Reply to the review of “Can Semi-Volatile Organic Aerosols Lead to Less Cloud
Particles?”

We would like to thank the reviewer for their careful reading and constructive comments.
Please find below our answers to all points raised. The original reviewer’'s comments
are in black font, and our replies are in blue. Changes in the text are italicized.

1. This paper investigates the sensitivity of cloud droplet activation, using the
Abdul-Razzak et al. (2000) parameterisation, to the aerosol chemical composition, mass
and number concentrations, and particle size. The main finding is that the simulations
suggest that semi-volatile compounds almost always lead to fewer cloud droplets than
without semi-volatiles. Whilst | agree this area is worthy of further investigations, |
believe the main finding is an artefact of the parameterisation used — the Abdul-Razzak
et al. (2000) scheme and perhaps also in the way it is implemented in the model.

The Abdul-Razzak and Ghan (2000) scheme is widely used in global climate models
and in MATRIX (Bauer et al., 2008), which is the original version of the model that we
compare the new model against. We are not aware of an artefact being reported in the
literature. We also checked the implementation, and found no obvious problems with it.
As a matter of fact, the Connolly et al. (2014) and Crooks et al. (2017) papers
mentioned by the reviewer as more accurate in terms of aerosol activation calculations,
use that same ARG scheme, only with different input parameters, appropriate for each
individual study.

2. There are a few statements that lead me to conclude the authors might not be
treating activation in the correct way. For example, on line 141 the authors write “the
activated number concentration is only a function of number concentration and dry
particle diameter”. This is not true: in addition to environmental parameters such as
temperature and pressure, activation is also a function of the geometric standard
deviation (see equation 15 of ARG, 2000), and the aerosol chemistry (see equation 3 of
ARG, 2000).

Thanks for pointing this out. This was worded imprecisely and may have delivered the
wrong message, the activated number concentration is not “only” a function of number
concentration and dry particle diameter in the ARG scheme. We used “only” because in
our model the geometric standard deviation is constant for each aerosol population.
Aerosol composition, which is calculated explicitly per population by the aerosol
microphysics of the model, and hygroscopicity, are indeed taken into account in our
model. We mention hygroscopicity in the submitted manuscript in lines 80-85: “As



previously stated, we use Abdul-Razzak and Ghan (2000) activation parameterization,
which calculates the activated particle number concentration depending on
chemically-resolved number concentrations using Kohler Theory. The hygroscopicity
parameters k for each aerosol species presented in Table 1 were calculated from their
solubility fraction. For organics, we assumed a linear increase of solubility with
decreasing volatility (Jimenez et al., 2009).” Therefore, we considered them not
changing variables per aerosol component, but due to size distribution evolution the
hygroscopicity of aerosol populations evolves with time and is taken into account in our
calculations.

To make this point clearer in the manuscript, this sentence has been revised as follows:
“Since we use the Abdul-Razzak and Ghan (2000) parameterization, the activated
number concentration is mainly a function of number concentration and dry particle
diameter in our model setting. The parameterization is also a function of geometric
standard deviation, which is constant per population in our model as it did in MATRIX
(Bauer et al., 2008), as well as a function of aerosol composition and hygroscopicity, as
mentioned in the model description, for which we assume a linear increase of solubility
with decreasing volatility. The hygroscopicity of the aerosol populations changes with
time, as the internal mixing of aerosol populations is altered by aerosol microphysics. ”

3. Of the parameters above the geometric standard deviation is an important parameter
for cloud drop activation. If the distribution is narrow (small geometric standard
deviation) then the competition effect will be small and more particles will activate at
once. If the aerosol size distribution is broad / geometric standard deviation is large one
tends to find that fewer particles activate. Connolly et al. (2014) showed that for single
aerosol modes it was necessary to shift the geometric standard deviation to smaller
values in order to predict activated fractions more accurately — see their equation 15.
Crooks et al. (2018) have now extended this result to multiple modes.

Please clarify whether this shifting done in the current manuscript.

We have not implemented geometric standard deviation shifting, and it remains
constant both in MATRIX and other aerosol microphysics modules used by other
models. MATRIX is based on the quadrature methods of moments and in a future
version we might be able to treat higher moments of the size distribution, but at this
point this version is not developed. But we will keep in mind the sensitivity of activation
towards the standard deviation, and will perform future sensitivity experiments for that
quantity.



We have included the following in our conclusions section:

“In our study, the geometric standard deviation remained constant per aerosol
population. However, it is worth exploring in the future to use reduced geometric
standard deviation in our calculations to directly compare with values used by Connolly
et al. (2014) and Crooks et al. (2017).”

4. On line 152 the authors mention that, in the Abdul-Razzak et al. (2000) scheme,
increasing number concentration decreases the ambient supersaturation, which
reduces the number activated, therefore suppressing activation. This argument is
slightly circular though since to reduce the ambient supersaturation more particles must
have been activated.

It would have been circular if we were saying “increasing activated number
concentration decreases ambient supersaturation” but we are saying “increasing
number concentration decreases the ambient supersaturation.”

5. We know that the Abdul-Razzak et al. parameterisation does not always predict the
correct response to inputs. Connolly et al. (2014b) showed a comparison between the
Abdul-Razzak et al. (2000) and the Fountoukis and Nenes (2005) parameterisations.
Their Figure 3(a-d) is reproduced in Figure 1, below. Figure 1a shows how increasing
the total aerosol mass (by increasing the aerosol particle number concentration, the
x-axis) eventually leads to less particles being activated in the Abdul-Razzak et al.
parameterisation. Such a reduction is not seen in the Fountoukis and Nenes (2005)
parameterisation (see Figure 1d).

Figure 1. shows the activated fraction when adding NaCl particles to the aerosol
population with a total mass loading indicated by the x-axis. Colours refer to different
modal diameters of the NaCl particle size distribution (see Connolly et al, 2014b for full
details). (a) is for the Abdul-Razzak et al. parameterisation; (b) is for the Fountoukis and
Nenes parameterisation.

As mentioned by the reviewer, “Figure 1a shows how increasing the total aerosol mass
(by increasing the aerosol particle number concentration, the x-axis) eventually leads to
less particles being activated in the Abdul-Razzak et al. parameterisation.” This is
essentially what we have also found.

We included the following into our conclusions: “ In fact, in a comparison study, Ghan et
al. (2011) found that the Abdul-Razzak and Ghan (2000) scheme tend to have lower
activation fractions and droplet concentrations compared to the Fountoukis and Nenes
(2005) activation scheme.”



Connolly et al. (2014b)’s result that the Fountoukis and Nenes parameterization does
not give the same result as the ARG parameterization is sound, but not within the scope
of our study, since it is not in our goal to perform an activation schemes comparison, but
to compare two models with the same activation scheme but different organic aerosol
volatility treatment. The results of our paper are based on the changes volatile organics
cause in aerosol microphysical properties, changes in mass, number, size, composition,
and how this affects activation. We are not testing the activation schemes themselves,
as we want to be consistent with parameterizations within the GISS GCM, the model
this new scheme is currently being implemented in.

6. The results in the presented manuscript, that fewer particles are activated with
semi-volatiles for higher updrafts, are also in contrast to Connolly et al. (2014), which
found ARG at low updraft speeds activated fewer particles with semivolatiles switched
on; (see Figure 6 of Connolly et al, 2014). | suspect the reason for this contrast between
the two studies is that the Abdul-Razzak et al. parameterisation gives a different
response when multiple aerosol modes are used, as has been shown by Connolly et al.
(2014b). Indeed results by Simpson et al (2014), which are reproduced in Figure 2,
indicate that this is the case. The ARG parameterisation results are indicated by the ‘+’
symbols and it is shown that ARG is further below the 1 : 1 line when the updrafts are
high (red) vs when the updraft is low (blue).

Figure 2. Results from Simpson et al. (2014). Using a bimodal aerosol size distribution.
Symbols coloured by updraft velocity (m s-1).

We have included these differences in our conclusions section as follows:

“Our conclusion that fewer particles are activated at higher updrafts is in contrast to
Connolly et al. (2014), who found that fewer particles activated at low updrafts, using a
different geometric standard deviation in the same parameterization of aerosol
activation as the one we use. Such a difference can be due to the fact that the
Abdul-Razzak and Ghan (2000) activation parameterization produces a different
response when multiple modes are used, as shown by Connolly et al. (2014b) and
Simpson et al. (2014).”

7. On line 126 there is mention of simulations looking at activation at extremely low
humidity. How relevant are these simulations, given that activation would not occur at
low RH anyway?



Admittedly the explanation in the manuscript was too brief regarding the RH values
below 100%. We calculate aerosol formation and growth via MATRIX-VBS microphysics
outside of clouds, where RH can have any value, even significantly below 100%. Then
we calculate aerosol activation, assuming that the air mass containing those aerosols
started rising with a given updraft velocity, and supersaturation conditions developed,
emulating cloud formation.

We added a sentence following the line referred by the reviewer to explain this: “Note
that low RH values do not mean that these correspond to cloud conditions. Aerosols
form outside of clouds in our model, where RH can be very low. Activation though will
occur after aerosol formation, when an air parcel starts rising with a given updraft
velocity, in which air parcel supersaturation will develop and will cause aerosol
activation.”

8. The statement on line 188 about the discrepancy between the results presented and
those of Topping et al. (2013) seems to indicate that the differences are because
Topping et al. (2013) resolved more physics than the cloud drop activation process. In
fact this is not really true. The Topping et al. study only considered condensation until
the point of cloud drop activation.

Topping et al. (2013) uses an adiabatic cloud parcel model to study cloud droplet
formation, which does resolve some cloud physics, contrary to our box model, which
does not. This is clearly stated in the abstract and throughout the Topping et al. (2013)
paper, that describes cloud droplet formation and growth as an air parcel rises, which
goes beyond just activation. That study, however, same as ours, does not handle
autoconversion, but it does track the air mass as it rises and cools, which leads to
additional condensation of organic vapors and water due to the temperature decline,
leading to cloud droplet growth due to additional water uptake, which our model does
not resolve. What our model can provide is the initial activation of an aerosol population
when it first enters a supersaturated air mass with a given updraft velocity, and not the
evolution of cloud droplets inside the rising plume.

We modified our statement which now reads: “Topping et al. (2013) showed that
co-condensing organics lead to enhanced cloud droplet number concentration, which
seems to contradict our results. However, it is important to note that contrary to Topping
et al. (2013), our study is performed in a box model that does not resolve cloud droplet
growth as the air mass rises and cools, which leads to additional condensation of
organic vapors and water due to the temperature decline, and contributes to both cloud



droplet growth due to additional water uptake and enhanced activation during
convection.”

9. Unfortunately, because of these shortcomings | feel like the conclusions drawn about
most areas on earth experiencing less CCN that currently thought, except the more
polluted & dry areas, are all dependent on the parameterisation used and its
implementation.

We would like to reiterate that our goal is to compare two versions of an aerosol
microphysics model with different treatment of organic aerosols and the same activation
scheme. Our results do not imply that the Earth has less CCN than currently thought, as
the reviewer states; instead, they imply that if in a model semi-volatile organics will be
simulated together with aerosol microphysics, a general decrease is to be expected.

We included this statement in our conclusion:

“We would like to emphasize that our results do not imply that the Earth has less CCN
than currently thought, instead, they imply that if in a model semi-volatile organics will
be simulated together with aerosol microphysics, a general decrease is to be expected
during initial cloud formation. ”

As mentioned before, we added semi-volatile organics and they changed number and
size of particles, which affected the activated number concentration via the
parameterization. See lines 183-185 of the submitted manuscript: “Such changes are
due to increased aerosol number concentration and smaller particles in the new model,
as well as how number concentration and size are calculated in the chosen aerosol
activation scheme, which determines how many particles are activated.”
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