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Response to Referee #1

Referee #1- general comment:

This paper describes a rather comprehensive set of measurements performed in the region of
the South China and Sulu Seas that were designed to improve our understanding of the fluxes
of three short-lived halogenated hydrocarbons from the ocean to the free troposphere. This is
an important region for understanding the input of naturally emitted bromine and iodine to
the stratosphere and is woefully under-sampled. Furthermore, the authors have brought
many useful resources and ancillary observations to the experiment in addition to just
atmospheric mixing ratio measurements to improve our understanding of halocarbon fluxes
in this region. Unfortunately, | found the paper very difficult to read and follow. After hours
of studying it I was still unsure that the conceptual framework of and conclusions drawn from
the simple box-modelling approach were appropriate. I'm concerned with oversimplification
of the processes involved. Some of this confusion stems from the language used in the paper.
Descriptions often use jargon or short-cut terms that confuse rather than clarify the

arguments being presented. Statements are often overly general and imprecise.

Author response to general comment:

We first would like to thank the reviewer 1 for reviewing the manuscript and for the overall
positive evaluation of the paper, which she/he describes as a comprehensive addition to the
understanding of VSLS fluxes from the ocean to the free troposphere. With the very helpful
comments and tips we have streamlined the text substantially and thus improved its
readability. Thus we also think that the conceptual framework and the conclusions drawn
become much clearer. The changes for the revision include shifting of section 2.2.3
(“Convective energy”), 3.2 (“CAPE and humidity”) and 5.1.1 (“R/V SONNE - R/A
FALCON: identifying observations of the same air mass”) to the supplement; shortening and
rewriting of sections 2.4.2 (“VSLS source-loss estimate in the MABL”), 4.3 (“VSLS
intercomparison: R/A FALCON and R/V SONNE”), 5.1 (“Timescales and intensity of
vertical transport”) and 5.2 (“Contribution of oceanic emissions to VSLS in the MABL”),
5.3.1 (“Identification of MABL air and their contained VSLS in the FT”) and 5.3.3

(“Discussion”). These changes are clearly marked in the revised manuscript.

Below you find your comments (highlighted in italic) and our point-by-point answers.

Referee 1:
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Confusion is enhanced by a main conclusion stated in the abstract that isn’t supported by any
portion of the text (line 23): "bromoform in the FT above the region origins [sic] almost
entirely from the local South China Sea area”, despite numbers in the summary that indicate
local contributions to free troposphere CHBr3 of 60%, which to me isn’t "almost entirely"
(see lines 20-26, p. 17917-is the word "originates™ meant?). Perhaps some schematics or
diagrams showing the magnitudes of fluxes would help. In short, there is substantial room for
improving communication of the simple modelling framework so as to enhance the value of

the manuscript to potential future readers.

Author response:

We agree that “almost entirely” is overstated for 60 % contribution and are now giving only
the number itself (60%). We further changed “origins” to “originates”. We agree that a sketch
of the fluxes and the involved budget would be very helpful. Thus we suggest replacing the
former Figure 11 in the submitted manuscript with the following:
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Figure 11: Budgets of the Oceanic Delivery Ratio (ODR, blue), Chemical Loss Ratio (CLR,
red) and Advective Delivery Ratio (ADR, green) of CHBr3, CH2Br, and CHjsl.

Other items: Section 2.3, to what degree are conclusions based on the particular air-sea
exchange parameterization the authors have chosen (at the exclusion of others)?

We have chosen the Nightingale et al. (2000) parameterization, given its a good mean
representation of available air- sea flux parametrizations, which has been discussed in many
papers (e.g. Lennartz et al., 2015 ACP). We agree with the reviewer that applying other air-
sea flux parameterizations as e.g. discussed by Lennartz et al. (2015) leads to different fluxes

(mainly for wind speeds > 10 m/s) and thus to different source-loss estimates. Thus we
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compare the effect of two available air — sea flux parameterizations, one from the low (Liss
and Merlivat, 1986) and one from the high end of reported parameterizations (Wanninkhof
and McGillis, 1999), and included the uncertainty analysis in our discussion (see sentence
below). The main conclusions of the paper do not change mainly due to overall moderate
wind speed (~ 6 m/s) observed during the cruise:

“Different parameterizations for the transfer coefficient kw such as Liss and Merlivat (1986) ,
which is at the lower end of reported parameterizations, and Wanninkhof and McGillis
(21999), which is at the higher end, are discussed in Lennartz et al. (2015). Both lead to a
reduction of the oceanic contribution to the atmospheric mixing ratios at the observed
average moderate wind speeds (~6m s-1) when applied to our data. Still, the general
conclusion that local oceanic sources of CHBr3 and CHa3I significantly contribute to MABL
mixing ratios remains for the cruise. In times of possible higher wind speeds (>10 ms-1),
which are likely for this region, the flux variations between the different parameterizations

but also the oceanic contribution to atmospheric abundances would increase.”

Lifetimes: are the simple lifetimes calculated for this region of the globe and season of year?
Are they a mean over 24 hrs? How do clouds affect trace gas lifetimes in this region and
might they explain some of the underestimations of calculated mixing ratios (particularly for
CH3I)?

In the submitted manuscript we used average tropical (x 20° latitude) lifetimes for the MABL
from model runs by Hossaini et al. (2010) including degradation by photolysis and OH.
According to the comment of Reviewer 2, we now use mean tropical MABL and mid
tropospheric (at 10 km altitude, given in the brackets) lifetimes from Chapter 1 of the WMO
(Carpenter et al., (2014)): 15 (17) days for bromoform, 94 (150) days for dibromomethane
and 4 (3.5) days for methyl iodide. The manuscript is changed accordingly. All lifetimes are
annually averaged, which is added to the manuscript as well.

We agree that clouds may influence the atmospheric lifetimes of the compounds via changing
photolysis rates (Tie et al., 2003) as well as varying OH fields (Rex et al., 2014). Thus we
added the following sentences to the discussion of the uncertainties:

“Additional uncertainties may arise from cloud induced effects on photolysis rates (Tie et al.,

2003) and OH levels (Rex et al., 2014) impacting the VSLS lifetimes.”

Section 4.1 Line 5-6: mixing ratios are higher afterwards and winds speeds are lower (not
higher?).
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We have shortened and clarified the sentence in the following way:
“Overall, the three VSLS show a joint pattern of atmospheric mixing ratios along the cruise
track with lower atmospheric surface abundances before 21 November 2011 and higher

mixing ratios afterwards, which can be attributed to a change in air mass origin (Figure 1).”

Last paragraph: any discussion of age of air inferred from the ratio of two gases (CH2Br2
and CHBr3) seems to require some consideration of the magnitude and variability in the
emission ratio. Fortunately, you have measured emissions for both chemicals in this region to
provide some information, if one presumes that ratio and variability are appropriate for a
much broader region. How variable is their emission ratio and how do the ratios of
measured atmospheric mixing ratios compare to this variability? A glance at figure 6d seems
to indicate that there is enough variability in their emission ratio in this region of the globe
that any discussion of age of air based on the ratio of the ambient mixing ratios of these
gases could be not defensible.

We agree that the water concentrations and the emissions hold a large variability along the
diverse cruise track. However, inspecting the variability of the ratio for given regimes along
the cruise track may give insights into the “relative distance” to oceanic sources, which have
often been reported to have a ratio of 0.1 between bromoform and dibromomethane directly
at the source (e.g. Yokouchi et al., 2005 and references therein). As dibromomethane and
bromoform have different lifetimes, the ratio decreases with a distance from the source. Thus
we believe that the ratio between the two gases differentiates between air masses that were
subject to the influence of fresher sources, often coastal, versus the influence of more remote
air masses. We removed the “age” term and reduced the discussion to an overall description:
“The concentration ratio of CH2Br2 and CHBr3 (Figure 4b) has been used as an indicator for
the relative distance to the oceanic source, where a ratio of 0.1 was observed crossing strong
coastal source regions (Yokouchi et al., 2005;Carpenter et al., 2003). The ten times elevated
CHBr3 has a much shorter lifetime, thus degrades more rapidly than CH2Br2, which
increases the ratio during transport. Overall, the mean concentration ratio of CH2Br2 and
CHBr3is 0.6 £ 0.2, which suggests that predominantly older air masses are advected over the
South China Sea”.

Section 4.2 | find it quite surprising and interesting that in this region of supposedly high
natural emissions of VSLS the authors suggest that the highest emissions are apparently

associated with anthropogenic influences and river outflow. This seems a significant point

5
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that I haven’t been aware of being made previously. Can the authors add some additional
explanation and provide hard evidence from the observations made during this experiment to
support this assertion? Do any previous studies support these assertions?

Elevated bromoform is found in chlorinated and ozonised waste water, from e.g. cooling
plants and municipal effluents. High concentrations are also often measured at coastlines, due
to either natural emissions, mainly from macro algae or due the above described
anthropogenic input (see Quack and Wallace, 2003 and references therein). Therefore a
plausible explanation for the elevated bromoform concentrations, measured within the
contaminated Singapore Strait is a likely influence by anthropogenic effluents. Elevated
bromoform concentrations close to Bornean coastal sites and cities with river run-off and its
negative correlation with salinity indicate riverine sources for the compound. While it is
therefore clear that riverine transport from coastal or inland sites is the cause for the elevated
coastal concentrations, it cannot be completely resolved, whether anthropogenic sources
alone are responsible or whether coastal natural sources may contribute as well. We clarified
the text in this regard and changed it to:

“Along the west coast (November 19 - 23, 2011) and northeast coast of Borneo (November
25, 2011), bromocarbon concentrations are elevated, and especially CHBr3 concentrations
increase in waters with lower salinities, indicating an influence by river run off. Elevated
CHBr3 concentrations are often found close to coasts with riverine inputs caused by natural
sources and industrial and municipal effluents (e.g. Quack and Wallace, 2003;Fuhlbriigge et

al., 2013 and references therein).”

Section 4.3: an indication of the number of comparison measurements and an uncertainty on
the values being compared (in the text and in Table 2) is lacking but would be useful. Line
20-24. Regarding the intercomparison, | would think any interpretation of gradients between
the free troposphere and the boundary layer should be done with data that are internally
consistent so that any potential instrumental influences don’t affect the conclusions. In that
respect, I don’t understand why the mean of the different measurement techniques onboard
the aircraft (and that have substantial differences that would seem to be instrumental) is used
to compare with the ship-board marine bl results. In a discussion of mean results, sure,
mention results from both instruments. But when gradients are being interpreted, it seems
only appropriate to use aircraft results that are consistent with those from the ship (good to
see that the unbiased result appears in figure 13).
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We agree with the reviewer and included the information in the manuscript. We added the
corresponding numbers in Table 1 and 2 (Falcon GhOST: n=513, WASP: n=202; SONNE:
N=195).

According to Sala et al. (2014) the agreement between the GhOST and WASP instruments
for the bromocarbons are within the expected uncertainty range of both instruments. Next to
this, WASP measurements were available only up to 6 km altitude and for the bromocarbons.
Thus, using measurements from both instruments benefits a larger spatial and temporal
resolution of the data set which is considered representative for the region. A possible
instrumental offset for CH3I is discussed. We rewrote lines 16-24 on page 17922 to:
“According to Sala et al. (2014) the agreement between the GhOST and WASP instruments
are within the expected uncertainty range of both instruments which is then assumed to be
also valid for the ship measurements. The good agreement between WASP and ship data
might be caused by the same sampling and analysis method, both using stainless steel
canisters and subsequent analysis with GC/MS, while GhOST measures in-situ in a different
resolution. Since GhOST and WASP measurements together cover a larger spatial area and
higher temporal resolution, a mean of both measurements is used in the following for
computations in the free troposphere. For CH3I significantly higher mixing ratios were
measured during the meetings between ship and aircraft (Table 2). Whether this offset is
systematic for the different methods, needs further investigation.

Figures: 6d, 1'd like to be able to see the CH2Br2 results, but they are often obscured by
other data.
We improved the visibility of CH2Br2 lines in the former Figure 6 (now Figure 4) by

choosing a darker line for them and using non-linear y-axes.

Figure 8, consider making the legend more informative by indicating ship, flask, insitu
instead of the instrument acronyms.
According to your suggestions we added the information to the figure legend of the former

Figure 8, now Figure 6.

Figure 13, | presume the unadjusted observations from the aircraft are the mean of the two
available measurements and the adjust ones are only the data from aircraft flasks? Explicitly
stating so would help.
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Yes, thanks for pointing this out. We further explain details in the figure caption now.
Unadjusted measurements include measurements from both instruments on the aircraft. The
“adjustment” only accounts for methyl iodide. Since flask (WASP) observations are not
available for methyl iodide, the in-situ observations are reduced by the percentage of which
in-situ measurements on the aircraft and on the ship differed during the two meetings on
November 19 and 21, 2011, according to Table 2:

“Mean FT mixing ratios (solid lines) and 1 standard deviation (shaded areas) from in-situ and
flask observationson R/A FALCON (Obsv., black) versus simulated mean FT mixing ratios
from MABL air (MABL, red) and oceanic emissions (Ocean, blue) observed by R/V
SONNE. R/A FALCON in-situ observations have been adjusted for CH3I (Obsv.*, dashed
black) according measurements deviations during the meetings of R/V SONNE and R/A
FALCON (compare Table 2; Section 4.3).”
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Response to Referee #2

We would like to thank reviewer 2 for reviewing the manuscript. Below you find our point-

by-point answers to your comments (highlighted in italic).

Referee #2:

The contribution of oceanic halocarbons to marine and free troposphere air over the tropical
West Pacific by Fuhlbriigge et al. This paper presents seawater and atmospheric
measurements of CHBr3, CH2Br2 and CH3I obtained during the ship cruise and aircraft
campaign of the SHIVA project. Samples were obtained around Borneo in November-
December 2011 and are used here to derive ocean emission fluxes in the region and, with the
aid of transport modelling, the contribution of the above gases to the free troposphere. Given
the likely importance of this region for the transport of air masses to the stratosphere, and
given that the region is poorly sampled (in terms of VSLS), this paper is a useful addition to
the literature, providing a good synthesis of the SHIVA measurements. | have no major
objections to the method and therefore recommend the paper for publication.

My main concern with the paper is that | found it extremely difficult to read and somewhat
convoluted in many parts. | encourage the authors to carefully check the manuscript for
places where the text could be streamlined to improve readability and where the main
messages could be distilled to avoid them being diluted by so many numbers and detail. | had

to stop listing technical corrections given the sheer enormity of the task.

We first thank the reviewer for the general positive evaluation of the paper, which she/he
describes as a useful addition to the literature. We agree with the reviewer that the text can be
written more concisely and distilled to improve readability, if we omit explaining all details
of the method which may have convoluted the main messages. Thus, we intensively revised
the paper to streamline it and to make it easier to read and follow. The changes for the
revision include shifting of section 2.2.3 (“Convective energy”), 3.2 (“CAPE and humidity™)
and 5.1.1 (“R/V SONNE - R/A FALCON: identifying observations of the same air mass”) to
the supplement; shortening and substantial rewriting of sections 2.4.2 (“VSLS source-loss
estimate in the MABL”), 4.3 (“VSLS intercomparison: R/A FALCON and R/V SONNE”),
5.1 (“Timescales and intensity of vertical transport”) and 5.2 (“Contribution of oceanic

emissions to VSLS in the MABL”), 5.3.1 (“Identification of MABL air and their contained
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VSLS in the FT”) and 5.3.3 (“Discussion”). These changes are clearly marked in the revised
manuscript. We also have asked a native speaker for revisions of the language.

| also encourage the authors to check that the most appropriate citations are given
throughout the manuscript. Citing older classic papers is fine (and good) but in many places
the discussion would be better served by citating the most up-to-date literature in addition.
For example, in the introduction numbers are given for the “mean atmospheric lifetime” of
CHBr3, CH2Br2 and CH3I. I don’t understand why the authors refer to such old papers here
(Ko et al. 2003 and Solomon et al. 1994) when the most recent and comprehensive evaluation
of the lifetimes of these compounds is given in the 2014 WMO O3 Assessment (Chapter 1:
Carpenter and Reimann et al.). The concept of a mean atmospheric lifetime for VSLS can be
somewhat problematic. | suggest quoting the tropical MBL local lifetime and range from the
2014 report.

We replaced the mean MABL and mid tropospheric lifetimes to mean tropical MABL and
mid tropospheric (at 10 km altitude, given in the brackets) lifetimes and also added the
reported lifetime range from Chapter 1 of the WMO (Carpenter et al., (2014)):

“Annually averaged mean tropical lifetimes of these halogenated very short-lived substances
(VSLS) in the boundary layer are 15 (range: 13 — 17) days for CHBr3, 94 (84 — 114) days for
CH2Br2 and 4 (3.8 — 4.3) days for CH3I. The according mean tropospheric lifetimes at 10
km height are 17 (16 — 18) days, 150 (144 — 155) days, respectively 3.5 (3.4 — 3.6) days
(Carpenter et al., 2014).”

Due to these new lifetimes the former Figure 12, (now 10) and Figure 13 (now 11) and the
Table 3, 4, 5 and Al (now S-Table 1) have been changed and the corresponding text was
adjusted to it (Sections 5.2 and 5.3).

Abstract:
Line 10: The sentence beginning “Elevated oceanic concentrations..” is long. Consider using

¢

the word “respectively” in the second half; i.e. change to “... with high corresponding
oceanic emissions of 1486, 405, and 433, respectively, characterize..”

We agree and shortened the sentence to: “Elevated oceanic concentrations for bromoform,
dibromomethane and methyl iodide of on average 19.9, 5.0 and 3.8 pmol L-1 in particular
close to Singapore and at the coast of Borneo with high corresponding oceanic emissions of
1486, 405 and 433 pmol m-2 h-1, respectively, characterize this tropical region as a strong

source of these compounds. Atmospheric mixing ratios in the MABL were unexpectedly
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relatively low with 2.08, 1.17 and 0.39 ppt for bromoform, dibromomethane and methyl

iodide.”

Line 24: Change “origins” to “originates”

Done.

Introduction:

Line 2: Change “the atmospheric ozone” to “atmospheric ozone” Add ‘“e.g.” before
citations to Solomon (1999) and Saiz-Lopez and von Glasow (2012).

Done.

Line 4: Change ‘“‘via photochemical and heterogeneous reaction cycles from” to ‘“following
the photochemical breakdown of”.
Thanks, done.

Line 14: Change “the halogenated very short lived substances” to “these halogenated very
short-lived substances .

Done.

Line 16: “Climate change could strongly affect marine biota. . . . Are there not other recent
papers that also suggest this? For example: Hughes, C., et al. (2012), ‘Climate induced
change in biogenic bromine emissions from the Antarctic marine biosphere’, Global
Biogeochem. Cycles.

We added Hughes et al. (2012), Leedham et al. (2013) and Hepach et al. (2014), who
reported on possible influences of climate change on marine halocarbon production leading to
enhanced oceanic production and oceanic emissions of brominated and iodinated compounds:
“Climate change could strongly affect marine biota and thereby halogen sources and the

oceanic emission strength (Hughes et al., 2012;Leedham et al., 2013;Hepach et al., 2014).”

Line 23: Change “methyl iodide” to “CH3I1”. Generally, why bother keep using the full
names bromoform, dibromomethane and methyl iodide throughout the text once they have
been defined? Check full text and at least be consistent.

The idea of using the full names throughout the manuscript was to make it easier to
understand for non-chemists, since chemical formulas generally tend to confuse these

12
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readers. Nevertheless, we searched through the whole manuscript and kept on using the

chemical formulas consistently now.

Line 25: The sentence beginning “Significantly lower. . .” should be amended. Why talk
about just model runs looking at the impact of bromine when the previous discussion was
iodine-focused. Numerous recent papers from the Saiz-Lopez group have examined the
impact of bromine and iodine on tropospheric O3 (e.g. Saiz-Lopez et al. 2014, iodine
chemistry in the troposphere and its effect on ozone, ACP, 2014). As we are talking about
VSLS in this paper, an appropriate citation would also be to Hossaini et al. (2015, Nature
Geoscience) who examined their impact on UTLS O3. Please include these additional
citations and add “e.g.” before the list.

We included the suggested references and changed the text to:

“Recent studies reported significant contributions of bromine and iodine to the total rate of
tropospheric and stratospheric ozone loss (e.g. von Glasow et al.,, 2004;Yang et al.,
2005;Saiz-Lopez et al., 2014;Yang et al., 2014;Hossaini et al., 2015).”

Line 17: The sentence beginning “The goal of SHIVA” is odd. Was that really the main
objective? Consider “was to combine observations of VSLS and models to better understand
the processes contributing to ozone loss in the stratosphere and how such factors could
respond to climate change.” This seems more accurate to me.

Thanks, this part has now been removed for further streamlining of the manuscript.

Data and Methods:

Why does the sub-sub section “2.1.2 Aircraft campaigns” come under the SHIVA SONNE
subsection? Could Section 2.1 simply be named something like “Overview of ship cruise and
aircraft campaign”? Given the length of these sections, I don’t think the subsections are
needed.

We agree and renamed section 2.1 to “Ship cruise and aircraft campaign”. Section 2.1.1 and

2.1.2 were merged into section 2.1.
Section 4.2:

Line 20: Is it possible to comment more on the possible different sources for CH3I compared
to the bromocarbons here?
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Methyl iodide has different sources, e.g. phytoplankton, macro algae and photochemical
production, the latter is assumed to drive the major part of the sea — air flux of CH3I (e.g.
Manley and Dastoor, 1988;Manley and de la Cuesta, 1997;Richter and Wallace, 2004). This
is added to Section 4.2 now. We try to summarize different possible sources, however the
statements remain speculative. Still the fact, that methyl iodide reveals a different pattern
than the other two compounds indicate different source and/or loss processes. We clarified
this in the manuscript:

“CH3I concentrations range from 0.6 — 18.8 pmol L-1 with a mean of 3.8 pmol L-1 and show
a different distribution along the ship track which might be ascribed to additional
photochemical production of CH3I in the surface waters (e.g. Manley and Dastoor,
1988;Manley and de la Cuesta, 1997;Richter and Wallace, 2004).”

Line 27 on river run: This point needs expanding. Why would the bromocarbons be elevated
due to river run and how is the influence of river run detected?

See also our response to anonymous Reviewer 1: Elevated bromoform is found in chlorinated
and ozonised waste water, from e.g. cooling plants and municipal effluents. High
concentrations are also often measured at coastlines, due to either natural emissions, mainly
from macro algae or due the above described anthropogenic input (see Quack and Wallace,
2003 and references therein). Therefore a plausible explanation for the elevated bromoform
concentrations, measured within the contaminated Singapore Strait is a likely influence by
anthropogenic effluents. Elevated bromoform concentrations close to Bornean coastal sites
and cities with river run-off, and its negative correlation with salinity, indicate riverine
sources for the compound. While it is therefore clear that riverine transport from coastal or
inland sites is the cause for the elevated coastal concentrations, it cannot be completely
resolved, whether anthropogenic sources alone are responsible or whether coastal natural
sources may contribute as well. We clarified the text in this regard and changed it to:

“Along the west coast (November 19 - 23, 2011) and northeast coast of Borneo (November
25, 2011), bromocarbon concentrations are elevated, and especially CHBr3 concentrations
increase in waters with lower salinities, indicating an influence by river run off. Elevated
CHBI3 concentrations are often found close to coasts with riverine inputs caused by natural
sources and industrial and municipal effluents (e.g. Quack and Wallace, 2003;Fuhlbriigge et

al., 2013 and references therein).”

Discussion:
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Line 10: WMO (2015) should be WMO (2014)
We changed the reference to Carpenter et al. (2014).
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Relevant changes made in the manuscript:

Substantially streamlined
Shifted section 2.2.3 (“Convective energy”), 3.2 (“CAPE and humidity”’) and 5.1.1
(“R/V SONNE - R/A FALCON: identifying observations of the same air mass”) to
the supplement
Shortening and rewriting of sections 2.4.2 (“VSLS source-loss estimate in the
MABL”), 4.3 (“VSLS intercomparison: R/A FALCON and R/V SONNE”), 5.1
(“Timescales and intensity of vertical transport”) and 5.2 (“Contribution of oceanic
emissions to VSLS in the MABL”), 5.3.1 (“Identification of MABL air and their
contained VSLS in the FT”) and 5.3.3 (“Discussion”)
Updating our results with most current lifetime estimates of bromoform,
dibromomethane and methyl iodide from the WMO, 2014.
Figures:
Figure 1b is now Figure 2a
Figure 3 is now S-Figure 1
Figure 4 is now Figure 3a
Figure 5 is now Figure 3D, in addition we revised the colours and colour-bar
Figure 6 is now Figure 4, in addition we overworked the Figure by using non-linear y-
axis
Figure 7 is now Figure 5
Figure 8 is now Figure 6, in addition we added “in-situ” and “flask” to the legend
Figure 9 is now Figure 7, in addition the colour-scale was extended to 10 days
Figure 10 is now Figure 8
Figure 11 is now Figure 9, in addition the former ODR time series has been replaced
by an ODR budget sketch.
Figure 12 is now Figure 10

Figure 13 is now Figure 11

All changes are marked-up (removed: red, rewritten: blue, shifted: green) in the following:
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Abstract

Emissions of halogenated very short lived substances (VSLS) from the—trepical oceans
contribute to the atmospheric halogen budget and affect tropospheric and stratospheric ozone.
Here we investigate the contribution of natural oceanic VSLS emissions to the Marine
Atmospheric Boundary Layer (MABL) and their transport into the Free Troposphere (FT)

over the tropical West Pacific. The study concentrates in—particular—on ship—and—aireraft
measurements—ef—the—/SLS—bromoform, dibromomethane and methyl iodide and

meteorelogicalparametersmeasured on ship and air craft during the SHIVA (Stratospheric
Ozone: Halogen Impacts in a Varying Atmosphere) campaign in the South China and Sulu
Seas in November 2011. Elevated oceanic concentrations for bromoform, dibromomethane
and methyl iodide of on average 19.9, 5.0 and 3.8 pmol L™ in particular close to Singapore
and at the coast of Borneo with high corresponding oceanic emissions of 1486, 405 and 433
pmol m? h, respectively, characterize this tropical region as a strong source of these
compounds. Atmospheric mixing ratios in the MABL were unexpectedly relatively low with
2.08, 1.17 and 0.39 ppt for bromoform, dibromomethane and methyl iodide. We use
meteorological and chemical ship and aircraft observations, FLEXPART trajectory
calculations and source-loss estimates to identify the oceanic VSLS contribution to the
MABL and to the FT. Our results show that a—coenvective;the well-ventilated MABL and
intense convection led to the low atmospheric mixing ratios in the MABL despite the high
oceanic emissions.—n-ceastal-areas—of-the-Seuth-China—and-Sulu-Seas: WhiletMost of the
accumulated bromoform in the FT above the region originates-atmeost-entirelymatnly -from
the local South China Sea area (up to 60 %), while dibromomethane is largely advected from
distant source regions. The accumulated FFmixing+atio-of-methyl iodide in the FT is higher
than can be explained with the—local-eceanic—or—MABL contributions. Possible reasons,

uncertainties and consequences of our observations and model estimates are discussed-.

1. Introduction
Halogens play an important role for atmospheric chemical processes. Fhe—contribution—of

alogens—to-the-atmosphe 0zohe-chemistry e nown—Besides—Halegen—Chlorine,

bromine and iodine radicals destroy ozone in the stratosphere (e.g. Solomon, 1999) and also

affect tropospheric chemistry (e.g. Saiz-Lopez and von Glasow, 2012). Halogens are released

following the photochemical breakdown ofwia—phetechemicaland-heterogeneous—reaction
eycles—from organic halegenated-anthropogenic and natural trace gases. —eriginating—from
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marine—biota—A large number of very short lived brominated and iodinated organic
substances, originating from macro algae, seaweed, phytoplankton and other marine biota,
are emitted from tropical oceans and coastal regions to the atmosphere (Gschwend et al.,
1985;Carpenter and Liss, 2000;Quack and Wallace, 2003;Quack et al., 2007;L.iu et al., 2013).
In particular, marine emissions of bromoform (CHBr3), dibromomethane (CH,Br;) and
methyl iodide (CHjsl) are major contributors of erganic-bromine and iodine to the atmosphere
(Montzka and Reimann, 2011). Annually averaged mean tropical atmespheric-lifetimes of
these halogenated very short-lived substancesthe—halogenated—very—shorttHved-substanees
(VSLS) in the boundary layer and—n—theQare 26—15 (range: 13 — 17) days for
CHBrsbromoform, 120-94 (84 — 114) days for CH,Br dibromemethane (Ko-et-al—2003)-and
4 (3.8 — 4.3) days for CHsl. methyliodide {Carpenter-et-al—2014)(Solemen-etal1994)-The
mean tropospheric lifetimes of these compounds at 10 km height are 17 (16 — 18) days, 150
(144 — 155) days, respectively 3.5 (3.4 — 3.6) days (Carpenter et al., 2014). Climate change
could strongly affect marine biota and thereby halogen sources and the oceanic emission
strength (Hughes et al., 2012;Leedham et al., 2013;Hepach et al., 2014).

Aircraft measurements from Dix et al. (2013) suggest that the halogen-driven ozone loss in
the Free Troposphere (FT) is currently underestimated. In particular, significant-elevated
amounts of the iodine oxide free radical (10) were-found-in the FT over the Central Pacific
suggesindicateting that iodine has-a—uchmay have a larger effect on the FT ozone budget
than currently estimated by chemical models. Coinciding with this study, Tegtmeier et al.
(2013) projected a higher CHslmethyl-todide delivery to the Upper Troposphere / Lower
Stratosphere (UTLS) over the tropical West Pacific than previously reported, using an
observation based emission climatology by Ziska et al. (2013). Recent studies reported
significant contributions of bromine and iodine to the total rate of tropospheric and

stratospheric ozone loss (e.g. von Glasow et al., 2004;Yang et al., 2005;Saiz-Lopez et al.,

2014;Yang et al., 2014;Hossaini et al., 2015). Significantlylower-amounts—of-tropespheric

A A
v > B IO O viw v - O vy

2004 Yang-et-al2005:-¥angetal—2014)-Deep tropical convective events (Aschmann et al.,
2011;Tegtmeier et al., 2013;Carpenter et al., 2014) as well as tropical cyclones, i.e. typhoons
(Tegtmeier et al., 2012), are projected to transport the-VSLS rapidly from the ocean surface

to the upper tropical tropopause layer. Even—theugh—the—influence—of-halogens—en—the
tropespheric-and-stratospheric-ozone-chemistry-is—crucialDespite the importance of halogens

on tropospheric and stratospheric ozone chemistry, halogen sources and transport ways are
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still not fully understood. While the tropical West Pacific is—ancomprises a—htense-strong
VSLS source regions—fers VSES—(Kriiger and Quack, 2013), only low mean atmospheric
mixing ratios were observed fer\/SLS-in-the-Eastern-and-Seutheast-China-Seas-during ship
erbises—campaigns in 1994 and 2009 (Yokouchi et al., 1997;Quack and Suess, 1999) and
through-the-tropical-WestPaeifie-in 2010 (Quack et al., 2011;Brinckmann et al., 2012). None
of these previous studies investigated the contribution of oceanic VSLS emissions to the
marine atmospheric boundary layer (MABL) and to the FT in this hot spot region with large
oceanic sources and strong convective activity.

The SHIVA (‘Stratospheric Ozone: Halogen Impacts in a Varying Atmosphere’) ship, aircraft
and ground-based campaign during November and December 2011 in the Southern South
China and Sulu Seas investigated oceanic emission strengths of marine VSLS, as well as their
atmospheric transport and chemical transformation from the ocean surface to the upper

troposphere.

For more details about the SHIVA campaign see the ACP special issue (http://www.atmos-

chem-phys.net/special_issue306.html).

In this study, we present campaign data from the research vessel (R/VV) SONNE and the
research aircraft (R/A) FALCON. We identify the contribution of oceanic emissions to the
MABL and their exchange into the FT applying in-situ observations, trajectory calculations
and source-loss estimates. The results are crucial for a better process understanding and for
chemical transport model validation (Hossaini et al., 2013;Aschmann and Sinnhuber, 2013).
An overview of the data and the methods used in this study is given in Chapter 2. Chapter 3
provides results from the meteorological observations along the cruise. Chapter 4 compares
atmospheric VSLS measurements derived on R/V SONNE and R/A FALCON-by-different
gas—chromatographic/-mass-spectrometric (GC/MS)-instruments—. The contribution of the

oceanic emissions to the MABL and FT air is investigated and discussed in Chapter 5-by

applying-model-caleulations-and-the—field-observations. Finally, a summary of the results is
given in Chapter 6.

2. Data and Methods

2.1. SHIVA-SONNEOverview-ofShip and aircraft campaigns
The R/V SONNE cruise of RAL-SONNE-started on November 15, 2011 in Singapore and
ended on November 29, 2011 in Manila, Philippines (Figure 1Figure-1a). The ship crossed
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the southwestern South China Sea towards the northwestern coast of Borneo from November
16 — 19, 2011. From November 19 - 23, 2011 the ship headed northeast along the northern
coast of Borneo towards the Sulu Sea. Two diurnal stations took place on November 18, 2011
at 2.4° N/ 110.6° E and on November 22, 2011 at 6.0° N / 114.8° E. Two meetings between
RALSONNE-and-RIA-FALCON-ship and aircraft were carried out on November 19 and 21,
2011, where R/A FALCON passed R/V SONNE within a distance of about 100 m fer-several
times to getsimultaneously measurements-of the same air masses. On November 24, 2011 the
ship entered the Sulu Sea, and after 4 days transect, R/VV SONNE reached the Philippine
coast.

16 measurement flights were carried out with R/A FALCON between November 16 and
December 11, 2011 as part of the SHIVA campaign to investigate halogenated VSLS from
the surface up to 13 km altitude over the South China and Sulu Seas. Observations were
performed between 1° N and 8° N, as well as 100° E and 122° E, using-from Miri, Borneo
(Malaysia) as the aircraft base. A detailed description of the VSLS measurements and flight
tracks can be found in Sala et al. (2014).

2.2. Meteorological observations during SHIVA

2.2.1. Measurements on board R/V SONNE

Meteorological parameters (temperature, air pressure, humidity and wind) were recorded at
20 m height every second-en-RALSONNE. A 10 minute running mean of this data is used for
our-investigationsthis study. An optical disdrometer (‘ODM-470") measured the amount and
intensity of precipitation during the cruise at 15 m height every minute (see Supplementary
Material for further details). To obtain atmospheric profiles of air temperature, relative
humidity and wind from the surface to the stratosphere 67 GRAW DFM-09 and 6 GRAW
DFM-97 radiosondes were launched every 6 hours at standard UTC times (0, 6, 12, 18) from
the working deck of R/VV SONNE at about 2 m above sea level. At the 24 h stations, the
launch frequency was increased to 2 — 3 hours to analyse short term diel variations of the
atmospheric boundary layer. Buring-the-eruise-theThe radiosonde data was integrated in near
real time into the Global Telecommunication System (GTS) to improve meteorological
reanalyses such as ERA-Interim (Dee et al., 2011), which is used as input data for the
trajectory calculations (Section 5).
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2.2.2. Marine atmospheric boundary layer

The MABL is the atmospheric surface layer above the ocean in which trace gas emissions are
mixed vertically by convection and turbulence on a short time scale of about an hour (Stull,
1988;Seibert et al., 2000). The upper boundary of the MABL is either indicated by a stable
layer e.g. a temperature inversion or by a significant reduction in air moisture. Determination
of the MABL height can be achieved by theoretical approaches, e.g. using critical Bulk
Richardson number (Troen and Mahrt, 1986;VVogelezang and Holtslag, 1996;Sorensen, 1998)
or by practical approaches summarized in Seibert et al. (2000). An increase with height of the
virtual potential temperature, the temperature an air parcel would acquire if adiabatically
brought to standard surface pressure with regard to the humidity of the air parcel, identifies

the base of the stable layer, which is typically found between 100 m and 3 km altitude (Stull,

1988). In this study, we use the height of the base of the stable layer increased by half of the
stable layer depth as the definition for the MABL height. The height of the MABL is
determined from the atmospheric profiles measured by radiosondes launched on board the
ship, as described in detail by Fuhlbriigge et al. (2013).
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2.3. VSLS measurements and flux calculation

For-the-investigation-ef-VSLS abundanees;in marine surface air and sea water were sampled
synchronously on R/VV SONNE along the cruise track. From these data measurements-the
oceanic emissions of the compounds during the SHIVA campaign were calculated (Section
2.3.32:3-3). Additionally, VSLS abundances-were measured in the MABL and the FT were
measured-by R/A FALCON (Sala et al., 2014;Tegtmeier et al., 2013).

2.3.1. Atmospheric samples

Air samples were taken en—a-3 hourly-basis along the cruise track, and a1 — 2 hourly
rhythm-during the 24 hour stations on R/V SONNE resulting in a total of 195 samples during
the cruise. The air was pressurized to 2 atm in pre-cleaned stainless steel canisters usirg-with
a metal bellows pump. The samples were analyzed within 6 months after the cruise at the
Rosenstiel School for Marine and Atmospheric Sciences (RSMAS, Miami, Florida)
according to Schauffler et al. (1999) with an instrumental precision of ~5 %. Further details
oen-of asesthe
analysis are described in Montzka et al. (2003) and Fuhlbrigge et al. (2013). On R/A
FALCON ambient air was analysed in situ by a GhOST-MS (Gas Chromatograph for the

Observation of Stratospheric Tracers — coupled with a Mass Spectrometer) by the Goethe
University of Frankfurt (GUF). Additionally 700 ml glass flasks were filled with ambient air
to a pressure of 2.5 bar with-a—diaphragmpump-using-with the R/A FALCON whole air
sampler (WASP) and analysed within 48 hours by a ground-based gas chromatography —
mass spectrometry (GC/MS) instrument (Agilent 6973) of the University of East Anglia
(Worton et al., 2008). During the flights GhOST measurements were conducted
approximately every 5 minutes with a sampling time of 1 minute, while WASP samples were
taken every 3 — 15 minutes with a sampling time of 2 minutes. Further details on the
instrumental precision and intercalibration ef-beth—instruments—and—ebservations—on R/A
FALCON are given in Sala et al. (2014). Given that the ground-based GC/MS investigated
only brominated compounds, CHslmethyl—todide data is not available from WASP.
Measurements from R/V SONNE and R/A FALCON were both calibrated-beth with NOAA

standards.

2.3.2. Water samples
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Sea-water-samples—for-disselved-VSLS sea water samples were taken in-siu-en-a-3 hourly
basis-from the moon pool of R/V SONNE at a depth of 5 m from a continuously working

water pump. Measurements were interrupted between November 16, 00 UTC to November
17, 2011 12 UTC due to permission issues in the southwest South China Sea. Fer—the
anabysisThe of-the-water samples were analysed on board with a purge and trap system-was,
attached to a gas chromatograph with mass spectrometric detection in single-ion mode with
and a precision of 10 % determined from duplicates. The appreach-method is described in
detail by Hepach et al. (2014)

2.3.3. Sea - air flux
The sea — air flux (F) of CHBrsbromoform, CH,Br.dibrememethane and CHslmethyl-iedide
is calculated with k,, as—speecific—transfer—coefficient—of-the—compoundthe concentration

gradient, and Ac as-the concentration gradient between the-specific-the water and atmospheric
equilibrium concentrations (Eq. 1). For the determination of k,,,, the-ai——sea-gas-exchangethe
wind speed-based parameterization of Nightingale et al. (2000) was used and a Schmidt

number (Sc) correction to the carbon dioxide derived transfer coefficient k,, after Quack

and Wallace (2003) was applied for the three gases (Eg. 2).

F=k,"  Ac (Eq. 1)

1
Sc 2 (Eq. 2)
600

k,, = kcoz ’
Details on deriving-measuring the air — sea concentration gradient are further described in

Hepach et al. (2014) and references therein.

2.4. Oceanic VSLS contribution to the MABL and FT

2.4.1. Trajectory calculations

For-the-determination-ef-theThe air mass transport from the surface to the FT was calculated
with the Lagrangian Particle Dispersion Model FLEXPART ef-from the Norwegian Institute
for Air Research in the Department of Atmospheric and Climate Research (Stohl et al., 2005)
was—used. The model has been extensively evaluated in earlier studies (Stohl et al.,
1998;Stohl and Trickl, 1999) and includes parameterizations for turbulence in the
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atmospheric boundary layer and the FT as well as moist convection (Stohl and Thomson,
1999;Forster et al., 2007). Meteorological input fields are retrieved from the ECMWF
(European Centre for Medium-Range Weather Forecasts) assimilation reanalysis product
ERA-Interim (Dee et al., 2011) with a horizontal resolution of 1° x 1° and 60 vertical model
levels. The ship-based 6 hourly radiosonde measurements {Seectien—2-2-1}-were assimilated
into the ERA-Interim data (Section 2.2.12.2-1) and—Fhe-6-heurly—input-Ffields provide air
temperature, horizontal and vertical wind, boundary layer height, specific humidity, as well
as convective and large scale precipitation. For the trajectory analysis, 80 release points were
defined along the cruise track. Time and position of these release events are synchronized
with the water and air samples (Section 2.32:3). At these—each releasesevent, 10,000
trajectories were launched per+release-point-from the ocean surface within a time frame of +

30 minutes and an area of ~400 m?.

2.4.2. VSLS source-loss estimate in the MABL
The time scales of air mass transport derived from FLEXPART together with the oceanic

emissions and chemical losses of the VVSLS are used for a mass balance source-loss estimate

over the South China and Sulu Seas-is-ebtained-by-apphying-the-mass-balanceprineiple-to-the

chemieal-Hess. For each release event, we-define-a box ef-the-size-given by the in-situ height
of the MABL and by the horizontal area of the trajectory releases (~400 m? centred on the
measurement location) is defined. The MABL source-loss estimate is based on the
assumption of a constant VSL S mixing ratio (given by the atmospheric measurements), a
constant sea — air flux, the chemical loss rate, and a VSLS homogeneous distribution with the

box during each release.The MABL source-loss estimate s based on a steady-statethe

Oceanic Delivery (OD) is given ealeulated-as-theratie—efas the contribution of VSLS sea —
air flux flux-out-of-the-ocean-(in mol per day) and-to the total amount of the VSLS in the box
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(in mol) in percentage per day. with—thelatter—derived—from-the box—dimensions—and-the

caused by vertical transport, defined-denoted here as—-COnvective Loss (COL)—Fhis—tess
proeess—, is calculated from the mean residence time of the FLEXPART trajectories in the
observed MABL during each release and is given as a negative number in percentage per day.
and-COL equals the loss of VSLS from the MABL to the FT. The Chemical Loss (CL), in the
form of reaction with OH and photolysis, is estimated in percentage per day (negative

quantity) and is given-as-a-negative-quantity Chemical-loss-processes-in-form-of reaction-wi

Basedbased on the tropical MABL lifetime estimates of 16-15 days for CHBrsbremeferm, 60

94 days for CH,Br.dibrememethane {(Hossaini-etal—2010)-and 3-4 days for CHslmethy
todide (R. Hossaini, personal communication) (Carpenter et al., 2014). the Chemical Loss
é@E is-estimated-inbercentage per-dav-and-given-as-a-hedativve-guantiby

Relating the delivery of VSLS from the ocean to the MABL (0OD) and the loss of MABL air
with-the—eentainedcontaining VSLS to the FT (COL) results in an Oceanic Delivery Ratio
(ODR) (Eq. 3):

0D [%d~'] _ Sea—Air flux contribution [%d '] (Eq. 3)
—COL[%d~']  Loss of MABL air to the FT [%d~1] 9.

ODR =

Similarly, we—relate-the Chemical Loss in the MABL (CL) related to the MABL VSLS loss
into the FT (COL) to-derives-leads to a Chemical Loss Ratio (CLR) (Eq. 4):

CL [%d~1 Loss through chemistry [%d ™1
CLR = %4 1 _ ghc yDhd | (Eq. 4)
—COL [%d~1]  Loss of MABL air to the FT [%d 1]

Assuming-steady-state-tn-the-bexThe oceanic delivery, chemical loss and loss to the FT must

be balanced by advective transport of air masses in and out of the box. We define the change
of the VSLS through advective transport as Advective Delivery (AD) in percentage per day
(Eq. 5). Additionally, we define the ratio of change in VSLS caused by advection (AD) to the
loss of VSLS out of the MABL to the FT as Advective Delivery Ratio (ADR) in Eq. 6:

AD = —COL — CL — OD (Eq. 5)
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AD [%d™1]

ADR = —COL [%d~1]

=1—CLR — ODR (Eq. 6)

Note that for the VSLS within the MABL box, COL and CL are loss processes and given as
negative numbers while OD and AD (besides very few exceptions for the latter) are source
processes and given as positive numbers. In order to derive the ratios, we divided CL, OD and
AD by —COL and therefore end up with negative ratios for the loss process and positive ratios
for the source processes.

In a final step, we relate the source-loss ratios (ODR, CLR and ADR) to the MABL VSLS
volume mixing ratio (VMR ,5.) in the box (Eq. 7 — 9), in order to derive—estimate

nformation—on—newly—supphied—VSLS newly supplied resulis—from oceanic delivery

(VMRpR), hew-much-is-destroyed-by-lost by chemical processes (VMR r) and how-much
results—frem—supplied by advective transport (VMR ,p ) the—different—contributions—to—the

VMRODR = ODR . VMRMABL (Eq 7)
VMRCLR == CLR . VMRMABL (Eq 8)
VMRADR = ADR . VMRMABL (Eq 9)

2.4.3. Oceanic and MABL VSLS contribution to the FT

simplified approach to calculate the mean contribution of boundary layer air masses observed

from various oceanic regions in the South China Sea on the ship, and the oceanic compounds
therein, to the FT above the South China and Sulu Seas. The contribution is determined as a
function of time and altitude based on the distribution of the trajectories released at each
measurement location along the ship track. According to R/A FALCON observations and our
trajectory calculations we assume a well-mixed FT within 5° S - 20° N, 100° E — 125° E.
Observations on R/VV SONNE, on the other hand, are characterized by large variability and
are considered to be representative for the area along the cruise track where the VSLS were
measured in the water and atmosphere. We constrain our calculations to this area and define
80 vertical columns along the cruise track. Each column extends horizontally over the area
given by the starting points of the trajectories (20 m x 20 m centred on the measurement

location) and vertically from the sea surface up to the highest point of R/A FALCON
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observations around 13 km altitude. For each of the 80 trajectery—+eleasescolumns along the
cruise track, 10,000 trajectories were launched and assigned an identical MABL air parcel
containing air with the VSLS mixing ratios observed on R/VV SONNE during the time of the
trajectory release. The volume of the air parcel is given by the in-situ height of the MABL
and the horizontal extent of the release box (20 m x 20 m) divided by 10,000 trajectories. The
transport of the MABL air parcels is specified by the trajectories, assuming that no mixing
occurs between the parcels during the transport. Chemical loss of the VSLS in each air parcel
is taken into account through chemical degradation according to their specific tropospheric
lifetimes. We-av ; ; 3 3 A
China-seaaror-indepondeptotthol-oaethorizonteHocation—ShectThe VSLS mixing ratios

in the FT from the aircraft measurements are considered representative for the whole South

China Sea area—+

tenger—. Thus we average over the volume and mixing ratios of all trajectories within the

South China Sea area, independent of their exact horizontal location. Due to the decreasing
density of air in the atmosphere with height, the volume of the MABL air parcels expands
along the trajectories with increasing altitude. The expanding MABL air parcels take up an
increasing fraction of air within the FT column, which is taken into account in our
calculations using density profiles from our radiosonde measurements.

We calculate the contribution of oceanic compounds to the FT for 25 layers of 500 m height
intervals,—siuated between 0.5 km and 13 km altitude within the column above the
measurement location. For each layer, the ratio ry, 45, Of the volume of the MABL air parcels
with the VSLS mixing ratio VMR 45, t0 the whole air volume of the layer is calculated. The
ratio of advected FT air with a mixing ratio VMR, to the whole air volume of the layer is
T4pr, Tespectively, with 1y 4. + 14pr = 1. In our simulation, the FT air with a mixing ratio
VMR observed by R/A FALCON at a specific height is composed of the MABL air parcels
and of the advected FT air parcels (Eqg. 10):

"masL " VMRyap, + Tapr - VMRapr = ("mapr + Tarr) - VMRpr (Eg. 10)
The relative contribution Cy; 45, Of VSLS observed in the MABL to the VSLS observed in the

FT is computed in altitude steps of 500 m (Eg. 11):
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CmasL [%] = 100- (rMABL ’ VMRMABL)/VMRFT (ECI- 11)

The oceanic contribution C,pg Of the South China Sea emissions to the atmespheric-mixing
rattos-VSLS in the FT is computed after Eq. 12:

Copr[%] = 100puraap, - VMRopr)/VMREr (Eg. 12)

The simplified approach also allows us—to—derivederiving mean VSLS mixing ratios
accumulated in the FT from both MABL VSLS and oceanic emissions. The FT VSLS mixing

ratios are simulated for each of the 80 releases-columns by initiating a new trajectory release

event using same meteorological conditions and VSLS MABL observations, when the former

MABL air has been transported into the FT, according to the specific residence time in the
MABL. The initial FT background mixing ratios are O ppt for each VSLS. The accumulated
‘ mean mixing ratio of a compound at a specific height is then computed after Eq. 13:

‘ VMRypr = Tmapr, * VMRyapL, + "masr, " VMRyapr,* -+ Tmapr, " VMRyapi, (Eq. 13)

Here, VMR ypr is the modelled accumulated FT mixing ratio, 7y 4p,, is the ratio of MABL air

parcels in 20 m x 20 m x 500 m layers between 0.5 km and 13 km altitude to the total volume

of each layer, VMR 45, is the mixing ratio in the MABL air parcels including chemical

degradation since release from the MABL, and i is the number of initiated runs per release. A
steady state for the compounds is reached, when variations in their mixing ratios vary less
than 1 % between two initiated runs. For CHBrsbremeoferm the steady state is reached after
11.0 £ 2.1 d (mean + o), 11.8 = 2.4 d for CH,Br.dibromomethane and 8.0 + 1.4 d for
CHgslmethyl-todide. The modelled overall mean FT mixing ratio in the South China Sea is
derived as the mean from the 80 individually calculated FT mixing ratios determined along
the cruise—(Figure—>). The oceanic contribution to the FT compounds is calculated with
VMR ,pg from Eq. 7 inserted as VMR 45, in Eq. 13.

3. Meteorological conditions in the MABL and the FT

3.1. Meteorology along the ship cruise

Moderate to fresh trade winds are-were dominating the South China and Sulu Seas during the
cruise (Figure 1Figure-ta-b), which-isreflectedindicated by the overall mean wind direction
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of northeast (50° — 60°) and a mean wind speed of 5.5 + 2.9 ms™-during-the-eruise. The wind
observations reveal two different air mass origins. Between November 15 and 19, 2011 a
gentle mean wind speed of 3.7 + 1.8 ms™ with a northern wind direction was observed,
influenced by a weak low pressure system (not shown here) over the central South China Sea
moving southwest and passing the ship position on 17.11.2011. During November 20 — 29,
2011 the wind direction changed to northeast and the mean wind speed increased to moderate
6.4 + 3.0 ms™. A comparison between 6 hourly ERA-Interim wind and a 6 hourly averaged
mean of the observed wind on R/V SONNE reveals an underestimation of the wind speed by
ERA-Interim along the cruise track by 1.6 + 1.4 ms™ on average (not shown here). The mean
deviation of the wind direction between reanalysis and observation is 2 + 37 degree.
Reanalysis and observed wind speeds correlate with R = 0.76 and the wind directions with R
= 0.86, reflecting a good overall agreement between ship observation and ERA-Interim
winds. With an observed mean surface air temperature (SAT) of 28.2 + 0.8 °C and a mean
SST of 29.1 =+ 0.5 °C the SAT is on average 1.0 = 0.7 °C below the SST, which benefits
convection of surface air (Flgure 2Figure 2). Ih&meanﬁeenveem%fa%bleﬂeete%%empgy

: ~ ~which-benefitsconvection-of

surface—at—Indeed enhanced convective activity and pronounced precipitation events have

been observed during the cruise (S-Figure 11). Figure 3Figure-3a shows the time series of the
relative humidity measured by the radiosondes launched on R/V SONNE from the surface up

to the mean height of the cold pomt tropopause at 17 km. %mased—#ela%we—hum@%y—wmm

November16—21-and-24.-2011(compare-with-Figure-3)—Elevated humidity is found on

average up to about 6 km, which implies a distinct transport of water vapour to the mid

troposphere during the cruise by deep convection or advection of humid air from a nearby

convective cell.

3.2. Marine atmospheric boundary layer

Higher SSTs than SATs (Figure 2Figure-2) cause unstable atmospheric conditions (negative
values) between the surface and about 50 — 100 m height (Figure 3Figure-3b). Surface air is
heated by warmer surface waters and is enriched with humidity both benefiting moist
convection. The stability of the atmosphere increases above 420 £ 120 m and indicates the
upper limit of the MABL at this altitude range derived from radiosonde data (Figure 3Figure
3b). The ERA-terim-MABL height given by ERA-Interim along the cruise track is with 560
+ 130 m systematically higher (not shown), but still within the upper range of the MABL
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height derived from the radiosonde measurements. The unstable conditions of the MABL and
the increase of the atmospheric stability above the MABL reflect the characteristics of a
convective, well-ventilated tropical boundary layer. In contrast to cold oceanic upwelling
regions with a stable and isolated MABL (Fuhlbriigge et al., 2013;Fuhlbrugge et al., 2015),
the vertical gradient of the relative humidity measured by the radiosondes (Section 3.13:1)
and the height of the MABL do not coincide. This is caused by increased mixing through and
above the MABL by turbulence and convection, which leads to the convective, well-
ventilated MABL.

4. Atmospheric VSLS over the South China and Sulu Seas
4.1. Atmospheric surface observations on R/V SONNE
Overall, the three VSLS show a joint pattern of atmospheric mixing ratios along the cruise

track with lower atmospheric surface abundances before 21 November 2011 and higher

concentrations afterwards, which can be attributed to a change in air mass originOverat,the

(Figure 1Figure-1). A decrease from 3.4 ppt-to 1.2 ppt of CHBrsbremeform is-feundoccurs at
the beginning of the cruise (Figure 4Figure-4a) when the ship left Singapore and the coast of

the Malaysian Peninsula. On November 16 — 19, 2011, when the ship passed the southern
South China Sea, lower mixing ratios (+ standard deviation 1o) of 1.2 £ 0.3 ppt prevail and
also the lowest mixing ratios for CHBrsbremeferm during the whole cruise of 0.8 ppt are

feundobserved. At the coast of Borneo and the Philippines, the average mixing ratio of

CHBrsbreomoform increases to 2.3 = 1.4 ppt. During-the-two-24-h-stations—the-mean-mixing

ses-ared= 02 oot forthe Hretand-26-== 0 -ppido—thesecond-staton—The overall mean
CHBrsbromeoform mixing ratio during the cruise is 2.1 + 1.4 ppt (Table 1Fable—1) and

therefore higher than earlier reported CHBrsbremeferm observations of 1.2 ppt in January —
March 1994 (Yokouchi et al., 1997), 1.1 ppt in September 1994 (Quack and Suess, 1999) and
1.5 ppt in June — July 2009 (Nadzir et al., 2014) further offshore in the South China Sea. The
higher atmospheric mixing ratios during the R/VV SONNE cruise in November 2011 in
contrast to the lower mixing ratios in these previous studies may point to stronger local
sources, strong seasonal or interannual variations, or even to long-term changes.
CH,Br,Bibrememethane shows a mean mixing ratio of 1.2 + 0.2 ppt (Table 1TFable-1).
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Yokouchi et al. (1997) observed a lower mean atmospheric mixing ratio of 0.8 ppt and
Nadzir et al. (2014) of 1.0 ppt in the South China Sea. An increase of the
CH,Br,dibromomethane mixing ratios from 1.0 £ 0.1 ppt to 1.3 £ 0.2 ppt is observed after
November 21, 2011 coinciding with an increase of the CHslmethyliedide concentrations
from primarily 0.3 £ 0.0 ppt to 0.4 + 0.1 ppt (Figure 4Figure-4a). The highest mixing ratio of
CHglmethyl-tedide was detected in the south-western Sulu Sea on November 25, 2011 with
0.8 ppt. The overall mean atmospheric mixing ratio for CHslmethyliedide, of 0.4 + 0.1 ppt
(Table 1Fable-1) is lower than the mean of 0.6 ppt observed by Yokouchi et al. (1997).

The concentration ratio of CH,Br.dibrememethane and CHBrzbromeform (Figure 4Figure
4b) has been used as an indicator of relative distance to the oceanic sourcefer-the-age-of-air
masses, after they crossed strong coastal source regions, where a ratio of approximately 0.1
was observed crossing strong coastal source regions (Yokouchi et al., 2005;Carpenter et al.,
2003). The ten times elevated CHBrsbromeferm has a much shorter lifetime, thus degrading
more rapidly than CH,Br.dibrememethane, which increases the ratio during transport.
Overall, the mean concentration ratio of CH,Br,dibrememethane and CHBrsbromeferm is
0.6 £ 0.2, which suggests that predominantly older air masses are advected over the South

China Sea. The-highest-concentration—ratio-of-1-2hikely—indicatingthe-oldest-atr—mass.—+s
ohserved-on-November 16,2011

4.2. Oceanic surface concentrations and emissions from R/V SONNE

VSLS in the surface sea water along the cruise track show highly variable distributions
(Figure 4Figure-4c and Table 1Fable-1). Oceanic CHBrsbremeform surface concentrations
range from 2.8 — 136.9 pmol L™ with a mean of 19.9 pmol L™ during the cruise, while
CH.Br,dibromermethane concentrations range from 2.4 — 21.8 pmol L™ with a mean of 5.0
pmol L. CHBrsBremeform and CH,Br,dibromemethane have similar distribution patterns
in the sampling region with near shore areas showing typically elevated concentrations.
CHslMethyl-iedide concentrations range from 0.6 — 18.8 pmol L™ with a mean of 3.8 pmol L
! and show a different distribution along the ship track which might be ascribed to additional
photochemical production of CHgsl in the surface waters (e.g. Manley and Dastoor,
1988;Manley and de la Cuesta, 1997;Richter and Wallace, 2004)-than-the-twe-bromoearbens;
High levels of all VSLS are found in waters close to the Malaysian Peninsula, especially in
the Singapore Strait on November 16, 2011, lkehy—possibly showing an anthropogenic
influence on the VSLS concentrations. VSLS concentrations decrease rapidly when the cruise
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track leads to open ocean waters. Along the west coast (November 19 - 23, 2011) and north
east coast of Borneo (November 25, 2011), bromocarbon concentrations are elevated, and
especially CHBrsbromeform concentrations increase in waters with lower salinities,
indicating an influence by river run off. Elevated CHBr; concentrations are often found close
to coasts with riverine inputs caused by natural sources and industrial and municipal effluents
(see Quack and Wallace, 2003;Fuhlbriigge et al., 2013 and references therein).

Oceanic emissions were calculated from synchronized measurements of sea water
concentrations and atmospheric mixing ratios, sea surface temperatures and wind speeds,
measured on the ship (Section 2.3.32:3:3). The overall VSLS distribution along the ship track
is opposite for the oceanic and atmospheric measurements (Figure 4Figure-4a-d). While the
sea water concentrations of VSLS generally decrease towards the Sulu Sea, the atmospheric
mixing ratios increase, leading to a generally lower concentration gradient of the compounds
between sea water and air in the Sulu Sea (not shown here).

Coinciding low VSLS atmospheric background concentrations, high SSTs, elevated oceanic
VSLS concentrations and high wind speeds, lead to high emissions of VSLS for the South
China and Sulu Seas (Figure 4Figure—4d) of 1486 + 1718 pmol m? h™ for CHBr3, 405 +
349 pmol m?h™ for CH.Br, and 433 * 482pmolm?h* for CHsl. In particular,
CHBrsbremoform fluxes are very high and inagreement-withthus confirm elevated coastal
fluxes from previous campaigns in tropical source regions (Quack et al., 2007). They often
exceed 2000 pmol m? hr in the coastal areas and areeven-reach-mere sometimes higher than
6000 pmol m? hr?, as in the Singapore Strait on November 15, 2011 and on November 22,
2011 at the northwest coast of Borneo, which was also an area of strong convection (Figures
1, 4b).

4.3. VSLS intercomparison: R/A FALCON and R/V SONNE

The two profiles of the bromocarbon mixing ratios and the profile for CHsl from the surface
to 13 km altitude as observed on R/A FALCON with the GhOST and WASP instruments
(Sala et al., 2014;Tegtmeier et al., 2013) and-the-profileformethyHodide as-observed-on-RIA
FALCON-with-the- GhOSTand-WASP-instruments-are shown in Figure 5Figure-5. Mean
CHBrsbremoform mixing ratios are 1.43 ppt (GhOST) and 1.90 ppt (WASP) in the MABL (0
— 450 m, determined from meteorological aircraft observations similarly as for the
radiosondes, Section 2.2.22.2.2) and 0.56 ppt (GhOST) and 1.17 ppt (WASP) in the FT (0.45
km — 13 km, Table 1Fable-1). The GhOST mixing ratios in the MABL are-censiderably

lower than those observed on R/V SONNE (2.08 ppt).—but-higher—than-the—mixingraties
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towerthan-WASP-observations: A very good agreement of the measurements is given for the
longer lived CH,Br dibromemethane with 1.17 ppt (R/V SONNE), 1.19 ppt (GhOST) and
1.15 ppt (WASP). CHslMethyl-todide mixing ratios measured by GhOST are 0.59 + 0.30 ppt
within the MABL of 450 m height, which is about 0.2 ppt higher than the values from R/V
SONNE;-butcoincide-with-the-observations-by-Yokouchi-etal-{1997). Above the MABL, the
average mixing ratio of CHslmethyltodide decreases to 0.26 £ 0.11 ppt (Figure SFigure-5).
CHBrs;Bromeferm and CH,Br.dibrememethane concentrations ef—aH—instruments—in the
MABL correlate with R = 0.83 for all instruments (Figure 6Figure-6). CHBr3Bromeform and
CHgslmethyl-iodide concentrations correlate with R = 0.55 and CH;Br,dibromemethane and
CHslmethylHedide with R = 0.66; all three-correlations are significant at 99 %. Even higher
correlations are found if only measurements on R/V SONNE are taken into account with R =
0.92 for CHBrsbromeferm and CH,Br.dibromemethane, R = 0.64 for CHBrsbremeform and
CHgslmethyHodide, and R = 0.77 for CH,Br.dibromemethane and CHslmethyHodide.
Fwo-case-studiesfor-the-Comparison of R/A FALCON and R/V SONNE data are obtained
from their meetings on November, 19 and 21, 2011 (Table 2Fable-2), when aircraft and ship
passed each other within 100 m distance several times, measuring the same air masses.
During both meetings, deviations between the GhOST and WASP instruments on the aircraft
are larger for the bromocarbons than the deviation between the WASP and the ship
measurements. According to Sala et al. (2014) the agreement between the GhOST and WASP
instruments are within the expected uncertainty range of both instruments which is then
assumed to be also valid for the ship measurements (this study). The good agreement
between WASP and ship data might be caused by the same sampling and analysis method,

both using stainless steel canisters and subsequent analysis with GC/MS, while GhOST

measures in-situ with a different resolution. WASP-and-the-ship-data—which-agree-very-wel;

GhOST-measures—+r-siu—Since GhOST and WASP measurements together cover a larger
spatial area and higher temporal resolution, a mean of both measurements is used in the
following for computations in the free troposphere. For CHjsl significantly higher mixing
ratios were measured during the meetings between ship and aircraft (Table 2Fable—2).
Whether this offset is systematic for the different methods, needs te-be-investigated-further
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5. Air mass and VSLS transport from the surface to the free troposphere

5.1. Timescales and intensity of vertical transport

Forward trajectories have-been—computed with FLEXPART starting at sea level along the
cruise track between-Stngapere-te-Manta—ERA-Iterim-ts-used-for-the-meteorelogical-tnpu
{Seetion2.2.1)—TFhe FLEXPARTruns yield an average MABL residence time of 7.8 £ 3.5
hedrs before the trajectories enter the FT (Figure 7Figure—7), reflecting a relatively fast
exchange due to the convective well ventilated MABL (Figure 3Figure-3). The trajectories

generally show a strong contribution of surface air masses to the FT, despite some exceptions
during November 18 — 22, 2011 (Figure 7Figure—7). Fhe-trajectories—furthermorereveala
very-Most intense and rapid transport of MABL air masses up to 13 km height occurs within
2—3-days-on November 17 and 23, 2011. To estimate the loss of air masses out of the South
China Sea area between 5° S — 20° N and 100° E — 125° E (Section 2.4.32:4-3) we determine
the loss of trajectories out of this area after their release (Figure 8Figure-8). After 4 days, 88
% of all trajectories released along the cruise track are still within this defined area of the
South China Sea, which-decreasestoand 31 % after 10 days. Buring-these-ten-days65-1 =+
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5.2. Contribution of oceanic emissions to VSLS in the MABL
From the sea — air fluxes (Section 4.2) and the residence times of the surface trajectories in
the MABL (Section 5.1), the Oceanic Delivery (OD) and the COnvective Loss (COL) were
computed (Table 3Fabte-3) using the method described in Section 2.4.2.
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Ratio (ODR) is calculated in order to characterize the relative contribution of the local

oceanic emissions compared to the loss of MABL air into the FT (Table 3Fable-3, Figure
OFigure-9). The average ODR during the cruise is 0.45 £+ 0.55 for CHBrsbremeferm, which
means that the loss from the MABL to the FT is balanced to 45 % by oceanic emissions along
the cruise track. The ODR for CH,Br dibremomethane is 0.20 + 0.21 and for CHslmethyt
todide 0.74 = 1.05, respectively, suggesting that the major amount of CHslmethyl-iedide
originates from nearby sources. Similarly to the ODR the CL is related to the COL to derive
the Chemical Loss Ratio (CLR) for the VSLS, which is 0.03 = 0.01 for CHBrsbremeferm,
0.01 £ 0.00 for CH,Brydibrememethane and 0.09 + 0.04 for CHslmethyiodide. When
compared to the other source and loss processes, the chemical loss appears negligible for all
three gases. The ratio of the advective delivery (ADR) relating-the-Ab-to-the- COL-is 0.58 +
0.55 for CHBrsbromoform, 0.80 + 0.21 for CH,Br.dibromemethane and 0.35 + 1.02,
implying that most of the observed CH,Brdibremomethane (80 %) in the MABL is advected
from strenger-other source regions. Applying the raties-ODR to the observed mixing ratios in
the MABL gives an estimate of-the—amount-of the VSLS that-originating from the local

oceanic emissions (VMRopr, Table 4TFable-4)-that-are-degraded-chemicaly-(\VMRc r)and
that-are-advected(VMRapr—Fable-4}. The local ocean emits a concentration that equates to
0.89 + 1.12 ppt CHBrsbromeform, 0.25 £ 0.26 ppt CH,Brdibremermethane and 0.28 + 0.40

ppt CHslmethyledide in the MABL. Fhe—amountthat-is—destroyed-by—chemistry—in—the

(FluxmasL-rr), computed from the MABL concentrations and the trajectory residence time in
the MABL, is 4240 + 1889 pmol m™ hr* for CHBrsbremeform, 2419 + 929 pmol m™ hrt for
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CH.Br,dibromermethane and 865 + 373 pmol m™? hr' for CHslmethyl-iedide. Calculations
with the ERA-Interim MABL height, which is on average 140 m higher than the one derived
from the radiosondesderived-one, leads to very-similar estimates (S-Table 11).

Since the wind is a driving factor for oceanic emissions and advection of VSLS, changes in
wind speed are assumed to affect atmospheric VSLS mixing ratios in the MABL during this
cruise. Significant correlations are found between wind speed and the observed mixing ratios
of all three VSLS in the MABL with correlation coefficients of R = 0.55 (CHBrsbremeferm),
R = 0.57 (CH2Br dibromemethane) and R = 0.56 (CHslmethyliedide), respectively. Mixing
ratios that originate from oceanic emissionsFhe-according-amount-of-mixingratios-that-origin
from-the—oceanic—emissiens (VMRopRr) correlate significantly to the wind speed with R =
0.52, R =0.72 and R = 0.62, respectively. On the opposite, VMRapgr, Which is calculated as
the residual from VMRgpg, is negatively correlated to the wind speed with R = -0.21, R = -
0.32 and R = -0.53. The correlations reveal that the contribution of oceanic emissions to
MABL VSLS increase for higher wind speeds, while the advective contribution decreases.

5.3. Oceanic contribution to the FT

5.3.1. Identification of VSLS MABL air and-theirecontained-VSLS-in the FT

With a simplified approach (method description in Section 2.4.32:4-3) we are able to estimate
the contribution of MABL air and regional marine sources observed on R/V SONNE to the
FT. Individual MABL air masses during the cruise show the strongest contribution to the FT
air within the lower 3 km of the atmosphere during the first 6 days after release (Figure
10Figure—10a-f). Once the MABL air is spread in the FT column, a decrease of the

contribution with time is contri

aYalla na NMARB rm ac 1N a a nain to Nve A a Nt tho Aon
O > = cl agd 0— cl i > >

driven-extension-of-the-airparcels—Fhe-temporal-decrease-due to the transport of trajectories
out of the predefined South China and Sulu Seas area and their chemical loss (Figure 8Figure

E)-visiblerrtethreedoys,
The average contribution of VSLS concentrations from-in the MABL air to the FT mixing

ratieconcentrations (cy4p.) 1S generally highest for CHBrs, with about 5 — 10 % above
between—2-3 km and—11-km—akitude-height within 10 days (coloured contours in Figure

10Figure-10a),afterrelease-is-with-1—28 %-highest for-bromeform followed by +—12 % for
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CH;Br,dibromomethane (2 — 5 % Figure 10Figure-10b) and only 0 — 5-3 % for the short-lived

I I ight—The chemical degradation of
CHgslmethyliedide, according to its short tropospheric lifetime of 4-3.5 days leads to a rapid
decrease of the contribution is—visible—already-2 days after release—when—is—contribution

a a) a) a 0/4\A allalA m m afla alalia 04 aYa\V/a m alal
c oY c cc—aHo OOV >

To identify the contribution of the oceanic emissions to the FT VSLS during the cruise, the
VMRopr 0f each compound is used as the initial mixing ratio in the MABL air mass. For
CHBr; and CH,Br, the local emissions contribute only up to 6% and 2% to the FT
concentrations (copr, Figure 10Figure—10d-e) compared to the 10 %, respectively 5 %, of

cuapL- 1N contrast, the contribution of the local oceanic emissions of CHsl (Figure 10Figure

10f) is almost similar to the contribution of the observed MABL concentrations (Figure

5.3.2. Accumulated VSLS in the free troposphere

By simulating a steady transport of MABL air masses into the FT, mean accumulated VSLS
mixing ratios in the FT along and during the cruise were computed (Figure 11Figure-11) as
described in 2.4.32.43. The simulated FT mixing ratios of CHBrsbremeferm and
CH,Br,dibromomethane from the observed MABL (VMRwmagL) decrease on average from
1.7 and 1.1 ppt at 0.5 km height to 0.6 and 0.6 ppt at 7 km height and increase again above 8
km up to 0.8 (CHBrsbremeferm) and 0.8 ppt (CH.Brydibrememethane). Simulated
CHglmethyl-todide shows a decrease from 0.20 ppt at 0.5 km to 0.05 ppt at 3 km. Above this
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altitude, the simulated mixing ratios of CHslmethylodide are guite-almost constant with 0.05
ppt.

To estimate the accumulated FT mixing ratios solely from oceanic emissions, the VMRopr is
used as the initial MABL mixing ratio (Figure 11Figure-11). The simulated FT mixing ratios
using either VMRwmasL Or VMRopr as input reveal a similar vertical pattern, since both
simulations are based on the same meteorology and trajectories. While FT mixing ratios
based on VMRwmagL and VMRopr are similar for CHzlmethyHedide (due to the large oceanic
contribution to the MABL mixing ratios), FT mixing ratios from VMRgpr are on average
~0.5 ppt lower for CHBrsbromeferm and ~0.6 ppt CH.Brydibromemethane than from
VMRwuasL. Comparing the simulated VMRuagL FT mixing ratios with the observed FT
mixing ratios from R/A FALCON reveals stronger vertical variations for the simulations in
contrast to the observations. CHBrsBromoform is overestimated in the VMRwuagL Simulation
between 0 and 4 km altitude, as well as between—9—km—andabove 12 km. Simulated
CH,Brdibromemethane in the FT based on VMRwuagL underestimates the observed mixing
ratios between 6 and 10 km height. In particular, the maximum between 7 and 9 km height is
not reflected in the simulations. However, observations of both bromocarbons are within 1c
of the FT simulations with MABL air. The CHslmethylHedide simulations show a distinct

underestimation of the observed FT mixing ratios. {a-Section-4-3-we-have-shewn-that-methyl

oglgde-mea an 1N ame m a a\VEIBIAY ONN '-=! A A O N 0=-.-- a
the-atreraft(Table-2)—Adjusting at-the R/A FALCON values by this-the identified offset to
R/V SONNE (Section 4.3 and Table 2) reveals a better agreement between observed and
simulated FT mixing ratios (Figure 11Figure-11).

5.3.3. Discussion

Oceanic emissions of CHBr3; from the South China Sea contribute on average 60 % to the FT
mixing ratios observed on the aircraft, while simulations based on the MABL mixing ratios
reflect the observations in the FT quite well. Thus, we assume that the observed MABL
mixing ratios of CHBr3 are representative for the South China and Sulu Seas. In case of
CHBr;, the underestimation of simulated FT mixing ratios between 6 and 10 km using
observed MABL mixing ratios may be due to higher background concentrations of CH,Br; in
the mid to upper troposphere given the long atmospheric lifetime of 150 days at these levels.
-On average, 45 % and 20 % of CHBr3and CH;Br, abundances, respectively, in the MABL
observed by the ship originate from local oceanic emissions along the ship track. Thus
advection from stronger source regions, possibly along the coast (for CHBr3) and from the
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West Pacific (CH2Br,), are necessary to explain the mixing ratios. Fhe-simulations-show-how

In contrast to CHBrsbremeferm and CH,Br,dibrememethane, the simulated mixing ratios of
CHslmethyliodide in the FT are strongly underestimated no matter whether observed MABL

mixing ratios or oceanic emissions are used. Bue-to-its-shert-tropespheric-tife-time-of 4-days

odide anidly-degraded-during-the transport-into-the —The offset between the

simulated and observed FT CHslmethyl-tedide could be caused by additional strong sources
of CHslmethylodide in the South China Sea area. Furthermore, modelling or measurement

uncertainties may add to this offset,-which-we-al-discuss-in-the-folowing:.

The simulations use constant atmospheric lifetimes for each compound and neglect variations
with altitude which could impact the simulated abundances. However, the altitude variations
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of the CHslmethyledide lifetime in the MABL and FT are around 0.5 days (Carpenter et al.,
2014) and thus impacts on the simulated abundances are quite small. Therefore it seems

unlikely that the lifetime estimate causes a large underestimation of the FT CHslmethyl

todide. Additional uncertainties may arise from cloud induced effects on photolysis rates (Tie
et al., 2003) and OH levels (e.g. Tie et al., 2003;Rex et al., 2014) impacting the VSLS

I |fet| mes. _e.-__-__;._‘___.-_-_u__=.=.__._-__,___.;.__e.-____-__.ge.-_-_.__ee.;._-___=.=_.-__=_ Ealuaia

tde—=Deficiencies in the meteorological input fields and
the FLEXPART model, in particular in the boundary layer and in the convection
parameterizations would affect all compounds and their contribution to the FT concentrations
in a similar way and thus seems to be unlikely as well. Ship and aircraft measurements
whil : : whi

arent_anplied bration—secales— (Section

revealed a possible instrumental offset for CHsl

4.34-3). When we adjust fer—a—constant-factor,—by-which-the observations for the offset of
CHglmethyl-todide in—theMABLdiffered-between R/V SONNE and R/A FALCON the

simulated and observed FT mixing ratios match better. Thus, an instrumental offset causing,
at least partially, the calculated discrepancy for CHslmethyliedide appears likely (Section
2.3.12.3:2).

Another explanation for the elevated CHslmethyl-todide in the FT is advection of fresh air
with elevated CHslmethyliedide mixing ratios in the FT from e.g. South East Asia or the
Philippines. These areas are known to comprise strong sources for atmospheric CHzlmmethyt
todide from e.g. rice plantations (Redeker et al., 2003;Lee-Taylor and Redeker, 2005). In
combination with convective activity over land, which is common in this area (Hendon and
Woodberry, 1993), the high observed FT mixing ratios of CHslmethyltodide could be
explained, despite the low oceanic contribution during the cruise. The low observed MABL
mixing ratios of CHslmethyedide on R/V SONNE may thus also not be representative for
the area. Yokouchi et al. (1997) observed higher atmospheric CHslmethyl-todide mixing
ratios in the South China Sea.

Finally, the method of our simplified approach includes uncertainties as well. Different
parameterizations for the transfer coefficient k,, such as Liss and Merlivat (1986), which is at
the lower end of reported parameterizations, and Wanninkhof and McGillis (1999), which is
at the higher end, are discussed in Lennartz et al. (2015). Both lead to a reduction of the
oceanic contribution to the atmospheric mixing ratios at the observed average moderate wind
speeds (~6 ms™) when applied to our data. Nonetheless, the general conclusion that local
oceanic sources of CHBr3; and CHsl significantly contribute to MABL mixing ratios remains

42



1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

for the cruise. In times of possible higher wind speeds (>10 ms™), which are likely for this
region, the flux variations between the different parameterizations as well as the oceanic
contribution to atmospheric abundances, would increase. Since observational studies
quantifying the oceanic contribution to atmospheric abundances of VSLS are quite rare, it is
difficult to evaluate our findings at the moment and more studies for different oceanic
regimes should be carried out to validate our results.

6. Summary

The contribution of oceanic VSLS emissions to marine atmospheric boundary layer (MABL)
and free troposphere (FT) air during the SHIVA campaign in November 2011 in the South
China and Sulu Seas was investigated in this study. Meteorological parameters were
measured near the ocean surface and in the troposphere by regular radiosonde launches on
R/V SONNE during the cruise. Oceanic VSLS emissions were determined from simultaneous
atmospheric observations and sea surface water concentrations. The transport from the
surface through the MABL into the FT was computed with the trajectory model FLEXPART.
The ship ergise—campaign was dominated by north-easterly winds with a characteristic

moderate mean wind speed of 5.5 ms™. The radiosonde launches revealed the—high

potentialenergy (CAPE) of 098 + 629 Jkg™ and—a convective, well-ventilated, weakly
developed MABL with an average height of 420 + 120 m during the cruise. 800,000 forward

trajectories, launched from the ocean surface along the cruise track, show a rapid exchange of

MABL air with the FT within 7.8 hrs.—Fhis-study-concentrates-on-the-three-very-short-Hved

N neea Nnromotrorm Alnromomarnanea NA—MmMarn aYallala AN N a\ NO\AN a) mn
o O CHO CHioT O o v c o wivsaw oY v J

tropoespheric—and-stratospheric—ozone. On-the—one—hand,;The observations on R/V SONNE
reveal high mean ocean surface concentrations and emissions for CHBrsbremoeform (19.94
pmol L™ and 1486 pmol m? hr'), CH,Br.dibremermethane (4.99 pmol L™ and 405 pmol m™
hr!) and CHslmethyl-iedide (3.82 pmol L™ and 433 pmol m™ hr) in comparison to other
oceanic source regions. Atmospheric mixing ratios in the MABL, on the other hand, are
relatively low ecempared—to—earlier—campaigns—with mean values of 2.08 ppt
CHBrsbromeform, 1.17 ppt CH,Br.dibrememethane, and 0.39 ppt CHslmethyltodide. The
contribution of the oceanic VSLS emissions to their MABL concentrations was evaluated by
simple source-loss estimationsestimates, resulting in an Oceanic Delivery Ratio (ODR). The
ODR for CHBrsbromeform is computed—to—be—0.45, revealing that up to 45 % of
CHBrsbromeform mixing ratios in the MABL above the marginal seas originated, on
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average, to—45%-from local oceanic sources—Fhe-OBR—for, while 74 % of CHsl and only

20 % of CH,Br,dibromemethane is-21%-and-74%for-of—methyl-odide 74%-originates from
the local ocean. This indicating—indicates that the long-lived CH,Br,dibremermethane is

largely advected in the MABL—whHe-the-shert-Hved-methylHedide. originatesmainhyfrom

thelocelocenn-

We extend our analysis to the FT using VSLS profiles-obtained-frem-observations en-from

R/A FALCON above the South China Sea. Fhe-average-contribution-of-A single MABL air

release te—contributes up to 28 % (CHBrsbromeferm), 12 % (CH,Br.dibrememethane) and
5% (CHgl)methyl—redmle to the FT mixing ratio (Sectlon 5.3.15:3:1)—is—up—to-—28%

. The mean contributions of the

local oceanic VSLS to the FT within this MABL air release are up to 13 %
(CHBrsbremeferm), 3 % (CH,Br.dibromemethane) and 4 % (CHslmethyHedide). In order to
estimate if the accumulated contributions from the single MABL air releases is-are sufficient
to explain the accumulated VSLS mixing ratios observed in the FT, we-simulate-a steady
transport of observed MABL air masses and oceanic emissions into the FT above the South
China Sea was simulated. The simulations for CHBrsbremeform based on the volume mixing
ratios in the MABL (VMRwagL) everestimated-reflect the ebservations—observed mixing
ratios in the FT, while the simulations based on the local oceanic emissions ef-bromeferm

from-the-Seuth-China-Sea-(VMRopr) explained about 60 %-ef-the-observed-FTmixing-ratio.
In the MABL, the local oceanic emissions along the cruise track ean-also explain half of the

CHBrsbromoferm-which-is-alse-teo-high-for-the-FT-observations. Thus, we conclude that the
observed mixing ratios of CHBrsbremeform in the MABL are influenced by stronger, leeal
possibly coastal sources, in the region-and-may—not-berepresentative—forthe-whele-Seuth
China Sea where we expect generally lower values.

CH,Br,Bibrememethane in the FT, simulated from observed MABL mixing ratios, shows a
good agreement between observations and simulations. However, slightly lower simulated
mixing ratios in the mid to upper troposphere compared to the observations indicate an

accumulation of CH,Br, at these levels due to its longer atmospheric lifetime compared to

CHBrg. oo loenbr vovee o e b bl mr pcens conda e o
dibromomethane-mixing—ratios—CH;lMethylHodide in the FT is strenghy-underestimated in
the simulations, using both the observed MABL mixing ratios and the oceanic emissions. Fhe
disagreement—peints—either—toEven addressing an unresolved offset between the ship and
aircraft data leads to an underestimation of CHsl in the FT, which points to an
i additional
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CHslmethyliedide sources, e.g. rice plantations in the region together with pronounced
convectionSouth East Asta that were not covered by the ship cruise.

Our investigations show how oceanic emissions of VSLS in a strong oceanic source region
contribute to the observed atmospheric mixing ratios in the MABL. Furthermore, the
contributions of these atmospheric mixing ratios, and the local oceanic VSLS, to the observed
VSLS in the FT above this source region are derived. The results reveal strong links between
oceanic emissions, atmospheric mixing ratios, MABL conditions and prevailing convective
activity in the troposphere. The methods should be applied to other oceanic regions to derive
a better process understanding of the contributions of air-sea gas exchange on atmospheric
abundances. For the detection of future climate change effects on ocean surface trace gas
emissions and their influence on atmospheric chemistry and composition it is important to
study the complex interplay between oceanic sources and emissions, meteorology,

atmospheric mixing ratios, and transport to the upper atmosphere.
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Supplement

Convective energy and precipitation

Intense solar insolation and high sea surface temperatures (SST) favour the South China and
Sulu Seas for high convective activity. To indicate atmospheric instabilities that can lead to

convective events the convective available potential energy ( CAPE ) (Margules,
1905:Moncrieff and Miller, 1976) is calculated. CAPE is defined as the cumulative buoyant

energy of an air parcel from the level of free convection (LFC), the level where the

environmental temperature decreases faster than the moist adiabatic lapse rate of a saturated

air parcel at the same level, and the equilibrium level (EL), the height at which the air parcel

has the same temperature as the environment. CAPE is computed after S-Eq. 1, with g as the

gravitational constant, T, ,, as the virtual temperature of an adiabatic ascending air parcel at

geometric height z, T,, . as the virtual temperature of the environment at z, z, »._as the height

of the level of free convection and zg; as the height of the equilibrium level. CAPE can range

from 0 to more than 3 kJ/kg for very intense thunderstorms (Thompson and Edwards, 2000).

ZEL
Ty —T,
CAPE = f g(%) dz (S-Eq. 1)
ZLFC ve

The mean CAPE computed from the radiosonde data is 998 + 630 Jkg™ and typically
elevated for tropical regions (S-Figure 11). Highest CAPE during the cruise was observed on
November 16, 2011 at 12 UTC in the southern South China Sea and exceeded 2.9 kJkg™,
revealing developing convection. ERA-Interim mean CAPE during the cruise was 825 + 488
Jkg™ and about 170 Jkg™ lower than observed by the radiosondes.

Precipitation measurements by the optical disdrometer ODM-470 are shown in S-Figure 1.
Besides a number of small rain events during the cruise, three major convective rain events
are evident on November 16, 21 and 24, 2011. The total amount of accumulated rain during
the cruise was 52.3 mm. The most intense rain rate of 16.3 mmh™ was observed on
November 16, 2011 in the southwest South China Sea. The relatively low total precipitation
during the cruise is reflected by negative precipitation anomalies in November 2011
compared to the long term climate mean along the northern coast of Borneo (Climate

Diagnostics Bulletin, November 2011, Climate Prediction Center).
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To investigate if the same air masses were observed on R/VV SONNE and on R/A FALCON a
perfluorocarbon tracer was released on R/VV SONNE on November 21, 2011, which was

indeed detected 25 hours later on R/A FALCON (Ren et al., 2014). With the trajectory

calculations it can be determined which fraction of the air masses investigated on R/V
SONNE could subsequently be investigated on R/A FALCON. Within a horizontal distance
of £ 20 km and a maximum vertical distance of + 1 km around the position of the aircraft, as
well as a time frame of £ 3 hrs of the VSLS air measurements on R/A FALCON, 15 % of all

=
0

launched 80 x 10,000 surface trajectories, marking the air masses on R/ SONNE, passed the

R/A FALCON flight track during the cruise. AHewing—a-timeframe up-to-10-days—tThe
amount of trajectories passing the flight track of R/A FALCON .increases to 77 + 29 %

between November 16 and December 11, 2011 within a time frame of up to 10 days. {a-the
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1466
1467 S-Figure 1:

1468 Figure-3-L eft scale: convective available potential energy (CAPE) from radiosondes on R/V
1469 SONNE (grey) and ERA-Interim (orange). Right scale: Rain rate (colored dots) during the
1470 cruise, observed by an optical disdrometer (ODM 470) on R/ SONNE. The two shaded
1471 areas (light grey) in the background show the 24 h stations.
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Appeneix

S-Table 1: As Table 3Fable-3 and Table 4Fable4 using ERA-Interim MABL height.

VMRA MABL-FT
oD COoL CL AD VMRopr | VMRcLR
. B . . ODR CLR ADR DR Flux
[%0d7] | [%d7] | [%d7] | [%d7] [ppt] [ppt] _
[ppt] [pmol m™ hr7]
87.0 -224.9 144.9 0.43 -0.03 0.60 0.88 -0.07 1.22 4251
,f + + 7.1 + + + + + + + +
I
o 124.5 70.7 143.1 0.56 0.01 0.55 1.18 0.04 1.20 1907
39.3 -224.9 186.7 0.20 -0.01 0.80 0.24 -0.01 0.93 2456
GE + + -1.2 + + + + + + + +
I
@) 40.3 70.7 83.2 0.21 0.00 0.21 0.26 0.00 0.27 921
135.2 -224.9 113.8 0.73 -0.12 0.39 0.28 -0.05 0.14 799
% + + -24.0 + + + + + + + +
O 195.0 70.7 220.8 1.06 0.05 1.04 0.39 0.02 0.37 356
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1686 | Figure 1-a-b: {(&-ERA-Interim mean wind field November 15 — 30, 2011 (arrows) and 10
1687  minute running mean of wind speed observed on R/VV SONNE as the cruise track. The black
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Figure 2 a-b: {b)-Time series of (a) wind speed (blue) and wind direction (echerorange)

ofand (b) air
surface air temperature (SAT, 10—minute—running—mean—orange) and water—sea surface
temperature (10-minuterunning-meanSST, blue)-temperature{ on the left scale,} as observed
on R/V SONNE. and-The temperature difference of airand-watertemperatureSAT and SST
(AT) is given on the (20-—minute—running—mean—right scale in (b)—For—the—temperature
difference—. A AT of 0 K is given by dashed line. The shaded areas (grey) in the background

show the 24 h stations. The data are averaged by a 10-minute running mean.
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1711 | Figure 3: (a) Relative humidity by radiosondes up to 17 km height, the mean cold point
1712 | tropopause level. The dashed lines and the two numbers above the figure indicate the two 24
1713 | h stations. (b) Virtual potential temperature gradient as indicator for atmospheric stability
1714  (red for stable, white for neutral and blue for unstable) with MABL height from radiosondes
1715 (black curve) and from ERA-Interim (blue curve). The y axis is non-linear. The lower 1 km is
1716  enlarged to display the stability around the MABL height. The vertical lines and the two

1717 | numbers above the figures indicate the two 24 h stations.
1718
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Figure 4 a-d: (a) Atmospheric mixing ratios of CHBrsbremeferm (SHBrs—blue),

dibromomethane{CH,Br,; (dark grey) and methyliedide{CHsl; (red) measured on R/V
SONNE. (b) Concentration ratio of CH,Br,dibrememethane and CHBrsbromoeferm on R/V

SONNE. (c) Water

concentrations of CHglmethyl—iodide, CHBrsbromeferm and

CH;Br,dibromomethane measured on R/V SONNE. (d) Emissiens-Calculated emissions of
methyl-odide,-CHBrsbromeform, CH,Br.dibromomethane and CHsl from atmospheric and
water samples measured on R/V SONNE. The two shaded areas (light grey) in the

background show the 24 h stations. Y-axis for (c) and (d) are non-linear.
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Table 1: Mean + standard deviation and range<f-}} of atmospheric mixing ratios observed on
R/V SONNE (195 data points) and R/A FALCON (GhOST-MS with 513 and WASP GC/MS
with 202 data points) in the MABL and the FT, water concentrations observed by-on R/V
SONNE and the computed the-sea — air fluxes. MABL and FT mixing ratios forbremeform
and-dibromomethane-on R/A FALCON are adopted from Sala et al. (2014) and Tegtmeier et
al. (2013). The R/A FALCON MABL height was set-analysed to be 450 m (Sala et al., 2014).

oo
CHBr;Bremefor | CH,Br,Dibreme CH3slMethy
m methane todide
2.08 +1.36 1.17 £0.19 0.39 +0.09
R/V SONNE
[0.79 - 5.07] [0.71 - 1.98] [0.19-0.78]
g 1.43+0.53 1.19+0.21 0.59 +0.30
= MABL
8 = [0.42 - 3.42] [0.58 —1.89] [0.29 - 3.23]
= e 0.56 +0.17 0.87 +0.12 0.26 +0.11
2 gl0 FT
x| O [0.16 — 2.15] [0.56 — 1.54] [0.08 —0.80]
el 4
| 1.90+0.55 1.15+0.14
A MABL /
|3 |a [0.99 - 3.78] [0.85—1.59]
g 7))
< < 1.17 £ 0.50 0.88+0.14
= FT /
[0.43-3.22] [0.46 — 1.36]
Water concentrations 19.94 +17.90 499 +2.59 3.82+2.43
[pmol L™ [2.80 — 136.91] [2.43 - 21.82] [0.55 — 18.84]
Sea — air flux 1486 + 1718 405 + 349 433 + 482
[pmol m? h] [-8 — 13149] [16 - 2210] [13 - 2980]
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Figure 5: Vertical distribution CHBrsbromeform (EHBrs—blue), dibromemethane{(CH,Br;
(grey) and methyl-iedide{CHgl (red) mixing ratios measured in-situ by GhOST (diamonds)
and with flasks by WASP (circles) on R/A FALCON. CH;lMethylodide was only measured
in-situ by GhOST. The lower 2 km are non-linear displayed.
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1744 | Figure 6: Correlation of bromoform and CH,Br dibrememethane (upper left), bromoform
1745 | and CHglmethyliedide (upper right), and CH,Br.dibromemethane and CHsl methyl-iodide
1746 (lower left) from GhOST and WASP for all heights (ALL) and only within the MABL
1747 (MABL) and from R/V SONNE.
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Table 2: Mean atmospheric mixing ratios of CHBrsbremetferm, CH,Br,dibremomethane and
CHjslmethyledide observed on R/V SONNE and R/A FALCON during two case studies on
19.11.2011 at 3.2° N and 112.5° E and on 21.11.2011 at 4.6° N and 113.0° E. During the two
meetings two (one) measurements have been taken by R/VV SONNE, 20 (5) measurements on
R/A FALCON by GhOST and 17 (21) by WASP.

CHBr;Bromeform | CH,Br,Bibromemethane | CHslMethyl
[ppt] [ppt] todide [ppt]
RIV
~ 1.37 0.99 0.29
S SONNE
(9\]
) R/A
S | FALCON:
£ 1.02/1.37 0.94/1.03 0.45/ -
s GhOST /
< WASP
RIV
= 2.05 1.08 0.28
S SONNE
N
< R/A
S FALCON:
£ 1.63/2.00 1.31/1.08 0.82/-
S GhOST /
= WASP
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1755

1756  Figure 7: Forward trajectory runs along the cruise track with FLEXPART using ERA-Interim
1757  data. The black contour lines show the mean amount of trajectories (in %) reaching this
1758  height within the specific time (colour shading). The white line indicates the radiosonde

1759  MABL height.
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1762 | Figure 8: Horizontal distribution, altitude and amount of trajectories with-over time during
1763 the cruise. The red box represents the South China and Sulu Seas area. The lower right plot

1764  shows the amount of trajectories that remain in the box with time from all trajectory releases.
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1766  Table 3: Mean % standard deviation of Oceanic Delivery (OD), COnvective Loss (COL),
1767  Chemical Loss (CL), Advective Delivery (AD), Oceanic Delivery Ratio (ODR), Chemical
1768 | Loss Ratio (CLR), and Advective Delivery Ratio (ADR) for bremeferm—(CHBr3),
1769 | dibrememethane{CH,Bry) and methyltodide{CHgl).
oD COL CL AD
T T ODR | CLR | ADR
116.4 | -307.6 198.2 | 0.45 | -0.03 | 0.58
c%) + t -7.1 + + + +
5 163.6 | 124.3 199.7 | 055 | 0.01 | 0.55
542 | -307.6 254.6 | 0.20 | -0.00 | 0.80
n%: + + -1.2 + + + +
5 66.7 124.3 1319 | 0.21 | 0.00 | 0.21
166.5 | -307.6 165.2 | 0.74 | -0.09 | 0.35
= + + -24.0 + + + +
© 185.8 | 124.3 2423 | 1.05 | 0.04 | 1.02
1770
1771
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Figure 9: Budgets of the Oceanic Delivery Ratio (ODR, blue), Chemical Loss Ratio (CLR,
red) and Advective Delivery Ratio (ADR, green) of CHBr3;, CH,Br, and CHsl. Fime-series-of
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1780  Table 4: Mean + standard deviation of observed Volume Mixing Ratios in the MABL on R/V
1781 SONNE (VMRwmagL) versus the amount of VMR originating from oceanic emissions
1782 (VMRopr), chemically degraded according to the specific lifetime (VMRc_r), originating
1783 from advection (VMRapr) and the Flux from the MABL into the FT (FluxumagL-rr) for

1784 ‘ bremeform-(CHBIr3), dibromomethane{CH,Br,) and methylodide{CHjsl).

VMRwmagL | VMRopr | VMRcir | VMRapr | FluxXmase-er
[ppt] [ppt] [ppt] [opt] | [pmol m? hr']
‘ 2.08 0.89 -0.06 1.18 4240
£ T + T + +
I
) 1.36 1.12 0.04 1.20 1889
1.17 0.25 -0.01 0.92 2419
) + + + + +
T
@) 0.19 0.26 0.00 0.27 929
0.39 0.28 -0.04 0.13 865
o + + + + +
= + + + + +
© 0.09 0.40 0.02 0.37 373
1785
1786
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Table 5: Correlation coefficients between wind speed and VSLS MABL mixing ratios
(VMRwmagL), the Oceanic Delivery (OD), the COnvective Loss to the FT (COL), the
Advective Delivery (AD), computed as the residual of OD, and the mixing ratios originating
from the OD (VMRopr) and from the AD (VMRapr). Bold numbers are significant at the 95

% (p-value).

Wind speed CHBr3;Bromoform | CH,Br,Bibromemethane | CHslMethylodide
VMRMmagL 0.55 0.57 0.56
oD 0.31 0.48 0.52
COL -0.33
AD -0.46 0.56 -0.57
VMRopr 0.52 0.72 0.62
VMRAaDR -0.17 -0.31 -0.49
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Figure 10: Mean MABL air contribution (¢pperplotsa — c) and oceanic contribution (fewer
plotsd — f) to observed FT mixing ratios observed by R/A FALCON for three VSLS. The
black contour lines show the mean portion of MABL air masses in the FT [%], the colours
show the oceanic contribution to the observed compounds in the FT at specific height and
day after release [%] including chemical degradation, the loss out of the South China Sea area
with time and the vertical density driven extension of MABL air masses. The scale of the

coloured contour is logarithmic.
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Figure 11: Mean FT mixing ratios (solid lines) and 1 standard deviation (shaded areas) from
in-situ and flask observations ebserved-on by-R/A FALCON (Obsv., black) versus simulated
mean FT mixing ratios from MABL air (MABL, red) and oceanic emissions (Ocean, blue)
observed by R/V SONNE. R/A FALCON in-situ observations have been adjusted for
CHgslmethyltedide (Obsv.*, dashed black) according to measurements deviations during the
meetings of R/V SONNE and R/A FALCON (eempare-Table 2Fable-2; Section 4.34-3).
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