Response to RC2: 'Review of the manuscript by Leon-Marcos
et al.’

February 6, 2025

We appreciate the reviewer’s thorough evaluation of our manuscript and the invaluable feedback
provided. Your perceptive observations and constructive recommendations have significantly enhanced
the clarity and quality of our work. We are grateful for the detailed attention you devoted to pinpoint-
ing the areas in need of improvement and clarity in our study. In response, we have addressed each
of the points raised in your review. Please find below the response (in blue) to your comments (in black).

The modelling study by Leon-Marcos et al. addresses very important topic of primary marine
organic matter in global ocean and atmosphere by incorporating the most advanced and further up-
dated schemes into the global model. The paper is very well written and easy to follow, however, still
requires some organisation to have more logical flow. The most disappointing aspect of the study,
and not of the authors effort, is very poor representation of sea salt in sea spray. That does not
undermine the authors efforts, but places low credibility on quantitative aspect of the results. If there
is no agreement on the most basic species of submicron sea salt, how could we trust aerosol PMOA
mass concentrations? Overall, the paper is a very significant contribution and representation of the
state-of-the-art development of PMOA emission schemes and I, therefore, recommend publication of
the study, but with a pinch of salt.

The major organisational comment relates to the sea salt comparison. It appears in various places

and when suites the authors narrative, despite being the key species and the most basic parameter of
the modelling effort, because PMOA is emitted by sea spray source function. BTW is it unclear what
sea salt source function is used in the model in the first place. Whatever it was it should probably be
avoided in the future? I suggest consolidating all sea salt comparison and information at the start of
chapter 6.2 before discussing individual PMOA species.
The reviewer pointed out a crucial aspect in our work, and we appreciate the opportunity to justify our
assumptions. The current standard configuration of ECHAMG6.3-HAM2.3 used in the present study
to represent sea salt follows Long et al. (2011) with a sea surface temperature correction by Sofiev
et al. (2011) (please see section 3.2). We understand the limitations of the poor representation of SS
for some stations; however, the source function considered here is the best possible representation of
SS aerosols worldwide for the current ECHAM-HAM model version. Hence, we had to rely on the
standard model configuration. A comprehensive comparison by Tegen et al. (2019) shows the range
of several SS source functions, concluding that the scheme used here showed the most reasonable
agreement of SS seasonality and aerosol concentration compared to observations. Additionally, for the
stations analysed in our study, some sensitivity experiments with other implemented source function
schemes in the model (not shown), confirmed that the standard setup leads to better results. We agree
that the SS comparison to measurements should be provided in section 6.2, independent of the PMOA
individual species. Therefore, a new subsection (6.2.1) has been included to present and discuss in
more detail the concentration of SS submicron aerosols compared to measurements.

Other comments as they appeared:

1. Line 81. This paragraph ideally suites to start the follow up section.
Since, with this paragraph, we summarize the content presented in each section of the manuscript,
we believe it aligns better to the introduction than to Section 2. Nevertheless, thanks to your
comment, we noticed that the reference to Fig. 1 did not suit the introduction. Hence, following
your recommendation, we shift it to Section 2. Additionally, we introduce this section with a brief



description: “This section outlines the method used to determine the organic aerosol mass frac-
tion and quantify biomolecule concentrations in the ocean, which is used in the aerosol-climate
model simulations to account for species-resolved PMOA.”

. Equation 3. notation g m-3

The notation of Equation 3 is g m-2, since Mgg is referring to the mass of sea salt per unit of
area. Thanks to the reviewer comment, we realised that the description of the variables in lines
105-106 was not clear and led to confusions. We rewrote the sentence for the sake of clarity:
“The organic mass fraction (OM F;) is then calculated based on the mass per bubble surface area
of the individual macromolecule group (M;) and of sea salt (Mgg)”

. Line 159. Line 299 refers to 2009-2019 period. Clarification or correction for consistency needed.
We noticed that this information is confusing and needs clarification. The available biogeo-
chemical model output spans from 1990 to 2019. However, the aerosol model simulations were
performed only for a 10-year period (2009-2019) in this paper, prioritizing the years in which
aerosol observations were available. For consistency, we modified line 299 as follows: “The simu-
lations cover a period of ten years (2009-2019) in which aerosol measurements were available. A
spin-up time of four months and an output frequency of 12 hours was considered.” In a follow-up
paper, which will be summited soon, the entire time span will also be analysed for the aerosol
climate simulations with respect to Arctic trends and patterns.

. Line 262. What SS source function is used in the model?

This was probably overlooked, but the SS source function and respective temperature correction
considered in the model experiments are mentioned in lines 286-287. Nonetheless, for clarity, we
extended the description in this section as follows: “... SS,,4ssf1ue is the mass flux of sea salt
emitted in ECHAMG6.3-HAM2.3. The model includes a range of widely used sea salt emission
schemes, including, for instance Guelle et al. (2001), Gong (2003) and Long et al. (2011). The
default configuration is considered for the current study and follows Long et al. (2011) with
sea surface temperature correction according to Sofiev et al. (2011). This combination the best
agreement with observations in the model evaluation study by Tegen et al. (2019).”.

. Line 269. Soluble and insoluble aerosol particles are introduced without the substance what
biomolecule species would be contributing to each. Or not contributing?

We considered that all biomolecule groups are emitted as soluble particles. As it remained unclear
what biomolecule would be contributing to each mode, Table 3 was modified, replacing “PMOA”
by the biomolecule species abbreviations (PCHO e, DCAA e, and PLg,,-). We clarified some
critical aspects and reordered the text for the description of how PMOA are considered in the
model: Now line 272: “...The PMOA compounds are treated as separate tracers and included
in the model as three new individual species (Atmosphere compartment in Fig. 1) to the soluble
accumulation and coarse modes (see Table 3). These organic groups do not contribute to but
share the microphysical and optical particle properties of the OC tracer...”

Many studies consider lipids as insoluble material, although OCEANFILMS treats all biomolecules
as dissolved organic carbon species. More detailed description is needed here, considering the
above.

Surface-active compounds such as lipids can exist as dissolved in seawater. However, when
aerosol samples collected on filters and analysed in the laboratory, the aerosols in the process
of dissolving them again does not mirror the ocean conditions in which they originally existed
as dissolved. As a result, these particles can appear as water-insoluble organic aerosol in at-
mospheric measurements, despite being “dissolved” or at least well-mixed in the ocean Frossard
et al. (2014).

From the modelling perspective, OCEANFILMS does not account for higher enrichment of par-
ticulate material compared to the dissolved phase in the surface microlayer (SML) and bubble
film Burrows et al. (2014). Hence, only the seawater dissolved organic fraction is considered.



Nonetheless, a study by Burrows et al. (2022) evaluated the model implementation of primary
marine organic aerosols emitted as insoluble particles, which are eventually transferred to the
soluble mode as particles age (as an external mixture with SS) and as soluble particles emitted
together with SS (internally mixed with SS). The results presented in their study conclude that
the fully internally mixed experiment led to better model estimations of the aerosol concentration
and seasonal cycle, as well as their evaluated effect on clouds. Therefore, in our study, we also
considered that PMOA is emitted solely in the soluble mode.

Later in the text it mentioned OC from other than marine sources, so perhaps insoluble material
is entirely anthropogenic. However, it confusing to say the least.

Note that OC and PMOA as computed here are different independent model tracers. In the
model, there are no natural marine sources contributing to the tracer OC. The origin of OC
is either from anthropogenic sources or biomass burning. In the HAM module, OC is the only
organic specie emitted as insoluble particle in the Aitken mode, whereas larger modes are only
soluble.

. Line 279. Since HAM is using M7 aerosol model which does not consider Aitken sea spray the
study is missing out on recent observational evidence of multiple submicron sea spray modes.
Aitken sea spray with OM may not contribute significantly to the fine particle mass fraction,
but it can have profound effect on cloud activation. It worth mentioning here that the modelling
study utilised the very state-of-the-art of PMOA in the ocean, but not state-of-the-art of sea
spray generation, including temperature-flux relationship.

We agree that PMOA in the Aitken mode could have a great impact on clouds specially, due to
their contribution in number mixing ratio, potentially favouring the INP population. Neverthe-
less, our model does not represent sea spray in the Aitken mode. This could be considered in
future research when the INP capabilities of PMOA are evaluated. However, this topic is out of
the scope of the current study. Instead, we would like to stress that the sea salt flux generation in
the model actually does include wind- and temperature-dependency, following Long et al. (2011)
and Sofiev et al. (2011). This combination corresponds to the most accurate and up to date SS
representation for the current ECHAM-HAM model version, as shown by Tegen et al. (2019).

. Line 302. Does that mean that SPMOAoff is only accounting for sea salt in sea spray?

This means that the SPMOAoff experiment simulates only a fraction of SSA that corresponds to
SS. To clarify, we expand the description of the two simulations by: “The SPMOAoff simulation
only accounts for the fraction of sea salt in sea spray aerosol, whereas the SPMOAon utilizes the
biomolecule ocean surface concentration as bottom boundary conditions to compute the marine
organic aerosol fraction in addition to the sea salt.”

. Line 320. There has to be a consideration what impact proximity of the stations to the continents
or islands would have in comparison to modelled open ocean.

We found this comment very well aligns to question number 10 and provided the answer to it
below.

. Line 355. This is consistent with the results of the O’Dowd et al. 2015 in Scientific Reports
study where correlation between Chl-a and OMF was degrading as the time resolution increased.
Thank you for the suggestion. We agree this might also be potentially true in our case. Never-
theless, Line 355, only refers to the evaluation with seawater samples, in which the comparison
to monthly values of biomolecule concentrations indicated a better agreement with observations
in contrast to daily values. Based on this premise, we could expect a better representation of
OMF by using a coarser temporal resolution. However, we did not perform an analysis of how
the model resolution could affect the correlation between the ocean biomolecules and OMF, or
the aerosol representation.
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Line 361. How is continental outflow treated in the model? It can be significant, especially closer
to the land masses.

In the model, the continental outflow can be composed of OC from anthropogenic emissions and
biomass burning, as well as recirculated PMOA. Land-based biogenic aerosol sources are not
included. However, since OC and PMOA are separate tracers, the origin of the air masses can
be easily distinguished.

Interpolated grid-averaged data to point measurements, as in other models, inevitably leads to
uncertainties in the results. This especially applies to areas with inhomogeneous surfaces, such as
coastlines, where air masses change from ocean to land and the aerosol field homogeneity within
the grid cell may lead to errors. To address this matter, we selected an interpolation method
that detects and accounts for gradients around the station location.

Do I understand correctly that the model completely neglects anthropogenic OM as PMOA
comes directly from OCEANFILMS and sea spray emissions? However, filter samples may have
captured continental outflow, unless sector specific sampling method has been performed. If BC
was modelled, its presence would indicate the amount of continental impact which would ease
comparison.

That is not correct. Anthropogenic organic matter is not neglected in the model. The ECHAM-
HAM model includes the tracer OC for organic aerosols from anthropogenic or biomass burning
sources. In addition and independent, there is the PMOA tracer (or its subspecies) that is com-
posed of the marine organic fraction of sea spray aerosol. Therefore, in the model, the total
organic matter is the sum of OC and PMOA. Biogenic emission from vegetation on land and
secondary organic aerosol (SOA) formation, however, are not considered in this model configu-
ration.

According to several criteria for air masses of marine origin as explained in Pinxteren et al.
(2020), van Pinxteren et al. (2023), Triesch et al. (2021a), Triesch et al. (2021b) and because
of the application of sector-specific sampling, Zeppenfeld et al. (2021, 2023), the aerosol sam-
ples were considered to be mainly of marine origin.Nevertheless, OC samples are not completely
excepted from the contribution from long-range transported aerosol. Hence, following your com-
ment (and question 16) we incorporated and discussed in now section 6.2.5., the results of the
comparison of modelled PMOA+OC against observed OM (OM = OC(obs) multiplied by the
conversion factor 2).

Line 594. Wind is indeed the driving factor behind sea spray emissions (mind Reynolds number
as a more appropriate predictor), however, the flux parametrization is the key with the magni-
tude of the power law controlling sea spray mass at a more significant wind speed.

We agree that the exponential dependence of the emission flux on surface wind is indeed the
driving factor of sea spray emissions. We removed the sentence in line 594 as it was contradict-
ing this statement.

Line 605. What latitude Southern Ocean is limited to? Where roaring forties and screaming
fifties belong?
The Southern Ocean was limited between 60 and 90 degrees South (as defined in Table 6).

Section 6.2 Section should start by evaluating sea salt in aerosol phase without simulated PMOA,
because sea spray emission schemes are vital for correct prognosis of PMOA. Without such a
comparison, PMOA simulation results are very academic: developed a scheme, ran the model
and whatever comes out of it compares with measurements were differences somewhat specula-
tively explained.

Line 673. As commented earlier, comparison of sea salt should be comprehensively described at
the very start, instead of in places where argument is needed.

We strongly agree with the reviewer that the sea salt evaluation should lead at the beginning of
section 6.2. We added a new subsection and discussed in detailed the SS model representation
compared to observations (section 6.2.1). Also note that, we added a box-plot-style diagram to
represent sea salt (Figure 7), for similarity and better reference to the figure of the species-resolved
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analysis. A more comprehensive evaluation is not presented in the current study, as a thorough
analysis and sensitivity studies of SS emission were already performed by Tegen et al. (2019).
Based on the evaluation of the SS scheme in Tegen et al. (2019) and with full awareness of the
uncertainties and potential underestimations in specific regions, we are confident that our PMOA
results are scientifically robust and suitable for meaningful comparison with aerosol observations.

Figure 8. This is rather depressing comparison, because there is no agreement between model
and observations of a key sea salt. It does not invalidate the simulation effort of PMOA using
sophisticated schemes, but rather places very low credibility of modelled PMOA.

Fig. 8 indeed shows a substantial underestimation of modelled SS, especially in the Southern
Hemisphere, while SS around Cape Verde is overestimated by the model. Here the agreement
may be poor but not entirely absent. We agree that having a more accurate SS representa-
tion would determine a higher credibility in our quantitative results. However, evaluating which
source function would be the most suitable is beyond the scope of the current study. And the
question is probably difficult to answer, which shows the wide variety of SS emission schemes
that have been extensively evaluated (Grythe et al., 2014; Barthel et al., 2019; Lapere et al.,
2023). Large uncertainties remain in the SS representation when an empirical function based on
local field or laboratory measurements is applied to the variety of atmospheric conditions around
the globe. Barthel et al. (2019) and Lapere et al. (2023) are recent studies showing that the large
heterogeneity in SS distribution and abundance, among other factors, strongly depends on both
model capabilities to reproduce atmospheric dynamics and SS source functions. Aware of the
significance of SS representation, further studies could shed light on the results in this direction
and future research will focus on an improvement of SS emission. In the new section 6.2.1, we
included the next paragraph to summarize what we discussed here: ”Large uncertainties persist
in modelling sea spray aerosols within climate models Grythe et al. (2014); Lapere et al. (2023),
and regional models have shown varying performance of sea salt source functions among different
stations (Barthel et al., 2019). Nevertheless, for the group of stations considered in this study,
as well as for other locations worldwide (Tegen et al., 2019), the standard SS emission configu-
ration in ECHAMG6.3-HAM?2.3 provides the most reasonable representation among the available
schemes. Although the resulting biases in SS concentrations affect the predicted PMOA values,
the evaluation of marine organics discussed in the following sections remains meaningful and
valid despite the discrepancies in SS observations.”

Section 6.2.4. Why there is no scatter plot for comparing total modelled and total measured
OM? Is this including anthropogenic sources. I think confusion started at line 269.

We understand the relevance of additionally showing the comparison of total model and measured
OM. Therefore, we included a new figure in section 6.2.5 with the modelled PMOA+OC and
observed OM (Figure 9). Note that the model tracer OC originates solely from anthropogenic
sources or biomass burning, whereas PMOA is from marine origin.

Figure 9. Are Pearson coefficients statistically significant? It would best if each bar has P-value
attached. It applies to all regression plots too — no regression equation or even a line should be
presented unless it is statistically significant.

We fully agree with the reviewer that including the p-value is vital to demonstrate the statistical
significance of the correlation between observed and modelled quantities. Unfortunately, we had
not incorporated this detail in the region-specific correlation analysis, which, in several cases,
yielded non-significant results. However, when all regions are combined, both the correlation
and its associated p-value were significant. Nevertheless, given that the Northern Hemisphere is
heavily influenced by anthropogenic pollution, biomass burning, and natural fires—diminishing
the marine organic aerosol signal—we excluded the northern oceans from our comparison. With
this, the correlation increased, and we observed a clear improvement in the more pristine southern
regions when PMOA is considered. This result is illustrated by a newly added scatter plot of
observed organic aerosol versus modelled OC+PMOA in Figure 10, where the p-value was lower
than 2.1 x 10~ for both simulation experiments. This updated analysis required major changes
to sections 4.1 and 6.3 which could be found in the revised manuscript version.
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