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Author's Response to Reviewers

We thank the reviewers for their considered and thoughtful comments on our manuscript.
Please find our response to their comments below.

Reviewer 1

This is an interesting new contribution aiming at exploring the ocean-surface mediated
conversion of NO2 to HONO in the coastal marine boundary layer at two contrasting
coastal locations, namely at Cape Verde (Atlantic Ocean), representative of the clean
remote tropical marine boundary layer, and Weybourne (United Kingdom), representative
of semi-polluted Northern European coastal waters. By monitoring, among others, NO2
and HONO, it is shown that the HONO production at these two sites differs significantly
from previous reports (a factor of 5 lower). As stated by these authors, these results point
to significant geographical variation in the predominant HONO formation mechanisms in
marine environments and indicate that caution is required when extrapolating the
importance of such mechanisms from individual study locations to assess regional and/or
global impacts on oxidizing capacity.

I enjoyed reading this manuscript which is well written and illustrated.

Obviously, the approach used here to detangle whether the NO2 conversion is a source of
oceanic HONO is very (or too?) simple, as illustrated by equations 1 and 2. Maybe the
reader should be made more aware that this approached oversimplifies the chemistry
potentially involved. NO2 reacts quite slowly with water, at a rate dependent on the actual
NO2 concentration. Therefore, the first order assumption used to derive equations 1 and 2
may not hold everywhere (even if it unlikely that the second order term may dominate).

Response:

As per R5, the overall stoichiometry of the reaction(s) of NO, with water points to a
second order reaction with respect to NO,, even if water is in excess (as two NO,
molecules are consumed). However, there could also be a first order component for HONO
production if NO, is oxidizing hydrocarbons at the surface of the SML (R6). Numerous
laboratory studies have indicated that the kinetics of R5 are primarily dependent on the
NO, concentration, but also on the surface properties (Finlayson-Pitts et al., 2003;



Spataro and Ianniello, 2014). The actual mechanism of R5 is not fully understood yet, but
is thought to involve the formation of NO, dimer, N,O,, that reacts with water to form
HONO and HNO; (Finlayson-Pitts et al., 2003).

We note that Eqn 1 was taken from the literature and was derived empirically using field
measurements (Zha et al., 2014). We agree that Eqns 1 and 2 are a simplification of the
chemistry likely occurring on the ocean surface, as it neglects the role of surface
properties, hence our interest in comparing predicted HONO levels from these equations
to our field datasets at CVAO and WAO. To clarify this, we have added the following text in
Section 3.3.1 when Egn 1 is first described:

"As per R5, the overall reaction between NO, and water is not first order, however there
could be a first order component for HONO production via R6. Hence the empirically
derived Eqn 1 is a significant simplification of the chemistry involved as it neglects the role
of surface properties but one that reflects the importance of NO, concentrations on the
reaction kinetics (Finlayson-Pitts et al., 2003, Spataro and Ianniello, 2014).”

Trusting reported values, in this study but also previous ones, it is surprising that the
HONO production rates vary to such an extent, and I do regret that section 4 does not
discuss more the potential reasons.

The potential role of the SML is briefly discussed when reporting the date from Yu et al
(2021), who observed little uptake of NO2 on bulk sea water under dark conditions (y =
1.6 x10-8). Indeed, bulk and surface water could exhibit different compositions. Could the
chemistry unraveled by the group of Markus Amman (i.e., charge exchange reactions from
dissociated phenols to NO2, chemistry occurring at higher pH) be this source of HONO?
This could in organic enriched SMLs, which will depend on location and season. And in
fact, the fact the seasonality (and therefore the presence or absence of the SML) be one
reason of the observed discrepancies between the different studies? Maybe the authors
could compare SML maps for the different location and time and sampling to see whether
or not such a correlation exists?

Response:

We agree that as the SML in enriched with organics this could facilitate the conversion of
NO, to HONO via reaction R6, and possibly via charge exchange reactions from dissociated
phenols to NO, as suggested by the reviewer. However, without information on the
composition of the SML at each location during the measurements it is difficult to
comment further, as the SML will vary in response to changes in local near-term biological
activity, wind speed and solar radiation (see e.g. (Sabbaghzadeh et al., 2017; Stolle et al.,
2020; Wurl et al., 2011).

The geographical/spatial variability in SML composition is not well known (Engel et al.,
2017). Modelling work by Wurl et al (2011) suggests that on a global scale the Pacific and
Atlantic Oceans between 30° N and 30° S may be more significantly covered with SML
than north of 30° N and south of 30° S. Based on this, if HONO production was dependent
on the SML, we would expect different Cyono rates to occur at WAO (52.95°N) compared
to CVAO (16.864°N) - yet this was not what we observed. The observed similarity in Cyono
rates at WAO and CVAO are more in agreement with the findings of Sabbaghzadeh et al.
(2017), who observed Atlantic Ocean SML was more uniform and ubiquitous between
50°N and 50°S. Overall, due to the current lack of knowledge on the geographic variability
and chemical composition of the SML, it is difficult to explore if discrepancies between the
current work and the literature are related to changes in SML.



To clarify the effect of the SML we have added the following text in Section 4.0, line 348:

“Variability in the observed HONO/NOZ2 behaviour overnight may reflect geographical
differences in the organic composition of the SML, which will vary in response to changes
in local near-term biological activity, underlying surface water composition, anthropogenic
inputs, wind speed and solar radiation (see e.g. (Sabbaghzadeh et al., 2017, Stolle et al.,
2020; Wurl et al., 2011; Wurl and Obbard, 2004). The geographical/spatial variability in
SML composition is not well known (Engel et al., 2017). Modelling work by Wurl et al
(2011) suggests that on a global scale the Pacific and Atlantic Oceans between 30° N and
30° S may be more significantly covered with SML than north of 30° N and south of 30°
S. Based on this, if HONO production was dependent on the SML, we would expect
different Cyono rates to occur at WAO (52.95°N) compared to CVAO (16.864°N) - yet this
was not what we observed. The observed similarity in Cyono rates at WAO and CVAO are
more in agreement with the findings of Sabbaghzadeh et al. (2017), who observed
Atlantic Ocean SML was more uniform and ubiquitous between 50°N and 50°S. Overall,
due to the current lack of knowledge on the geographic variability and chemical
composition of the SML, it is difficult to explore if discrepancies between the current work
and the literature are related to changes in SML. Further work is required to verify
whether the SML does or does not facilitate conversion of NO2 to HONO and hence
parameterise the variability in the potential night-time NO2-HONO conversion rate on the
ocean surface.”

Reviewer 2

This manuscript uses two high-quality observational datasets of HONO, NO and NO2 from
atmospheric observatories at Cape Verde and Weybourne to test whether the high rates of
conversion of NO2 to HONO in the marine boundary layer reported in other studies are
seen at these locations. The results are important and interesting — both during the night
and the day, the inferred rates constants for NO2 to HONO conversion at both sites are
much smaller than recent reports. The paper is well-written, and should be considered for
publication in ACP but could be strengthened by addressing the following comments:

= The authors provide information about the limits of detection of the instruments, but
they don’t address how observations that are below these limits are included in the
analysis. For the Cape Verde site, it seems like there are often low HONO and NOx
values and it would be interesting to know how these are treated in the analysis, and
what impact their inclusion or exclusion may have on the results.

Response:

Data below the detection limit (DL) for HONO or NO, were not excluded from any analysis,
including calculating the mean diurnal trends, to avoid artificially biasing the means high.
At CVAO the DL (20) for HONO and NO, were 0.2 and 8.4 ppt, respectively. For our
calculation of rate of conversion of NO, to HONO (Cpono) We used the mean diurnal
abundance of NO, (Section 3.3.1, 35 ppt at night), which is well above the NO,
instrument’s DL, indicating the majority of the data was above DL.

To clarify this point, information on the DL of NO, measurements at CVAO has been added
to section 2.2.1:

“The instrument detection limit (2o) for NO, measurements was 8.4 ppt (Andersen et al.,
2020).”

= The constraints on NO2 to HONO conversion during the day are complicated by the
existence of another path of formation (OH + NO). The authors mention briefly that no
other paths were included in the calculation, but is there any estimate of how fast the



gas phase production mechanism could be?
Response:

We can estimate the rate of formation of HONO via OH + NO using reported
concentrations of OH from the literature at both sites. Reported noontime levels of OH at
CVAO and WAO are 9x10° (Whalley et al., 2010) and 3x10° molecules cm™ (Woodward-
Massey et al., 2020). Using these OH values, a (second order) OH + NO rate constant of k
= 9.7x107!? molecule™ cm® s™!, and mean NO levels at noon (6 and 500 ppt for CVAO and
WAOQ, Fig 3), we can estimate the rate of HONO production via OH + NO at noon. We
calculated a rate of 2 and 52 ppt hr'l, or 1.3x10* and 3.6x10° molecules cm™ s, for
CVAO and WAO respectively. We note that OH levels typically peak at noon and, because
this calculation does not consider any sinks (e.g. photolysis), this represents the upper
limit to HONO formation from OH + NO.

These values may be compared with the total HONO production rate, which can be
estimated from the measured HONO concentration and measured j(HONQO) values. This
approach assumes steady state for HONO, where photolysis is HONO’s only sink, and thus
total HONO production Prot nono= Jhono X [HONO]. The corresponding Pror nono Values are
1.2x10° and 2.2x10” molecules cm™ s for CVAO and WAO respectively. Comparing these
totals with the HONO source from the OH + NO reaction, the latter can be seen to account
for 11% and 2% (respectively) of the total HONO production at midday, i.e. not negligible,
but not such a dominant fraction of the total HONO production that this paper’s
conclusions re other sources are impacted.

To clarify the role of homogeneous gas-phase production, we have added the following
text at line 287:

"The contribution of R2 to HONO production is estimated at around 10% (midday) using
previously measured OH concentrations for CVAO (Whalley et al., 2010).”

= Because the results at these two sites are so different from other reports, it's

interesting to consider what factors might be driving these differences. Is it possible
that the reaction is not simply first order in NO2, and thus is higher in more polluted
marine boundary layers? If a pseudo-first order rate constant is appropriate, is it likely
to be governed by the uptake coefficient of NO2 at the surface (and thus influenced by
SML composition) or are there likely to be mass transfer limitations in the atmosphere
that restrict the reaction? Do the authors have measurements of a aerodynamic and
boundary layer resistance to deposition at either of the sites?

Response:

See response to Reviewer 1, comment 1: we agree that (as per R5) the overall
stoichiometry of the reaction of NO, and water is not first order. While the calculated
Chono @t WAO was substantially lower than previous work in the East China Sea, the
ambient NO, levels were similar. This would suggest that the rate of HONO production was
not related to the level of pollution or NO,, i.e. that higher order effects (with respect to
NO,) are not responsible for the discrepancy in results between the locations considered
here This is mentioned in the text at lines 319-327:

"The increasing HONO concentration observed in the case study of the night of 2nd-3rd
July may point to some ocean HONO production. Thus, we applied Egn 1 to calculate the
night-time HONO levels that would result from the proposed ocean surface conversion
mechanism using the [NO2] measured on this night and the full range of values for Cyono:



0.033 (Zha et al., 2014), 0.018 (Cui et al., 2019) and 0.0011 hr-1 (CVAO, current work -
upper limit). Fig 7 compares the calculation’s results with the observations. The Cyono
values of Zha et al. and Cui et al. substantially over-predict the observations; the
significantly smaller upper limit value derived from the Cape Verde observations is
consistent with the measured data but indicates a minimal contribution to HONO formation
from the ocean-surface mechanism at WAO. While Cape Verde is a remote location with
very low NOx, the NO, levels at WAO during the case study night (mean of 4 ppb) were
similar to those observed by Zha et al. (2014) and Cui et al. (2019), at approx. 1 to 3
and 4 to 7 ppb, respectively.”

And also Section 4.0, lines 341-343:

"The results reported here were obtained from locations (Cape Verde, Weybourne) rather
distinct to the Bohai / South China Sea environments studied in previous work (Cui et al.,
2019; Wen et al., 2019; Zha et al., 2014), although the levels of key precursor species
(NOx) are similar for WAO.”

Unfortunately, there were no measurements of aerodynamic and boundary layer
resistance to deposition at either site. Typically the uptake co-efficient of NO, on humid
surfaces is low and has been calculated to be 1.6 x107® for bulk seawater by Yu et al
(2021), while for humid ground surfaces it is in the order of 10 to 10 (VandenBoer et
al., 2013). Assuming the SML has a similar uptake co-efficient, this would suggest the
reaction rate is governed by the uptake process for NO, and that this fairly slow reaction
means there is limited depletion of NO, levels at the ocean surface.

References

Andersen, S. T., Carpenter, L. J., Nelson, B. S., Neves, L., Read, K. A., Reed, C., Ward,
M., Rowlinson, M. J. and Lee, J. D.: Long-term NOx measurements in the remote marine
tropical troposphere, Atmos. Meas. Tech. Discuss., 2020, 1-34,
doi:10.5194/amt-2020-469, 2020.

Cui, L., Li, R., Fu, H., Li, Q., Zhang, L., George, C. and Chen, J.: Formation features of
nitrous acid in the offshore area of the East China Sea, Sci. Total Environ., 682, 138-150,
doi:https://doi.org/10.1016/j.scitotenv.2019.05.004, 2019.

Engel, A., Bange, H. W., Cunliffe, M., Burrows, S. M., Friedrichs, G., Galgani, L.,
Herrmann, H., Hertkorn, N., Johnson, M., Liss, P. S., Quinn, P. K., Schartau, M., Soloviev,
A., Stolle, C., Upstill-Goddard, R. C., van Pinxteren, M. and Zancker, B.: The Ocean’s Vital
Skin: Toward an Integrated Understanding of the Sea Surface Microlayer , Front. Mar.
Sci. , 4, 165 [online] Available from:
https://www.frontiersin.org/article/10.3389/fmars.2017.00165, 2017.

Finlayson-Pitts, B. J., Wingen, L. M., Sumner, A. L., Syomin, D. and Ramazan, K. A.: The
heterogeneous hydrolysis of NO 2 in laboratory systems and in outdoor and indoor
atmospheres: An integrated mechanism, Phys. Chem. Chem. Phys., 5(2), 223-242, 2003.

Sabbaghzadeh, B., Upstill-Goddard, R. C., Beale, R., Pereira, R. and Nightingale, P. D.:
The Atlantic Ocean surface microlayer from 50°N to 50°S is ubiquitously enriched in
surfactants at wind speeds up to 13 m s—1, Geophys. Res. Lett., 44(6), 2852-2858,
doi:https://doi.org/10.1002/2017GL072988, 2017.

Spataro, F. and Ianniello, A.: Sources of atmospheric nitrous acid: State of the science,
current research needs, and future prospects, J. Air Waste Manage. Assoc., 64(11),



1232-1250, 2014.

Stolle, C., Ribas-Ribas, M., Badewien, T. H., Barnes, J., Carpenter, L. J., Chance, R.,
Damgaard, L. R., Quesada, A. M. D., Engel, A., Frka, S., Galgani, L., Gasparovi¢, B.,
Gerriets, M., Mustaffa, N. I. H., Herrmann, H., Kallajoki, L., Pereira, R., Radach, F.,
Revsbech, N. P., Rickard, P., Saint, A., Salter, M., Striebel, M., Triesch, N., Uher, G.,
Upstill-Goddard, R. C., van Pinxteren, M., Zancker, B., Zieger, P. and Wurl, O.: The Milan
Campaign: Studying diel light effects on the air-sea interface, Bull. Am. Meteorol. Soc.,
101(2), E146-E166, doi:10.1175/BAMS-D-17-0329.1, 2020.

VandenBoer, T. C., Brown, S. S., Murphy, J. G., Keene, W. C., Young, C. J., Pszenny, A. A.
P., Kim, S., Warneke, C., de Gouw, J. A. and Maben, J. R.: Understanding the role of the
ground surface in HONO vertical structure: High resolution vertical profiles during
NACHTTO11, J. Geophys. Res. Atmos., 118(17), 10-155, 2013.

Wen, L., Chen, T., Zheng, P., Wu, L., Wang, X., Mellouki, A., Xue, L. and Wang, W.:
Nitrous acid in marine boundary layer over eastern Bohai Sea, China: Characteristics,
sources, and implications, Sci. Total Environ., 670, 282-291, 20109.

Whalley, L. K., Furneaux, K. L., Goddard, A., Lee, J. D., Mahajan, A., Oetjen, H., Read, K.
A., Kaaden, N., Carpenter, L. J., Lewis, A. C., Plane, J. M. C., Saltzman, E. S,,
Wiedensohler, A. and Heard, D. E.: The chemistry of OH and HO, radicals in the boundary
layer over the tropical Atlantic Ocean, Atmos. Chem. Phys., 10(4), 1555-1576,
doi:10.5194/acp-10-1555-2010, 2010.

Woodward-Massey, R., Slater, E. J., Alen, J., Ingham, T., Cryer, D. R., Stimpson, L. M.,
Ye, C., Seakins, P. W., Whalley, L. K. and Heard, D. E.: Implementation of a chemical
background method for atmospheric OH measurements by laser-induced fluorescence:
characterisation and observations from the UK and China, Atmos. Meas. Tech., 13(6),
3119-3146, doi:10.5194/amt-13-3119-2020, 2020.

Wurl, O. and Obbard, J. P.: A review of pollutants in the sea-surface microlayer (SML): a
unique habitat for marine organisms, Mar. Pollut. Bull., 48(11-12), 1016-1030, 2004.

Wurl, O., Wurl, E., Miller, L., Johnson, K. and Vagle, S.: Formation and global distribution
of sea-surface microlayers, Biogeosciences, 8(1), 121-135, do0i:10.5194/bg-8-121-2011,
2011,

Yu, C., Wang, Z., Ma, Q., Xue, L., George, C. and Wang, T.: Measurement of
heterogeneous uptake of NO2 on inorganic particles, sea water and urban grime, J.
Environ. Sci., 106, 124-135, doi:https://doi.org/10.1016/j.jes.2021.01.018, 2021.

Zha, Q., Xue, L., Wang, T., Xu, Z., Yeung, C., Louie, P. K. K. and Luk, C. W. Y.: Large
conversion rates of NO2 to HNO2 observed in air masses from the South China Sea:
Evidence of strong production at sea surface?, Geophys. Res. Lett., 41(21), 7710-7715,
doi:https://doi.org/10.1002/2014GL061429, 2014.


http://www.tcpdf.org

