Response to reviewers

We thank the reviewers for their comments. Our answers are given below in blue. To answer the
concerns of the reviewers we have extended the model description in the manuscript and included
Supplementary Information with sensitivity studies to model resolution, model noise and
autoconversion parameterization.

Anonymous Referee #1

Major Comments

Description of the cloud microphysical model. While the authors spend several lines on how the
different chemical species and types of aerosol are considered in their model (Il. 118 — 181), | miss a
similarly detailed explanation on the applied cloud microphysical model. There are some hints on
how cloud microphysics are represented in Sec. 2.2, but | miss a more concise description. The most
important questions are: How is the aerosol hygroscopicity considered in the condensational growth
of droplets? Is condensational growth explicitly represented or treated by a saturation adjustment
scheme, as often done in simpler cloud microphysical models?

The model description has been amended with more details on microphysics. Condensational
growth is represented explicitly and hygroscopicity is taken into account according to the Kéhler
theory depending on the composition and size of particles in every size bin.

Do the authors account fo supersaturation changes on a sub-timestep level (e.g., Clark 1973)?

Clark (1973) showed large differences between simulations with 10 and 5 second timestep. The
differences between their simulations with 5 and 2.5 second timesteps were already significantly
smaller. The maximum length of timestep in our simulations is 1 second and, if needed, it is
automatically reduced during the simulation to maintain the CFL criteria in the transport processes.
Within a single model timestep, the condensation equation and thus the water partitioning between
gas and liquid phases is solved in even shorter subtimesteps (0.05s) to avoid problems with small
aerosol particles that quickly respond to changes in conditions. Overall, while we are not using sub-
timestep adjustments for total water content in a grid point, we are not expecting this to cause
major errors in the results.

Description of the sub-stepping has been added to the model description.

How does Seifert and Behen (2001) autoconversion scheme consider GCCN? These questions are
crucial because the way these processes are represented in the cloud microphysical model affect the
simulated cloud and its behavior.

The scheme developed by Seifert and Beheng (2001) indeed only uses the total droplet number and
mass and thus does not resolve their size spectrum to the level needed to accurately reproduce the
GCCN effect. However, the currently used bin scheme describes the dry particle size distribution
accurately, which is required for modelling the GCCN effect. We explicitly model the aerosol and
cloud droplet growth through condensation and coagulation-coalescence processes for every size
bin (including the GCCN bins) which are then summed to obtain the total mass and thus, the effect is
at least partially present in the simulations. The autoconversion scheme moves cloud droplets from
dry-size based cloud bins to droplet-size based rain bins, which increases the accuracy of modelling



collision/coalescence processes between droplets in cloud and rain bins. All microphysical processes
are simulated otherwise identically for aerosol, rain and cloud droplets.

These details have been added to the model description.

The effect of GCCN (lI. 270 — 273). As outlined above, | doubt that the applied collision/coalescence
scheme can adequately represent the effect of GCCN, as it is only based on the number and mass of
cloud and rain drops, without considering the GCCN explicitly. While | might miss a detail here, the
relatively minuscule effects of the GCCN shown in Fig. 3c (blue and gray lines) do not indicate a
substantial effect. While it is known that precipitating clouds are not very susceptible to the addition
of GCCN, the results agree with my expectation, but this behavior might also be caused by an
insufficiently represented GCCN effect on collisional growth.

The reviewer is correct in stating that the Seifert-Beheng scheme is not optimal for modelling the
giant CCN effect. Schemes that track more accurately the growth of individual droplets, such as the
super-droplet schemes (Shima et al., 2009), could be more accurate. However, also the super-
droplet schemes have limitations such as high computational costs that would make them
impractical for the current study.

However, UCLALES-SALSA includes an alternative, more mechanistic option for simulating droplet
growth from cloud droplet to small drizzling droplet. This scheme has been used previously for
studying cloud seeding (Tonttila et al., 2021) and in an aerosol-cloud closure study (Calderén et al.,
2022). It is based on explicitly counting all collisions between cloud droplets where the product is
large enough (>20 microns) to start efficiently collecting other droplets to form drizzle and rain. This
collision rate limited scheme requires much longer spin-up to build up realistic cloud and drizzle
droplet size distributions than employing an autoconversion parameterization that grows a
subpopulation of cloud droplets instantly to sizes above 50 micrometers. As the current study
required a large number of simulations and the GCCN effects were relevant for only small fraction of
those, we used the Seifert-Beheng parameterization to reduce the computational burden. We have
now repeated the three simulations mentioned by the reviewer using the mechanistic scheme.
Figures 1 and 2 below show the simulations using the Seifert-Beheng parameterization and the
mechanistic scheme, respectively. Figure 1 indeed shows relatively minuscule effects of the GCCN.
One important reason for this is that with this scheme the precipitation starts relatively early in the
in the no-emission case. The sea spray particles emitted from the sea surface during the simulation
have not yet affected the clouds noticeably, and there are very few coarse particles present in cloud
level. Another place where the GCCN are mentioned in the manuscript is the case of organic fraction
(Figure 5 in the main paper), and there reducing the hygroscopicity of the coarse fraction has a
slightly larger impact as more sea spray has had time to reach cloud level.

As seen from Figure 2, with the mechanistic scheme it takes about twice longer in the no-emission
case (gray line) before the clouds start restructuring and significant levels of precipitation occur. And
in this case the effect of the GCCN emitted by the Gong (2003) sea spray scheme (blue line) is indeed
much more noticeable, speeding up the appearance of surface precipitation by several hours. An
indication of the GCCN effect is also visible for the F10 case (black) where low levels of below-cloud
drizzle are visible hours before the precipitation occurs in the no-emission case. In this case the
GCCN effect competes with the rain-delaying effects of the extra CCN from fine sea spray and thus
stronger surface-reaching drizzle still starts a couple of hours later than it occurs in the no-emission
control, similarly to the main simulations.
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Figure 1. Simulations with the Seifert-Beheng autoconversion parameterization. Hourly averaged time series, mean over the
model area. Panels: a — in-cloud cloud interstitial aerosol (solid) and cloud droplet (dashed) concentration, b — Cloud droplet
size, ¢ —Cloud liquid water path (solid) and rain water path (dashed), d — cloud fraction, e - height of cloud top (solid) and
base (dashed), f —precipitation rate at surface (solid) and below cloud (dashed), g — cumulative wet deposition of
background aerosol (ammonium bisulfate). Simulations: grey — no-emission control, black —F10, Blue — GO3 setups. All
schemes were run with SST 10°C and 10 m/s windspeed.
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Figure 2. Simulations using explicit precipitation formation scheme. Panels and line colours are the same as in Figure 1.



The large difference in the mean cloud droplet size when using the different schemes is due to using
different definitions for drizzle — in the case of the Seifert-Beheng scheme the raindrop size
spectrum starts from 50 microns and all droplets produced by the autoconversion scheme are
assumed to be this size. In the simulations with the mechanistic scheme the drizzle bins are used for
coalescence-growth dominated size-range and start from 20 microns. All droplets that reach this size
by collision-coalescence process are moved from cloud bins to drizzle bins. Purely condensational
growth is still handled in the cloud bins, as condensation affects the whole population in the bin
uniformly and the wet-size distribution does not widen. As mentioned above, this classification is not
a source of error as all microphysical processes are computed identically for both cloud droplets and
drizzle and only the bin limits are defined differently based on dry size (cloud droplets) or wet size
(drizzle/precipitation).

The paper has been amended with the discussion of the Seifert-Beheng scheme likely
underestimating the GCCN effect and the extra figures comparing the two schemes and related
discussion has been included as Supplemental Information.

Minor Comments
L. 27: Define SOA.

Secondary organic aerosol, will be clarified in the paper

LI. 8 — 29: The abstract is too long. Consider shortening it.

Abstract has been shortened

L. 12: A large-eddy simulation model is used to simulate dynamics, not aerosol particles, cloud
droplets, or rain drops. A cloud microphysical model does this.

This will be clarified in the manuscript

LI. 17 ff.: The concept of a lifetime for stratocumulus clouds is odd. | would rather refer to the
transitioning timescale between closed and open cells.

The wording will be changed according to reviewer’s suggestion throughout the manuscript
LI. 38 — 39: The role of longwave radiative cooling in causing and sustaining a cloud, especially a
stratocumulus cloud, should not be understated.

The sentence will be amended to include longwave radiative cooling

L. 40: The aerosol size distribution contains information on the aerosol number concentration. |
would rather write about aerosol number concentration and aerosol size as the controlling factors.

Will be changed according to reviewer’s suggestion
LI. 124 ff.: Here and other places: Do these values refer to particle radius or diameter?

Here and elsewhere in the paper all sizes are given as dry diameter if not stated differently. This will
be made clearer in the revised manuscript.

LI. 191 —192: Open stratocumulus cells can be much larger than 10 km (e.g., Kazil et al. 2017).



The reviewer is correct stating that the domain is too small to fully represent the different structures
as seen for example in Kazil et al. (2017). In fact, the cells in this case are also larger than 10 km
(Figure 3). However, our preliminary tests showed that 10 km domain size was sufficient to simulate
the transition process with similar accuracy as the 20km test domain for our purposes. Making all
simulations on the larger domain would have severely limited the number of different cases studied.

Explanation of this is added to the paper.

Domain: 20x20 km, resolution: 50x50 m | Domain: 10x10 km, resolution: 60x60 m
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Figure 3. Cloud and precipitation pattern in comparable simulations with 20 km domain, 50 m resolution and 10 km
domain, 60 m resolution. 10 hours after the start of the simulation. Contours — surface precipitation rate (mm/h), white
shading —liquid water path (g/m?) *0.01 (scaled to fit on same scale as precipitation).

Ll. 255 — 258: How is the droplet size calculated? From the number concentration and mass of the
droplets?

Droplet size is calculated from the volume and number of droplets in every size bin and averaged
over the cloudy grid cells. Explanation is added to figure caption.

Fig. 11: Is it possible to show the aerosol and droplet size distributions not as a bar graph? It is very
hard to decern differences between the simulated cases.

The bar plots have been replaced with line plots for size distributions and organic fraction.

Technical Comments
Please indent the first line of a new paragraph, as it is done in almost all publications. Without this

optical help, it is very hard to read the text.

If aerosol particles are addressed, please write “aerosol particles” and not “aerosols”, as the latter
may also refer to different species of aerosol.

L. 61: Citation style.

L. 84: “volatile VOCs” is tautological.

Corrections have been made following reviewer’s suggestions



Anonymous Referee #2

Major concerns
Many references are not included in the reference list. In particular, references from the Section 1
are missing. Please check for completeness.

We thank the reviewer for noticing this issue. The reference list has been corrected.

All figures are of low quality. Please use more sophisticated plotting routines (e.g., from R, python,
...) to adjust line thickness, line color (especially Fig. 1), axis labels, units (many length scales are
provided in meters), and appearance of legends.

Figures have been redrawn for better readability. In figure 1 the colors for different temperatures
for the M03 parameterization have been made more discernable. Figure legends have been made
better readable. Particle sizes on the axes have been changed from meters to micrometers.

In addition, the chosen short names of experiments that are shown in the legend aren’t self-
explaining and require carefully reading the main text — please improve this also. Accordingly, Table
1 and 2 should be improved.

The reviewer is correct that the short names of the experiments can be unclear. In fact, difficulties in
finding short enough self-explaining names for all 26 experiments to include in figure legends were
the main reason for listing the experiment setups in Tables 1 and 2 for quick lookup. We have now
changed the most confusing experiment names to longer, more self-explaining versions.

Given the range of questions, the paper is structured well. However, individual sections lack clarity
and make it hard to follow. | recommend splitting section 3 (that combines results and discussion)
into a result section and a discussion section. Having a discussion section may also make it easier to
express the advance in knowledge that this study provides.

The Results and Discussion sections have been separated.

The paper could benefit from a proper definition of chemical reactions that are considered in this
study. Readers less versed in atmospheric chemistry could benefit from definitions.

A table with reactions has been added to Supplementary Information and the model description has
been amended.

Please also clarify: (1) Are oxidants consumed during reactions and are there any (other) sinks or
sources for oxidants? (2) Is sunlight necessary for reactions?

No, similarly to Kim et al., (2017), we keep the oxidant concentrations constant at levels
representative of longer time averages. That means that they are not consumed, emitted or
produced and thus sunlight is not relevant for these simulations.

This in now clarified in the model description.

The study importantly shows how giant CCN affect drizzle but no definition of “giant CCN” is
provided. Is there a dry-diameter threshold that the authors use to discern CCN from giant CCN?
Would this definition change if a different horizontal/vertical resolution was used?

Threshold diameters between 2 and 10 microns have been used in previous literature to define the
sea spray GCCN (Dror et al., 2020). In our simulations we have not investigated where exactly the
threshold would be that would distinguish the different effects, but we do see opposite impacts



when emitting only submicron or supermicron sea spray. We are not expecting this to depend on
the model resolution given that the cloud pattern is resolved reasonably well.

A paragraph discussing the impact of aerosol particles of different sizes was added to the Discussion
section.

Having such a strong focus on microphysical processes, | think it’s important to show the
dependence on horizontal/vertical resolution as well as domain size. In addition, the authors should
produce a small ensemble of simulations for at least one setup (perhaps the baseline) to
approximate simulated uncertainty.

In preparation of the simulations presented in the manuscript we performed preliminary simulations
with larger domain size (20x20 km) and higher horizontal resolution (50 m). This setup was
computationally too heavy to be feasible for the large number of simulations presented, however
the current simulations did not significantly differ from those in any of the variables discussed in the
manuscript (see Figure 4).
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Figure 4. Timeseries of comparable simulations with 20 km domain, 50 m resolution (brown) and 10 km domain, 60 m
resolution (black). Hourly averaged time series, mean over the model area. Panels: a — in-cloud cloud interstitial aerosol
(solid) and cloud droplet (dashed) concentration, b — Cloud droplet size, c —Cloud liquid water path (solid) and rain water
path (dashed), d — height of cloud top (solid) and base (dashed), e —precipitation rate at surface (solid) and below cloud
(dashed), f — cumulative wet deposition of background aerosol (ammonium bisulfate).

We have not explicitly tested the sensitivity of UCLALES-SALSA model to the vertical resolution for
this specific case, as it was optimized for the LES intercomparison study by Ackerman et al., (2009).
The resolution is less than 25 meters for all in-cloud and below-cloud layers and 5 meters in the
regions with largest gradients (near surface and cloud top). Stevens et al. (2005) tested the
sensitivity of LES models to the resolution at cloud top for the Research flight 1 of the DYCOMS II
campaign and showed no further improvement with resolutions better than 5m. Tonttila et al.



(2021) show very small difference between 5 and 10 meter model vertical resolutions with UCLALES-
SALSA model, although for a different case.

In the preliminary testing phase, we also investigated the model noise by performing two almost
identical simulations that differed only by the random perturbations in the temperature field used to
initialize the turbulence. The results of this experiment are shown on Figure 5. Expectedly, the noise
is largest in the precipitation flux, while other quantities do not show large discrepancies, except for
the cloud drop size at the very end of the simulation. Any simulation results differing from each
other in similar level to what is shown on Figure 4 have been considered identical in the manuscript.
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Figure 5. Timeseries of two simulations that differ only by the random perturbations used to initialize the turbulence.

The results of the above-mentioned sensitivity tests have been included to the Supplementary
Information of the manuscript.

While the paper investigates one pathway or the other, it is unclear what would happen if both
pathways were used (presumably the most realistic setup?). Please discuss.

We expect the impact of the pathways that are discussed to be very close to additive. For instance,
some of our preliminary simulations not shown in the paper demonstrated that the effects of the
additional CCN from the Fuentes et al. (2010) parameterization and the reduced hygroscopicity due
to the organic fraction mostly cancel each other out. On the other hand, the effects of SOA
formation would be smaller when including sea spray emission as in higher aerosol load it would
have larger number of particles to condense on and thus individual particles would grow less.

We have added a paragraph discussing this aspect to the Discussion section of the manuscript.

The term “cloud lifetime” is used throughout the paper. Do the authors refer to a single cloud cell? If
so, please define so upon first use. Else (if the cloud fraction of the entire cloud deck is meant)
please rephrase “lifetime” to “fraction” and perhaps also show cloud fraction.



Following the suggestion of Reviewer #1, we now use the term “transitioning timescale between
closed and open cells” instead of “cloud lifetime”. Cloud fraction has been added to the figures.

Minor concerns
I. 10 “in larger scale” should be rephrased.

The sentence was rephrased.
I. 63 “as shown by (...)” should have not parenthesis.
The reference style was corrected.

Il. 76-83 Perhaps also provide actual kappa values in addition to qualitative adjectives (i.e., “high”
and “low”).

Kappa values have been added.

Il. 118ff. It is unclear which category (of the aforementioned overview) isoprene and monoterpenes
fall into. Please clarify/expand.

Isoprene and monoterpenes fall into the terpenoid category. Clarifying sentence has been added.
I. 130 “DOC” is defined for a second time and differently from the first time (. 72).

Definition has been corrected.

I. 148 “wind” should be “windspeed”?

The text has been changed.

I. 175 Please provide a citation.

Our approach deviates slightly from the classical implementations of Volatility Basis Set (VBS) (e.g.
Farina et al. (2010)) that assume instant equilibrium between the gas and aerosol phases. In
particular, we first use the VBS framework to compute the equilibrium vapour pressure of each
semivolatile species for every aerosol, cloud and precipitation size bin according to their organic
content. These values are then used for computing diffusion-limited condensation and evaporation
using the same scheme as is used the model for water vapor, described in detail by Tonttila et al.
(2017).

The model description has been amended.
Il. 175-176 It is unclear how aging could be relevant here. Please briefly explain.

In Volatility Basis Set models aging usually refers to oxidation of the semivolatile species further
reducing their volatility. Including this effect would in time increase the SOA amount. However, our
simulation is relatively short. Also, according to Farina et al., (2010) and Lane et al., (2008), it is
unclear whether it is correct to include this effect for the biogenic VOCs as it is likely to be at least
partly included in the applied SOA yields.

For clarity, the term “aging” has been replaced with “further oxidation of the semivolatile species”.

I. 195 Please explain “dry-size based cloud bins” as this term appears contradictory.



The aerosol model in UCLALES-SALSA is a sectional model where the aerosol particle bins are based
on dry diameter of the particles. This description is extended to also cover the cloud droplets so that
particles that activate as cloud droplets are moved to a parallel bin structure identical to the one for
aerosols. Thus we can have both droplets and aerosol particles from the same sized bins. For every
bin (aerosol and cloud) the number concentration, dry amount of all chemical species and water
amount are tracked. Only after the cloud droplets are assumed to form precipitation, they are
moved to separate rain bins where the bin limits are defined by the wet size. This is explained in
detail by Tonttila et al. (2017).

Clarification has been added to the manuscript.
I. 247 It is not clear where the authors see “open cells”. Perhaps rephrase/clarify.

The open cells are indeed too large to be visible in the 10 km domain. The open cell structure is
visible in Fig. 3 that shows the cloud pattern in the preliminary 20x20 km domain simulation
mentioned above.

The figure has been included to the Supplemental Information.

I. 290 Please elaborate on how reduced fine mode aerosol (presumably too small to serve as CCN)
reduce “cloud lifetime”.

The size range that is reduced for the warmer temperatures reaches up to ~0.1 micron dry diameter.
As seen from the Figure 11, panel b in the manuscript, particles smaller than that make up a
noticeable fraction (~20%) of the activated cloud droplets.

A paragraph discussing the impact of aerosol particles of different sizes was added to the Discussion
section.

I. 321 Why was DOC set to zero?

Our idea was to apply all the effects one by one in order to compare their magnitudes. The
explanation was added to the paper.

I. 365 Is this a realistic setup (no sea spray, just secondary formation)?

While the reviewer is correct to point out that such conditions are not the most common, the
gaseous VOC and particulate sea spray emissions do have somewhat different drivers. Especially, sea
spray emission has much stronger dependence on windspeed, and thus the emission can be
minuscule in quieter conditions. However, the simulations set up to show one effect at time give us
the opportunity to directly compare the magnitude of the different effects. A paragraph discussing
the additivity of the effects has been included to the Discussion section.

Il. 409-410 As currently written, it is unclear which one is zero and which one isn’t.
The sentence has been clarified.
Fig. 1 Please briefly explain how dry size was obtain from size at RH~80%.

The emission fluxes in Figure 1 are shown for pure sea salt. For sea salt the dry diameter is assumed
to be half of the one at 80% RH. The error of this relation was reported to be below 5% by Sofiev et
al. (2011). This has been clarified in the paper.
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