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Responses to Referee #1
We thank Referee #1 for the helpful comments. Please find our responses below.
Major issues
1. I find it confusing that the manuscript switches between cloud droplets and aerosol
particles. It looks like measurements of aerosols are compared to model results of
cloud chemistry. Is this the case? If yes, please explain why this approach can be
valid.
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Response: This is not the case. Sulfate aerosol in the environment is produced via
gas-phase and aqueous-phase chemistry, the latter occurring primarily in clouds. The
model is used to distinguish between the different sulfate aerosol production mechanisms (gas, aqueous, heterogeneous) in order to interpret the observations of sulfate
isotopes. We have incorporated the following changes to the manuscript to help make
this more clear.
Changes to the manuscript: Add “The model calculates ∆17 O of bulk sulfate in the
model grid box (∆17 Omod (nssSO42− )) based on the relative importance of each sulfate
production mechanism for total sulfate abundance. This is then compared to the ∆17 O
measurement of bulk sulfate collected on aerosol filters (∆17 Oobs (nssSO42− )) to investigate sulfate formation mechanisms in the MBL (Sect. 4.2).” to Line 180, in Section
3.
2. In Table 1, you cite Fogelman et al. (1989) and Troy and Margerum (1991) as
references for ∆17 O = 0 for the reactions S(IV) + HOX. However, I do not see any
isotope chemistry in these papers. How do you derive this zero value? How would
your results change if ∆17 O is non-zero for S(IV) + HOX?
Response: The Eqs. (2-3) in Fogelman et al. (1989) and Eqs. (5-6) in Troy and
Margerum (1991) show that reactions between HOX and SO32− occur via nucleophilic
attack of SO32− onto the X atom of HOX (X = Br or Cl), followed by rapid hydrolysis
of XSO3− . This is shown in Eqs. (1-2) in our paper. The mechanism can be used to
determine the resulting ∆17 O value of sulfate. We can see that the three oxygen atoms
of XSO3− are from SO32− , which will have a ∆17 O value of 0 ‰ via isotopic exchange
of S(IV) with water. Hydrolysis adds one oxygen atom from H2 O to XSO3− to form
SO42− . Since all four oxygen atoms of sulfate are derived from water, the resulting
∆17 O value of sulfate will be the same as water, which is 0 ‰ . As long as SO32− does
not get an oxygen atom directly from HOX to form SO42− , the ∆17 O of SO42− formed
via reaction “SO32− + HOX” will be 0 ‰ . Liu (2000) suggests the reaction of HOBr with
HSO3− follows a similar pathway as with SO32− , i.e. nucleophilic attack of SO32− onto
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the Br atom of HOBr, followed by rapid hydrolysis of BrSO3− . Thus, the ∆17 O of SO42−
formed via reaction “HSO3− + HOBr” will also be 0 ‰ . There is no laboratory study
on the reaction “HSO3− + HOCl”, but it is reasonable to assume the same reaction
mechanism as for these other pathways leading to ∆17 O = 0 ‰ .
For ∆17 OHOX (SO42− ) to be non-zero, the mechanism for sulfate formation via HOX
oxidation would need to follow direct transfer of the oxygen atom of HOX to S(IV).
This would lead to ∆17 OHOX (SO42− ) values similar to that from O3 oxidation, and thus
HOX oxidation would not resolve the model-measurement discrepancy. However, the
above-mentioned laboratory studies all suggest that this is not the case.
We have made the following changes to the manuscript to make it more clear how we
determine ∆17 OHOX (SO42− ):
Changes to the manuscript: At Line 104, change “Since HOX promotes sulfate formation by adding one oxygen atom from H2 O to sulfate instead of transferring its own
oxygen atom (Fogelman et al., 1989; Troy and Margerum, 1991; Yiin and Margerum,
1988), the ∆17 O of sulfate produced from HOX oxidation is expected to be 0 ‰ .” to
“Since HOX promotes sulfate formation via “SO32− +HOX” reactions by adding one oxygen atom from H2 O to sulfate instead of transferring its own oxygen atom (Fogelman
et al., 1989; Troy and Margerum, 1991; Yiin and Margerum, 1988), the ∆17 O of sulfate
produced from “SO32− +HOX” reactions is expected to have the same ∆17 O as water (0
‰ ) (Gonfiantini et al., 1993). Liu (2000) suggests the reaction of HOBr with HSO3−
follows a similar pathway as with SO32− (Eqs. 1-2), resulting in ∆17 O of 0 ‰ for sulfate
produced via this reaction. We assume that the reaction of HOCl with HSO3− follows a
similar pathway as the reaction of HOBr with HSO3− (Eqs. 3-4) and produces sulfate
with ∆17 O of 0 ‰ . Based on these mechanistic studies, the ∆17 O of sulfate produced
from HOX oxidation is expected to be 0 ‰ .”.
3. You conclude that a fraction of 33 to 50 % of the sulfate can be produced by about 0.1
pmol/mol HOX. Vogt et al. (1996), however, needed 100 times more HOX (10 pmol/mol)
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to achieve a similar fraction (60 %). Why is there such a big difference between these
two studies? Can the difference be explained by different rate coefficients that were
used? Were different reactions included in these studies? If not, what else could it be?
Response: The rate constants used in our calculations are kHOX+SO2− =
3
2.9×109 M −1 s−1 and kHOX+HSO− = 2.0×109 M −1 s−1 . In comparison, the rate con3
stants used in Vogt et al. (1996) are kHOCl+SO2− = kHOCl+HSO− = 7.6×108 M −1 s−1
3
3
and kHOBr+SO2− = kHOBr+HSO− = 5.0×109 M −1 s−1 . Thus, we have used higher
3
3
rate constants for “S(IV)+HOCl” and lower rate constants for “S(IV)+HOBr”. Given the
similarity in the overall rate constants, the HOX concentration difference in Vogt et al.
(1996) and our study is unlikely to be explained by the difference in rate constants.
The difference of calculated HOX concentration between our study and Vogt et al.
(1996) is caused by several reasons described below:
(1) We use a higher Henry’s law constant for HOX (HHOX = 975 M atm−1 ), which will
require a lower gas-phase HOX concentration to produce the same amount of sulfate.
In Vogt et al. (1996), the Henry’s law constant for HOCl (HHOCl ) and HOBr (HHOBr ) is
660 M atm−1 and 93 M atm−1 , respectively. The updated Henry’s law constants used
in our study requires about an order of magnitude lower concentrations of gas-phase
HOX.
(2) The averaged H2 O2 and O3 concentrations ([H2 O2 ]=0.6 ppt, [O3 ]=18 ppb]) in our
studies are lower. In Vogt et al. (1996), [H2 O2 ] and [O3 ] are 0.8 ppt and 40 ppb,
respectively. Thus, compared to our study, they need higher HOX concentrations to
compete with H2 O2 and O3 to produce sulfate.
(3) The HOX concentration of 0.1 ppt in our study is calculated by assuming equilibrium
between gaseous and aqueous phase of HOX. The calculation of HOX in Vogt et al.
(1996) considers all mass transfer limitations. It is possible that aqueous-phase HOX
concentrations are lower than their equilibrium concentrations due to fast chemical
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removal in the aqueous-phase. In Vogt et al. (1996), HOBr is removed by both Cl−
and S(IV) in the aqueous phase. If Cl− concentrations are high enough, it will compete
with “S(IV) + HOBr” for loss of HOBr. Von Glasow et al. (2002) has shown that HOBr
becomes more important than HOCl in terms of S(IV) oxidation in clouds where LWC
is high and Cl− is diluted.
(4) The HOX concentration of 0.1 ppt calculated in our study is a 24-hour-mean concentration. The HOX concentration in Vogt et al. (1996) is about 10 ppt during the day,
but is 2 orders of magnitude lower at night. Thus, the daily mean HOX concentration
is on the order of several ppt in Vogt et al. (1996), rather than 10 ppt stated in the
comment above.
We have added the following discussion to the manuscript:
Changes to the manuscript: Add one paragraph to Line 355: “Uncertainties in our
calculated [HOX]g can originate from (1) uncertainties in the rate constant for reaction
between HOX and HSO3− (kHOX+HSO− ), (2) uncertainties in the Henry’s law constant
3
for HOX (HHOX ) and (3) the efficiency of reactive uptake of gas-phase HOX onto cloud
droplets that is not accounted for in our assumption of equilibrium of HOX between the
gas and aqueous phase.
In comparison, a box-modeling study by Vogt et al. (1996) estimated that daytimeaveraged [HOX]g on the order of 10 ppt is needed to achieve a similar fraction (≈ 60%)
of sulfate formed via HOX oxidation. The difference in [HOX]g between our study and
Vogt et al. (1996) is caused by several factors. First, HHOBr in our calculations is
an order of magnitude larger than that in Vogt et al. (1996), so that our calculations
require an order of magnitude lower [HOBr]g to produce the same aqueous-phase
concentration. Second, H2 O2 and O3 mixing ratios in our calculations (Eq. 9) are
lower than those in Vogt et al. (1996) (0.6 ppt vs. 0.8 ppt for [H2 O2 ] and 18 ppt vs.
40 ppt for [O3 ]), so that higher [HOBr]g is needed in Vogt et al. (1996) to compete
with S(IV) oxidation by H2 O2 and O3 . Third, in our simple calculation we assume
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equilibrium of HOX between the gas- and aqueous-phase while Vogt et al. (1996)
considers all mass transfer limitations. Higher [HOX]g will be calculated if diffusion
and subsequent mass accommodation of gas-phase HOX onto the cloud droplets is
not fast enough to compensate for the loss of HOX from aqueous-phase chemistry.
Fourth, [HOX]g on the order of 0.1 ppt calculated in our study is a daily-averaged
concentration while [HOX]g on the order of 10 ppt in Vogt et al. (1996) is a daytimeaveraged concentration, and hence are not directly comparable. Vogt et al. (1996) has
shown that nighttime-averaged [HOX]g is about two orders of magnitude lower than
daytime-averaged [HOX]g .”
Delete “In comparison,” at Line 356.
Specific Comments
1. Abstract: I think it should be mentioned here that uncertainties in reactive halogen
concentrations are probably the main reason why halogen chemistry is excluded in
large scale models (apart from uncertainties in the reaction rates).
Response: Thanks for the comment. We agree that the largest uncertainty in reaction
rates is due to the uncertainty in the concentrations of HOX. We have included the
following sentence in our abstract.
Changes to the manuscript: Change “a production mechanism typically excluded in
large scale models due to uncertainties in the reaction rates” to “a production mechanism typically excluded in large scale models due to uncertainties in the reaction rates,
which are due mainly to uncertainties in reactive halogen concentrations” at Line 23.
2. page 5, line 131: Here you list several ions which were measured. Unfortunately,
the list does not include bromide. Since the reaction HOBr + S(IV) produces bromide, it
would be very interesting to know bromide aerosol concentrations. Would it be possible
to analyze the samples for bromide?
Response: We have measured Br− concentration ([Br− ]) (unit: ug/m3 ) for the XueC6

Long cruise samples but not for the Malaspina cruise samples. Fig. 1 shows the relationship between our observations of ∆17 O(nssSO42− ) and Br− concentrations, and
the relationship between our calculated [HOX]g concentrations and observed Br−
concentrations. There is no apparent relationship between ∆17 O(nssSO42− ) and [Br− ]
or between [HOX]g and [Br− ]. One would not necessarily expect a relationship between [Br− ] and [HOX]g because the production of reactive halogens is dependent
on additional factors other than Br− , as discussed below.
We have investigated this relationship further using model results from Schmidt et
al. (2016). Fig. 2 shows the global distribution of 1st-model-level (<100m) HOBr
abundance and Br− abundance in January 2007 from GEOS-Chem model results in
Schmidt et al. (2016). A scatter plot showing the relationship between HOBr and Br−
is shown in Fig. 3. A significant correlation between HOBr and Br− in the model is not
found. This is because the amount of HOBr produced from Br− and thus the amount of
sulfate produced from HOBr depends on other factors in addition to Br− concentration.
These factors include (1) the acidity of aerosols because regeneration of HOBr is acid
catalyzed (Fickert et al., 1999), (2) the amount of ultraviolet radiation that photolyzes
HOBr, (3) the concentrations of HO2 and O3 that produce HOBr (Eq. 1) and (4) the
concentrations of species such as Cl− and Br− that act as a sink for HOBr. Thus,
[Br− ] alone is not a good proxy for the “HOBr + S(IV)” reaction.
2HO2 + H + + 2O3 + Br− + hν → HOBr + 4O2 + H2 O (1)

Changes to the manuscript: Add “Bromide aerosol concentrations ([Br− ]) were also
measured for the Xue-Long samples (Supplementary data). There is no relationship
between observed Br− concentration and ∆17 O(nssSO42− ) nor our calculated [HOX]g
(not shown) because factors such as aerosol pH, sunlight and oxidants play an important role in the acid-catalyzed formation of reactive halogens and removal of HOBr
(Fickert et al., 1999; Schmidt et al., 2016), Similarly, there is no relationship between
[Br− ] and HOBr mixing ratios in the global modeling study by Schmidt et al. (2016)
(not shown). Thus, [Br− ] alone is not a good proxy for the “HOBr + S(IV)” reaction.” to
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Line 135 in Sect. 2.
We have also added the observed [Br− ] to the Supplementary data.
3. page 6, line 173: Metal-catalyzed oxidation of S(IV) is mentioned here. Could you
add the information which metals (Fe?, Mn?) are included in the model and how the
model calculates their concentrations? I think this information is necessary to understand why this pathway contributes less than 1 % to S(IV) oxidation in the model.
Response: Our model includes Fe and Mn for S(IV) oxidation. We have added this information to the manuscript accordingly, which is presented in more detail in Alexander
et al. (2009). The reason why metal-catalyzed oxidation pathway is not important in our
samples is that our samples are collected in the remote marine boundary layer where
trace metals concentrations are low due to the distance from both anthropogenic (coal
combustion) and natural (dust) sources of these metals.
Changes to the manuscript: Add “The parameterization of the metal-catalyzed S(IV)
oxidation pathway is described in detail in Alexander et al. (2009). The trace metals
included are Fe and Mn, whose oxidation states Fe(III) and Mn(II) catalyze S(IV) oxidation. Soil-derived Fe ([F e]soil ) is scaled to modeled dust concentration as 3.5 % of
total dust mass while soil-derived Mn ([M n]soil ) is a factor of 50 lower than [F e]soil . Anthropogenic Mn ([M n]anthro ) is scaled as 1/300 of primary sulfate concentration while
anthropogenic Fe ([F e]anther ) is 10 times that of [M n]anther . We assume that 50 % of
Mn is dissolved in cloud water as Mn(II) oxidation state. For Fe, we assume that 10 %
of [F e]anther and 1 % of [F e]soil is dissolved in cloud water. 10 % of the dissolved Fe is
in Fe(III) oxidation state during daytime and 90 % at night.” to Line 173.
Technical Comments
1. The physical properties “mixing ratio” and “concentration” are used as if they
were identical. This is not the case! (for details, see http://www.rolf-sander.net/
res/vol1kg.pdf) Please check all occurences of the word “concentration” in the main
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text and check if it should read “mixing ratio” instead.
Response: Thanks for pointing this out. We have updated our manuscript accordingly.
Changes to the manuscript: Change “concentration” into “mixing ratio” at Lines 24,
82-89, 338, 351, 354-369, 379, 391-395 and 447-448.
2. page 13, line 366: If Le Breton et al. is still in review, it should be called (2016) not
(2015).
Response: Thanks for pointing this out. We have updated our manuscript accordingly.
Changes to the manuscript: Change “2015” into “2016” at Lines 88-89, 366 and 563.
3. page 16, line 439: The unit “permil” is missing for ∆17 O.
Response: Thanks for pointing this out. We have updated our manuscript accordingly.
Changes to the manuscript: Add “ ‰ ” to ∆17 O at Line 439.
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Fig. 1. The ∆17O(nss-sulfate), [HOX]g and [Br-] for each sample from the Xue-Long cruise.
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Fig. 2. Global distribution of 1st-model-level (<100m) HOBr abundance and Br- abundance in
January 2007 from GEOS-Chem model outputs in Schmidt et al. (2016).
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Fig. 3. The relationship between HOBr and Br- in Fig. 2.
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