly bins which contain at least five data
points [...]"in a much coarser binning. From the sampling frequency, one ought to assume
that the shown averaged VSLS concentrations per bin are based on similarly sized numbers
of entries, but this neither emerges from the text nor the figures (Fig. 5, Figs. 9-12).
Furthermore, earlier in the manuscript the authors find that A8 is the coordinate of choice for
this study, but they don’t use it in these figures. If it was possible to show the data in relative
coordinates, this would strengthen their point (“closely follow the tropopause”). The authors
should elaborate on this.

Thank you for pointing this out. Indeed we used our modified potential temperature
coordinate (as stated in the beginning of section 3.2. and in the Figure caption and on the
axis of Figure 5). We have modified the text here to explain this more clearly:

“The data have been binned in 5° latitude and 5 K intervals of the modified potential
temperature coordinate 6°.”

As with respect to the narrower sampling in this representation: the reason for this is, that
this is only used for a graphical comparison, while the sampling of the vertical profiles is used
for quantitative comparisons. Therefore the idea was to have a more robust sampling for the
guantitative comparison and to use larger ranges of A6.

» P7L7-9:The distributions observed during the WISE and the TACTS campaigns show
significant amounts of CH2Br2[...]"What purpose does “significant” serve in this context?
Elaborate on the actual significance or drop the word.

See general comment above: changed and quantified to
rather high levels of CH2Br2, in the lower stratosphere, with a depletion of only about 35% at
40-50 K above the tropopause

* P7L10-16:"[...] the most stratospheric air [...]"and"[...] very high mean age of air [...]"If the
authors’ point is to state that the amount of VSLS in the stratosphere is a function of its
residence time there, they should make this more clear.

We changed the sentence introducing the mean age to:
“This stratospheric character is in agreement ..”



» P7L28-29:"[...] are significantly larger [...]"Can you quantify this? Else drop the term
“significantly”.

Deleted significantly.
» P7L36-38:"[...] significantly slower [...]'Same as above.
Deleted significantly.

* P8L10-12:"[...] has been extended from the ESCiMo simulations to cover our campaign
time period (see Section 2)."The authors give little detail about the extent of this extension. In
Section 2, this “extension” of the specified dynamics simulation from the original ESCiMO
simulations is not even mentioned at all. The authors refer to Jockel et al. (2016) for the
description of the set-up used. However, Jockel et al. (2016) give at least 4 simulation set-
ups (e.g. RC1SD-base-07/10/10a, RC2-base-04) on which this extension might be based.
Presuming this extension includes the time span 2014-2017, it is not clear which prescribed
tracer emissions were used. The authors need to provide more details.

Specified:

“The SC1SD-base-01 run which has been used here has been branched off from RC1SD-
base-10 (see Jockel et al., 2016) at January 1, 2000 using the RCP8.5 emissions and
greenhouse gas scenario.”

» P8L25-28:"As no direct tropopause information was available for the TOMCAT output [...]
"Refering to Section 2 the authors state: “Local tropopause information for the flights with
HALO have been derived from ERA-interim data [...] "Could the tropopause information from
ERA interim, with which the CTM was driven, be derived?e P8L29:“[...] EMAC tropopause
and the climatological tropopause differed by less than 3 K [...]"How is the EMAC tropopause
defined? How does it differ from the WMO/PV definition? In principle, they are comparing a
“modeled” tropopause in EMAC, which has been nudged to ERA interim, with a tropopause
climatology directly derived from ERA interim. They do not discuss that fact. What is the point
here? Temporal and spatial stability of the tropopause in the time frame of interest?

The point is that we are comparing our measurements to the model in tropopause-relative
coordinates. It is therefore important to show that the average tropopauses used for this
show good agreement, otherwise discrepancies could also be due to inconsistent vertical
attribution. A sentence has been added to explain this:

“As we are comparing our observations to the models in tropopause relative coordinates, we
have also compared this climatological tropopause with the tropopause derived from the
EMAC model results for the time of our campaigns.”

* POL10-18: The authors are referring a sensitivity study conducted within the EMAC
framework’s quasi chemistry-transport model (QCTM) mode (Graf 2017). Four different
emission scenarios for VSLS are compared therein. They conclude their qualitative
comparison of Figs. 7, 8 with the conclusion: “It is therefore clear that the observed
differences are not primarily caused by the model but rather by the emission scenarios. "With
respect to the shape of the vertical VSLS concentration profiles, this may actually be true.
But this statement does not hold if one takes a closer look at, e.g. the VSLS concentrations
at the tropopause between EMAC and TOMCAT. On the back of an envelop — normalize the
EMAC QCTM sensitivity studies (Fig. 8) with respect to the Warwick scenario and compare,
e.g. Ziska scenarios, with TOMCAT in Figure 7. One finds that TOMCAT mixing ratios of
CH2Br2 at the tropopause seem to be about 0.3 ppt higher than in EMAC. The spread
between the scenarios is roughly 0.5 ppt ( 0.2 ppt if the Warwick scenario is excluded).
Hence, there seems to be a substantial difference between the models, too.



We thank the reviewer for pointing towards this. Indeed differences between the models
cannot be excluded as an additional point. However, no direct comparisons are possible, as
Figure 8 is based simulation with EMAC,for a different time period. We only state that the
differences are not primarily caused by the models, which is still valid. However, we have
rephrased the statement to emphasize that a similar picture arises when comparing the 4
scenarios in one maodel, in particular with respect to the order of the scenarios (highest
CH2Br2 in the Warwick scenario and lowest vertical gradient in the stratosphere for CHBr3 in
the Warwick scenario):

“Differences between the different models are certainly a factor in the explanation of model-
observation differences. However, it is clear that the pattern when comparing all scenarios in
the EMAC model is similar to that described above and that differences in the emission
scenarios are the main driver of model-observation differences.”

* Section 5: The authors describe a “simplified approach” to estimate total and inorganic
bromine from VSLS in the extratropical stratosphere. They assume a linear mixing of two air
masses, wherein the fraction of bromine with tropical origin increases linearly with increasing
AB. The bromine mixing ratios are only evaluated once, at the tropical (TTP) and extratropical
tropopause (EXTTP). This ansatz completely neglects the actual transport (horizontal as well
as vertical) and therefore the further photochemical transformation (depletion) which VSLS
undergo. Based on kinetics, one would expect the concentration of any of the VSLS (let’s call
it [A] for ‘any’) at the tropopause ([A](0,0)) to follow a power law:[A](t,0) =
[A](0,0)-e-k-(t(®)-to),(1)with e.g.,kocJa+ka(T)[OH]. If we look at [A] at AB and a time t' and
assume the same linear superposition of air masses as the authors: [A](t,00) =
(fex-trop—1)[A]TTP-e-k-Ata(a8)+ (fex-trop)[A]EXTTP-e-k-At:(26) (2) Although the authors state“[...] for
models it is necessary to have a realistic representation not only of chemistry but also of
transport in the lowermost stratosphere.”, this is not discussed, e.g. in a critical evaluation of
the approach itself. Consulting Figure 4, the linear approach seems to be justified for
[CH2Br2], whereas [CHBr3] clearly follows a powerlaw. This is not discussed properly in the
manuscript. The authors should reevaluate their approach and change it (if possible) or at
least discuss it more thoroughly.

We are not convinced that we have completely understood the point that the reviewer is
making, why our ansatz should yield a linear relation between e.g. [CH2Br2] fraction and Af.
The linear approach is only made for the total Bromine (sum of inorganic and organic
bromine). For the organic part (which we measure, see also Fig. 4) no such linear relation is
expected or made: First, there is no linear relationship between A8 and transit time t',
second, we assume two different input mixing ratios for tropical and extratropical fractions
and third, the chemical lifetime is extremely dependant on the surroundings (photolysis rates,
OH radical concentrations and temperature). As we believe that the reviewer (and also
reviewer #3) may not have completely understood that our linear ansatz is only restricted to
the total bromine, we have reworked the explanation:

To make the approach clearer we have added in the introduction to section 5:

“The inorganic bromine from SGI can be derived as the difference between the organic
bromine in the source region (tropopause) and the organic bromine still observed or
modelled at a certain stratospheric location.”

And a little further down the same paragraph to motivate that we need some sort of
assumptions on the relative importance of both source regions:

“As both regions show different levels or organic bromine source gases, the relative
contribution of these source regions needs to be known to derive total bromine which entered
the stratosphere and thus also inorganic bromine from SGI.”

* Figure 4: It is not clear whether the shown error bars refer to the standard deviation (o) in
each bin or to its standard error (s=0/V(N)). Latter is a more reasonable choice. In any case,



displaying data in such way does only make sense as long as the distribution in each bin is
Gaussian. Otherwise, a violin plot may be more valid. Have the authors checked their
distributions?

The error bars given should be understood as a variability range, not as an uncertainty
range. Therefore, we have not used standard errors, as we want to show the variability range
of the observations. We also note that a violin plot would make this Figure (and others)
unreadable, as a separate violin would be needed at each altitude interval. While, as most
observational data, our data are not strictly Gaussian, we thus prefer to stay with the simple
uncertainty ranges. We have removed some extreme outliers before the calculation, which
are believed to be from contamination, therefore the data are not influenced by some
extreme outliers. This has been checked also by comparting means and medians, which we
found to differ by less than 5%, showing that the distributions are rather symmetrical.
Therefore we have not changed the Figures, but we have added an explanation in section
3.1.

“We have checked the validity of using means to represent the data, by comparing means
and medians. Differences were always below 5% of the mean tropopause values. We have
thus chosen to use means throughout this paper. The uncertainties given in all Figures are 1
sigma standard deviations of these means.”

* Figure 7: Caption L11:“[...] extremely high values [...]"What is “extreme” in this context?
Which exclusion criterion has been used? The manuscript doesn’t provide any further
information on this. Please elaborate on this matter in the appropriate section.

These same data have also been omitted in other Figures and tables. We have therefore
deleted this explanation in the caption of Figure 7 and added a statement in section 2.1
where the observational data are introduced:

“For this combined data set, some observations from the TACTS campaign have been
omitted, where some extremely high values of VSLS (up to a factor of 10 above typical
tropospheric values) were observed in the UTLS which are suspected of being contaminated.
The source of the contamination is, however, unknown”

3 technical corrections
3.1 General
Typesetting of the name “Orddfez” in citations is not coherent and incorrect at times.

We searched the entire document and made the spelling consistent.

3.2 Specific

« P1L22:“Distributions [...] below the tropopause shows [...]’—“show”

changed

* P1L26:"A scenario which has emissions most strongly concentrated to low latitudes [...]".
This sentence needs rephrasing — maybe: “A scenario with emissions mainly confined to low
latitudes [...]”

Changed as suggested

* P3L8-10:"Two pathways for input of halogens from short-lived gases are dis-cussed:

Source Gas Injection (SGI),where the halogen is transported to the stratosphere in the form
of the source gases; and Product Gas Injection,where photochemical breakdown products of



source gases are transported into the stratosphere, usually in inorganic form (i.e. Bry )."This
sentence is not concise. Please rephrase.

We have rephrased and broken up into two sentences:

“Halogen atoms can be transported to the stratosphere in the form of the organic source gas
(Source Gas Injection (SGI)) or in the inorganic form as photochemical breakdown products
of source gases (Product Gas Injection (PGI))”

» P3L11-12:"While halogens transported into the stratosphere due to PGI are usually directly
in a form available for catalytic ozone depletion reactions, halogens from source gases must
first be released in the stratosphere photochemically.”You may rephrase this along the lines:
“Halogenes from product gases are readily available for catalytic ozone depletion reaction.
Source gases have to undergo a photochemical transformation first.”

Nice formulation; we have adapted it as is.

» P3L23:“The main source of brominated VSLS is believed to be]...]"Although orally
excepted, one should refrain from the usage of “believe” in a scientific context. Please
rephrase. You may use, e.g., “most likely” or “observations indicate”.

Rephrased to:

“Observations indicate that the main source of brominated VSLS is from oceans and in
particular from coastal regions.”

» P3L41-43 and P4L1-3:"These observations are compared [...]"and"[...] these observations
are [...] presented [...] and compared [...]". These sentences are almost identical. You may
merge them into the latter.

First sentence has been deleted and merged into second sentence, which now includes a
mentioning of the different emission scenarios:

“Typical distributions of brominated VSLS derived from these observations are then
presented in Section 3 and compared to model output from two different atmospheric models
run with the different emission scenarios mentioned above in Section 4.”

* P4L7-11:"An isothermal channel uses [...]"and “The second channel [...] uses [...]"You may
rephrase these in passive voice.

Changed to passive voice: “An Electron Capture Detector (ECD) is used in an isothermal
channel, in a similar set-up as used during the SPURT campaign (Boenisch et al.,
2009;Boenisch et al., 2008;Engel et al., 2006) to measure SFs and CFC-12 with a time
resolution of one minute.”

* P41L.31,33:"mean age”. Supposedly “mean age of air” as used later on in the manuscript.

Yes, “of air” has been added

Section 2: The authors only mention the spatial resolution of their models. It might be worth
to mention the temporal resolution of the model output, too.s

Added in the model description:

“The EMAC SD-simulations with 90 vertical levels, as described in detail by Jockel et al.
(2016), were integrated with an internal model time step length of 12 minutes and the data



has been output every 10 hours from which the monthly averages on pressure levels have
been derived.”

And:

“The TOMCAT (Toulouse Off-line Model of Chemistry And Transport) model (Chipperfield,
2006;Monks et al., 2017) is driven by analyzed wind and temperature fields taken 6-hourly
from the ECMWF ERA-Interim product. Here, the model was run with T42 horizontal
resolution (2.8° by 2.8°) and with 60 vertical levels, extending from the surface to ~60 km.
The internal model timestep was 30 minutes and tracers were output as monthly means.”

P6L28:“As in previous work [...]’—"“works”e

We think that previous work is correct here, as it used in a general way. However, we will be
happy to modify this based on suggestions during the typesetting process. Unchanged

P6L28-33: First of all, most of this is a repetition of the text written in the beginning of section
3 and can be dropped. “As in previous work [...]"and “However, we propose a somewhat
different approach [...]"These two sentences are slightly contradicting. They can and should
be merged along the lines: “We slightly diverge from approaches in previous works [...]”

We have modified according to the suggestion:

“We slightly diverge from the coordinate system used to present zonal mean latitude-altitude
distributions used in in previous work (e.g. Boenisch et al., 2011;Engel et al., 2006), where
equivalent latitude and potential temperature where used as horizontal and vertical
coordinates. We use equivalent latitude* as a horizontal coordinate .... *“

» P6L36-38:“In order to ensure that this tropopause value is representative [...]"This sentence
is too long and might be grammatically incorrect (“[...] when we have observations [...]").
Please rephrase.

Split up into two sentences:

“In order to ensure that this tropopause value is representative also for the period of our
observations, we compare the potential temperature of the campaign-based tropopause with
the climatological tropopause. The campaign based tropopause has been calculated by
averaging the tropopause at all locations for which observations are available during the
campaign.”

« P7L7-9:"...] which has a rather long lifetime in the cold upper troposphere and lower
stratosphere (Hossaini et al., 2010) even quite deep into the stratosphere."This sentence is
quite unclear and needs rephrasing.

Rephrased and quantified:
“The distributions observed during the WISE and the TACTS campaigns show rather high
levels of CH2Br2 in the lower stratosphere, with a depletion of only about 35% at 40-50 K

above the tropopause. This is consistent with the rather long lifetime of CH2Br2 in the cold
upper troposphere and lower stratosphere (Hossaini et al., 2010).”

* P70L9-10:"[...] is strongly depleted [...]'Can you quantify this statement?

Quantified to “The shorter-lived CHBr3 is depleted by about 85% already at 20-30 K above
the tropopause during the winter campaign PGS.”

« P7L10-12:"[...] flight levels [...]"You may refer to “flight altitudes” instead.



Changed as suggested

» P7L36-38:“This is most likely [...]"The authors may rephrase this sentence into two. The
natural breakpoint would be*[...] with latitude. As [...]".

We looked at this sentence and considered splitting it up. However, there is a causality in
here, which would make it awkward to split this into two sentences. Unchanged.

» P8L6-7:"[...] are based on the emission scenario by Warwick et al (2006) [...]Jwas run with
different emission scenarios (Ordofiez et al., 2012;Ziska et al.,2013;Liang et al., 2010)."The
authors should mention which or the 8 scenarios by Warwick et al (2006) and which of the
three by Liang et al. (2010) they have used.

We have specified that scenario # 5 from Warwick and scenario A from Liang have been
used in the model description.

» P8L36:“overestaimtion”—overestimation: changed

» P9L4-6:“Because of the different chemical lifetimes [...] above 20 K above the tropopause
[...]"This sentence might need some rephrasing. The authors may useA8>20 K.

Good suggestion: we have rephrased as suggested:

“Because of the different chemical lifetimes of the two species, this results in a wrong vertical
distribution of Bry with too high mixing ratios at A6>20 K in winter and a much steeper
vertical gradient in late summer.”

» POL10-12:“In Order to [...] "This sentence is too long and not concise. Please rephrase.

Rephrased to: “We additionally compare model data from EMAC simulations using all four
emission scenarios (Graf, 2017) in order to investigate if the large deviation of the Warwick et
al. (2006) emission scenario is due to the EMAC model or due to the specific emission
scenario.”

» POL12-13:"Note that these simulations [...]"You may drop “Note that”
dropped

» POL23-24:“Again, we use equivalent latitude*[...]"This has been stated several times by
now. As the authors indicated by using“[a]gain [...]". They should consider dropping the
whole sentence or the “again” therein.

In order to make it clear that slightly different vertical coordinates are used for observations
and models we rephrased as follows:

“While we use equivalent latitude™ as the latitudinal coordinate for the observations and 6* as
vertical coordinate, the zonal mean data are displayed as function of latitude and potential
temperature 6 for the model results.”

» P9L39:“The direct comparison of the distributions between the different model data sets is
also interesting.”This statement is redundant. Please rephrase, e.g.“We will have a look at

L]

We have deleted this sentence.



* P11L8:“In this Section [...]"Add a comma after “section”. done

» P11L.33: The indent of the equation humber is incorrect. The authors may reduce the
equation toBrtot(AB) =Bry(A8) +Brorg(AB)

changed

» P121L.20:“Figure 14 compares [...]"There is a grammatically issue here. A figure cannot
compare anything. Please rephrase using passive voice.

Changed to passive voice.
* P13L18:*have e a”—>Remove the “e” in between. removed
» P13L30:“[...] a large dataset [...]"Can you quantify this?

Changed to “We present a large dataset of around 4000 in-situ measurements of five
brominated VSLS”

* P13L36:“[...] which is line [...]">"which is in line” changed
* P13L40:“in high latitudes”—"at high latitudes” changed

» P14L3:"[...] with large differences produced by the different emissions. "It maybe better to
use “caused” in this sentence.

Changed to caused
» P14L3-5:"Overall, for CH2Br2[...]"Please consider rephrasing this sentence.

* Figure 1: The figure is too wide. Would it be possible to color code the different flights
temporally?

We suppose the Figure size could be reduced during the final typesetting. With respect to
colour coding, this would mean also including a legend, which would make the Figure too
busy. Not changed.

* Figure 2: Is it possible to highlight the flight path displayed in Figure 3?

As the flight shown in Figure 3 is rather arbitrary, we believe that colour coding it would give
no additional information. Not changed.

* Figure 4: Caption L8:“dotted”—“dashed”

done

* Figure 7: Referred to choice of colors under “general”’. Caption L10:“bene”—“been”s

Bene has been changed to been; colours unchanged (see reply to general comment above)

Figure 14: Please include the information given in L1 of the caption also in the legend of the
plots.

Including this information in the legend would actually make the legend very busy. We have
instead changed the heading of the plots and included “dashed” in parentheses behind the
total bromine to make this clear.



* Figure 15: The x-axis label of the lowermost panel seems to be incorrect (compared to the
others in the figure)—“Br total and Bry from VSLS”.

We suppose this comment refers to Figure 14; corrected.
Caption L1:“[...] atABof 40 K [...]"—>"“atAB= 40K”

done

Reviewer #2, Rafael Fernandez

The paper presents a complete set of carbon-bonded VSLS source gases (SGs)
measurements performed in the Northern Hemisphere mid-latitudes using a GC-MS
instrument on board an aircraft, as well as a comprehensive comparison of the observations
with a complete set of model simulations oriented to evaluate the contribution of tropical and
extra-tropical injection of VSLS to the lowermost stratosphere. The main results of the work
are: i) the troposphere-to-lowermost-stratosphere transport of VSLS SGs through the extra-
tropical tropopause is larger than that occurring within the tropical tropopause; ii) the
contribution of both tropical and extra-tropical VSLS injection must be considered in order to
reproduce the VSLS abundance within the mid-latitudes lower stratosphere below 400 K; and
iii) the models and inventories used in this work show certain limitations in reproducing the
VSLS reactive transport and estimate the release of inorganic bromine (Bry) in the NH lower
stratosphere. The paper also includes a seasonal, latitudinal and vertical analysis of VSLS
abundance in the UTLS.I found the paper very interesting and very well organized,
presenting results in a clear and comprehensive format, and including interesting and
constructive discussions. It is worth noting that even when the altitude/latitude-dependent
observations itself would be worthwhile to be published, the authors have decided to go
forward and present a comprehensive model-observation inter-comparison, which
contributes to improves the general understanding of the reactive-transport efficiency of
VSLS species within the UTLS. In particular, | found very descriptive and intuitive the vertical
coordinate system (A8 and 6*) they used to represent all results relative to the altitude of the
tropopause, which allows a consistent description of the vertical and latitudinal decay of
VSLS once they are injected to the stratosphere. At the very end of the paper, a simplified
approach(eq. 4) is used to estimate the total amount of inorganic bromine (Bry) released
byVSLS within the mid-latitude lower stratosphere, highlighting the major importance
ofproperly reproducing these Bry levels in model simulations oriented to determine the ozone
impact of VSLS. Having said this, | believe that the manuscript posses a handful set of
specific issues and many technical details (including figures and tables captions) that must
be corrected before final publication.

Major Concerns:

1. I would like to start mentioning that most of the “important questions” that came to my
mind while | was reading the manuscript had already been responded (i.e., as | moved
forward with the lecture and reached Section 5). Even when this should be taken as a mainly
positive comment, it also implies that some of the analysis/discussions given at the end could
be (at least partially) shifted to earlier sections, to help the reading and support the analysis.
For example: Sections 3 is concentrated on carbon-bonded VSLS mixing ratios close and
above the tropopause in the lower stratosphere, but there is only a brief mention and
sideway comparison with the SGI values compiled in the last WMO report (P7,L27). The



reader needs to wait until Table 5 is presented (Section 5, P12) to reach a complete
discussion and comparison with WMO values, and it is only at this point that the importance
of the model-observation inter-comparison (presented in Section 4) becomes evident. In
doing so, note that Table 5, which pro-vides values for VSLS SGs within the tropics and
extra-tropics, is introduced in the only section of the paper focused on PGs (Section 5).

We have referenced Table 5 already in section 3.3. and 4.3. where we point to the tropical
values from the WMO 2018 report. We have also, as mentioned by Rafael Fernandez in a
specific comment included the tropical values from WMO 2018 in Figure 6 and also in Figure
13. We hope that this brings forward the point that extratropical values, in particular during
winter are higher than tropical values.

Added the following in the text in section 3.3. (latitudinal gradients) after introducing the
tropical WMO values.:

“These upper TTL values have also been included as reference Figure 6 (see also Table 5).”
Added/madified the following in section 4.3.:

“In order to investigate if the models are able to represent the latitudinal gradient in upper
tropospheric mole fractions, we compare the observed extratropical mole fractions of the
brominated VSLS in the upper troposphere (section 3.3) and compiled tropical observations
(Engel and Rigby, 2018) with those determined from the different model setups.”

And referenced Table 5 in section 4.3.

2. Observations from TACTS and WISE campaigns have been merged into a unique dataset
(WISE_TACTS) because they were performed during the same seasons. Even though |
found this procedure correct, | wonder if the authors have analyzed this data separately to
evaluate if there is at least any glimpse of VSLS SGs trend within the NH-UTLS (there are~5
years between both campaigns). The authors declare they combined both dataset based on
~.general” observational evidence (P3,L29), but I think they should justify this procedure by
evaluating specifically their unique and novel dataset (P4,L29).

We have not analysed the data set with respect to a possible trend, as we believe that there
are too many uncertainties associated with this and that the variability is far too high to detect
trends, which are expected to be very small. However, we have decided to add an appendix
to the paper, which contains plots of the observations (eq. to Figures 4) for the WISE and
TACTS campaign separately. The following text has been added in section 2.1. where the
merging of the two sets is explained:

“Vertical profiles of the two major bromine VSLS CH2Br, and CHBr3; for the TACTS and the
WISE campaigns are shown separately in Figure S1 in the appendix.”

3. Authors should be really careful and consistent when using the wording “total bromine”.
Until Section 5 is reached, only carbon-bonded (i.e., organic) bromine is considered, and
total bromine is referred as the sum of CH2Br2 + CHBr3 + minor VSLS(P6,L2; P8,L15). But
later on Sections 5 and 6, “total bromine” points out to the sum of Br_org + Br_inorg (P11,
Eq. 1). Please, be consistent and refer to “total organic bromine” and/or “total bromine”
whenever appropriate.

The reviewer is absolutely correct in this statement. We have gone through the manuscript
and have made sure that when total refers to the sum of bromine from all 5 species, we
always include organic (total organic bromine) or inorganic (total inorganic bromine) with it, in
order to separate it from total bromine as the sum of organic and inorganic bromine.



4. Although the vertical profiles for CH2Br2 and CHBr3 are analyzed in detail, there are no
mentions regarding the “error bars” presented in the figures (e.g., P6,L20; Fig.4 caption). Do
the error bars correspond to 1-sigma or 2-sigma? Besides this, the authors should explain
why the vertical error bars for A8 are not the same for the different bins, as well as why the
error bars for CHBr3 are larger than for CH2Br2? Is this only due to the shorter lifetime of
CHBIr3, which shows quite different vertical profiles de-ending on the exact latitude within the
40-60-bin (as observed in the latitude-altitude cross-sections), or could this also be attributed
to differences in their regional source strengths? Note that the variability is only considered in
(P7,L34; Fig. 6) when addressing how the VSLS tropopause abundance changes with
latitude, but I think that a more complete comparison of this latitudinal and vertical variation
within the 20-40-N bin should be provided (at least the two major VSLS).

The error bars denote 1 sigma variability. The reason for the much larger uncertainty range
in CHBr3 is indeed the shorter lifetime, which implies stronger gradients and overall larger
variability.

The meaning of the error bars (vertical and horizontal) is now explained in the manuscript in
section 3.1, also in relation to a remark by reviewer #1 with respect to using sigma (Gaussian
distribution):

We have checked the validity of using means to represent the data, by comparing means
and medians. Differences were always below 5% of the mean tropopause values. We have
thus chosen to use means throughout this paper. The uncertainties given in all Figures are 1
sigma standard deviations of these means, both for the vertical and horizontal error bars.

With respect to the larger relative uncertainties for CHBr3 and also the different vertical error
ranges we have explained towards the end of section 3.1.:

The short lifetime and strong vertical gradient of CHBr3 is also reflected | the largest relative
variability (see Tables 3 and 4).

5. P8,L18: “The contribution from these mixed bromochlorocarbons to total VSLS bromine
are typically on the order of 20%, while about 80% of total VSLS bromine in the upper
troposphere and lower stratosphere is due to CH2Br2 and CHBr3”.—Are this percentages
computed using WISE_TACTS and PSG data? Have you compared this findings with other
studies (i.e., Fernandez et al., 2014)? Have you thought about presenting combined results
of your observations of the sum of these minor_VSLS into a figure or table? (currently only
results for the sum of CH2Br2 + CHBr3 + minor_VSLSare given)? As minor_VSLS posses in
some cases lifetimes larger than CH2Br2, this information could be useful for future studies.
The importance of the minor VSL contribution becomes also evident in Section 5 (P13,L11)
when the overall contribution from longer-lived VSLS to Bry is discussed.

The mean values just below the tropopause and also at 30-40 K above the tropopause are
given for all 5 VSLS species in Tables 3 and 4. We have added the plots as for Figures 4 and
7 for the minor VSLS in the appendix. The 20% contribution of minor VSLS is consistently
derived from our observations and from the WMO 2018 compilation (Table 5). This is now
stated in the text:

“This relative contribution of 20% from minor VSLS is found in our observations (Tables 3
and 4) as well as in the values compiled in Engel and Rigby (2018) (see Table 5) and is
slightly larger than that derived e.qg. in Fernandez et al. (2014).”

Specific Comments:

1. Title and Abstract: Shouldn’t the title be more specific on the extra-tropical (or the“tropical
vs. extra-tropical”) contribution of VSLS bromine to the UTLS?? In addition, the abstract has
an excessive focus on the results obtained with the different models and emissions scenarios
(including specific statements for some of the scenarios giving the best and worst



agreement). | would expect the abstract to focus on the contribution of tropical vs. extra-
tropical contribution to SGI, and in any case to provide a rough estimate of the relative
contribution of each of these two pathways to the over-all organic and inorganic lower
stratospheric bromine (and providing only a general mention to the similarities and
discrepancies between models and observations and its dependence on latitude and
season).

We added extratropical in the title and slightly modified the abstract to include and
explanation of the importance of the measurements (“Why aspect mentioned by reviewer
#1). We believe that the aspect of tropical vs. extratropical SGI is already mentioned in the
abstract: “Distributions of the five source gases and total organic bromine just below the
tropopause show an increase in mixing ratio with latitude, in particular during polar winter.
This increase in mixing ratio is explained by increasing lifetimes at higher latitudes during
winter. As the mixing ratio at the extratropical tropopause are generally higher than those
derived for the tropical tropopause, extratropical troposphere-to-stratosphere transport will
result in elevated levels of organic bromine in comparison to air transported over the tropical
tropopause.” Therefore we did not add anything here, but hope that the explanation of Why
added more context. The issue of fractional contribution of tropical and extratropical air
masses is only treated as a sensitivity study. We have pronounced these issues more
specifically in the abstract now:

“In a sensitivity study we find maximum differences of a factor 2 in inorganic bromine in the
lowermost stratosphere from source gas injection derived from observations and model
outputs. The discrepancies depend on the emission scenarios and the assumed
contributions from different source regions. Using better emission scenarios and reasonable
assumptions on fractional contribution from the different source regions, the differences in
inorganic bromine from source gas injection between model and observations is usually on
the order of 1 ppt or less.”

2. Section 3 (P5): The first paragraph of section 3 describes the spatial and vertical
coordinates used for representing measured and modeled data. In my opinion, the selection
of 8, AB and ©6* variables really improves the analysis and interpretation of the results.
However, | believe the initial description of how these variables are computed is not clear
enough, and the reader needs to go back and forth between figures and text to completely
catch up the difference among them. For example: a) AB is mostly used for vertical profiles
figures, whereas 6* is used for latitude-altitude cross-sections (which is not clearly mentioned
in the text); b) there are at least 2 or 3 places where ABand6* vertical coordinates are
defined, and in some cases slight differences on the definitions are observed (P5,L31 and
P6,L32). In particular specify if the vertical coordinate is computed above the “local”
tropopause “for each latitude” and how is it added to the “climatological” tropopause.

The use of 6* in the latitude altitude cross sections is now clearly mentioned in the text and
also we have deleted the additional explanation of 6* given in section 3.2. and referenced the
definition of 6* at the beginning of section 3. We also specified that the local tropopause is
the reference for A6 at the beginning of section 3. In addition we have explained at the
beginning of the last paragraph of section 3.2. again that 6* is used here (it just stated
potential temperature before).

Explanation of the different vertical coordinates at the beginning of section 3:

“These are potential temperature 6, potential temperature above the local tropopause A6,
and finally a coordinate we refer to as 8 *, which is calculated by adding the potential
temperature of the mean tropopause to A 9.”

End of section 3.2., explanation of the coordinates used:



“The data have been binned in 5° latitude and 5 K intervals of the modified potential
temperature coordinate 6°.”

3. P11, 2-5: “Most importantly, the overall levels, especially in the low latitudes, are much
higher than our observations and also much higher than the tropical observations compiled in
the WMO report (Engel and Rigby, 2018). This will result in too much VSLS bromine being
simulated in the stratosphere, and therefore also in a misrepresentation of the input to the
lowermost stratosphere via the different pathways”.—In addition to the general description
focused on the 340-400 K range, | found interesting that poleward of 40-and below 320 K
(see Fig. 9-10) there is a negative model bias for CH2Br2 mixing ratio exactly at the extra-
tropical tropopause, while at the same time there is a positive model bias for CHBr3. This is
not mentioned nor explained in the text.

We thank Rafael Fernandez for pointing towards this feature. We have no good explanation
for this, with the exception that for the models, the tropopause sometimes seems to be more
“penetrable” than for the observations. It can also not be excluded that this is somehow
related to the way that the models have been averaged. We decided to add this feature,
without trying to explain it. This may indeed be an interesting aspect for further studies.
Added text at the end of section 4:

“We also note that poleward of 40°N and below 320 K (see Figures 9 and 10) there is a small
negative model bias for CH2Br2 at the extratropical tropopause when using the scenarios by
(Liang et al., 2010) and (Ordoiiez et al., 2012). At the same time the model simulations using
these two scenarios yield a substantial positive bias for CHBr3 in the same region. This will
result in a misrepresentation of the input of brominated VSLS source gases to the lowermost
stratosphere via the different pathways.”

4. P11,L28: The simplified approach considering fext-trop and ftrop“ is very intuitive and
helps to visualize the contribution from tropical vs extra-tropical bromine from VSLS, but it
would be useful to provide at the end a conclusive sentence of which are the most probable
fractional contributions from tropics and extra-tropics to the overall bromine in the UTLS.
Certainly, concurrent Bry measurements would be required to close the whole bromine
budget, but at least from Figure 15 (A8= 40 K) it seems that fext-trop values close to 20-40%
produce the closest agreement between model and observations. However, on the analysis
presented for Figure 14, fext-trop is 60% at this height, isn't it? | suggest to expand the
analysis and discussion of fext-trop and ftrop“ (you only dedicate a few lines to this subject at
the end of Section 5). Finally, why are not equivalent results for WISE_TACTS provided in
Fig. 157

Firstly, Rafael Fernandez is correct in pointing out that concurrent Bry measurements might
be a valuable tool in investigating this. This could potentially form the basis for further
studies. We would like to emphasize again, that this is a sensitivity study, and that a good
agreement with the model may not be interpreted as the right fractional contribution, as it is
more likely that several errors may balance each other. We would thus not use this to
discuss the right fractional input.

With respect to the WISE TACTS campaign: A similar Figure to 15 is now available in an
appendix for WISE_TACTS. We have added a reference to this in the text:
A similar Figure (S5) is shown for the WISE_TACTS dataset in the appendix.

5. P12,L.28-29: “The larger Bry derived in the model calculations above 60 K is caused by the
higher total bromine values from CH2Br2, which are caused by the higher CH2Br2 levels at
the tropical tropopause in comparison to the observations.” P12,L.32-33: “In the lower part the
discrepancy is more due to higher simulated CH2Br2 in the lowermost stratosphere than
found in the observations”—This could “partially” be the reason, but it could also be due to
using an improper fext-trop value at this specific vertical level and/or due to the simplified
linear approach used. Please elaborate on this.



The text is a discussion of the differences under these assumptions. Different assumptions
would yield different results, as discussed in the sensitivity study in Figure 15. We have
made this clearer by rephrasing:

“Under the given assumptions about fractional input, the larger Bry derived in the model
calculations above 60 K is caused by the higher total bromine values from CH2Br,, which are
caused by the higher CH2Br: levels at the tropical tropopause in comparison to the
observations.”

“Under the given assumptions about fractional input, the discrepancy in the lower part is
more due to higher simulated CH2Br; in the lowermost stratosphere than found in the
observations.”

6. P14,1.29: “we have shown that there will be significant differences in stratospheric Bry
depending on the emission scenario, which can be as high as 2 ppt, corresponding to a
difference of a factor 2 relative to observation-derived values”.—Being this sentence included
in the conclusions (and also mentioned in the original abstract), | suggest informing not only
the largest (i.e., worst) difference, but also the minimum model-observation differences, as
well as the range of model bias results for the models which show a better performance.

It is rather difficult to explicitly state the best agreement, as by coincidence, this may be close
to 0 at some places. The reason that this value was given is simply to mention the order of
magnitude of possible biases. We have restricted the statement of the 2 ppt to Warwick et al.
(2006) and added:

“Typical differences in Bry when using the other scenarios are on the order of 1 ppt.”

Technical Corrections:

P1,L17: “The instrument is extremely sensitive due to the use of chemical ionisation,allowing
detection limits in the lower parts per quadrillion (10 -15 ) range”.—ls this information of
major importance to be included on the abstract? Consider also including the GS-MS
acronym in the preceding sentence.

We would like to keep the sentence on the high sensitivity, as the use of chemical ionisation
in GC-MS is rather special. We have included the acronym GC-MS in the first sentence.

P1,L35: “Depending on the underlying emission scenario, differences of a factor 2 in reactive
bromine derived from observations and model outputs are found for the lowermost
stratosphere, based on source gas injection.”—Consider rephrasing, and also mentioning the
range of agreement of models (see comment above).

Rephrased to:

“Depending on the underlying emission scenario, maximum differences of a factor 2 in
inorganic bromine from source gas injection derived from observations and model outputs
are found for the lowermost stratosphere.”

And added the following to the abstract:

“Using better emission scenarios, the differences in inorganic bromine from source gas
injection between model and observations is usually on the order of 1 ppt or less”.

P3,L30: “A further future increase has been projected”—A future increase of VSLS
emissions has been suggested”

changed to suggested

P3,L38: “In order to investigate the regional variability of bromine input into the lowermost
stratosphere and the inorganic bromine loading of the extratropical lowermost stratosphere,
we have performed a range of airborne measurement campaigns ...”—You explicitly mention
“inorganic bromine” but not “organic bromine” in a sentence focused on the novel



measurements dataset. Consider revising, as you've only measured carbon-bonded species,
and only inferred inorganic bromine.

The part of the sentence mentioning inorganic bromine has been deleted.
P3,L42;P4,L3: Please specify which are “the implications” you are pointing at.
Changed from implications to differences

P4,L5: Consider changing the subtitle to “Instrumentation and Observations”
Changed as suggested

P4,L22: Check for consistency between the year of the TACTS campaign between the text
(2011) and table 2 (2012).

It's 2012; corrected

P4,L29: “covered a similar time period and latitude range”—you mean same seasons,
consider rephrasing.

Changed from time period to time of the year.

P5, L2: “ESCiMo (Earth System Chemistry ntegrated Modelling)”’—Integrated
corrected

P5,L12: TOMCAT acronym already defined above (P5,L2). Deleted

P5,L7;P5,L13: If both EMAC and TOMCAT are driven by exactly the same ECMWF ERA-
Interim reanalysis data, this should be mentioned explicitly. This will help to override
additional uncertainties regarding differences between models. Also, although EMAC can be
run as a CCM model, it should also be clear that for the current SD simulations, the model
behaves like a CTM.

We added the following:

“For the results presented in this paper, EMAC was operated in the so-called specific
dynamics mode, in which the synoptic scale meteorology is relaxed towards meteorological
reanalysis data.”

P5,L17: “Emitted VSLS (CHBr3, CH2Br2, CH2BrCI, CHBr2Cl and CHBrCI2) are destroyed by
reaction with OH and photolysis in the model’—I assume this is also the case for the EMAC
model described in the preceding paragraph. You should explicitly mention this to avoid
confusion.

This is of course true; the main reason for this sentence was to point towards the source of
the kinetical data used in TOMCAT. We have rephrased as follows:

“Chemical breakdown by reaction with OH and photolysis in the model for all VSLS (CHBrs,
CH-Br,, CH2BrClI, CHBr.Cl and CHBrCI,) are calculated using the relevant kinetic data from
Burkholder et al. (2015).”

P5,L24: Although the paper reads perfectly well using the 6 vertical coordinate, it
should be mentioned at least during the model description which are the equivalent
altitude/pressure values for the tropical/extratropical tropopause 6 levels used in this work.



As we are using potential temperature in the entire manuscript, we think that adding an
altitude information in km would actually link to a vertical coordinate which is not used in the
paper at all. Therefore we have not derived this information and not included it.

P5,L36: “we have also binned the data in potential temperature in 10 K potential tem-
perature intervals”—repetitive

No, this is not repetitive, as the second phrase explains the potential temperature binning.
We have rephrased for more clarity:

“For potential temperature binning, the 10 K bins have been chosen ranging from 40 K below
the mean tropopause to 100 K above the mean tropopause.”

P5,L38 and elsewhere: “relative to the mean tropopause observed during the cam-
paigns”—in many places the authors make reference to “the campaigns” in a general
meaning, when | understand they are pointing out to “each dataset” obtained during the
campaign, and not the campaign itself.

We have replaced campaign by measurements, even though we feel that this is rather the
same thing.

P5, L38: “The results are presented ...”—consider rephrasing the whole sentence, as it is
very difficult to understand. It should also be mentioned at least once that whenever you
mention winter, spring or fall, you are always pointing out to “boreal” seasons. It is not
necessary to repeat it all over the text, but | only found it mentioned properly once in the
conclusions (P13, L39).

We put the seasons for which the measurements are representative in parentheses to
improve the readability of the sentence. We also added the reference to the Northern
Hemisphere in the parentheses. It now reads:

“The results are presented for the two main VSLS bromine source gases CH,Br, and CHBrs,
averaged over equivalent latitude* of 40-60°N in Figure 4 for PGS (Northern Hemispheric
winter) and the WISE_TACTS combined data set (Late summer to fall, Northern
Hemisphere).”

P6,L15: “again in line with their atmospheric lifetimes, which generally decrease with an
increase in the bromine atomicity of the molecule”. Atomicity should also be used in
P7,L25.

The term atomicity is not very widely used and may not be familiar to many readers of ACP.
We therefore prefer to stay with the term “number of bromine atoms in the molecule”.

P7,L10: “The shorter-lived CHBr3 is strongly depleted already about 20 K above the
tropopause”—Based on Figure 5, this is only the case during PGS, but not for WISE_TACTS
during the summer. Could this be related to stronger convective transport during the
summer? Please explain.

This is more likely an effect due to the strong diabatic descent in the vortex during winter. We
guantified the depletion (see comment from reviewer #1) and added a statement about the
effect mainly occurring during winter. The explanation that this is probably related to the
descent in the vortex during winter was already presented in the following. We have not
added more explanation, as the restriction of the statement to the winter campaign relates
the low values to the following explanation.

P7,L20-22: “In order to ...”—there are many sentences that begins with this wording.
Although | found it correct, please avoid it using more than once within a paragraph(i.e., here
it is used in two consecutive sentences).



Second sentence has been changed to:
“All data in a range of 10 K below the local dynamical tropopause have been averaged to
characterize the upper tropospheric input region.”

P7,L23: “Again, for the tropospheric data, standard latitude has been chosen, while
equivalent latitude was used for all data withABabove zero”—This got me confused:
Figure 6 focus on extra-tropical tropopause values (averaged considering bins 10 K below
the local tropopause). Wouldn't this correspond to negative/r8?

That is correct and indeed for the upper tropospheric data we have used latitude and not
equivalent latitude. The axis description of Figure 6 is therefore lat. and not eq. lat. We have
rephrased to make this clearer:

“For these upper tropospheric data, standard latitude has been chosen and not equivalent
latitude as for the stratospheric data.”

P7,L29: explicitly point at Tables 3 and 4.
done

P7,L30 and Figure 6: Could the “negative latitudinal gradient” observed for WISE_TACTS be
somehow unrealistic/largely-biased because of using a small amount of measurements
below the tropopause at larger latitudes? Or because of any type of cos(lat) averaging
factor?

The reviewer is correct that the amount of data north of 60° lat is much smaller than south of
60° N for the TACTS and WISE campaigns. However, it is also well understandable that the
mixing ratios to not show a further decrease to the north, as due to longer insolation during
NH summer the lifetimes are expected to decrease again. This discussion is taken up a few
lines further down, where we note that: “Nevertheless, there is a clear tendency for an
increase in tropopause values with latitude, particularly during Northern Hemisphere winter.
This is most probably related to the increase in lifetime with latitude, as especially during the
wintertime PGS campaign the photolytical breakdown in higher latitudes is slower than in
lower latitudes.”

P7,L34: “derived around the tropopause”—wouldn’t it be “below” (-10 K) the tropopause.
Changed to “in the upper troposphere”.

P8,L1-5: Sentence is too long. Please rephrase.

The sentence has been broken down into two sentences:

“As bromocarbons are an important source of stratospheric bromine, it is worthwhile to
investigate if current models can reproduce the observed distributions shown in Section 3.
This is a prerequisite to realistically simulate the input of bromine from VSLS source gases to
the stratosphere, but also the further chemical breakdown and the transport processes
related to the propagation of these gases in the stratosphere.”

P8,L13: “Here we compare vertical profiles, geographical distributions and latitudinal
gradients between our observations and the model results”.—What do you mean
by“geographical distributions™? 20--40-bin?? If not appropriate, please remove.

Geographical distributions has been replaced by latitude-altitude cross section, which is
clearer.

P8,L23: “about 40 K"—“~40 K”



In this case, we would prefer to stay with the written “about”, unchanged.

P9,L4: “Using the Ziska et al. (2013) emission scenario, the overestimation of CH2Br2 and
the underestimation of CHBr3 tend to cancel out, resulting in a reasonable agreement in total
VSLS bromine. Because of the different chemical lifetimes of the two species, this results in
a wrong vertical distribution of Bry with too high mixing ratios above 20 K above the
tropopause in winter and a much steeper vertical gradient in late summer.”—First, in the
initial sentence it should also been explicitly mentioned that, in addition to the CH2Br2
overestimation and the CHBr3 underestimation, the contribution form “minor VSLS” which is
also considered for the total “organic” bromine results is based on the Ordofiez
inventory...adding an additional uncertainty to the different contributions that “cancel out”
each other. Second, What do you mean by “vertical distribution of Bry” in this context?.
Please be careful when pointing out to the inorganic or organic bromine in this section.

First: changed to: “When adding the contribution from minor VSLS based on the scenario by
Ordoiiez et al. (2012) this results in a reasonable agreement in total VSLS organic bromine.

Second: this sentence has been deleted.

P9,L23: Fig. 9to 12 instead of 9 and 10? Yes, changed
P10,L6: “much lower"—please be more specific

Added difference: “Our low latitude observations from HALO during late summer and fall
(WISE and TACTS) and the values compiled in the WMO 2018 report for the tropics (Engel
and Righy, 2018) are lower by about 0.3-0.5 ppt than the values of CH2Br2 in the tropics
using the Warwick et al. (2006) and Ziska et al. (2013) emissions.”

P10,L15: “Therefore, we compare the observed mole fractions of the brominated VSLS in the
upper troposphere with those determined from the different model setups, in order to
investigate if the models are able to represent the latitudinal gradient in uppertropospheric
mole fractions.”—please rephrase.

Rephrased: “In order to investigate if the models are able to represent the latitudinal gradient
in upper tropospheric mole fractions, we compare the observed mole fractions of the
brominated VSLS in the upper troposphere with those determined from the different model
setups.”

P10:L17: “or respectively modelled (EMAC)"—please rephrase (see comment on
respectively below)

We have had this checked by a native speaker, who had no objections to the way that
respectively is used here. In any case, we expect that this will also be checked once more
during the typesetting process. Unchanged

P10,L32-37: The text goes back and forth a couple of times between wintertime results and
summertime results. It would be simpler to describe all results for one season before moving
to the other.

We considered this. However, the logic is to start with the observations and then to compare
with the models. Unchanged.

P10,L36: Here and elsewhere...“extremely high"—what do you mean by extremely? Wouldn’t
just “larger” be enough?

Changed to larger
P11,L12: “is expected to add more bromine on top of SGI”

The reference to SGI has been added and we have made two sentences out of this one
sentence: “The input of bromine into the stratosphere in the inorganic form (product gas
injection) is expected to add more bromine in addition to the SGI discussed here. However,
PGI cannot be investigated with the source gas measurements presented here.”



P11,L14: “imply for the total bromine and inorganic bromine”—you mean total organic
bromine or total (organic + inorganic) bromine? Or both? Please see the general comment
above.

We have checked the usage and made it more consistent: throughout the manuscript we
have made sure that the term total is always used together with organic if it only refers to
total organic bromine from VSLS. Especially here, we have specified in parentheses behind
total bromine that it refers to the organic and inorganic bromine

P11,L18: Too many “and” within a single sentence. Please rephrase

Rephrased to two sentences: We have shown in Sections 3 and 4 that the organic bromine
around the tropopause shows significant variability and also latitudinal gradients. We have

also shown that large differences between the different model setups and observations are
found.

P11,L23: “No studies on mass fractions are available for the campaigns discussedhere, so
we will rely on previous studies for these fractions.”—I| do not understand the rationale for
including this sentence. Please make it clear or remove.

In order to make the meaning clearer we have extended the sentence: “No studies on mass
fractions are available for the campaigns discussed here, so we will rely on previous studies
for these fractions as discussed in the introduction to estimate the fractions of tropical and
extratropical air in the lowermost stratosphere.”

P11,L24: “order of magnitude difference” is normally used to point at scaling factors like 10,
100, 1000. Please rephrase.

Changed to “how much”

P11,L41: Here and elsewhere. “at the tropical, respectively extratropical (40-60-N)
tropopause,”—lt is very unfamiliar for me the way the “respectively” sentences have been
written throughout the text. | suggest replacing them by “at the tropical and extratropical (40-
60-N) tropopause, respectively”. See also P12,L19-L23.

We have had this checked by a native speaker, who had no objections to the way that
respectively is used here. In any case, we expect that this will also be checked once more
during the typesetting process. Unchanged

P12,L6: “by averaging the model respective observations”—This sentence is sense-less, in
any case “the model results”

We have changed to model results and specified that extratropical input values are meant.
P12,L14: fext-trop decreases with altitude, not increases.
Thank you, you are right. Changed.

P14,L6: “with a downward revision”—do you mean shifted to the lower edge of the range of
emissions?

We refer to the range being reduced and some older very high emission estimates being
judged unrealistic in the last WMO assessment. The sentence has been changed to :

a recently proposed revision of the best estimate of global CH2Br2 emissions towards the
lower edge of previous estimates

P14,L26: “The bromine budget in the lower stratosphere will depend on the relative fraction
of air from the tropical and extratropical tropopause. The relative contribution of extratropical
air will decrease with altitude and should reach zero at about 400 K potential
temperature..”—is it the future (will) tense appropriate here??. In any case, | believe the
authors are pointing at a decrease with altitude and not latitude here (if not, please explain
the idea and make it clear).



Changed to present tense to emphasize that this is a general feature and, yes, we refer to
altitude.

Tables and Figures:

Most of Figures and Table Captions include the “long-name” of each of the Cam-paigns
instead of just providing their “short-name”/acronym (PSG=POLSTRACC+GW-
CYCLE+SALSA, TACTS_WISE, HALO, ECMWEF, etc.), which is not only simpler, but also
more familiar to everyone. Using the short-name version will certainly improve the captions
readability. Also, there is no need to define ppt each time you use it (only once at the
beginning within the text is enough).

Done in all tables and Figures.

All Tables: Consider using a “one line title” at the top of each table, and then provide all
specific information regarding the season, specific campaign, altitude/latitude range,etc. as
footnotes on the table.

Due to using acronyms in the table headers these have become much shorter. We would
thus prefer to stay with the original presentation.

All multiple-panel Figures should indicate, in addition to the (letf, PSG)

and(right, WISE_TACTS) information, that results are provided for (top, CH2Br2), (middle,
CHBIr3) and (bottom, total organic bromine). (This example was based on Fig. 13, and
should be adapted to the specific figure).

Done by including top/middle/bottom in parentheses behind the substance name.

Table 3 and 4: What does “TP” stands for (tropopause)?. Why Table 3 provides values for
TP + 30-40 K, while Table 4 only for TP + 40 K? Define what does the stdev. Stands for and
how is computed? Wouldn't it better to provide the stdev. value with a +/- sign (0,55 +/- 0,09)
ppt within the mole fraction column?

The heading in Table 4 has been updated to read TP + 30-40 K (which it is, similar to the
column in Table 3). The stdev. column has not been included in the mixing ratio column, as
this column shows the average standard deviation in the 4 lowest stratospheric bins, with the
purpose of showing that this is significantly reduced when using AB8. In order to explain better
what this column means we have included the following explanation in the table headers for
Table 3 and 4:

The 10K bin standard deviations in the table represent the variability averaged over the four
lowest stratospheric bins.

The abbreviation TP has been introduced in the heading of both tables. Also we have
changed the column heads to 6 and A6.

Table 5: Have you used the annual mean or the seasonal mean for computing the tropical
tropopause values?? (P12,L6). In case a seasonal mean has been used, please specify
which months have been used for the model output. Replace bromide by bromine. Rephrase
respectively. Explicitly indicate that the Br_ext-trop and Br_trop are for (26= 0). Indicate that
ML stands for Mid-latitudes, which you called extra-tropics throughout the text. Define
explicitly in a table footnote the®, latitude range and any other relevant information that has
been used for computing the values presented in Table 5.

Bromide has been changed to bromine.

The explanation of the tropical values is detailed in the table heading: For the Tropics, annual
average for the years 2012 to 2016 have been calculated between 10°N and 10°S in a
potential temperature range from 365 to 375 K. The tropical values for the observations are



from the observations compiled in the 2018 WMO report (Engel and Rigby, 2018) in the
tropics between 365 and 375 K potential temperature.

The latitude ranges for the extratropics are also stated as 40-60°N.
ML has been replaced by extratropics.

Figure 4: What are the horizontal and vertical bars? 1-2 sigma? Also, in the text it would be
good to explain within the main text why for WISE_TACTS there are some points for which
the mixing ratio as a function ofA8 can be computed (A6= 100), but not for the 6 coordinate
(6= 420 K).

The following has been added to explain the error bars in the caption:
Both vertical and horizontal error bars denote 1 sigma variability.

The reason why sometimes sampling in A8 reaches higher values is that somtimes the
tropopause is lower than the climatological tropopause. A sentence explaining this has been
added in the main text:

Due to this different sampling a higher range in A8 is achieved than in 6, as the actual
tropopause altitude varies.

Figure 5: Consider introducing a dashed/dotted vertical line indicating the 40-60-boundaries
(and any other important latitude) used for the extra-tropics vertical pro-file computation.

We have considered this, but have decided against it, as we believe that this would highlight
an area which is actually arbitrary and is only motivated by the comparison plots for the
vertical profiles. No changes.

Figure 7: Consider reducing the length of the caption, and moving some of information at the
end of the caption to the main text.

The caption length has been reduced by only using the acronyms of campaigns and models.

Figure 8: Specify output for this simulations is not in SD mode as for the other simulations
(here and in the main text).

This was actually a mistake in the original manuscript. These EMAC simulations are in SD
mode, but not for the correct time period. We modified the Figure caption:

“Model results are for nudged simulations of EMAC but do not cover the time period of our
observations.”

And in the text we have extended the following sentence:
Note that these simulations are only available for the time period up to 2011.
Figure 9-12: Consider including vertical dashed/dotted lines as suggested for Fig. 5.

We have considered this, but have decided against it, as we believe that this would highlight
an area which is actually arbitrary and is only motivated by the comparison plots for the
vertical profiles. No changes.

Also...for the model (right) panels: Why there are some “empty/blank” boxes within tropical
lower stratosphere above 400K? Is that because of the vertical model resolution and/or
upper limit of the models?

The reason for the blanc boxes is the vertical resolution of the model, as values are not
interpolated, but rather shown as blanc where no values are available. A sentence has been
added to explain this in the Figure captions:

Boxes in which due to the vertical resolution of the model no values are available are left
blanc.



Figure 13: Have you considered the idea of expanding the lower latitudinal edge of the figure
to O-Lat, and include the model/WMO results for the Tropical mean (as shown in Table 5)?
Also, for the most poleward latitudinal bin, it looks like the “modelled” values are plotted at a
higher latitude than the “observations”. This must be due to the total number of data-points
used to compute the VSLS value. This should be explained either in the caption or in the
text.

We thank the reviewer for this valuable suggestion. The Figures 13 and also 6 have been
extended in this way to include the tropical WMO values and also model values (Fig. 13)
including a 0-20°N bin. We have also added a sentence explaining the different latitude
centres:

“Due to the different sampling of the observations and the models the centers of the different
latitude bins are not the same for observations and models.”

Figure 15: Why not including panel for WISE_TACTS in this figure?

This would add too many plots to the paper and we would also like to make clear that this is
basically a sensitivity study, why it can be shown with one campaign only. The respective
Figure has however been produced and is now shown in the appendix. A link to the Figure
has been put in the manuscript in section 5.:

“A similar Figure (S5) is shown for the WISE_TACTS dataset in the appendix.”

Reviewer # 3

The manuscript by Keber et al. describes measurements of short-lived organic bromine
gases from several airborne campaigns in the UTLS mostly north of 40-latitude in different
seasons. The authors then evaluate how different combinations of models and emission
scenarios compare to observations. The study is relevant to better quantifying the role of
organic bromine in catalytic cycles that deplete stratospheric ozone. The main points of the
paper are the demonstration of a latitudinal gradient in UTLS organic bromine, a winter
maximum in VSL Br gases in the UTLS, recognition that VSL Br concentration near the
extratropical tropopause is greater than that at the tropical tropopause, and that current
emission scenarios show a range of imperfections that limit their accuracy. | might argue that
all of these conclusions are not new, but the measurements, importantly, quantify the levels
of UTLS organic Br that provide a solid basis for more detailed and quantitative analysis.
Thus, the manuscript will be a valuable contribution to the further understanding of halogen
chemistry in the lower stratosphere.

I think the strength of the manuscript is in the presentation of the data and identification of
the seasonal and latitudinal variability in the measured Br gases. However, much of the
paper focused on the model and emission scenario comparisons to the data. The authors
state in their summary, “While it is not the main purpose of this paper to evaluate emission
scenarios. - .” they nonetheless spend a large amount of effort to do just that, and they do
so in more detail than is needed to demonstrate their point that models have problems. If
model comparison to data is a significant part of the message, then | would like to see
(perhaps in the Supplement) how the models compare to measurements for CFCs, halons,
CHA4 or other gases with better understood tropospheric distributions. Does model SF6
compare well to the binned measurements from these missions? This would help provide
some context for looking at the Br distributions and their deviations from model predictions.
My suggestion, though, is not to add more model discussion in this paper, but to reduce the
level of different comparisons to models that is done in the text and just highlight major
issues associated with emission scenarios.

This suggestion (less model comparisons) is contradictory especially to reviewer #2, who
actually suggested more model comparisons. We have chosen to include more model
comparison (equivalent to Fig. 7 but for minor VSLS) in the appendix, but not in the main part



of the paper. We also considered reducing the number of comparisons. This number is rather
large, as 4 different combinations of emission scenarios and model are used. The extension
to better constrained species (e.g. halons, CFCs etc) would indeed be an interesting aspect,
but we feel that it is beyond the scope of this paper, as this would go into a model evaluation
direction. Therefore, we have left the level of model comparison in the main text as it is.
However, we agree with the reviewer that as a large part of the paper is devoted to
comparing the observations with models and different scenarios, the statement “While it is
not the main purpose of this paper to evaluate emission scenarios...” is odd. We have
removed this statement. We have added with respect to the appendix:

“A similar Figure for the minor VSLS is shown in the appendix (Figure S4).”

| also had some trouble sorting through the different manipulations that the authors used to
help with the comparisons between measurements and models. The authors go into great
detail in how they adjusted and binned the data to presumably reduce variability from
variations in dynamics and transport, and to provide a more robust comparisons to model
outputs. While | would agree that these might be reasonable adjustments, | found the
multiple presentations confusing and left me wondering about what | was viewing in the plots
and how the data might look with no adjustments. Perhaps the authors can think about
possibly simplifying (or better explaining) the discussion of the adjustments. Even though the
goal of the adjustments was to reduce variability due to dynamical factors, the resulting
distributions retained significant spread in the data, particularly within -+40K of the
tropopause. The authors chose to focus on the average profiles, but it would seem that a
more detailed evaluation of the variation (and its comparison to variance in a model) could
produce interesting results on sources, transport and variability of Br in the critical region
near the tropopause. Maybe a subsequent paper can do this.

The use of tropopause centred coordinates is something rather common in UTLS studies. It
has also been shown by previous studies that variability is considerably reduced using these
coordinates. Also, we have shown that the variability in our data is reduced when using
tropopause centred coordinates, while the general shape and overall vertical profiles remain
quite similar (see Figure 4 and tables 3 and 4, which uses tropopause centred coordinates in
comparison to potential temperature). In order to make this point clearer, we have added
some explanation of this in the section 3.1. on mean vertical profiles. The description has
been updated for more clarity (see also comment by reviewer #1):

“For all campaigns, the variability averaged over the four lowest stratospheric bins when
using A8, was always lower than in the 4 lowest bins above the climatological tropopause
using 8 as a coordinate(see Tables 3 and 4). This shows that using the tropopause centered
coordinate system A0 reduces the variability in the stratosphere and that this coordinate
system is thus best suited to derive typical distributions. In the troposphere, the variability is
larger when using A6 coordinates than for @, indicating that the variability in the free
troposphere is not influenced by the potential temperature of the tropopause.”

We agree with the reviewer that a point-by-point discussion, which mal also include
comparison of other species with better constrained lower boundary values may be the focus
of a subsequent paper.

In section 5, | did not understand the need to go through the linear mixing model to show
how the emission scenarios that placed high (or low) CH2Br2 (or CHBr3) in the tropical (or
extratropical) tropopause were different from measured values. Data summarized in Table 5
is sufficient to demonstrate the impact of “incorrect” modeled organic Br in the tropics or
extra tropics. Why go through assumptions that aren’t necessarily realistic? Or you might be
able to improve the mixing model with data from other gases, such as SF6, which can be
used to perhaps better estimate tropical vs extratropical fractions of air.

The reason why we want to extend the study to the inorganic bromine is that inorganic
bromine is the form which can participate in ozone chemistry and is thus what really needs to



be known. Unfortunately, SFs from input of air from the tropics, respectively the extra-tropics
cannot be distinguished and there is no straight forward way of determining these fractions.
What would be needed would be tracers with linearly independent time series in the tropics
and extra-tropics. This in parts possible with the combination of CO, and SFe. However, this
is a study on its own and high quality CO- data are needed which are not available for all
missions of HALO. This is why we use estimates from previous studies and explicitly state
that this is a sensitivity study and not meant to provide a robust value of how large model
over- or underestimation of bromine from VSLS source gas injection is.

In order to explain better the interest in discussing possible effects on inorganic bromine, we
have added a sentence in the introduction and also in the beginning of section 5:

Introduction:

“Source gases have to undergo a photochemical transformation first before the bromine is in
the inorganic form which it can interact with ozone.”

In section 5 the following sentence has been moved further upward to explain the importance
of inorganic bromine earlier:

“Inorganic bromine is of key importance, as this is the form of bromine which can influence
ozone through e.g. catalytic ozone depletion cycles.”

To make the need for a mixing model clearer we have added two sentences in the
introduction to section 5:

“The inorganic bromine from SGI can be derived as the difference between the organic
bromine in the source region (tropopause) and the organic bromine still observed or
modelled at a certain stratospheric location.”

And a little further down the same paragraph:

“As both regions show different levels or organic bromine source gases, the relative
contribution of these source regions needs to be known to derive total bromine which entered
the stratosphere and thus also inorganic bromine from SGI.”

Given the goal to provide a more robust assessment of the role of Br in the lowermost
stratosphere at N latitudes, and given the availability of multiple models, | would have found
valuable some discussion of the actual impact of different Br levels on the ozone budget of
the impacted region. How does an uncertainty of -+ 1 ppt VSL Br propagate to modify ozone
destruction rates?

While an uncertainty of 1 ppt of Bry will lead to different responses iin different regions. We
have added a statement to give a rough context:

“For example, it has been shown that inclusion of about 5 ppt of Bry from VSLS leads to an
expansion of the ozone hole area of ~5 million km? and an increase in maximum Antarctic
ozone hole depletion by up to 14 % (Fernandez et al., 2017). The impact of bromine on
ozone is most pronounced in the lowest part of the stratosphere (Hossaini et al., 2015).”

Other comments:
Minor VSL Br.
A) | would suggest adding profiles of the minor VSL Br in a Supplement.

Yes, they have been added to an appendix. We added a reference to the Appendix in the
text in section 3.1.:

Results for the minor VSLS and total organic bromine are shown in Figures S2 and S3 of the
Appendix.



B) The authors state that “the observed decrease with altitude in the stratosphere is
consistent with the relative lifetimes of the different compounds”. While generally true, this
does not seem to be the case for CHBrCIl2 compared to CH2Br2 (page 7 line 15). Lifetimes
of these compounds differ by a factor of about 3.5, but the gradients appear close to the
same. Perhaps something is wrong with the lifetime estimate?

We have checked the lifetime estimates from Table 1, and they are in line with the WMO
2014 report. However, we observed that the values in Table 3 for the TACTS_WISE dataset
where still from an older version. We therefore updated the values in Table 3. The values in
Table 4 (PGS were correct).

CH2BrClI; and CHBr; are not separated chromatographically during normal measurements of
GhOST-MS, as this would require too much time (their physicochemical properties are very
similar). Therefore, as shown in Sala et al. (2014), a procedure using an observed correlation
between the two and of-line measurements of the relative sensitivities and the standard
mixing ratios are used to determine CH2Br2 and CHBrCI2 from one single peak. During PGS
and WISE the chromatography was tuned in order to separate the two peaks during
individual flights (which results in a much poorer temporal resolution) to determine this
correlation. We have explained this in brief and referenced to Sala et al. (2014) for a detailed
explanation. It could be that the vertical gradient is more determined by lifetime for shorter
lived compounds, whereas it is more determined by large scale transport for longer lived
compounds. This would explain a decreasing dependency of the vertical gradient with
increasing lifetime. We have i) briefly explained the procedure to derive CH2Br2 and
CHBIrCI2 mixing ratios and ii) added a short discussion on the lifetime dependency.

Explanation of separation of the two species in section 2.1.:

“As explained in Sala et al. (2014), CH2»BrCl, and CH.Br, are not separated
chromatographically during normal measurements of GhOST-MS, as this would require too
much time. Instead, a correlation between the two species from either independent
measurements or measurements of the two species from dedicated flights are used. Such
dedicated flights have been performed during the WISE and the PGS campaign. The
procedure how CH2BrCl, and CH2Br; are derived from the single chromatographic peak with
this additional information is explained in (Sala et al., 2014).”

Discussion of vertical gradients in section 3.1. has been rephrased and focussed on the
shorter lived gases, where the relationship is clearer:

“Of all species discussed here, CHBr; showed the largest vertical gradients, followed by
CHBr2CI. This is well in line with their atmospheric lifetimes (see Table 1), which will
generally decreases with an increase in bromine atoms in the molecule and is shortest for
CHBrs, followed by CHBr.Cl.The relationship between lifetime and vertical gradient is less
clear for the longer lived species, where vertical profiles are expected to be more influenced
by transport.”

C) Tablesl and 3 show the mixing ratio of CH2BrCl as 0.1 — 0.2 ppt (100 — 200 ppq), but the
GhOST-MS is reported in Table 1 to have a detection limit of 130 ppq (0.13 ppt). Not sure
how this is possible. | note also that the GhOST-MS characteristics are quite different here
compared to that reported in Sala et al. (2014). Was there a significant modification to the
instrument? Uncertainties.

Yes, there was indeed a significant modification to the instrument: this is a change in the
chemical ionisation (CI) gas. While we used pure Methane during SHIVA (Sala et al., 2014)
and during TACTS, we had to change this to pure Argon (PGS) for safety reasons and then
later to an Argon/Methane mixture (5% Methane, non burnable). Also, we checked the
detection limits again. They were indeed much poorer during WISE than during other



campaigns, mainly due to the change in Cl gas. We have now also added the detection limits
and LOD during TACTS and PGS to Table 1 and added a comment to that in the text:

“While CH4 has been used as chemical ionization gas for the TACTS campaign and for the
tropical measurements discussed in Sala et al. (2014), a change in chemical ionization gas
was necessary for later measurements due to safety reasons. During the PGS campaign, we
used pure Argon, which resulted in very good sensitivities but an interference with water
vapour. In order to avoid this interference for the mid-latitude (more humid measurements)
during WISE, a mixture of Argon and methane (non —burnable, below 5% Methane) was
used as ionization gas. These (and some other) changes resulted in different performances
of the instrument during different campaigns. Typical performance of the instrument is given
for the WISE and PGS campaign in Table 1 for the brominated hydrocarbons.”

The sentence referring to Table 1 two lines further down has been deleted. Table 1 has been
modified to include both PGS and WISE characteristics. Also the Table header to Table 1
has been modified accordingly.

Page 6, top. Please report uncertainties associated with the total organic bromine levels
reported here and elsewhere. Organic/Total Br. . .1 second the recommendation of one of
the other reviewers to be more careful in terminology of total bromine/total organic bromine,
etc.

As explained above, we have revisited the manuscript to ensure that the use is now
consistent. If total does not refer to the sum of organic and inorganic, it has been specified as
total organic or total inorganic bromine.

With respect to the uncertainties we have added values for uncertainties in Tables 3 and 4.
Note that these uncertainties are only observed variabilities (which are a combination of
atmospheric variability and measurements uncertainties), but do not include uncertainties in
calibration. As noted above, Table 3 has been updated to new values, as those given where
based on a previous version of the evaluation software.

Data availability. | did not see that these data are available in any public archive. Please list
how the data from these flights can be accessed.

Data availability information has been added.

Data availability

The observational data are available via the HALO Database (halo-db.pa.op.dlr.de/). The
data of the ESCiMo simulations using the EMAC model will be made available in the Climate
and Environmental Retrieval and Archive (CERA) database at the German Climate
Computing Centre (DKRZ; http://cera-www.dkrz.de/WDCC/ui/Index.jsp); the simulations
results of Graf (2017 are available upon request. TOMCAT model data will be uploaded to
the Lancaster University data repository upon article acceptance. Access to data may be
dependent on the signature of a data protocol.

Typo: Table 1 “Reproducibility: changed
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Abstract.
We present novel measurements of five short-lived brominated source gases (CH2Br;, CHBrs, CH,CIBr, CHCI,Br and

CHCIBTry). These rather short lived gases are an important source of -bromine to the stratosphere, where they can lead to

depletion of ozone. The measurements have been -obtained using an in-situ gas chromatograph-mass spectrometer (GC-MS)

system on board the High Altitude and Long Range Research Aircraft (HALO). The instrument is extremely sensitive due to
the use of chemical ionisation, allowing detection limits in the lower parts per quadrillion (10"%°) range. Data from three
campaigns using the HALO aircraft are presented, where the Upper Troposphere/Lower Stratosphere (UTLS) of the Northern
Hemisphere mid to high latitudes were sampled during winter and during late summer to early fall. We show that an observed
decrease with altitude in the stratosphere is consistent with the relative lifetimes of the different compounds. Distributions of
the five source gases and total organic bromine just below the tropopause shows an increase in mixing ratio with latitude, in
particular during polar winter. This increase in mixing ratio is explained by increasing lifetimes at higher latitudes during
winter. As the mixing ratio at the extratropical tropopause are generally higher than those derived for the tropical tropopause,
extratropical troposphere-to-stratosphere transport will result in elevated levels of organic bromine in comparison to air
transported over the tropical tropopause. The observations are compared to model estimates using different emission scenarios.

A scenario with emissions mainly confined to low latitudesA-seenario-which-has-emissions-moststronghy-concentrated-to-low

latitudes cannot reproduce the observed latitudinal distributions and will tend to overestimate organic bromine input through

the tropical tropopause from CH,Br, and CHBrs. Consequently, the scenario also overestimates the amount of brominated
organic gases in the stratosphere. The two scenarios with the highest overall emissions of CH,Br, tend to overestimate mixing
ratios at the tropical tropopause but are in much better agreement with extratropical tropopause values, showing that not only
total emissions but also latitudinal distributions in the emissions are of importance. While an increase in tropopause values
with latitude is reproduced with all emission scenarios during winter, the simulated extratropical tropopause values are on
average lower than the observations during late summer to fall. We show that a good knowledge of the latitudinal distribution
of tropopause mixing ratios and of the fractional contributions of tropical and extratropical air is needed to derive stratospheric
inorganic bromine in the lowermost stratosphere from observations. In a sensitivity study Depending-en-the—underlying

emission-seenario-we find maximum differences of a factor 2 in reaetive-inorganic bromine_in the lowermost stratosphere

from sSource gas injection -derived from observations and model outputs. The discrepancies depend on the emission scenarios

and the assumed contributions from different source regions.-a

injection. Using better emission scenarios and reasonable assumptions on fractional contribution from the different source

regions, the differences in inorganic bromine from Ssource gas injection between model and observations is usually on the
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order of 1 ppt or less. We conclude that a good representation of the contributions of different source regions is required in

models for a robust assessment of the role of short-lived halogen source gases on 0zone depletion in the UTLS.

1. Introduction

Following the detection of the ozone hole during springtime over Antarctica (Farman et al., 1985) and the attribution of the
decline in both polar and global ozone to the emissions of man-made halogenated compounds (see e.g. Molina and Rowland,
1974;Solomon, 1999;Engel and Rigby, 2018), production and use of long-lived halogenated species, in particular
chlorofluorocarbons (CFCs), have been regulated by the Montreal Protocol (WMO, 2018). This has led to decreasing levels
of chlorine in the atmosphere (Engel and Rigby, 2018), despite recent concerns over ongoing emissions of CFC-11, which
have been attributed to unreported and thus illegal production (Montzka et al., 2018;Engel and Righy, 2018;Rigby et al., 2019).
Bromine reaching the stratosphere has been identified as an even stronger catalyst for the depletion of stratospheric ozone than
chlorine (Wofsy et al., 1975;Sinnhuber et al., 2009). Its relative efficiency on a per molecule basis is currently estimated to be
60-65 times larger than that of chlorine (see discussion in Daniel and Velders, 2006). Long-lived bromine gases include CHsBr
with partly natural and partly anthropogenic sources and halons, which are of purely anthropogenic origin. Next to long-lived
gases, some chlorine and bromine from so-called “very short-lived substances” (VSLS), i.e. substances with atmospheric
lifetimes less than 6 months, can reach the stratosphere. It has been estimated that for the year 2016, about 25% of the bromine
entering the stratosphere is from VSLS (Engel and Rigby, 2018). Due to the decline in chlorine and bromine from long-lived
species, the relative contribution of short-lived species to stratospheric halogen loading is expected to increase, also driven by
increasing anthropogenic emissions of some short-lived chlorinated halocarbons (Hossaini et al., 2017;0ram et al.,
2017;Leedham Elvidge et al., 2015;Engel and Rigby, 2018;Hossaini et al., 2019).

A number of factors control the abundance of ozone at mid-latitudes, including known important influences from dynamics,
chemical destruction, aerosol loading and the solar cycle (e.g. Feng et al., 2007;Harris et al., 2008;Dhomse et al., 2015). In the
lowermost stratosphere, the breakdown of VVSLS provides a significant bromine source, in a region where (a) ozone loss cycles
involving bromine chemistry are known to be important (e.g. Salawitch et al., 2005) and (b) on a per-molecule basis, ozone
perturbations have a relatively large radiative effect (Hossaini et al., 2015). At present, VSLS are estimated to supply a total
of ~5 (3-7) parts per trillion (ppt, 10"*?) Br to the stratosphere, with source gas injection estimated to provide 2.2 (0.8-4.2) ppt
Br and product gas injection 2.7 (1.7-4.2) ppt Br (Engel and Rigby, 2018). Attribution of lower stratospheric ozone trends is
complex and trends in this region are highly uncertain (Steinbrecht et al., 2017;Ball et al., 2018;Chipperfield et al., 2018). It
has been suggested that continuing negative ozone trends observed in the lower stratosphere (defined as about 13 to 24 km in
the mid latitudes) may partly be related to increasing anthropogenic and natural VSLS (Ball et al., 2018). While Chipperfield
et al. (2018) suggested that the main driver for variability and trends in lower stratospheric 0zone is dynamics rather than

chemistry, the bromine budget of the upper troposphere and lower stratosphere (UTLS) needs to be well understood.

In the past, the main focus of upper tropospheric bromine studies for VSLS has been on the tropics, as this is the main entry
region for air masses to reach above 380 K potential temperatures (see e.g. discussion in Engel and Rigby, 2018) and thus for
the main part of the stratosphere. However, as many authors have shown, the lowermost stratosphere, i.e. the part of the
stratosphere situated below 380 K but above the extratropical stratosphere, is influenced by transport from the tropics and from
the extratropics (e.g. Holton et al., 1995;Gettelman et al., 2011;Fischer et al., 2000;Hoor et al., 2005). Some authors have
quantified the fraction of air in the lowermost stratosphere, which did not pass the tropical tropopause from tracer
measurements (Hoor et al., 2005;Boenisch et al., 2009;Ray et al., 1999;Werner et al., 2010) and others have used trajectory

analyses to study mass fluxes and stratosphere-troposphere exchange (e.g. Stohl et al., 2003;Wernli and Bourqui, 2002;Skerlak
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et al., 2014;Appenzeller et al., 1996). Based on tracer measurements of mainly CO, Hoor et al. (2005) estimated that the
fraction of air with extratropical origin in the mid latitude lowermost stratosphere of the Northern Hemisphere ranged between
about 35% during winter and spring to about 55% during summer and fall. Using a different approach based on CO; and SFs
observations, Boenisch et al. (2009) found a similar seasonality but higher extratropical fractions, which were consistently
higher than 70% during summer and fall and values above 90% in the entire lowermost stratosphere during October. Similarly,
Boenisch et al. (2009) also derived much lower fractions of air with recent extratropical origin during winter and spring, which
was sometimes as low as 20% during April. It has also been argued that the relative role of different source regions for the

UTLS could alter with a changing circulation (Boothe and Homeyer, 2017).

Both extratropical and tropical source regions are important for the lowermost stratosphere. A recent compilation of entry
mixing ratios of brominated VSLS to the stratosphere (Engel and Rigby, 2018) has focused on values representative of the
tropical tropopause. Two pathways for input of halogens from short-lived gases are discussed. Halogen atoms can be
transported to the stratosphere in the form of the organic source gas (-Source Gas Injection (SGI)) or ~where-the-halegen-is

transpeﬁed%&thestratespher&nﬂhei@rm@ﬂheseure&gase&m the inorganic form as photochemical breakdown products of
source gases and-(Product Gas Injection (PGI));-w

the-stratosphere—usuathy-in-inorganic-form-(-e-Br,). Halogenes from product gases are readily available for catalytic 0zone

depletion reactions. Source gases have to undergo a photochemical transformation first before the bromine is in the inorganic

form which it can interact with ozone. While-ha

phetechemicaly: Due to the short lifetimes of VSLS, this release is expected to occur in the lowest part of the stratosphere.

Therefore, brominated VSLS are particularly effective with respect to ozone chemistry in the lower and lowermost

stratosphere, below about 20 km, with the associated- ozone decreases exerting a significant radiative effect (Hossaini et al.,
2015). It has been shown that observed and modelled ozone show a better agreement if bromine from short-lived species is
included in models (Sinnhuber and Meul, 2015;Fernandez et al., 2017;0man et al., 2016). In particular for the Antarctic ozone
hole, an enhancement in size by 40% and an enhancement in mass deficit by 75% was simulated due to VSLS (Fernandez et
al., 2017) in comparison with a model run without VSLS. A delay in polar ozone recovery by about a decade has also been
reported due to the inclusion of brominated VSLS (Oman et al., 2016). In order to have solid projections on the effect of VSLS

on ozone and climate, a good knowledge of their atmospheric distribution is thus needed for models.

Observations indicate that the main source of brominated VSLS is believed-te-be from oceans and in particular from coastal
regions. Four global emission scenarios of short-lived brominated gases have been proposed (Warwick et al., 2006;0rd6fiez
et al., 2012;Ziska et al., 2013;Liang et al., 2010)-, with variations in VSLS source strengths of more than a factor of two
between them (Engel and Rigby, 2018). In the past, these scenarios have been compared to each other and to observations;
large differences have been identified in modelled tropospheric mixing ratios of CHBr; and CH2Br», along with estimates of
stratospheric bromine input (Hossaini et al., 2013;Hossaini et al., 2016;Sinnhuber and Meul, 2015). Hossaini et al. (2013)

concluded that the lowest suggested emissions of CHBr3 (Ziska et al., 2013)) and the lowest suggested emissions of CH,Br»

(Liang et al., 2014) yielded the overall best agreement in the tropics and thus the most realistic input of stratospheric bromine

from VSLS. They also concluded that “Averaged globally, the best agreement between modelled CHBr3; and CH,Br; with

long-term surface observations made by NOAA/ESRL is obtained using the top-down emissions proposed by Liang et
al. (2010)“. It has also been proposed that VSLS emissions may have increased by 6-8 % between 1979-2013 (Ziska et al.,

2017), although no observational evidence for this has been found (Engel and Rigby, 2018). A further future increase has been

projected-suggested (Ziska et al., 2017;Falk et al., 2017), although this projection is very uncertain and the processes associated

with the oceanic production of brominated VSLS are still poorly understood. It has also been proposed that certain source



10

15

20

25

30

35

40

regions could be more effective with respect to transport to the stratosphere, in particular the Indian Ocean, the Maritime
Continent and the tropical Western Pacific (Liang et al., 2014;Fernandez et al., 2014;Tegtmeier et al., 2012). The Asian
monsoon has also been named as a sigrificant-possible pathway for transport of bromine from VSLS to the stratosphere (Liang
et al., 2014;Fiehn et al., 2017;Hossaini et al., 2016).

While most investigations of natural VSLS focused on tropical injection of bromine to the stratosphere, in this study we focus
on the extratropical bromine VVSLS budget. In order to investigate the regional variability of bromine input into the lowermost

stratosphere-a

phere, we have performed a range of
airborne measurement campaigns using an in-situ gas chromatograph (GC) coupled to a mass spectrometer (MS) on board the
High Altitude and Long Range Research Aircraft (HALO). These-observations-are-compared-with-resultsfrom-state-of-the-

ntrRssthere—medelsrunwiththediforentomission-secporios—mentioncd—obeve—The imslications—dillerences infer

stratospheric reactive-inorganic bromine from observations and from models are discussed. In Section 2 we give a brief

introduction into the instrument, the available observations and the models used for this study. Typical distributions of
brominated VSLS derived from these observations are then presented in Section 3 and compared to model output from two

different atmospheric models run with the different emission scenarios mentioned above in Section 4. Finally, in Section 5 the

implications of the observations for inorganic bromine in the stratosphere are discussed.

2. Observations and models.

2.1. Instrumentation and ©observations

The data presented here have been measured with the in-situ Gas Chromatograph for Observational Studies using Tracers
(GhOST-MS) deployed on board the HALO aircraft. GhOST-MS is a two channel GC instrument. An-isothermal-channeluses

an-An Electron Capture Detector (ECD)_is used in an isothermal channel, in a similar set-up as used during the SPURT

campaign (Boenisch et al., 2009;Boenisch et al., 2008;Engel et al., 2006) to measure SFs and CFC-12 with a time resolution
of one minute. The second channel is temperature-programmed and uses a cryogenic pre-concentration system (Obersteiner et
al., 2016;Sala et al., 2014) and a mass spectrometer (MS) for detection. It is similar to the set-up described by Sala et al. (2014)
and measures halocarbons in the chemical ionization mode (e.g. Worton et al., 2008) with a time resolution of 4 minutes. As

explained in Sala et al. (2014), CH,BrCl, and CH,Br, are not separated chromatographically during normal measurements of

GhOST-MS, as this would require too much time. Instead, a correlation between the two species from either independeant

measurements or measurements of the two species from dedicated flights are used. Such dedicated flights have been performed

during the WISE and the PGS campaign. The procedure how CH,BrCl, and CH,Br, are derived from the single

chromatographic peak with this additional information is explained in Sala et al. (2014). While CH4 has been used as chemical

ionization gas for the TACTS campaign and for the tropical measurements discussed in Sala et al. (2014), a change in chemical

ionization gas was necessary for later measurements due to safety reasons. During the PGS campaign, we used pure Argon,

which resulted in very good sensitivities but an interference with water vapour. In order to avoid this interference for the mid-

latitude (more humid measurements) during WISE, a mixture of Argon and methane (non —burnable, below 5% Methane) was

used as ionization gas. These (and some other) changes resulted in different performances of the instrument during different

campaigns. Typical performance of the instrument is given for the WISE and PGS campaign in Table 1 for the brominated
hydrocarbons.

The instrument is tested for non-linearities, memory and blank signals, which are corrected where necessary (see the
description in Sala (2014) and Sala et al. (2014) for details). H i
GhOST-MS{see-Table-1)-Table 1 also includes typical local lifetimes of the different VSLS species and the global lifetimes

of the long-lived species. The instrument was deployed during several campaigns of the German research aircraft HALO,
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providing observations in the UTLS over a wide range of latitudes and different seasons mainly in the Northern Hemisphere.

Some observations from the Southern Hemisphere are also available, but due to their sparsity will not be part of this work.

GhOST-MS measurements from three HALO Missions will be presented and discussed here. The first atmospheric science
mission of HALO was TACTS (Transport and Composition in the Upper Troposphere/Lowermost Stratosphere),
conducted between August and September 20112, with a focus on the Atlantic sector of the mid latitudes of the Northern
Hemisphere. The second campaign was PGS, a mission consisting of three sub-missions: POLSTRACC (The Polar
Stratosphere in a Changing Climate), GW-LCYCLE (Investigation of the Life cycle of gravity waves) and SALSA
(Seasonality of Air mass transport and origin in the Lowermost Stratosphere). PGS took place mainly in the Arctic between
December 2015 and March 2016. Finally, the GhOST-MS was deployed during the WISE (Wave driven isentropic exchange)
mission between September and October 2017. The dates of the missions and some parameters on the available observations
are summarized in Table 2 and the flight tracks are shown in Figures 1 and 2. As the WISE and TACTS campaigns covered a
similar time period-of the year and latitude range, we have chosen to present the results from both campaign in a merged
format, i.e. the data from the two campaigns have been combined to single data set which we will refer to as “WISE_TACTS”.
Vertical profiles of the two major bromine VSLS CH,Br; and CHBr; for the TACTS and the WISE campaigns are shown

separately in Figure S1 in the supplement. For this combined data set, some observations from the TACTS campaign have

been omitted, where some extremely high values of VSLS (up to a factor of 10 above typical tropospheric values) were

observed in the UTLS which are suspected of being contaminated. The source of the contamination is, however, unknown.

Figure 3 shows an example time series of Halon-1301 (CF3Br), CH2Br; and CHBr3, 0zone and mean age of air calculated from
the SFs measurements obtained during a typical flight in the Arctic in January 2016. It is clearly visible that the halocarbons
are correlated amongst each other, whereas they are anticorrelated with 0zone and mean age. It is further evident from Figure
3 that the shortest-lived halocarbon measured by GhOST-MS, i.e. CHBr3, decreases much faster with increasing ozone than
the longer-lived CH:Br or the long- lived source gas Halon 1301. Note that the local lifetimes of the halocarbons may differ
significantly from their typical mid latitude lifetimes shown in Table 1. Lifetimes generally increase with a) decreasing
temperature for species with a sink through the reaction with the OH radical and b) with decreasing solar irradiation for species
with direct photolytic sink. Therefore, in particular during winter, lifetimes are estimated to increase considerably with

increasing latitude due to the decreased solar illumination and low temperatures.

——2.2 Models and mMeteorological Bdata
Data from two different models were used in this study: ESCiMo (Earth System Chemistry Integrated Modelling) data from
the EMAC (ECHAM/MESSy Atmospheric Chemistry) chemistry climate model (CCM) and the TOMCAT (Toulouse Off-
line Model of Chemistry And Transport) chemistry transport model (CTM).
For EMAC data, we used results from the simulations in the so-called specified dynamics mode, for which the model was

nudged (by Newtonian relaxation) towards ERA-Interim meteorological reanalysis data from European Centre for Medium-

Range Weather Forecasts (ECMWEF; (Dee et al., 2011). T42 spectral model resolution was used, corresponding to a quadratic
Gaussian grid of approximately 2.8° by 2.8° horizontal resolution, and the vertical resolution comprised 90 sigma-hybrid
pressure levels up to 0.01 hPa. The model output has been subsequently interpolated to pressure levels between 1000 and 0.01

hPa. The emissions of VSLS were taken from_the emission scenario 5 in Warwick et al. (2006). The model setup for the

ESCiMo simulation is described in detail by Jockel et al. (2016). For the results presented in this paper, EMAC was operated

in the so-called specific dynamics mode, in which the synoptic scale meteorology is relaxed towards meteorological reanalysis

data. The EMAC SD-simulations with 90 vertical levels, as described in detail by Jockel et al. (2016), were integrated with an

internal model time step length of 12 minutes and the data has been output every 10 hours from which the monthly averages
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on pressure levels have been derived. The SC1SD-base-01 simulation which has been used here has been branched off from

RC1SD-base-10 (see Jockel et al., 2016) at January 1, 2000 using the RCP8.5 emissions and greenhouse gas scenario.

The TOMCAT (Foulouse-Off-line-Model-of Chemistry-And-Transport) model (Chipperfield, 2006;Monks et al., 2017) is
driven by analyzed wind and temperature fields taken_6-hourly from the ECMWF ERA-Interim product. Here, the model was

run with T42 horizontal resolution (2.8° by 2.8°) and with 60 vertical levels, extending from the surface to ~60 km._The internal

model time step was 30 minutes and tracers were output as monthly means. This configuration of the model has been used in

a number of VSLS-related studies and is described by Hossaini et al. (2019).— In this study, three different VSLS emission
scenarios are used with TOMCAT (Liang et al., 2010;0rdofiez et al., 2012;Ziska et al., 2013). In the case of the Liang et al.
scenario, their scenario A has been used. -Chemical breakdown by reaction with OH and photolysis in the model for all VSLS
(CHBr3, CH2Br,, CH,BrClI, CHBr,Cl and CHBrCI,) are calculated using the relevant kinetic data from Burkholder et al. (2015).

Sl fele (oEEe CRELE e CELEre O e Clapd CEERC L gre-das e ed b crnnetion et Ol aad sheteb e e the

Local tropopause information for the flights with HALO have been derived from ERA-interim data (J.U.GrooR, FZ Jilich,
private communication). The climatological tropopause has been calculated based on potential vorticity (PV) according to the
method described in Skerlak et al. (2015) and Sprenger et al. (2017) based on the ERA-Interim reanalysis. {(M-Sprenger ETH
Zirichprivate-communication): As the PV tropopause is not physically meaningful in the tropics, the level with a potential
temperature of 380 K has been adapted for the tropopause where the 2-PVVU (Potential Vorticity Unit) level is located above
the 380-K level.

3. Observed distribution and atmospheric gradients of different brominated VSLS

Spatial distributions are shown in tropopause-relative coordinates and as functions of equivalent latitude. As equivalent latitude
is mainly a useful horizontal coordinate for the stratosphere, we chose to use standard latitude for all measurements below the
tropopause and equivalent latitude for all measurements above the tropopause. We refer to this coordinate as equivalent
latitude*. As the observations typically cover a range of latitudes, vertical profiles are shown for 20° bins. In the vertical
direction, three different coordinates are used in this paper. These are potential temperature 6, potential temperature above the
local tropopause A 8, and finally a coordinate we refer to as 8 *, which is calculated by adding the potential temperature of the
mean tropopause to A 8. We used the dynamical tropopause, defined by a potential vorticity value of 2 PVU or by a potential

temperature value of 380 K in the tropics (see Section 2), as a reference surface.

3.1 Mean vertical profiles.

All measurements from the individual campaigns have been binned into 10 K potential temperature bins between -40 and 100
K of Af. In-addition—we-have-alse-binned-the-data-inFor -potential temperature binning, the 10 K bins have been chosen in-10
K-potential-temperature-intervals-ranging from 40 K below the mean tropopause to 100 K above the mean tropopause. In this

way, the centers of the A 6 and 6 bins are the same relative to the mean tropopause observed during the

campaignmeasurements. The results are presented for the two main_VVSLS bromine species-source gases CH,Br, and CHBr3,
averaged over equivalent latitude* of 40-60°N in Figure 4 for the-PGS (Northern Hemispheric winter) eampaign- and the
WISE_TACTS combined data set representing-(Llate summer to fall, Northern Hemisphere)-cenditions. Results for the minor

VSLS and total organic bromine are shown in Figures S2 and S3 of the supplement. Only bins which contain at least five data

points have been included in the analysis. The results are also summarized in Tables 3 and 4 for the same latitude intervals for
all species and for total organic bromine derived from the five brominated VSLS. The tropopause mole fractions shown in

Tables 3 and 4 have been derived as the average of all values in that latitude interval and within 10 K below the tropopause.
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The potential temperature of the average tropopause has been used for 6 averaging, while the potential temperature difference

to the local tropopause has been used as reference when averaging in A8 coordinates. Due to this different sampling a higher

range in A9 _isa achieved than in 6, as the actual tropopause altitude varies. We have checked the validity of using means to

represent the data, by comparing means and medians. Differences were always below 5% of the mean tropopause values. We

have thus chosen to use means throughout this paper. The uncertainties given in all Figures are 1 sigma standard deviations of

these means, both for the vertical and horizontal error bars. In the WISE_TACTS data set, total organic bromine at the

dynamical tropopause between 40 and 60 °N was 3-44.0-5 and 3-63.5 ppt, using A8 and 8 as vertical coordinates, respectively.
Higher values of total_organic bromine were found during the winter campaign PGS, when average tropopause values were
5.2 and 4.9 ppt both using A6 and 6 as vertical coordinates. These values are considerably higher than the tropical tropopause
values of organic bromine derived in the vicinity of the tropical tropopause (Engel and Rigby, 2018) as will be discussed in
detail below. When using the WMO definition of the tropopause, the total organic bromine at mid-latitudes was about-0-3
telower by up to 0.5 ppt lower than using the PV tropopause, reflecting the fact that the WMO tropopause is usually slightly
higher than the dynamical tropopause using the 2 PVVU definition (e.g. Gettelman et al., 2011).

Of all species discussed here, CHBr; €H.BrClshowed the smaHestlargest vertical gradients, followed by CHBr,Cl.-ahd-CHB¥3
the-largest: This is well in line with their atmospheric lifetimes (see Table 1), which will generally decreases with an increase
in bromine atoms in the molecule which-and is shortest for CHBrs-, followed byand-lengestfor-CH.B+Cl. CHBr,Cl.-The

relationship between lifetime and vertical gradient is less clear for the longer lived species, where vertical profiles are expected

to be more influenced by transport. shewed-the second-strongest-vertical-gradients-while CH,Br-and- CHBrCl,-usualy-showed

inerease-inbromineatoms-in-the-meleedle: The strongest vertical gradients with respect to both 8 and A8 were observed during
the winter campaign PGS, with the exception of CHBr3, which was nearly completely depleted for all campaigns at 40 K above
the tropopause and thus shows very similar averaged gradients over this potential temperature region. When evaluated only

for the first 20 K above the tropopause, the gradient of CHBr; was also highest during PGS._The short lifetime and strong

vertical gradient of CHBr3 is also reflected in the largest relative variability (see Tables 3 and 4).

We further determined the variability of the different species in 10 K intervals of 8 and A8. For all campaigns, the variability

averaged over the four lowest stratospheric bins was-always-lewerwhen using A8, was always lower than in the 4 lowest bins

above the climatological tropopause using 8 _as a coordinate(see Tables 3 and 4). This shows that using the tropopause centered

coordinate system A@ reduces the variability in the stratosphere and that this coordinate system is thus best suited to derive
typical distributions. In the troposphere, the variability is very-similarlarger when using A6 _coordinates than for fer 9-and-A8
coordinates, indicating that the variability in the free troposphere is not strenghinfluenced by the potential temperature of the

tropopause. The observed variabilities were found to be very similar for the WMO and PV tropopause definitions (not shown).
As the dynamical PV tropopause is generally expected to be better suited for tracer studies, we decided to reference all data to

the dynamical tropopause.

3.2. Latitude altitude cross sections

We slightly diverge from the coordinate system used to present zonal mean latitude-altitude distributions used in previous
work (e.g. Boenisch et al., 2011;Engel et al., 2006), where present-the-latitudinal-distribution-as-a-—zonal-mean-and-using
equivalent latitude and potential temperature were used as horizontal and vertical coordinates. However—we-propese—a

somewhat-different-approach-herein-which-We use equivalent latitude* is-used-as a horizontal coordinate, i.e. latitude for all

tropospheric observations and equivalent latitude for observations at or above the tropopause. As a vertical coordinate we have
chosen to use a modified potential temperature coordinate-which-wereferto-as 6" (see explanation above, section 3.)and-which

ated-by-adding the potential temperature-of the-climatological-tropopause-to-A8- In this way, all measurements are

presented relative to a climatological tropopause, which has been derived from ERA-Interim reanalysis as zonal mean for the

7
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latitude of interest and the specific months of the campaign (see Section 2 for campaign details). This is expected to reduce
variability by applying the information from A@, yet the absolute vertical information is also maintained. In order to ensure
that this tropopause value is representative also for the period of our observations, we compare the potential temperature of

the campaign-based tropopause;-av

with theis climatological

tropopause._The campaign based tropopause has been calculated by averaging the tropopause at all locations for which

observations are available during the campaign. For the latitude band between 40 and 60°N, the climatological PV tropopause

for the TACTS_WISE time period was derived to be at 329 K, in excellent agreement with the campaign-based tropopause,
which was also at 329 K. For the PGS campaign, both the climatological tropopause and the campaign-based tropopause were
found to be at 312 K. In contrast to the campaign-based tropopause, the climatological tropopause is also available for latitude
bands and longitudes not covered by our observations and will be more representative for typical conditions during the

respective season and latitude.

Figure 5 shows the distributions of the two main VSLS bromine source gases CH2Br, and CHBr3 in the coordinate system

discussed above for the two campaign seasons (PGS: winter; WISE_TACTS: late summer to early fall). The data have been
binned in 5° latitude and 5 K intervals of the modified potential temperature_coordinate 8-. As expected, the distributions
closely follow the tropopause (indicated by the dashed line), with values decreasing with distance to the tropopause and also
with increasing equivalent latitude. The distributions observed during the WISE and the TACTS campaigns show significant
ameuntsrather high levels of CH2Br»; in the lower stratosphere, with a depletion of only about 35% at 40-50 K above the

tropopause. This is consistent withwhich-has-a_the rather long lifetime of CH,Br» in the cold upper troposphere and lower

stratosphere (Hossaini et al., 2010)-even-quite-deep-into-the stratosphere. The shorter-lived CHBr3 is stronghy-depleted by about
85% already atbeut 20-30 K above the tropopause during the winter campaign PGS. In the case of the winter campaign PGS,

values close to zero at the highest flight altitudeslevels are also observed for the longer-lived CH,Br,, indicating that in the

most stratospheric air masses observed during PGS nearly all bromine from VSLS has been converted to inorganic bromine.

This is-stratospheric character is in agreement with the observation of air masses with very high mean age of air derived from

SFe observations of GhOST-MS (see e.g. Figure 3), reaching up to 5 years for the oldest air (not shown). This is air which has
descended inside the polar vortex and has not been in contact with tropospheric sources for a long time, allowing even the

longer-lived CH2Br; to be nearly completely depleted.

3.3. Upper tropospheric latitudinal gradients

If air is transported into the lowermost stratosphere via exchange with the extratropical upper troposphere, the levels of organic
bromine compounds are likely to be different than for air being transported into the stratosphere via the tropical tropopause.
In order to investigate the variability and the gradient in the upper tropospheric input region, we binned our data according to
latitude and to potential temperature difference to the tropopause. All data in a range of 10 K below the local dynamical
tropopause have been averaged H-order to characterize the upper tropospheric input region..—we-have-chosen-to-average-ah

ata-in-a-range-of 10-K-below-the-tocal-dynamical- tropopause.-Again,-Ffor these upper tropospheric data, standard latitude has
been chosen_and not—while equivalent latitude as for the stratospheric datawas-used-for-all-data-with-A8-abovezero. The
latitudinal gradients are shown in Figure 6 for CH,Br,, CHBr3 and total_organic bromine derived from the sum of all VSLS

(including the mixed bromochlorocarbons CH,BrCIl, CHBrCl, and CHBr,Cl), each weighted by the amount of bromine atoms.
For the tropical tropopause, input values from different measurement campaigns have recently been reviewed by Engel and
Rigby (2018). They found that total organic bromine from these five compounds averaged between 375 and 385 K, i.e. around
the tropical tropopause was 2.2 (0.8-4.2) ppt, and in the upper TTL (365-375K potential temperature) was around 2.8 (1.2-4.6)
ppt. These upper TTL values have also been included as reference Figure 6 (see also Table 5). The average values derived here

for the 10 K interval below the extratropical tropopause are significanthy-larger. For the late summer to early fall data from
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TACTS and WISE_(Table 3), they increase from 2.6 ppt around 30°N (20-40° N equivalent latitude*) to 3.8 ppt around 50°N
(40-60°N equivalent latitude*), while no further increase is found for higher latitudes with a value of 3.4 ppt. For the winter
measurements during PGS (Table 4) a clear increase with latitude is observed from 3.3 ppt around 30°N (20-40°N equivalent
latitude*) to 3.8 ppt around 50°N (40-60°N equivalent latitude*) to 5.5 ppt in the high latitudes (60-80°N equivalent latitude*).
There is considerable variability in these values derived areund-the-trepopausein the upper troposphere, due to the short lifetime

of these compounds and the high variability in emissions depending on the source region. Nevertheless, there is a clear

tendency for an increase in tropopause values with latitude, particularly during Northern Hemisphere winter. This is most
probably related to the increase in lifetime with latitude, as especially during the wintertime PGS campaign the photolytical
breakdown in higher latitudes is significanthr-slower than in lower latitudes. Additional effects due to the sources and their
latitudinal, seasonal and regional variability cannot be excluded. However, we note that emissions are most likely to be largest
during summer, as shown e.g. in Hossaini et al. (2013), which would not explain the large values of brominated VSLS in the

upper troposphere in high latitudes during winter.

4. Comparison with model derived distributions.

As bromocarbons are an important source of stratospheric bromine, it is worthwhile to investigate if current models can

reproduce the observed distributions shown in Section 3. This is a prerequisite;-and-are-thus-able to realistically simulate the

input of bromine from VSLS source gases to the stratosphere, but also the further chemical breakdown and the transport
processes related to the propagation of these gases in the stratosphere. As explained in Section 2, we used two different models,
with different emissions scenarios for the brominated very short-lived source gases. The ESCiMo simulation results from the
chemistry climate model EMAC (Jéckel et al., 2016) are based on the emission scenario by Warwick et al. (2006), while the
TOMCAT model (Hossaini et al., 2013) was run with three different emission scenarios (Ordofiez et al., 2012;Ziska et al.,
2013;Liang et al., 2010). Both models have been used in the past to investigate the effect of brominated VSLS on the
stratosphere (e.g. Sinnhuber and Meul, 2015;Hossaini et al., 2012;Wales et al., 2018;Hossaini et al., 2015;Graf, 2017). For the
EMAC model, we have chosen to use results from a so called “specified dynamics” simulation, which has been extended from
the ESCiMo simulations to cover our campaign time period (see Section 2). The model data have been extracted for the time
period and latitude ranges of the observations and have been zonally averaged. Here we compare vertical profiles, geographical

distributionslatitude-altitude cross sections and latitudinal gradients between our observations and the model results, in a

similar way as the observations have been presented in Section 3. We also compare results for total organic bromine. Only the
scenarios of Warwick et al. (2006) and Ordoéfiez et al. (2012) contain emissions of the mixed bromochlorocarbons CH,BrCl,
CHBIrCI; and CHBr,CI. For the calculation of total VSLS organic bromine based on the emission scenarios by Liang et al.
(2010) and Ziska et al. (2013) we have therefore adopted the results from the TOMCAT model using the emissions by Ordéfiez
etal. (2012). The contribution from these mixed bromochlorocarbons to total VVSLS organic bromine are typically on the order
of 20%, while about 80% of total VSLS organic bromine in the upper troposphere and lower stratosphere is due to CH2Br, and
CHBrs. This relative contribution of 20% from minor VSLS is found in our observations (Tables 3 and 4) as well as in the

values compiled in Engel and Rigby (2018) (see Table 5) and is slightly larger than that derived e.qg. in Fernandez et al. (2014).

4.1. Mean vertical profiles.

Observed vertical profiles are available up to the maximum flight altitude of the HALO aircraft, which is about 15 km,
corresponding to about 400 K in potential temperature. Due to the variability of the tropopause potential temperature, this
translates into maximum values of A8 of about 100 K. The emphasis of this Section is on the mid latitudes of the northern
hemisphere, i.e. values averaged between 40 and 60° equivalent latitude*. All comparison are shown as function of A8. As no

direct tropopause information was available for the TOMCAT output, we have chosen to derive A8 for this comparison from
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the difference between model potential temperature and the potential temperature of the climatological zonal mean tropopause,

which has been derived as explained in Section 2. As we are comparing our observations to the models in tropopause relative

coordinates, Wwe have also compared this climatological tropopause with the tropopause derived from the EMAC model

results for the time of our campaigns. The potential temperature of the EMAC tropopause and the climatological tropopause
differed by less than 3 K for all campaigns at mid latitudes.
Figure 7 presents the model-measurement comparisons for the two main VVSLS bromine species-source gases for the winter

PGS campaign and for the combined dataset from WISE and TACTS. A similar Figures for the minor VSLS is shown in the

supplement (Figure S4). Overall the Liang et al. (2010) and the Ordofiez et al. (2012) emission scenarios give the best

agreement with our observations of CH,Br», with an averaged deviation of 0.1 ppt or less, averaged over all campaigns and all
stratospheric measurements in the 40-60°N equivalent latitude band, corresponding to a mean absolute percentage difference
(MAPD) on the order of 10-25%. Using the Ziska et al. (2013) emissions, CH2Br: is overestimated in the mid latitude lowest
stratosphere during both campaigns by about 0.2 ppt, corresponding to about 40-60% everestabimtionoverestimation. Using the
Warwick et al. (2006) emissions in the EMAC model, the overestimation is even larger with 0.25-0.3 ppt, corresponding to
50-70%. As CHBr3is nearly completely depleted in the upper part of the profiles, differences will become negligible there.
Therefore, we only compared values in the lowest 50 K potential temperature above the tropopause. In this region, the best
agreement is again found with the Liang et al. (2010) and Ordofiez et al. (2012) emission scenarios, with mean differences
always below 0.1 ppt, corresponding to about a MAPD of 20-30%. Using the Ziska et al. (2013) emission scenario we find an
underestimation on the order of 0.05-0.1 ppt (40-70%), while CHBr3 is overestimated by about 0.15 ppt (120-180%) in the
EMAC model based on the Warwick et al. (2006) emission scenario.

Using the Ziska et al. (2013) emission scenario, the overestimation of CH,Br; and the underestimation of CHBr3 tend to cancel
out. When adding the contribution from minor VSLS based on the scenario by Ordéfiez et al. (2012); this results resulting- in

a reasonable agreement in total VSLS organic bromine. Beeauseeﬂh&d#feren&eheweal%feﬂme&eﬁh&h%speemﬂhﬁ

much-steeper—vertical-gradient-in-late-summer—The EMAC model with the Warwick et al. (2006) emissions significanthy
substantially overestimates both CH2Br, and CHBr3 in the lowermost stratosphere of the mid latitudes. The vertical profiles of

CH:Br; and CHBr3 from the EMAC model with the Warwick et al. (2006) emission scenario is therefore completely different
from the observations, showing a maximum around the tropopause or even above.

We additionally compare model data from EMAC simulations using all four emission scenarios (Graf, 2017) tin order to
investigate if theis large deviation Whenwﬂgme%wmemedehmﬁhof the Warwick et al. (2006) emission scenario is due to
the EMAC modelmodel or due to the specific emission scenario.;
using-al-four-emission-scenarios{Graf-2017)Note-that these simulations are only available for the time period up to 2011

and-notin-the-specified-dynamics-mede. This comparison for the January-March period (representative for the PGS campaign)
is shown in Figure 8 for CH,Br, and CHBrs. Fig. 8 looks qualitatively very similar to the comparisons in Figure 7, i.e. both

CH:Br; and CHBr3 using the Warwick et al. (2006) emission scenario show highest values in the lower stratosphere and CHBr3

shows the least pronounced vertical gradients. Also, the pattern for the Ziska et al. (2013) emission scenario are the same, with

second highest CHBr; values and lowest CHBr3 values. Differences between the different models are certainly a factor in the
explanation of model-observation differences. H-is-therefore However, it is -clear that the ebserved-pattern when comparing
all scenarios in the EMAC model is similar to that described above and that differences are-notprimarily-caused-by-the-medel

butratherbyin the emission scenarios_are the main driver of model-observation differences.

4.2. Latitude altitude cross sections

As has been shown in the comparison of the vertical profiles, significant-differences between model results and observations

are found, especially in the case of the Ziska et al. (2013) emissions in the TOMCAT model and in case of the Warwick et al.
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(2006) emissions in the EMAC model for the Northern Hemisphere mid latitudes (40-60°N). To visualize these differences,
we present latitude-altitude cross sections of the model data sets and the differences to our observations in Fig. 9 ane-to 1012,
Again-we-useWhile we use equivalent latitude™ as the latitudinal coordinate for the observations and 8" as vertical coordinate-
For-the-model-results, the zonal mean data are displayed as function of latitude and potential temperature 6 for the model
results. The comparison is shown here for the winter data set from PGS, for which the observational set covers a wide range
of latitudes and also reaches very low tracer mole fractions. The comparison for the late summer to fall campaigns (TACTS
and WISE) gives a rather similar picture (not shown). The overall best agreement in the vertical profiles has been found for
the TOMCAT model using the emissions scenarios by Liang et al. (2010) and-Ordofiez et al. (2012)Ordonezetak{2012). The
latitude-altitude cross section for these two datasets are-is therefore-shown in Figure 9 and 10. Using these two emissions
scenarios, the TOMCAT model tends to overestimate high latitude tropospheric mole fractions of CHBr3 during this winter
campaign. However, the stratospheric distribution is rather well reproduced with absolute deviations to the model mostly being
below 0.1 ppt. In the case of CH,Br», overall stratospheric mole fractions are slightly larger in the model results compared to
the observations. The deviations between the TOMCAT model using the Ziska et al. (2010) emissions and the EMAC model
using the Warwick et al. (2006) emissions are significanthy-substantially larger. These are shown in Figures 11 and 12 again
for the PGS campaign. As noted above, the TOMCAT model with the Ziska et al. (2013) emissions overestimates stratospheric

CH:Br,, while stratospheric CHBr3 is reasonably well captured. The largest discrepancies between model and observations are
observed in the case of the EMAC model with the Warwick et al. (2006) emissions. In this case, both CH2Br; and CHBr3 are
overestimated significanthy-in the lower stratosphere.

ing—In the case of CHBTr3, the

two emission scenarios which have a more even distribution of emissions with latitude, i.e, the emission scenarios by Liang et
al. (2010) and Ordofiez et al. (2012) show the best agreement with the observations. The emission scenario by Warwick et al.
(2006) yields much higher mole fractions in the tropics and has the poorest agreement with measurement data. The emission
scenario by Ziska et al. (2013) yields overall much lower CHBr3 in large parts of the atmosphere and seems to be the only
setup in which mid latitude tropopause mole fractions of CHBr3 are underestimated in comparison to our observations. For
CH:Br, again the Ordofiez et al. (2012) and Liang et al. (2010) emission scenarios in the TOMCAT maodel result in rather
similar distributions and rather good agreement with our observations. In the case of the TOMCAT model with the Ziska
emissions, very high mole fractions of CH,Br; are simulated throughout the tropics. Our low latitude observations from HALO
during late summer and fall (WISE and TACTS) and the values compiled in the WMO 2018 report for the tropics (Engel and
Rigby, 2018) are mueh-lower than-by about 0.3-0.5 ppt than the values of CH,Br in the tropics using the Warwick et al. (2006)

and Ziska et al. (2013) emissions. The latitudinal distribution in the upper troposphere in models and observations is therefore

investigated in more detail in the next section.

4.3. Upper tropospheric latitudinal gradients

The input of organic bromine into the stratosphere is crucial in understanding the stratospheric bromine budget and, therefore,
also in determining the amount of inorganic bromine available for catalytic reactions involved in ozone depletion. For air
masses in the stratosphere above about 400 K, it is generally assumed that the input is nearly exclusively through the tropical
tropopause. For the lowermost stratosphere, however, input via the extratropical tropopause is also expected to play an

important role (e.g. Holton et al., 1995;Gettelman et al., 2011). In order to investigate if the models are able to represent the

latitudinal gradient in upper tropospheric mole fractionsTherefore, we compare the observed extratropical mole fractions of

the brominated VSLS in the upper troposphere (section 3.3) and compiled tropical observations (Engel and Rigby, 2018) with

those determined from the different model setups—i

gradient-in-upper-tropospheric-meole-fractions. For this purpose, the model data have been averaged in an interval of 10 K

below the climatological (TOMCAT), or respectively modelled (EMAC), tropopause. The results are shown for the two main
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bromine VSLS, CH;Br, and CHBr3, as well as for total VSLS organic bromine in Figure 13 and table 5 for the two campaign
periods in comparison to observations. Note that for the scenarios by Liang et al. (2010) and Ziska et al. (2013), no estimates
of emissions for the mixed bromochlorocarbons are available; instead, we have used the model results based on the Ordéfiez
et al. (2012) Ordenez-et-ak{(2012)-emissions for the calculation of total VSLS organic bromine.

During the two campaigns in late summer to fall (TACTS and WISE), all model setups show a decrease of CH;Br, mixing
ratios with latitude. Although, the latitudinal gradients are much steeper when the scenarios by Warwick et al. (2006) and
Ziska et al. (2013) are used, which is due to overestimated values at low latitudes. This is in good agreement with findings by
Hossaini et al. (2013), who showed that TOMCAT using the Warwick et al. (2006) emission scenario significantly
overestimated HIAPER Pole-to-Pole Observations (HIPPQO) in Northern Hemisphere mid latitudes. An increase in observed
mixing ratios with latitude was found, especially during the winter PGS campaign, which is presumably related to the increase
in atmospheric lifetime of compounds in the cold and dark high latitude tropopause region during winter. This feature is
qualitatively reproduced by the TOMCAT simulations with Liang et al. (2010) and_Ordoéfiez et al. (2012) Ordenezet-al{2012)
scenarios, but not for the Ziska et al. (2013) and Warwick et al. (2006) scenario based results, which show a moderate decrease
and no latitudinal gradient. This feature is consistent with emissions in these two scenarios being more strongly biased towards
the tropics.

For CHBrr3, the observations show an increase with latitude, especially during the PGS campaign. The late summer to fall data
from TACTS and WISE show a less clear picture, with an increase between the subtropics and mid latitudes but a decrease
towards high latitudes. This general tendency during the wintertime is reproduced by the TOMCAT model using all emission
scenarios. NenthelessNonetheless, the gradient in the EMAC model results with the Warwick et al. (2006) emissions is
reversed, which is mainly caused by the extremely-highlarger tropical mixing ratios, also evident from the latitude altitude
cross sections shown before. We also note that the sub-tropical values based on the Ziska et al. (2013) emissions are lower
than the observations.

The results for total organic bromine, including the three mixed bromochlorocarbons, can be mainly understood as a
combination of the behavior of CH2Br; and CHBFrs. In the case of the TOMCAT model with Ziska et al. (2013) emissions, a
certain compensation is observed, i.e. total organic bromine is better reproduced than each compound by itself. This is due to
an overestimation of CH2Br, especially at low latitudes and an underestimation of CHBr3. Total organic bromine from VSLS
in the EMAC model using the Warwick et al. (2006) emissions is very different from the observations. It shows nearly constant
values with latitude during northern hemispheric winter (PGS) and a strong decrease during the late summer to fall period of
the TACTS and WISE campaigns. Most importantly, the overall levels, especially in the low latitudes, are much higher than

our observations and also much higher than the tropical observations compiled in the WMO report (Engel and Rigby, 2018).

We also note that poleward of 40°N and below 320 K (see Figures 9 and 10) there is a small negative model bias for CH,Br»

at the extratropical tropopause when using the scenarios by (Liang et al., 2010)_and (Ordéfiez et al., 2012). At the same time

the model simulations using these two scenarios yield a substantial positive bias for CHBr3 in the same region. Fhis-withresult

inthis will result in a misrepresentation of

the input of brominated VSLS source gases to the lowermost stratosphere via the different pathways.

5. Implications for stratospheric inorganic bromine

As shown in the previous Section, significant-discrepancies exist between the various combinations of models and emission
scenarios with respect to our observations, both around the tropopause and in the lower stratosphere. In this Section, we will

discuss the possible implications for inorganic bromine in the lower and lowermost stratosphere._Inorganic bromine is of key

importance, as this is the form of bromine which can influence ozone through e.qg. catalytic ozone depletion cycles. Note that

this discussion only focuses on the input of bromine in the form of organic source gases (so called source gas injection, SGI,
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(see e.g. Engel and Rigby, 2018)) from VSLS. The inorganic bromine from SGI can be derived as the difference between the

organic bromine in the source region (tropopause) and the organic bromine still observed or modelled at a certain stratospheric

location. The input of bromine into the stratosphere in the inorganic form (product gas injection-PG}) is expected to add more

bromine_in addition to the SGI discussed here. -hHowever, PGlthis cannot be investigated with the source gas measurements

presented here. Here, we focus on assessing what the different mixing ratios of bromine source gases at the tropical and

extratropical tropopause in both observations and in model results imply for the total (organic and inorganic) bromine and

inorganic bromine content of the lower and lowermost stratosphere.

We have shown in Sections 3 and 4 that the organic bromine around the tropopause shows significant variability and also
latitudinal gradients. We have also shown that -and-very-significantlarge -differences between the different model setups and

observations are found. As mentioned in the introduction, the air in the extratropical lower and lowermost stratosphere is

influenced by both transport through the tropical and extratropical tropopause. As both regions show different levels or organic

bromine source gases, the relative contribution of these source regions needs to be known to derive total bromine which entered

the stratosphere and thus also inorganic bromine from SGI. Several authors have attempted to quantify the relative fractions

of air masses from the different source regions based on tracer measurements (e.g. Hoor et al., 2005;Boenisch et al., 2009;Ray
etal., 1999;Werner et al., 2010). No studies on mass fractions are available for the campaigns discussed here, so we will rely

on previous studies for these fractions_ as discussed in the introduction to estimate the fractions of tropical and extratropical air

in the lowermost stratosphere. The differences in Bry discussed here should thus be taken as a sensitivity study and the values
derived below can only be considered to be estimates showing te-which-erderof-magnitudehow much the inorganic bromine

may differ between different model setups and observations. In general, air masses close to the extratropical tropopause will

be mainly of extratropical origin, while air masses near 400 K will almost be entirely of tropical origin. As a simplified
approach, we have therefore chosen to assume that at the extratropical tropopause (A8 = 0), the extratropical fraction is 100%
and that this fraction decreases linearly to 0% at 100 K above the tropopause. The organic bromine species transported into
the stratosphere are chemically or photochemically depleted and the bromine is transferred to the inorganic form. The total

(organic and inorganic) bromine content from VSLS SGI in an air parcel in the lowermost stratosphere at A9 above the

tropopause, By, (A8), is thus the sum of organic, Br,,4(A68), and inorganic, Bri,,.g (A8), bromine. Inorganic bromine is

usually referred to as Bry.

Bior (A0) = Briorg £AB)+ BrseatABy = Br, (M) + Br,, o (AO) Q)

The total bromine can also be described by summing up the organic bromine transported to the stratosphere via input through

the tropical and extratropical tropopause.
Brior(00) = foX71T°P (A60) + Bry 5P (0) + f1TP(A6) +Bryrg” (0) )

where f¢X~tToP and ftr°Pare the fractions of air of extratropical and of tropical origin, respectively, and By °P(0) and
Brotrr;p (0) are the total organic VSLS bromine contents in air at the tropical, respectively extratropical (40-60°N) tropopause,
i.e. at A@ = 0. For observations only, the extratropical Brfr’;m’p(o) is available from our HALO aircraft campaigns.
Brotrr;p (0) for the observations is therefore taken from observations at the tropical tropopause compiled in the 2018 WMO

ex—trop trop

Ozone assessment (Engel and Rigby, 2018). For the different model set-ups Br,,, (0) and Br,,4" (0) are derived from the
global model fields. For the tropical values, the model output has been averaged between 10°S and 10°N in a potential

temperature range from 365 to 375 K, in a similar way as used for the observations (Engel and Righy, 2018). Extratropical
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values have been derived by averaging the model_resultss, respective observations, in a range of 10 K below the tropopause.

In order to be consistent between models and observations, extra-tropical reference values are taken as the values during the

time of the campaign, while the tropical tropopause values are taken as seasonal mean.

Due to mass conservation, the sum of fe¥~t"°P and f"°P must be unity, so we can rewrite equation (2) to yield
Brroc (A0) = [P (88) =+ Bryy TP (0) + (1= f¥7°P (46)) -+ Bryg” (0) ©)

If we assume that £¢*~t"°P increases linearly from 01 at A = 0 K to 10 at A@ = 100 K, the total bromine from VSLS SGI

can be derived and the inorganic bromine Br, (A#) is then calculated by combining (1) and (3)

Bry (0) = (fe<~17P (A0) -+ Bry’y P (0) + (1= f&*7t7%P (A6)) = Bryrg? (0))— By (A0) (@)
where Bry,., (A8) is the organic bromine measured, respectively simulated at A6 above the tropopause.

Figure-14-compares-the-The vertical profiles of total and inorganic bromine derived in this way from the observations and the
different model set-ups for the PGS campaign and the combined WISE-TACTS dataset are compared in Figure 14. The values

of Bryyy P (0) and Br,,g¥ (0) used for the models, respectively the observations, are shown in Table 5.

Due to the nature of the setup for the calculation of the SGI contribution to Bry described above, both model- and observation-
derived Bry is close to zero at the extratropical tropopause. The assumed fractional contribution of tropical air increases with
altitude and thus the amount of organic bromine assumed at the tropical tropopause becomes more important in the calculation
of total bromine and thus also in Bry. Overall, all model setups capture Bry from CH,Br, rather well. For all campaigns, the
Bry estimate from the observations is smaller than the model calculations above about 60 K above the tropopause and larger

below this level. Under the given assumptions about fractional input, Fthe larger Bry derived in the model calculations above

60 K is caused by the higher total bromine values from CH2Br», which are caused by the higher CH2Br- levels at the tropical
tropopause in comparison to the observations. For the late summer/early fall campaigns this difference is largest for the
TOMCAT model with the Ziska et al. (2013) emissions and the EMAC model with the Warwick et al. (2006) emissions,
consistent with these two model setups having the largest CH.Br» values at the tropical tropopause (1.13 and 1.28 ppt, see

Table 5). Under the given assumptions about fractional input, ta-the-lewerpart-the discrepancy_in the lower part is more due

to higher simulated CH2Br; in the lowermost stratosphere than found in the observations. Using the emission scenarios by
Liang et al. (2010) and_Ordéfiez et al. (2012)-Ordenez—et—ak—(2012), the differences are usually below 0.3 ppt of Bry,
corresponding to a MAPD of less than 40%.

Much larger variations are found in the amount of Bry derived from CHBrs. As can be seen from Figure 7, the remaining
organic bromine in the form of CHBr3 is very small for all three setups using the TOMCAT model and the observations already
at about 30 to 40 K above the tropopause. The Bry from CHBr3 (solid lines in Figures 14) is thus close to the total bromine in
form of CHBr; (dotted lines in Figure 14). In contrast, EMAC results using the Warwick et al. (2006) emissions still show
significant-substantial amounts of CHBr3 in the organic form even at 50 K above the tropopause and above. For the EMAC
setup, the Bry derived from CHBr3 is thus influenced by both the assumed input and the remaining organic CHBr3 in the
stratosphere. However, the tropical input of CHBr; in the EMAC model using the Warwick et al. (2006) emissions is very
large (0.84 ppt, corresponding to about 2.5 ppt of bromine). Therefore, despite the fact that EMAC still shows sighificant
substantial remaining CHBrs rather deep into the lowermost stratosphere, this model setup significanthy-overestimates the
amount of Bry due to CHBr3 in comparison to the observations, with differences of about 1.5 ppt of Bryat about 100 K above

the tropopause, which is about factot of 3 higher than the value derived from the observations. Bry from CHBTr3 in the different
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emission scenarios used in TOMCAT is mainly determined by the amount of CHBr3 reaching the stratosphere, and especially
for regions with A6 above 50 K by the tropical input. As the TOMCAT model with the Ziska et al. (2013) emissions
underestimates these tropical tropopause values, it shows too little Bry from CHBr3 throughout the stratosphere. In contrast,
the tropical tropopause values of CHBr; from the Ordonezet-al{2012)-Ordofiez et al. (2012)and Liang et al. (2010) scenarios
are in better agreement with the observations presented here and thus Bry estimates at 100 K above the tropopause are in good
agreement with the observation-based estimates.

The total Bry from VSLS SGI can be understood mainly as an addition of the contributions of CH,Br, and CHBYrs3, as these are
responsible for about 80% of total VSLS organic bromine. As the differences are largest for CHBrs, the differences in total
Bry from VSLS SGI is dominated by the differences in CHBrs. Interestingly, while the Ziska et al. (2013) emissions in
TOMCAT showed some significant differences, in particular of CHBr3 at the tropopause, the differences in total Bry are not
as large. The underestimation of Bry from CHBrs is partly compensated by an overestimation of Bry from CH.Br.. The EMAC
model with the Warwick et al. (2006) emissions overestimates Bry from both CH,Br, and CHBEr3, so that in total a difference
in Bry of more than 2 ppt is derived, corresponding to an overestimation by a factor of more than 2 with respect to observation
derived values. This difference is expected to have e-a significant effect on ozone chemistry in the lower stratosphere.

The Bry values derived in the approach described above depend on the assumed input values but also on the assumed fractional
contribution of air from the tropics and the extratropics. In order to test the sensitivity of the results on the assumed fractions,
we have varied the fractional input. Figure 15 shows the Bry derived from CH2Br; and CHBr3 for the PGS campaign at 40K
above the tropopause, as a function of the assumed fractional contribution from the extratropical source region (f ¢*~t"°P); the
tropical fraction f*"°P is then always 1- f¢*~t"°P), A similar Figure (S5) is shown for the WISE _TACTS dataset in the

supplement. While the differences are not very large for CH,Br,, which shows a much less pronounced latitudinal gradient,
differences for CHBr3 can be very large. In particular for the EMAC model with the Warwick et al. (2006) scenario, where the
dependency of Bry on the fractional input behaves in an opposite way to the CHBr3 observations and the other model-emission
scenario combinations. This shows that for the calculation of Bry in the lowermost stratosphere from observations, it is
necessary to have a good knowledge on the relative contributions and that for models it is necessary to have a realistic

representation not only of chemistry but also of transport in the lowermost stratosphere.

6. Summary and outlook

We present a large dataset of around 4000 ef in-situ ebservations-measurements of five brominated VSLS with the GhOST-
MS instrument in the UTLS region using the HALO aircraft. We have used data from the three HALO missions: TACTS,
WISE and PGS. Data are presented in tropopause relative co-ordinates, i.e. the difference in potential temperature relative to
the dynamical tropopause, defined by the value of 2 P\VU. Stratospheric data are sorted by equivalent latitude, while we have
used normal latitude for tropospheric data. We have shown systematic variabilities with latitude, altitude and season. The
shortest-lived VSLS mixing ratios decrease fastest with altitude. During polar winter, vertical gradients are larger than during
late summer to early fall, which is_in line with the well-known diabatic descent of stratospheric air during polar winter. An
important aspect of the observed distributions is that CHBrs mixing ratios at the extratropical tropopause are systematically
higher than at the tropical tropopause. A similar feature is found for CH2Br», although the latitudinal gradient is less pronounced
than in the case of CHBr3. The increase of VSLS mole fractions is especially clear during Northern Hemisphere winter, when
lifetimes become very long atin high latitudes.

We have further compared the observed distributions with a range of modelled distributions from TOMCAT and EMAC, run
with different global emission scenarios. The features of the observed distribution are partly reproduced by the model
calculations, with large differences preduced-caused by the different emissions. Overall, for CH,Br,, much better agreement

between observations and model outputs is found for simulations using the emission scenarios by Liang et al. (2010) and
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Ordériez et al. (2012), which have lower overall emissions than the scenarios by Ziska et al. (2013) and Warwick et al. (2006).

This is in agreement with a_recently proposed dewnward revision of the best estimate of global CH2Br, emissions recenthy

propesedtowards the lower edge of previous estimates (Engel and Rigby, 2018).. In the case of CHBr3, the use of the emission

scenario by Ziska et al. (2013), which has the lowest global emissions, results in too low mixing ratios at the tropical tropopause
and also at the extratropical tropopause. The use of the emission scenario by Warwick et al. (2006) results in strongly elevated
mixing ratios of CHBTr3 at the tropical tropopause and a reversed latitudinal gradient at the tropopause in comparison to the
observations. These findings are in good agreement with previous comparisons of the different emission scenarios (Hossaini
et al., 2013;Hossaini et al., 2016) for CH,Br,. For CHBr3, Hossaini et al. (2016) found that the lower emissions in the Ziska et
al. (2013) scenario generally gave best agreement with ground based observations in the tropics. However, we find that the
tropopause values using this scenario are too low, both in the tropics and in the extratropics. In a recent paper, Fiehn et al.
(2018) discussed that a modified version of the Ziska et al. (2013) scenario with seasonally varying emissions, yielded
significantly higher tropopause values. The Ordéfiez et al. (2012) Ordonez-et-ak(2012)-scenario, which has higher emissions
than the Ziska et al. (2013) scenario, yielded too high mixing ratios of CHBrz during the winter period. While-itis-not-the-main
purpese-of-this-paper-to-evaluate-different-emission-seenarios—ilt is clear that no scenario is able to capture tropical and
extratropical values from our observations. However, it is clear from the comparison with the scenario by Warwick et al.
(2006), which restricts emissions to latitudes below 50°, that the sources of these short-lived brominated compounds are not
only in the tropics, but that significant emissions must also occur in higher latitudes. This is consistent with comparison of
tropospheric data (see e.g. Fig. 6 in Hossaini et al., 2013). For future improved emission scenarios, more emphasis on the
seasonality of the sources might also lead to an improvement.

Air in the lowermost stratosphere is composed of air masses originating from both the tropical and the extratropical upper
troposphere. The latitudinal gradient of VVSLS will therefore impact the amount of bromine transported into the stratosphere
and thus also the amount of reactive, inorganic bromine (Bry) in the lowermost stratosphere able to contribute to catalytic
ozone depletion. The bromine budget in the lower stratosphere will depend on the relative fraction of air from the tropical and
extratropical tropopause. The relative contribution of extratropical air-will decreases with latitude and should-reachreaches
zero at about 400 K potential temperature. Using simplified assumptions about the fractional distributions, we have shown that
there will be significantsubstantial differences in stratospheric Bry depending on the emission scenario, which can be as high

as 2 ppt, corresponding to a difference of a factor 2 relative to observation-derived values, when using the scenario by Warwick

et al. (2006)._Typical differences in Bry, when using the other scenarios are on the order of 1 ppt. This is expected to have an

impact on modelled ozone depletion in the lower stratosphere. For example, it has been shown that inclusion of about 5 ppt of

Bry from VSLS leads to an expansion of the ozone hole area of ~ 5 million km? and an increase in maximum Antarctic ozone

hole depletion by up to 14 % (Fernandez et al., 2017). The impact of bromine on ozone is most pronounced in the lowest part

of the stratosphere (Hossaini et al., 2015). Further, as the efficiency of bromine to destroy ozone depends on the amount of

available chlorine, it is also likely that modelled temporal trends of ozone will be influenced, even if there are no long-term
changes in VSLS bromine. If relative contributions of the different pathways (tropical vs. extratropical air) change, e.g. due to
changes in stratospheric circulation, this could further influence ozone due to the different amounts of bromine in these air
masses. As shown in our sensitivity study (Section 5), the assumptions on the relative contribution of the different source
regions has a significant-substantial impact especially on the Bry produced from CHBTrs3 in the lowermost stratosphere.

While the dataset presented here gives a much better picture of the distribution of brominated VSLS in the UTLS region than
previously available, there are still considerable gaps in our knowledge of the distribution of these species. Only late summer
to fall and winter data have been presented here for the Northern Hemisphere. Spring and early summer are less well covered,
as is the Southern Hemisphere. Southern hemispheric distributions are expected to differ significantly from northern
hemispheric distributions, as the main sources of many brominated VSLS are believed to be from coastal ocean regions. Due

to the different distribution of oceans, land and coastal areas between the hemispheres, it is not possible to extrapolate northern
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hemispheric observations to the Southern Hemisphere. Further, while no signs of increasing emissions of natural brominated

VSLS have been observed so far, such an increase is possible in a changing climate and needs to be monitored.

Data availability

The observational data are available via the HALO Datatbase (halo-db.pa.op.dlr.de/). The data of the ESCiMo simulations

using the EMAC model will be made available in the Climate and Environmental Retrieval and Archive (CERA) database at

the German Climate Computing Centre (DKRZ; http://cera-www.dkrz.de/WDCC/ui/lIndex.jsp); the simulations results of Graf

(2017 are available upon request. TOMCAT model data will be uploaded to the Lancaster University data repository upon

article acceptance. Access to data may be dependent on the signature of a data protocol.
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‘ 16. Graphics and Tables

Table 1: Brominated species measured with Gas Chromatograph for Observational Studies using Tracers-Mass spectrometer (GhOST-MS)
during three High Altitude and Long Range Research Aircraft campaigns, described in Table 2. Tropospheric mole fractions (parts per
trillion, ppt; 10-12) of the halons are taken from table 1-1 in (Engel and Rigby, 2018) and from table 1-7 for the bromocarbons (marine
5 boundary layer values). Lifetimes of bromocarbons are local lifetimes for upper tropospheric conditions (10 km altitude, 25-60°N) from
table 1-5 in (Carpenter and Reimann, 2014) and global /stratospheric lifetimes are from table A-1 in WMO 2018 (Burkholder, 2018).

For the TACTS campaign instrument performance was similar to that reported in (Sala et al., 2014).

‘ Reproducibilities and detection limits of GhOST have been determined during the WISE and the PGS campaigns. n.a. means not applicable.

GhOST-MS
characteristics
‘ PGS/WISE typical lifetime
troposph.

Mole Reproduci- Detection Global/
Name Formula fraction bility limit fall winter stratospheric

[ppt] [%] [ppal [days]  [days] [years/years]
Halon 1301 CF3Br 3.36 0./1 7/50 n.a. n.a. 72/73.5
Halon 1211 CBrCIF, 3.59 0.2/0.5 2/6 n.a. n.a. 16/41
Halon 1202 CBr;F, 0.014 2.8/7.6 1/6 n.a. n.a. 2.5/36
Halon 2402 CBrF,CBrF, 0.41 0.6/1.5 2/7 n.a. n.a. 28/41
Dibromomethane CH,Br, 0.9 0.2/0.7 3/11 405 890 n.a.
Tribromomethane CHBr3 1.2 0.6/2.2 9/85 44 88 n.a.
Bromochloromethane  CH,BrCl 0.1 2.3/9.2 20/130 470 1050 n.a.
Dichlorobromomethane CHBrCl, 0.3 0.8/3.4 3/2 124 250 n.a.
Dibromochloromethane CHBr,Cl 0.3 0.7/2.2 4/2 85 182 n.a.

10

Table 2: Brief description of measurement campaigns with the High Altitude and Long Range Research aircraft (HALO) used for this study.

Name Time period Campaign base brief description
TACTS, Transport and Cover changes in UTLS
Composition in the Upper Oberpfaffenhofen/ chemical composition during
Troposphere/Lowermost late August 2012- | Germany and the transition from summer to
Stratosphere September 2012 | Sal/Cape Verde fall

Study Troposphere-
WISE, Wave driven isentropic | September - Stratosphere Exchange in mid
exchange October 2017 Shannon/Ireland latitudes

Study the polar UTLS during
PGS, POLSTRACC, GW-Lcycle, | December 2015 - winter, including the effect of
SALSA* March 2016 Kiruna/Sweden chemical ozone depletion.

* PGS is a synthesis of three measurement campaigns: POLSTRACC (The Polar Stratosphere in a Changing Climate), GW-

LCYCLE (Investigation of the Life cycle of gravity waves) and SALSA (Seasonality of Air mass transport and origin in the

Lowermost Stratosphere).
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Table 3: Averaged mole fractions (parts per trillion, ppt; 10?) and vertlcal gradlents of brominated very short lived substances from the

combined Wave-driven-isentropic-exchange{(WISE) and

{TACTS) data set, representative for 40-60°N during late summer to early fall (data from late August to October) Data have been averaqed
using potentlal temperature Band potentlal temperature dlfference to the tropopause A0 as vertlcal proflles coordmates Data-have-been

es- Tropopause

gTP) vaIues -are from the 10 K bln below the dynamlcal tropopause (see text for details). The 1OK bln standard dewatlons in the table
represent the variability averaged over the four lowest stratospheric bins. The average potential temperature of the tropopause during the

WISE and TACTS campaigns has been calculated from the European Centre for Medium Weather Forecast data at the locations of our
10 measurements.

WISE
and
TACTS

CHzBFz

CHBr3

CH;BrCl

CHBrCl,

CHBrCl

total Br

OPotential Temperature AO
10 K bin 10 K bin
stdev. (TP — stdev. (TP
Mole fraction [ppt] Gradient | TP + 40K) Mole fraction [ppt] Gradient | — TP + 40K)
TP ‘ TP+(30-40K) | [%/K] [ppt] TP ‘ TP+(30-40K) | [%/K] [ppt]
0.79+0.07 0.67+0.156:5 0.83+0.08 0.59+0.096-5
228 8 0.396-70 0.12 (aRw w2 5 0.746-72 0.09
0.45+0.18 0.26+0.286-% 0.56+0.26 0.11+0.056-0
Q-4 4 1.08+77 0.20 248 9 1.99492 0.4011
0.18+0.16- 0.17+0.086-% 0.23+0.11 0.15+0.076-%
23 3 0.08+14 0.108 (aRRe) 4 0.86-73 0.671
0.16+0.03 0.13+0.036-% 0.16+0.02 0.12+0.020-%
016 2 0.480-64 0.03 045 1 0.736-724  0.8202
0.12+0.03 0.09+0.040-0 0.13+0.03 0.06+0.0208-0
012 7 0.74143 0.04 012 6 1.281:24 0.6203
3.52+0.73 2.48+1.181-8 3.99+41.15 1.89+0.4217F
364 9 0.731:20 0.83 340 6 1.314:20  0.5450

Table 4: Averaged mole fractions {parts-pertrillion,ppt-10-*2) and vertical gradients of brominated VSLS during the PGS campaign. Data
have been averaged using potential temperature_@-and potential temperature difference to the tropopause A8 _as vertical profiles coordinates.
Tropopause (TP) values are from the 10 K bin below the dynamical tropopause (see text for details). The 10K bin standard deviations in the
table represent the variability averaged over the four lowest stratospheric bins. The average potential temperature of the tropopause during

the PGS campaign has been calculated from ECMWF data at the locations of our measurements.

PGS

CHzBFz
CHBr3
CH;BrCl
CHBrCl,
CHBr.Cl
total Br

Detoptalrerpomine ¢ AfDeltaTheta
10 K bin 10 K bin
Mole fraction [ppt] Gradient stdev Mole fraction [ppt] Gradient stdev
TP | TP+(30-40K) | [%/K] [ppt] TP | TP+40K | [%/K] [ppt]
1.08+£0.08 0.50+0.09 1.34 0.18 1.09£0.13 0.53x0.09 1.28 0.11
0.66:0.12  0.07+0.04 2.22 0.26 0.75:0.3  0.07+0.03 2.26 0.13
0.25£0.03  0.13£0.02 1.16 0.05 0.26£0.05 0.14+0.02 1.14 0.03
0.20:0.01  0.09+0.02 1.35 0.03 0.20:0.02  0.10:0.02 1.29 0.02
0.16£0.02  0.04£0.01 1.89 0.04 0.16£0.04  0.04+0.01 1.86 0.03
4.91+0.54  1.53:0.34 1.72 1.28 5.20£1.25  1.60+0.33 1.73 0.70
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Table 5: Values of organic VSLS bromine in air at the tropical, respectively extratropical (40-60°N) tropopause (Brf,’r‘;""” and Brf,rr‘;”)used

in the calculation of inorganic brominde (Bry) for the observation (OBS), respectively the models using the emission scenarios of Liang et
al. (2010), Ordofiez et al. (2012)Ordenez-et-ak{2012), Ziska et al. (2013) and Warwick et al. (2006). For the Warwick et al. (2006) scenario,
the data have been derived from the EMAC model, while for the other scenarios the TOMCAT model has been used. For the Tropics, annual
average for the years 2012 to 2016 have been calculated between 10°N and 10°S in a potential temperature range from 365 to 375 K. The
tropical values for the observations are from the observations compiled in the 2018 WMO report (Engel and Rigby, 2018) in the tropics
between 365 and 375 K potential temperature. All data presented are shown in parts per trillion {102).

Tropics ML Extratropics WISE/TATS Extratropics M PGS

CH2Br> CHBr3 TOT CH,Br; CHBr3 TOT CH2Br» CHBr3 TOT
OBS 0.73 0.28 2.80 0.83 0.56 3.99 1.09 0.75 5.20
LIANG 0.82 0.26 3.06 0.70 0.32 2.84 0.99 1.00 5.73
ORDONEZ 0.91 0.28 3.30 0.79 0.44 3.27 1.10 1.21 6.58
ZISKA 1.13 0.10 3.18 0.87 0.18 2.77 1.13 0.69 5.10
WARWICK 1.28 0.84 5.48 0.83 0.37 3.07 1.16 0.62 4.59
a) b)

58

46
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Latitude
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Figure 1: Flight tracks of High-Altitude-and-Long-Range-Research-AdreraftHALO during the a) Fransport-and-Compesition-in-the-Upper

TFroposphere/lowermost-Stratosphere{TACTS) campaign (late August and September 2012) and b) the-\Wave-driven-isentropic-exchange
{WISE) campaign (September/October 2017). The basis of the TACTS campaign was mainly Oberpfaffenhofen (near Munich) in Germany,

20  while the basis of the WISE campaign was Shannon (Ireland).
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Flgure 2: Fllght tracks of —H+gh—A4¢4¢ude—and—l=eng—Range—Researeh—ArrerafHALOt during the PGS {Pe#ar—S&rafeesphere—m—a—Qhangmg

campalgn (December 2015 to April 2016) The basrs of the campaign was marnly Klruna in Northern Sweden.
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Flgure 3: Example of data gathered durlng a smgle Fllght of Mgh—Nﬂ%ude—arrd—Eeng—Range—Researeh—A#era#HALO durlng the PGS

+n4he—l=ewermest$tratesphere) campargn The flrght PGS 12 started on 31 January 2016 from Krruna in Northern Sweden The upper panel
shows measurements—{parts-pertrittion—ppt:—10-*2) of the long-lived brominated source gas Halon 1301 (CFsBr) and the short-lived source
10 gases CH,Br2 and CHBr3, all measured with GhOST MS. The lower panel shows flight altitude, as well as ozone (parts per billion, ppb; 10
9 measured by the FAIRO instrument (Zahn et al., 2012) and of mean age of air derived from SFs measurements from the ECD channel of
GhOST-MS (1 minute time resolution, see e.g. (Boenisch et al., 2009) for a description of the measurement technique). An air mass with
low ozone and also low mean age of air was observed during the middle of the flight between about 10 and 11 UTC. High mixing ratios of
all three source gases are found in this region, as well as during take-off and landing of the aircraft. CHBr; values are close to detection limit

15 when flying in aged stratospheric air masses, indicating a complete conversion of the bromine to its inorganic form.
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Figure 4: Vertical profiles of CH2Br2 (top) and CHBr3 (bottom){parts-per—m-u-ren—ppt—m%)- averaged over 40 60° of equrvalent Iatltude*
and all flights during the PGS , ‘
Mmass—transperhand—engm—%e—l:ewe#nest—&ra&esphere} campalgn (Ieft Iate December 2015 to March 2016) and from the merged
data set from the ‘
exchangeTACTS and WISE campargns (rrght representatrve of late summer to faII) The data are dlsplayed as functron of potentral
temperature and potential temperature above the tropopause. The detted-dashed blue line shows the zonal mean dynamical tropopause
derived from ERA Interim during September and October of the respective years in the Northern Hemisphere between 40 and 60° latitude,
while the black dashed line is the average dynamical tropopause derived for the times and locations of our observations. Both vertical and
horizontal error bars denote 1 sigma variability.
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Figure 5: Altitude latitude cross sectlons of CHzBrz (t Q) and CHBr3 (bottom)épapts—per—tnumn—ppt—lg‘l’?) complled from aII fllghts durmg
the during the PGS &

transpe;t—and—en@a—m—the—l:ewer-mest—suatesphepe) campalgn from Iate December 2015 to March 2016 (Ieft) and the IFane-peFt—and
{WISE} campaigns

representatlve of late summer/early fall condltlons (rlght) The data are displayed as function of 8* (see description in Section 2) and
equivalent latitude*. The dynamical tropopause (dashed line) has been derived from ERA-Interim reanalysis, providing a climatological
mean zonal mean value of the tropopause.
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Figure 6: Latitudinal cross section of CH2Br2; (to left), CHBrs (top right) and total organic VSLS bromine_(bottom) {parts-pertritionppt
5 10*) for all three campaigns, binned by latitude and averaged within 10 K below the local dynamical tropopause. Also included are the

reference values for the tropical tropopause (Engel and Rigby, 2018).
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Figure 7: Vertical profiles of CH2Br2 (top),ard CHBrs (middle) and total organic VSLS bromine_(bottom) {parts—pertrillion—ppt1072)
averaged over 40 60° of equwalent Iatltude* and aII fllghts during the PGS M%#atespher&ma@hangmey@l%wesﬁgatmmﬂhe

phere} campaign from late December

2015 to March 2016 (Ieft hand S|de) and from the comblned WISE TACTS é\Navednven%entreprc—exehange—\AAS&andlranspereand

data set, representative of late summer to fall conditions. Also

shown are model results from the Ieuteuse@ﬂw—MedeLef—Ghemrstw—And—ﬂanspeﬁ—(TOMCAT) and ECHAM/MESSy-Atmospheric
Ghemrstpy—(EMAC) model using drfferent emission scenarros (see text for detarls) Data—trem—seme—ﬁhght—ef—theJFAGJ%—eampargn—have

v s ation—The data are displayed as function of potential
temperature above the dynamical tropopause In case no modeI mformatron on the tropopause altitude was available (TOMCAT),
climatological tropopause values have been used (see text for details).
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EMAC_PGS 40-60° lat: CH,Br, EMAC_PGS 40-60° lat: CHBr3
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Figure 8: Vertical profiles of CH2Br2 (left) and CHBrs (right){parts-per-trillion—ppt;-10-2) averaged over 40-60° latitude from four model
simulations with the EMAC model using the emission scenarios by (Liang et al., 2010;Warwick et al., 2006;0rdofiez et al., 2012;Ziska et
al., 2013). The data have been averaged for .]anuary/February and March | e. representatlve of the time perlod covered by the PGS (Pelar

campargn The dashed I|ne represents the modeI tropopause Model results are for nudqed srmulatlons of EMAC

but do not cover the time period of our observations.
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PGS CH;Br; TOMCAT LIA
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5  Figure 9: Latitude altitude cross section of CH2Br: (top) and CHBr3 (bottom){parts-pertrillionppt-1072) for the Toulouse-Off-line- Maodel
of Chemistry-And-Transport{TOMCAT) model using the Llang et al. (2010) emission scenarlo (left) and dlfferences to the observatlons
(rlght) for aII fllghts during the PGS

; campalgn from Iate December 2015 to March 2016 The data
are bmned usmg equwalent Iatltude* and 6 as coordmates (see text for details). Also shown in the climatological mean tropopause (see text
10 for details; dashed line). Boxes in which due to the vertical resolution of the model no values are available are left blanc.
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PGS CH2Br; TOMCAT ORD

PGS CH,Br; TOMCAT ORD - observation
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Figure 10: Latitude altitude cross section of CH2Br2 (top) and CHBr3 (bottom){parts-per-trillion,ppt;-10*2) for the Toulouse-Off-line Model
of Chemistry-And-Transpert{TOMCAT) model using the Qrdenez—eLaI—QZO}Z—}Ordéﬁez etal. (2012) em|35|on scenario (Ieft) and dlfferences

to the observatlons (rlght) for aII flights during the PGS

, i phere campalgn from Iate December 2015 to March 2016
The data are blnned usmg equwalent Iatltude* and 0*as coordmates (see text for details). Also shown in the climatological mean tropopause
(see text for details; dashed line). Boxes in which due to the vertical resolution of the model no values are available are left blanc.
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PGS CH-Br; TOMCAT ZIS PGS CH2Br; TOMCAT ZIS - observation
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5 Figure 11: Latitude altitude cross section of CH2Br2 (top) and CHBr3 (parts-pertrillion—ppt10-*?hottom) for the Foulouse-Off-line Model
of Chemistry-And-Transport{TOMCAT)} model using the leka et al. (2013) emission scenarlo (left) and dlfferences to the observatlons
(rlght) for aII fllghts during the PGS

. ampalgn from Iate December 2015 to March 2016 The data
are blnned usmg equwalent Iatltude* and 6 as coordmates (see text for details). Also shown in the climatological mean tropopause (see text
10 for details; dashed line). Boxes in which due to the vertical resolution of the model no values are available are left blanc.
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PGS CH,Br; EMAC_SD PGS CH;Br, EMAC_SD - observation
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5 Figure 12 Latltude altitude cross section of CH2Br2 (top) and CHBr3 (parts—per—trillien—ppt—10*?bottom) for the ECHAM/MESSy

EMAC) model usmg the WarW|ck et al. (2006) emlssmn scenarlo (Ieft) and dlfferences to the observatlons (rlght)

for all flights during the PGS VAV -
Mmas&uanspen—and-wn—in—me-kewepmesesuatespheﬁe)-campalgn from Iate December 2015 to March 2016 The data are blnned usmg
equivalent latitude* and @*as coordinates (see text for details). Also shown in the climatological mean tropopause (black dashed line, see

10 text for details) and the model tropopause (dashed blue line, see text for details). Boxes in which due to the vertical resolution of the model
no values are available are left blanc.
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Figure 13: Latitude cross section of tropopause representative values of CHzBr2; (top) CHBrs (middle) and total organic VSLS bromine

(to p){pa#t&pepwhon—ppt—lo%} for aII the measurements from the PGS Ma;’%t#atesplmm%@#mngmg@kmate—tm;esﬂgaﬂmwﬂhe

campaign (Ieft) and

WISE TACTS Nav i i i g, W : gle ‘
Stratosphere, TACTS) dataset (right) from observatlons in comparlson to all model emissions scenario combinations. Data are bmned by
latitude and averaged over 10 K below the tropopause. Due to the different sampling of the observations and the models the centers of the
different latitude bins are not the same for observations and models.
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Figure 14 Vertical profiles of Bry (solid lines;-parts-pertrillionppt—10+?) and total Bromine (dotted lines:-ppt) from CH2Br2, from CHBr3
and from total organlc VSLS bromlne averaged over 40 60° of equwalent Iatltude* for the winter PGS (Pelar%tratespherarrw@hangmg

campalgn (Ieft Iate December 2015 to March 2016) and for Iate summer to early faII perlod (rlght Wavedwmmﬂmmeemhange (WISE}
and TACTS) campaigns) in comparison to model results

from the Ieuleuse—@ﬁ-ﬁne—MedeLef—Ghemistry—AndiFranspert—(TOMCAT) and the ECHAM/IMESSy-Atmospheric-Chemistry (EMAC)
model using different emission scenarios (see text for details on calculation of Bry). Total Bromine is calculated from data at the tropical and
extratropical tropopause and using assumptions about fractional input from these two source regions (see text for details). The data are
displayed as function of potential temperature above the tropopause. In case no model information on the tropopause altitude was available
(TOMCAT), climatological tropopause values have been used (see text for details).
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Figure 15 Sensmwty of Bry from CH2Br2 and CHBr3 @mmw%mﬁ) at AH ef= 40 K as a function of the fraction of

5 in comparlson to the dlfferent model calculatlon
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