Response to reviewer comments Aerosol-mid-latitude cyclone indirect effects in
observations and high-resolution simulations

We thank the reviewers and editor for their consideration of our manuscript. Responses to
specific comments are shown below. Responses are in bold font.

Editor comments:
A sample of important issues raised by the reviewers that must be addressed. (I'm not implying
that others don't need to be addressed.):

1) The paper should lead with the observations. The models have indirect effects ‘baked in’ even
at the ’convection permitting’ resolution so the hypothesis posed at the top of pg 12 rings a little
hollow.

Please more clearly delineate observations and modeling, as requested by the reviewers.

The paper is now organized so that the modelling and observational results are presented
in parallel. We have tried to more clearly delineate observations and models. We have also
tried to make it clearer that, while the first indirect effect is baked into the simulations,
adjustments are not. For instance, examination of the response of clouds to aerosol as
modeled by CASIM in stratocumulus(Grosvenor et al., 2017) and mixed-phase
convection(Miltenberger et al., 2017) display a diverse array of adjustments to aerosol. We
have added text in several parts of the paper discussing how the observational analysis
cannot prove causation and how the simple modelling experiments should only be used to
hypothesize a causal link.

2) The regression analysis presents problems. First, one cannot draw conclusions about causality
because of co-variability. Granted, the wording around the regression analysis doesn’t suggest
causality but the closing statements in the abstract and conclusions do. Second, it is very difficult
to judge whether the regression fit of the proposed power law is good enough for quantitative
conclusions to be drawn (only ~ 65% of variance in CLWP is captured). Fig. 11 is not helpful.
Please carefully reconsider how you present the regression analysis.

You are right, this was not clear the way it was written in the conclusions. We have tried to
make it clearer that our closing statements are based on the combined evidence of our
idealized model and our analysis of the observed variability in the Earth system. The first
paragraph of the conclusions now reads:

“Analysis of observed covariability between meteorology (as characterized by warm conveyor
belt (WCB) moisture flux), warm cloud microphysics (as characterized by cloud droplet number
concentration (CDNC)), and cyclone cloud properties is consistent with increasing CDNC
leading to an increase in cyclone cloud liquid water path, fractional coverage, and ultimately
albedo. While suggestive, empirical analysis of the observational record cannot prove causality.
We support this analysis by performing a set of simulations where CDNC is set at high and low
values. The response of CLWP to changes in CDNC in these simulations elucidates the
mechanism by which this covariability may be explained and provides support for causality
Sflowing from enhanced CDNC to enhanced CLWP.”



We have also tried to expand on what 65% of the variance means. We believe that Fig. 11
of the previous revision is useful in that it illustrates the fit in two dimensions and clarifies
that there is some dependence on both predictors, but we agree that by itself it is only
useful to orient the reader. We have provided 95% confidence intervals on the coefficients
of the fit in Table 2. All the coefficients are significant at 95% confidence.

3) The elimination of the Holhuraun volcano study, which is inconvenient for the main
(relatively strong) conclusions, presents a problem, as noted by Reviewer 1. In the current
version that study is only peripherally referred to. The fact that the re-working of that analysis
suggests weaker evidence for aerosol-cloud interactions might require separate publication, but
now that you are in possession of that knowledge it cannot simply be brushed aside. You would
do better to discuss it.

Thank you for your understanding in this regard and allowing us to clarify why we
removed this case study. We responded to reviewer 1 showing our analysis of this case
study. There does appear to be an effect, but we are concerned that we need to do more
analysis using NAME (or another dispersion model) to better understand the uncertainty
as to where the plume from Holuhraun travelled.

We agree with reviewer 1 that the paper is more complete with the inclusion of this case
study. We have added a section on the eruption and we note that our results do not
necessarily contradict the lack of response seen by (Malavelle et al., 2017). Examination of
the difference in means between the climatological CLWP and CLWP during the eruption
was significant in several cases, but shows sensitivity to cyclones very far from the eruption.
We suspect this is related to uncertainty in the propagation and rain-out of the plume at
these distances as simulated by the dispersion model. We want to run more simulations
exploring the uncertainty regarding the eruption. This would necessitate that simulations
with different emissions fluxes, heights, and precipitation removal efficiencies be explored.
This is not feasible in the context of the current paper, which is why we removed this case
from the previous version with the intent of following up on this case in the future when we
could understand the uncertainty space surrounding the plume modelling. We have
described these uncertainties in the text and stated the steps we will take in the next paper
to clarify these uncertainties. We have also added analysis showing that CLWP was
unusually high in cyclones predicted to have interacted with the volcanic plume. We hope
that this gives the reader sufficient information to interpret our global analysis. All this
material is in sections 2.3.2 and 3.7.

4) Regarding the modeling, Please provide more clarity on key components of the microphysics.
The dependence of Nd on aerosol and updraft is discussed at length but what autoconversion
scheme is used? This is probably a more important issue than activation. Some autoconversion
schemes have particularly strong dependence on drop concentration while others do not and this
has significant impact on aerosol-cloud interactions.

Shipway and Hill (2012) describes CASIM, which utilizes Khairoutdinov and Kogan (2000)
to describe autoconversion. This was briefly referenced in the methods section so we have
added text to clarify this:



“The CASIM microphysics scheme is described in Shipway and Hill (2012). The warm rain
processes in CASIM is compared to other microphysics schemes in Hill et al. (2015). The cloud
physics parameterization used in CASIM is described in Khairoutdinov and Kogan (2000). *

We have also added text to discuss how our results might be different with a different
microphysics scheme. For warm rain there is modelling evidence that CASIM shows good
agreement with other microphysics schemes (bin and bulk)(Hill et al., 2015) and so
qualitatively, we would expect similar results, if all else is equal. Obviously, the simulations
presented here include ice processes, which may change the d(rain rate)/dCDNC <0
relationship (Koren et al., 2005) and as such may be scheme dependent. The influence of ice
on aerosol cloud interactions is very important and very uncertain, as are the ice phase
parametrizations(Tan et al., 2016). This is an open area of research and we have added
some text about this uncertainty.

We also accept that dynamic feedbacks associated with microphysics are very
important(Xue and Feingold, 2006;Xue et al., 2008;Hill et al., 2009) and a different
microphysics scheme may lead to a different dynamical evolution. However, given the
forcing in a cyclone region and the resolution in even the high-resolution simulations, we
believe the using another multi-moment bulk scheme would lead to qualitatively similar
answers as those presented here, assuming the ice phase processes are similar. We have
added text discussing this as well.

This is discussed in the end of section 2.3.1:

“Finally, in the simulations presented in this paper we explore the response of the clouds
in the UM treated by the CASIM cloud microphysics to changes in CDNC. A different cloud
microphysics scheme would potentially yield a different adjustment to aerosol, but our results
are unlikely to be qualitatively dependent on the simplistic activation scheme chosen here. We
also acknowledge that the adjustment of cloud to aerosol in these idealized simulations will be a
function of the CASIM microphysics scheme. Examination of CASIM in relation to other multi-
moment schemes suggests that if the adjustment works through the warm rain process another
multi-moment scheme would produce a qualitatively similar result (Hill et al., 2015). It is
important to note that the simulations presented in this work include ice processes, which may
affect the susceptibility of rain rate to changes in CDNC (Koren et al., 2005;Rosenfeld and
Woodley, 2000). These effects may be highly dependent on the choice of microphysics scheme.
Further, the representation of these effects in models is very uncertain and could substantially
affect the predictions of our simulations. Another important mechanism not considered in our
simulations is the dynamical feedback on aerosol-cloud interactions(Hill et al., 2009, Xue and
Feingold, 2006, Xue et al., 2008). The dynamical evolution in response to changes in CDNC
could change dramatically using a different microphysics scheme. We believe that our
simulations are not strongly sensitive to the representation of these effects in CASIM given the
resolution of the simulations and the forcing within a cyclonic system.

Overall, we present these simulations as an exploration of how clouds within cyclones
respond to changes in CDNC through the warm rain process. These simulations are used to
contextualize the observations and evaluate whether we may reproduce observational variability
utilizing this idealized set of simulations. ”



5) Many of the supplementary figures indeed belong in the main text. Please reconsider the
distribution.

We have moved the figures as suggested by reviewers. Several of the figures are just
sensitivity tests replicating an existing figure and we have left those in the supplementary
material.

Some specific comments of my own:

1) In the opening lines of the abstract there is a conflation of 21st century climate change and
aerosol effects on midlatitude cyclones. Climate change does not equate to increases in N_d
(drop concentration).

That was sloppy- we meant to say: ‘infer climate sensitivity, which allows us to predict 21%
century climate change(Andreae et al., 2005).’- we have amended this to read:

“Establishing how much aerosol emitted during the 20" century has enhanced the liquid water
amount and thus the albedo of midlatitude storm systems is a key step in constraining the climate
sensitivity inferred from the observational record.”

2) Pg 5, lines 1 and 14: N_d is not retrieved at cloud top. It is based on cloud top effective radius
and (path integrated) cloud optical depth
That is right, this has been amended. Thanks.

3) Pg 6: perhaps cloud property retrievals are not subject to thresholding but you still have to
define cloud fraction so that all sky albedo can be calculated. How is cloud fraction defined? Is it
consistent amongst analysis and model output?

The all-sky albedo is calculated by the SYN1DEG algorithm using the algorithms described
in Doelling et al. (2013);(Doelling et al., 2016). This does use information about the cloud
mask to create angular distribution models to convert radiances to fluxes(Loeb et al., 2003)
and to account for diurnal variations between different satellite overpasses and
geostationary data. It does not use the cloud fraction explicitly in the calculation of all-sky
albedo beyond creation of the angular distribution model and using the geostationary
observations to fill in the diurnal cycle. We have added text clarifying this.

We do utilize cloud mask from the CERES SYNIDEG data set, which is retrieved
following Minnis et al. (2011). This data product is defined differently than the model,

which is max-random overlap. Because of this we do not offer a comparison between model
cloud fraction and CERES SYNIDEG cloud fraction.

Thank you for this comment. We have expanded the methods section to clarify these
points:

“The 3-hourly data is averaged to create a daily-mean albedo and CF. CF, clear-sky
albedo and all-sky albedo are provided in the CERES SYNIDEG data set edition 4(Wielicki et
al., 1996, Doelling et al., 2013, Doelling et al., 2016). CF is calculated from MODIS and



geostationary satellites based on the Minnis et al. (2011) cloud mask. It is used in the
calculation of the albedo retrieved by CERES as described in Doelling et al. (2016) to create an
angular distribution model and to interpret geostationary observations of albedo in relation to
the observations from CERES. It should be noted that without utilizing a satellite
simulator(Bodas-Salcedo et al., 2011) we cannot directly compare cloud fraction to the
aquaplanet simulations presented in this work.”

4) Pg 7, “microphysics and aerosol explicitly interact” is a bit strong. The statement is true but a
bit misleading given the resolution.

The sentence has been amended to explain that the interaction is explicit at the resolution
of the model. Our intention was to convey that this was an improvement on parameterized
convection:

“Without convection being parameterized microphysics and aerosol explicitly interact at the
model resolution”

5) Pg 9, line 6: “disentangling”. It seems like the meteorology is fixed and the aerosol is changed
but this isn’t what happens in nature so are you really disentangling anything of value? (see e.g.,
Feingold et al., PNAS 2016).

Good point- disentangle has been removed.

6) Pg. 10, line 15, what does “lifetime effect” mean in the context of a midlatitude cyclone. This
terminology is vague at best. (See editorial comment below.)
Lifetime has been changed to adjustment throughout the paper.

7) Pg. 10, Fig. 2: how many simulations were performed. The observations average many initial
conditions and aerosol-meteorology co-variability. Do the models all use the same initial
conditions?

This was not clearly stated in the paper. We have added the clarification: “Simulations were
then run for 15 days. A single simulation was run at each resolution and aerosol concentration,
giving a total of four simulations of 15 days each.”

8) Since aerosol concentration is fixed in the modeling, aren’t you biasing your aerosol effects to
be much stronger than would be the case if aerosol were washed out by the rain? If CASIM is
indeed two-moment, it should remove aerosol and allow N_d to fluctuate accordingly.

To allow CDNC to fluctuate we would need to make some decisions about aerosol
sources, which would increase the complexity of our simulations. In the context of our
simple model we set CDNC and rain is inhibited by this. In the absence of dynamical
feedbacks or ice processes we would expect a further enhancement in LWP and less
precipitation cleaning out aerosol. This would mean that in the canonical representation of
the Albrecht effect we would be somewhat under-representing our response. However, in
our conceptual model we propose that rain rate is controlled by the large-scale
environment and so we should not expect this fixed aerosol to affect the strength of the
response as the LWP increases to push the rain rate back to be in agreement with the
large-scale environment. This is good to discuss and we have added text to the aquaplanet
section to clarify this assumption:

“It is also important to note that the fixing of CDNC at a constant value means that precipitation



does not affect CDNC via the removal of aerosol and thus CCN. The simulations presented here
are intended to examine the adjustment in cyclone clouds to changes in CDNC as opposed to a
change in aerosol fluxes. If aerosol were allowed to respond to precipitation we may speculate
as to how this might affect the behavior of the cloud adjustment simulated by CASIM. As
described in the following sections, the rain rate on a daily, cyclone-wide scale is determined by
the large-scale environment. Subsequently, we may hypothesize that the feedback between
aerosol, CDNC, and the rain rate is relatively weak, but we note that this assumption of fixed
CDNC artificially removes this interaction pathway with the intent of understanding the
adjustment in cloud properties to CDNC.”

9) Pg. 14, lines 8-15: Wouldn’t the open cells be raining and have low N and lower domain-
averaged liquid water path?

We argue that their relatively low liquid water path and low CDNC should result in a
higher susceptibility than in the frontal zones where aerosol susceptibility should be
negligible. They are also raining, which is a necessary condition of having a precipitation-
mediated cloud adjustment. This was not clarified in the text and we have added discussion
to amend this as well as referencing the literature discussing the importance of
precipitation to the open-closed cell transition:

“Numerous studies have linked the dominance of open or closed mesoscale cellular convection
to precipitation, and aerosol modulation of precipitation(Stevens et al., 2005, Feingold et al.,
2015,;Koren and Feingold, 2011;Rosenfeld et al., 2006; Mechem et al., 2012; Goren and
Rosenfeld, 2012; Wang and Feingold, 2009a, b). Because of the tenuous nature of this cloud
regime, and because they are typically precipitating it is reasonable to suspect that they will be
more susceptible to aerosol-driven changes in their macrophysics than either thick frontal clouds
or non-precipitating clouds. It is not the intention of our investigation to examine the complex
dynamics of mesoscale cellular convection, but we have chosen our observational data sets so
that they do not exclude this cloud regime, and the localization of differences in CLWP between
high and low CDNCsw cyclone populations is suggestive given the existing literature regarding
both the radiative importance of these clouds(McCoy et al., 2017c) and their relation to
precipitation and aerosol(Koren and Feingold, 2011). Overall, this behavior motivates future
work examining this region in higher resolution and higher complexity models that can resolve
these features.”

Thank you for suggesting this.

Some editorial comments:

1) What do you mean by cloud-aerosol lifetime effect? This concept is particularly poorly
defined. It doesn’t reflect on the lifetime of the midlatitude cyclone. I assume you mean a
reduction in precipitation efficiency. Regardless, please be precise.

Lifetime has been changed to adjustments to follow the more process-agnostic description
used in the IPCC report. Thanks.

2) Acronyms like CDNC, while widely used, are bad practice since they can much more easily
be represented by symbols (N, perhaps with subscript d) as you already do for aerosol
concentration. The excessive use of acronyms will make papers in our field unreadable if we are



not more careful. CLWP could be replace by L c, SZA by \theta, CF by f c, etc.

While I don’t insist on these changes, please consider that they really help with clarity,
particularly for those entering the field. (See pg. 15, what is CDNCSW??)

That was a typo on page 15- it was supposed to be CDNCsw. It is true that reading papers
from outside the field can often be difficult. However, use of symbols can also be confusing
as they have less information for people to infer their meaning. The vague use of A in the
feedback and climate sensitivity community is one good example of this. In the interest of
clarity we have added a table (table 1) of acronyms that can be consulted by the reader.

3) CCN, again is widely used, but has no quantitative meaning unless defined at a specific
supersaturation. You might as well use the same symbol as for accumulation mode aerosol
number concentration if indeed they are used interchangeably.

That is a good point, we have changed CCN to Nacc when referring to the simulations since
that is all that is being perturbed.

4) The manuscript has some lapses in grammar (e.g., Pg 3 lines 20-22)and could benefit from
some liberal use of commas in some places.
This has been amended.

5) Many figures and their fonts are much too small to be readable in print form.
Figure sizes and font sizes have been increased.

Report #1

The weak evidence of the Honuluraun case from the first submission has been removed
completely. The rebuttal states that the revised analysis gives even poorer evidence for an
aerosol effect and the case will be revisited in another article. Such poor evidence is
contradicting the claim of the article “aerosol-cloud indirect effects have substantially altered
clouds in extratropical cyclones” (see abstract and conclusions). I consider this bad practise that
we should not pursue in science.

We understand that the reviewer is concerned that by removing the Holuhraun case from
the manuscript we are suppressing contradictory evidence. Overall, we find that the
Holuhraun case study does not contradict the results presented in the body of the paper.
If it did, we would agree with you that this is bad practice to remove it. Although we
replicate the following discussion in the paper, we also want to present our analysis for the
reviewer.

We examined September and October cyclones in the North Atlantic (50°W-30°E) during
the eruption and in non-eruption years. The NAME dispersion model was used to flag
cyclones as being significantly affected by SO4 from Holuhraun.

We want to see if Sept-Oct 2014 had unusually high CLWP given the synoptic
environment. If we examine the climatological dependence of September-October CLWP
on WCB (excluding 2014) for 50°W-30°E and within 20° latitude of Iceland we get the fit
shown using the dashed line. A 20° latitude range is consistent with a 48-hour transit time
from the fissure(McCoy and Hartmann, 2015). The cyclones during the eruption, and
flagged during the eruption to have interacted with the plume are shown using open



circles and half-circles, respectively. An average volcanic SO4 predicted by NAME of
0.1png/m? in the southwest quadrant of the cyclones was used to flag whether the cyclones
had interacted with the plume. The anomalies in CLWP relative to the climatology were
calculated using the dashed-line fit. A t-test and rank-sums test were used to evaluate
whether the mean anomaly during 2014 was unusual. We found that cyclones flagged by
NAME with emissions at 1500-3000m were significantly different than the climatology at
95% confidence (see legend).
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However, we also found that this was dependent on the region being considered. If we
consider all cyclones whose centers were within 30° latitude (35°-90°N) find that the result
is less sensitive to the emissions height.
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But if we expand to latitudes from 30-90°N there are five cyclones near 30° that have a
very high WCB, but a low CLWP. The negative anomaly from these cyclones results in
the mean anomaly not being significant at 95% confidence.
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We feel that this sensitivity of the population mean anomaly during September and
October of 2014 to cyclones in excess of 30° latitude from Iceland is somewhat unrealistic.
We hypothesize that expanding the dispersion modelling to consider more emissions
heights, and fluxes, was well as altering the dispersion model’s assumptions about its
efficiency in removing aerosol via precipitation will allow us to better understand the
robustness of our results. This excessively complicated the analysis in the paper and was
not really feasible in the timeline of review.

We would like to reiterate: our removal of the Holuhraun case study was not due to the
discovery of conflicting evidence- we just felt that we could do a better job understanding
uncertainty in this case in a future paper using the tools we had developed in this paper.
Based on the reviewers’ request we have placed all of our tentative analysis of this case in
the text and have outlined what simulations need to be done to constrain this case. We
hope that this information will allow readers to evaluate the robustness of our results for
themselves.

We have added this material in section 3.7 and described the plume modelling in section
2.3.2.

Moreover, the aerosol effect on cyclone albedo that the current study suggests should not be
called substantial. Substantial differences in the LWP are in my view rather associated with
meteorological variability as otherwise the analysis would not need to be classified by WCBs
(e.g. Fig. 2). Now that the methods are described in more detail, there seem to be additional
problems with the data analysis that I also briefly comment on in the following.



Substantial and dominant are not the same thing. We stated that meteorology dominates
cyclone variability. It is hard to see how this could not be the case (see page 18 line 15 of
the previous submission). We have tried to add a few more comments into the text making
it clear that the variability is dominated by meteorology.

The used all-sky albedo includes cloudy and clear pixels. Hence the analysis does not only
include aerosol-cloud interaction, but also aerosol-radiation interaction that cause increased all-
sky albedo. There is therefore no basis to separate the effect of aerosol on cloud albedo from the
effect of aerosol on the clear-sky reflectivity. This might be primarily a problem in the cool
sector of the cyclone with broken clouds that seem to show the greatest effect (P. 14 14-18).
Using the term “Aerosol-cyclone indirect effect” is therefore misleading as it suggests a
separation between aerosol-radiation and aerosol-cloud interaction within cyclones.

Thank you for suggesting this. We used the all-sky albedo because we felt that it was less
sensitive to thresholding than the in-cloud albedo. It is fair to note that the difference in
albedo between the high and low CDNC cyclone populations could be contributed to by
aerosol direct effects. We have added text to this effect to the manuscript. We have also
provided analysis of the clear-sky albedo difference between cyclone populations. We find
that the clear-sky difference was on the order of 0.005+0.001. The difference in all-sky
albedo was nearly an order of magnitude larger (0.032-0.018). The effect of this clear-sky
difference in albedo averaged in cloudy and clear regions should be relatively small
compared differences in albedo due to changes in cloud properties given that midlatitude
cyclones tend to have cloud fractions in excess of 70%. Thank you for suggesting this
calculation. The following text has been added to the discussion:

“In this analysis we have used all-sky albedo from CERES to examine the response of
cyclone albedo to changes in CDNC. This variable was chosen because it does not impose a
criterion for what it considers to be a cloud when calculating the albedo, as a cloudy-sky albedo
would. If we were to use in-cloud albedo this would necessitate the albedo perturbation being
restricted to only confidently cloudy pixels (see Marchand et al. (2010)). For example, this
could exclude situations where mesoscale cellular convection was occurring as these regions
would not necessarily be considered cloudy. As pointed out by previous studies (McCoy et al.,
2017c), these clouds may have a significant impact on all-sky albedo. However, use of all-sky
albedo may potentially conflate aerosol direct effects and indirect effects.

First we provide an estimate of how much cloud fraction differences may contribute to
the difference in albedo. Because cloud fraction and albedo have a fairly linear relation in the
midlatitudes on a monthly time scale (Bender et al., 2011,;Bender et al., 2017) we provide a
calculation of the change in albedo related to changes in cloud cover. The observed midlatitude
slope of the relation between albedo and fractional cloud cover of 0.4 from Bender et al. (2017)
implies a change in albedo between the top and bottom third CDNCsw populations of 0.005-
0.007+£0.002 (Fig. 10). As shown in Fig. 10, the difference in mean cloud cover between the
populations is significant at 95% confidence, but it does not appear to contribute to the majority
of the effect on albedo.”



Fig. 1:

CERES albedo shows a dependence on the SZA not only for angles greater than 30 degree.
Indeed there the increase in albedo with SZA is strongest, but also for smaller SZA, we can see
a dependence, e.g., the same albedo of 0.18 could be associated with a cloud fraction of roughly
80-90%. This might be a problem since the aerosol effects on cloud cover has a magnitude
consistent with this uncertainty (Fig. 7). Maybe there is a better way for accounting for the SZA
problem than just cutting off the worst part.

Because this is a 3D radiative transfer problem there is no easy solution to removing SZA
dependence. As shown in the supplementary material, the SZA effect tends to conflict with
the signal from aerosol-cloud interactions so the limiting of SZA is not creating the signal
attributed to aerosol-cloud interaction.

Specific comments:

P. 6 9-11: “potentially allowing examination of broken cloud cover”

The satellite data of the study is daily averaged that is fairly coarse since extra-tropical cyclones
are mobile such that the mean smoothes the quantities under investigation, e.g., CDNC and
cloud cover.

This was unclear. What was meant was that if we had used only in-cloud retrievals of
albedo we would throw out all the data from broken cloud because these do not
necessarily meet the criterion required to perform a cloud retrieval (for example see
Marchand et al. (2010)). By using all-sky albedo this allows us to consider contributions
from sub-pixel clouds and clouds that are not surrounded by cloudy pixels. This has been
expanded on in the text to make it clear that we are only considering their contribution to
their albedo, we aren’t picking them out.

P. 8 19- 28: “should be thought of in the context of a ‘fixed-CDNC’ set of experiments”
Given the way CDNC is calculated in the simulations, CDNC is by no means fixed, but rather
artificially constrained.

The wording has been changed. Thanks.

P. 16 8-9: “To calculate the difference in terms of a radiative flux the difference in albedo is
multiplied by the annual mean climatological downwelling SW”

I like the idea, but think the estimate is rather crude. Maybe rephrase it and rather speak of
typical fluxes one would expect from certain values of downwelling SW fluxes. One such value
could than be the climatological mean of a certain geographical position, but I nevertheless
perceive such arbitrary estimates as rather uncertain and would not rely on them. That being
said, it is misleading to have these values as a key result in the conclusions without further
explanation or uncertainty estimate (P. 19 1-4).

This is a really useful insight - thanks. The way we calculated it was meant to be somewhat
agnostic as to when and where the cyclones occur. The more relevant quantity in this
regard is the albedo, but we felt that the albedo is a less intuitive quantity for a broad
audience. We have changed the conclusions and abstract to state the albedo, as opposed to
estimated change in SW and added discussion of this calculation to make it clear that this



assumes that the cyclones are randomly distributed between 30-80° throughout the year.
We note that, for example, the seasonal cycle of DMS emissions in the Southern Ocean
means that cyclone CDNC is highest during the period of strongest downwelling SW, so
our calculation underestimates the change in SW because it ignores this source of
covariability between insolation and CDNC. We now discuss that this is a quick
calculation to contextualize the albedo difference and provide the difference in albedo first
as you suggest. Thanks.

“ To calculate the difference in terms of a radiative flux the difference in albedo is
multiplied by the annual mean climatological downwelling SW associated with the CERES
EBAF-TOA data set between 30°-80°. It is important to note that this assumes that the cyclones
being affected are randomly distributed in latitude and during the year. This may be somewhat
reasonable for anthropogenic pollution, but not for biogenic aerosol sources. Specifically,
planktonic sulfur sources have a substantial seasonal cycle leading to their contribution in
albedo occurring during the period of maximum insolation (McCoy et al., 2015). The difference
in reflected SW provided here is only intended to act as a rough guide to contextualize the
change in albedo.”

P.19 5-8:

And how does the estimate compare to these other studies?

The page and line number correspond to the acknowledgements. We infer based on the
content in the previous comment that this references the difference in SW. It is difficult to
offer a direct comparison to other studies as they do not offer a comparable estimate of
forcing from CDNC changes in the midlatitudes. We have tried to expand on comparisons
between the present study and previous studies.

Report #2

The authors made major changes to this manuscript, focusing it and dropping some of the
analysis (i.e Volcanic simulations) as requested by the reviewers. This is a much better
presentation. I am not convinced that the authors have fully responded to the reviewers and
concerns about the type of model used for this study, but this paper is getting there.

I tried to look at the whole manuscript again, since the focus changed. And it STILL needs some
substantial revisions.

The paper is better. I think the abstract still feels disjointed. The paper does not know whether it
is a modeling study or an observation study. The problem is that the ‘observations’ rest on a
reanalysis model, and the key ‘microphysical’ parameter is just a passive tracer of human
emissions in that model. Again, it feels like something slapped together from a few projects. But
it's one less project now (only 2), so that's fine.

We appreciate the reviewer thoroughly re-evaluating our manuscript. As discussed
extensively in the previous round of revisions the observations do not rely on MERRA2
reanalysis. The results are the same when using MODIS CDNC observations. That is to
say, we could remove MERRA?2 from the paper and the conclusions would be the same. We
have provided supplementary analysis using MERRA2 proxy CDNC it because we are



concerned that there may be some residual remote-sensing biases in MODIS CDNC. The
only reason we have shown results from MERRA?2 is that it is not going to have retrieval
error. Ultimately, the fwo estimates of CDNC (reanalysis and observations) result in the
same conclusions. We have tried to further clarify that there are two CDNC estimates
being used in this paper and to clarify that we are doing that because, independently they
may suffer from modelling error (for MERRAZ2) or from retrieval bias (MODIS), but if
they produce the same results then these results are at least not a function of either of these
errors.

I think it needs better organization of the results and separation between observations and
models. Significantly, the manuscript should decide the order of presenting results. E.g.: section
3.1 is called:

3.1 Observed relations between meteorology, mid-latitude cyclones, and aerosol
But then immediately:
3.1.1 Aquaplanet simulated mid-latitude cyclones and their response to changes in CCN

Put this in a more logical order please. It should perhaps flow from observations to model
simulations. The figures could be kept in a similar way, or separated, but I don't think the present
treatment works.

We have reorganized. Thank you. We found it very difficult to organize it as purely
observations and then purely model, so we have organized things to go in parallel so we
compare modeling and observations for each step of the analysis. We have expanded the
number of sections in the discussion to make it easier to follow the analysis.

Also: with the narrower focus, there should not be a need for supplementary material, and this
should be brought forward.

We feel that it is good to use the SM to examine the result of various sensitivity studies that
are effectively just the same figures as the main text, but repeated with slightly different
parameters. These could equally just be ‘the calculation is not sensitive to X (not shown)’,
but it seems better to just show it in the SM.

A few broad notes:

1. I think what I fundamentally have a problem with is applying sophisticated tools like a high
resolution model in coarse ways (aquaplanet, specified and simplified aerosols and
microphysics). And then saying that is what climate change will look like. I think this is valid for
the WCB analysis and that partitioning is fine and interesting, but I think it is difficult to then
compare that to the real world.

We are only using the model to understand how to interpret the observations. In this case
the aquaplanet is used to justify the WCB partitioning, and the idea that the CLWP should



adjust at a given WCB in response to changes in CDNC. Based on your suggestion we have
tried to clarify that our closing statements are based on the combined evidence of
observations (which cannot show causality) and simplified modelling (which does not fully
capture all the processes in the real world). We describe the pros and cons of using a
convection-permitting model for this type of simulation and feel that the use of a high-
resolution model allows us to do a better job resolving relevant processes than a traditional
GCM.

2. Perhaps it needs to be stated that most of what is going on in mid-latitude cyclones is resolved
at the scale of the model. That's not really stated, and would probably be scientifically
defensible. But it does NOT look that way from the model results: convection matters, because
the answers change.

We have discussed how the simulations at resolutions from 1-16km compare as presented
in Field et al. (2017). In the discussion comparing the cyclones in the simulations and in the
observations we show several dissimilarities. The model grid will not be saturated some of
the time when there should be a cloud. Because we don’t have a cloud scheme we will never
have a cloud in these cases.

From Figure 2 and Figure 6: the MERRA2 and LR results look similar, except the Low and High
CDNC have opposite effects. The high resolution aquaplanet does look like observations, but
this is fundamentally different than low resolution.

That’s right. Based on this analysis MERRAZ2 isn’t building in the CDNC effect. It is true
that both the LR and MERRA?2 cyclones have a much lower sensitivity to WCB moisture
flux. However, we do find that even the low-resolution UM simulation has a qualitatively
similar response to increased CDNC at a fixed rain rate/WCB as the high-resolution model
does.

3. Trying to pull parts of a reanalysis (like using sulfate as a proxy for CDNC) is dangerous. Not
only are uncertainties in the data swept under the rug, but the reanalysis is also then being pulled
in different directions. I know this has been published before and ‘it works’, but I think that
really brushes away a lot of processes.

4. The WCB part is useful, except to the extent that ice and ice indirect effects is not really
treated. But I think trying to make inferences then about the real atmosphere from the coarse
analysis of the MERRA data is very dangerous.

Please see comment above regarding the presentation of MERRA2-inferred CDNC and
MODIS-observed CDNC in parallel.

5. The analysis takes too 'high level” a view and does not dive deep enough into what is going on
in the model. What is going on to make the LR and HR simulations respond differently? You
imply it is convection. But you could show that in the model, by figuring out where convection is
in the cyclones, and relating that to the changes in Figure 6.

This is beyond the scope of the present analysis. Ultimately, if we just used the LR model or
the HR model it would not affect our interpretation of the observations. Based on your



comment we have rewritten the statement that differences between LR and HR are related
to convection. There are several substantial differences between the LR and HR
simulations- not just convection. Thanks.

Some further detailed notes:

P5, L15, “MERRA?2 sulfate mass is a good predictor of CDNC as observed by MODIS”. You
say no cross talk: but if aerosols and clouds are convolved in MODIS, then there is cross talk
because MODIS aerosol is assimilated to get SO4?

This is discussed at length in our papers (McCoy et al., 2017a;McCoy et al., 2017b), thus we
did not replicate the discussion here and just referenced the papers. Several pieces of
evidence indicate that both MERRA2 SO4 and MODIS CDNC are good predictors of the
true CDNC. We find this by comparing in-situ results to MODIS CDNC. They compare
well, and this has been shown by other authors (Bretherton et al., 2010;Bennartz and
Rausch, 2017;Painemal and Zuidema, 2011) in addition to our analysis in (McCoy et al.,
2017a). We also find that long-term trends in SO4, which are consistent with long-term
trends in observed SO2 emissions, are skillful at predicting long-term trends in CDNC
(McCoy et al., 2017a). The MERRAZ2 aerosol retrieval utilizes AOD to nudge the
reanalysis, but this is adjusted for swelling (Bosilovich et al., 2015;McCarty et al.,
2016;Chin et al., 2002). There may be residual signal that the correction (Chin et al., 2002)
does not account for, but again, this is why we reproduce everything with MODIS
observations.

Figure 2: This is a mess, because the contour intervals are all different. If you make them the
same, I think you are going to end up with some wildly different results. I think that makes the
analysis and comparisons very difficult.

We note in the text that the model and observations give different looking cyclones. This is
expected. We didn’t utilize a cloud scheme because that would require additional tuning.
We apologize for the colorbars. The color intervals and ticks should be the same now.
Previously we had only set the color range so the ticks were all the same, but python
clipped the colorbars in a weird way.

Figure 3 also seems hard to compare: Aquaplanet, MAC-LWP and MERRA?2 seem very
different.

As noted, we expect this. This is discussed in the beginning of section 3.1.2 from the
previous round of revisions. We have made sure that both the ticks and range on all the
color bars are the same now.

P12, L17: the problem is that sulfate mass concentration in MERRA may not interact
appropriately with clouds (e.g., incorporation in cloud drops, scavenging, etc) if there are no
indirect effects.



Please see comment above regarding the presentation of MERRA2-inferred CDNC and
MODIS-observed CDNC in parallel.

P15, L10: The albedo discussion here is not convincing. The model (Figure 9) looks quite
different than the other analysis in Figure 8.

We discuss that the albedo difference in the simulations is not very similar to the albedo
difference in cyclone populations. We have expanded the discussion of the difference in
albedo between the cyclone populations in Section 3.5.

P15, L20: Im confused by this paragraph, and concerned at the method. The 2nd sentence on line
23 is missing a critical clause. Also: here is another place where you have mixed up observations
and simulations in the flow. Perhaps this should be with observations.

There appears to be some discrepancy with the version on ACPD and the version you are
referencing. Line 23 only has one sentence. We have tried to clarify the separation between
observations and simulations in the discussion.

P16, L20: I'm not convinced a regression model works here based on the previous analysis and
the different behavior with MERRA.

Please elaborate on what aspects of the analysis you feel are not suited for a regression
model. The coefficients are all significant at 95% confidence. Heuristically, if we look at
CLWP as a function of the predictors it seems to depend on both pretty clearly (Fig 11).
We are happy to do any other tests of the fitness of the model that you suggest. Also, see
comments above regarding use of both MERRA?2 and MODIS separately.

P18, L7: This first conclusion: you come up with the same results of many models that do not
match observations (e.g. Mallevele et al 2017). Why should these results with bulk microphysics
be any more valid? The processes in your high resolution simulations are the same for stratiform
cloud microphysics as in many global models. Why would these simulations not have the same
issues?

Based on the comments of reviewer 1 we have now shown how our results compare to
(Malavelle et al., 2017). We have rewritten the conclusions substantially to more clearly
express that our result is not strongly dependent on model resolution.

P18, L18: Please comment on the limits of the regression model.
We have added confidence intervals to the coefficients in the regression model (see table 2).

Report #3

This revised version of the manuscript explores the impact of aerosols on liquid water path in
extratropical cyclones. This new version is more detailed and more convincing that the previous
paper, but there are still issues, mostly to do with the presentation of the results and the structure
of the paper. The comments below list the various parts were rewriting or modifications are
needed to make the paper clearer and more fluid.

Based on the sensitivity of the results to the source of cloud droplet number concentration, the
conclusions should be somewhat expanded and in some places toned down.



Otherwise, the manuscript is acceptable for publication after minor but highly recommended
revisions.

We thank the reviewer for their time reading our revised submission. While the CDNC
source does seem to have a minor quantitative effect on the results, we found that the
change in CDNC (MERRA?2 or MODIS) data set did not qualitatively impact the results.
One thing that should be noted in the manuscript, and which might explain some of the
perceived discrepancy between MERRA2 and MODIS is that because of remote-sensing
constraints the MODIS observations are only available when the sun is at low solar zenith
angle. This means that MODIS doesn’t have observations over the Southern Ocean in
winter, which is one of the lowest CCN places on Earth. MERRA?2 does have the ability to
predict SO4 in high latitude winter so it has a large number of low CCN cyclones. The
Southern Ocean in winter in MERRAZ2 is just based on a climatology of DMS emissions
over the remote Southern Ocean, but the mechanism explaining this behavior (no light for
phytoplankton in winter and thus only sea spray) is well understood and agrees with
numerous other lines of evidence (McCoy et al., 2015;Ayers and Gras, 1991;Boers et al.,
1994). However, this low CDNC data that MERRA can infer doesn’t disagree with the
results from MODIS and only really seems to extend them to very low CDNC.

Detailed comments:

1. The document needs some cleaning and tightening as the current presentation still includes
remnants of the previous version. Section 2.3.1 is the only subsection in section 2.3. Similarly
3.1 is the only subsection of this level in the results section 3.

Thank you, we have reordered our sections.

2. In the conclusions, please discuss where the additional variability in cloud liquid water path
might come from, as you indicate that 60% (and not 100%) or this variability is caused by the
moisture flux and aerosol impact on cloud droplet number concentration.

We have added additional discussion to this section speculating where the additional
variability may originate from.

“While we should not expect to explain all of the variability in CLWP no matter how
many predictors we use, it is likely that the explained variability in our regression model could
be improved by (1) a more skillful metric for moisture flux into the cyclone, (2) a more accurate
observation of CDNCsw, or (3) additional information regarding ice and mixed-phase cloud
properties. In regards to point (1): we have chosen to predict moisture flux in this way so that we
may observe it utilizing microwave radiometers. In regards to points (2) and (3): we note that
both of these retrievals are difficult and are likely to improve as the remote sensing community
examines them in more depth. Overall, explaining the majority of extratropical cyclone liquid
water path variability utilizing two predictors is a useful contribution to our understanding of the
midlatitudes. *

Thanks.

3. You might want to relate your results to a recent paper by Naud et al. (2017), who explored
the co-variations between aerosol optical depth and cloud cover in extratropical cyclones. In
particular they examine cold and warm fronts separately, which might help explain better your
assertion that the cold frontal region is where the albedo change with aerosols is concurrent with
the change in liquid water path and cloud fraction. Also, while cited, the Grandey et al (2013)



study who explore the impact of extratropical cyclone strength on the cloud-aerosol relationship
could be further discussed in light of the results of this paper in the conclusions. Both of these
studies to some extent contradict the statement in the introduction that “aerosol-cloud indirect
effects have not been observed in extratropical cyclones” (L25, p2). Although neither study can
establish a causal relationship, the fact remains that observations in extratropical cyclones have
already been used to explore aerosol-cloud relationships.

Thank you, we were not aware of the recent Naud et al. paper, and it is very relevant. We
have expanded the discussion of both papers and removed our statement in the
introduction in light of this discussion.

4. In the introduction please indicate where these cyclones are. In 2.1 it is specified that they are
over the oceans but a latitude range should be specified. I suppose that these are all in the
northern hemisphere? Are they found in both Atlantic and Pacific oceans? Are the Mediterranean
cyclones also included? At least it is specified for the simulations but at the bottom of page 12, it
sounds as if the observed cyclones are sampled in both hemispheres. If indeed this is the case,
then “southwest quadrant” is misleading.

This is discussed in the methodology. The cyclones are from 30°-90° over oceans for both
hemispheres. Cyclones must have a minimum ocean coverage to be considered, and this
removes Mediterranean cyclones which have too much land within the composite (although
removing these cyclones didn’t change our results qualitatively). As discussed on line 25
page 12, all cyclones are flipped so that north, or up, is poleward. We have added a figure
illustrating this. While we recognize that it is potentially confusing to use the subtext SW,
we think bottom-left is also confusing. The idea is to identify the WCB region, but sub
WCB would be confusing, as would sub CF for cold-front, since no front rotation has been
used. We have indicated the averaging region on the schematic in figure 1 that we have
added.

5. Section 2.2.3: please add a couple of sentences to explain how the MERRA-2 sulfate mass is
used to obtain CDNC.
Done, thank you.

6. Section 3.1.1: the section on the aquaplanet simulations is very short, and about half of this
section is in fact about the relation between the moisture flux and precipitation, which is more
general than just about model simulations. The main result here seems to be that regardless of
resolution and aerosol concentration the relationship between moisture flux and precipitation rate
is unchanged. No mention of a relationship between CDNC and liquid water path is made. Both
figures associated with this section are in the supplemental material. It would be preferable to
have these figures in the paper since they do illustrate the discussion.

The sections have been altered. Now the first section is on how WCB predicts CLWP.
Thanks.

This would be especially useful because in fact this discussion is confusing: on the one hand, it
gives the impression that the rain rate vs moisture flux relationship does not change with the
aerosol concentration (or resolution). But Fig. S3 suggest that it does. To bring this matter to rest
though, the figure should be clarified by either drawing a linear regression per model
configuration or constraining the data points so they would have the same WCB value per



configuration. Another confusing matter is this: if WCB is kept fixed and LWP changes with
aerosols, then surely precipitation should as well, no?

Linear regression for all the models has been added along with a plot of total precipitation
rate. Thanks.

This is a good point about precipitation. We have tried to add some discussion to clarify
this. At a short time scale we might expect precipitation to change within the cyclone in
response to a transient change in CDNC, however the precipitation falling out of the
cyclone will have to eventually have to match the moisture flux into the cyclone in order for
mass to be conserved. To do this the LWP must adjust to a higher value so that rain rate
increases. Text has been added at several points in the manuscript to clarify this.

7. Section 3.1.2: again the title of this section is misleading, it says “observed’ cyclone properties
and yet the very first sentence is about comparing observations with simulations. It seems that
pages 9-11 are in fact part of a single section on the simulations while a new section should be
when the work using the observations alone starts (second paragraph p12)

The sections have been reorganized, thanks.

8. Are the three WCB regimes of Figure 2 defined based on the observations? Two questions
arise: are the three population very different in the number of members and would sampling
issues affect the results? Are the distribution of WCB per region for observations and the
different model configurations very different? Why not use the same color scale for all
composites in Figure 2?

The placement of these regimes was defined in Fig 4a. We chose these regimes because the
cyclone structure was very different in these three regimes so visually it seemed more
interesting to the reader. We noted the number of members in each regime in the subplots.
You are correct that terciles are a more natural binning. We changed the bins accordingly.

Apologies about the colorbars on figure 2. We set the color limits, but not the contour limits
so the colorbars have the same range, but they only showed some of the ticks. We have
corrected this now.

9. The discussion on why the southwest quadrant is a good place to sample for CDNC could be
improved. First this quadrant is dominated by low-level clouds and so MODIS derived CDNC is
probably better sampled there. It is not clear however that it would be representative of the entire
cyclone, and in particular the warm sector and warm frontal zone that are dominated by high-
level clouds and thus CDNC information is missing. Second the warm conveyor belt which is
ingesting moisture into the cyclone tends to originate from the south east and is not always found
in the southwest quadrant. So it is not clear that the “southwest quadrant is likely to be the source
of moisture and aerosol for the cyclone”. Figure S6 is quite important for this discussion and yet
once again it is in the supplemental material. The whole discussion on how to best partition the
cyclone population based on CDNC needs to be improved, it is quite confusing still. For
example, it is unclear what Figure 4 is really telling us.

Figure 4 is just there to help visualize the number and distribution of cyclones and where
the different CDNCsw and WCB populations are demarcated. It’s not a key figure, but it
seemed helpful for readers to orient themselves.



We have moved figure S6 into the main text.

We acknowledge that the conveyor belt does not always originate in the south-west
(poleward oriented), but this appears to be the case in the majority of cases and in the
literature (Eckhardt et al., 2004;Naud et al., 2012). We have shown the sensitivity of our
analysis to this assumption in the SM. This is one possible explanation of why our
regression model doesn’t have a higher explained variance, and we have included this
discussion in the MS. We can also see that SO4 is higher in this quadrant, indicating that
the aerosol ingestion predicted by MERRAZ2 is in this quadrant. As you suggest, moving
this to the main text would be useful.

10. How significant is the separation in Figures 3a and 3b? based on this figure and the tests
presented in Figs S7, S8, and S9, it seems that the separation is best for the southwest quadrant
possibly because this is where low-level clouds dominate and ice contamination in the satellite
observations is less. It seems that the results really target this specific quadrant and that little is
known of the clouds that are found in other parts of the cyclones.

The populations have overlapping standard deviations as one might expect (shaded area),
but the means of the populations are different at 95% confidence based on the standard
error in the mean (solid lines) and a normal distribution. We note that this result is not
sensitive to whether the satellite CDNC is being used or if the inferred reanalysis CDNC
(which doesn’t have ice cloud contamination) is used. This is now stated more clearly.
Thank you.

11. Discussion of Figure 7: here it might be worth comparing with the results of Naud et al 2017
(fig 10). Also, why not define the three WCB regimes based on terciles of the entire cyclone
population? This would alleviate the small number of member issue for the 5 mm/day category?
Our results seem very consistent with the results in (Naud et al., 2017). Thank you for
bringing this paper to our attention. We have added comparison with this paper. We have
repeated the analysis using equal terciles.

12. Page 16, discussion on albedo effects: it is quite worrying that the difference between the
MODIS and MERRA?2 constrained albedo variations with aerosol are this important for low
values of WCB which constitute the largest number of cyclones. This should probably be said
somewhere. Unrelated: the whole discussion on albedo could probably be presented in its own
subsection.

The albedo discussion has been moved to its own section. Thank you for this suggestion.
Use of terciles does make the albedo difference quite a bit more pronounced when MODIS
CDNC is used- it is still only really present in the top tercile of WCB moisture flux, which is
interesting. However, we show that for WCB moisture flux in excess of 3 mm/day the two
populations clearly diverge in respect to the cyclone-mean albedo. We speculate that this
may reflect difficulties in the representation of cyclone dynamics for low moisture flux
cyclones by MERRA2. MODIS is not affected by this issue.



13. I do not see how Figure 11 is showing a “stronger increase in CLWP for a given increase in
CDNC_SW in more pristine storms”. Either there is an error in the sentence or the caption of
Figure 11 needs rewriting.

We just meant that the white lines bend more at low CDNCsw. We have tried to clarify this
in the text.

14. Conclusions: last sentence. Given the observations at your disposal and the disagreements
between MODIS and MERRA-2 constrained relations, I would tone down this last sentence, as |
am not convinced that this is a demonstration, but rather the observation of co-variations in
accordance with the expectation of the sort of effect aerosols should have (as demonstrated with
the simulations though).

There is relatively minor disagreement between the relations predicted by MODIS and
MERRA? (as in Figure 3). However, we have added discussion to clarify our reasoning and
make it clear that we are making a statement based on empirical analysis of observations.
We find that similar results can be replicated based on an idealized model and have a
theory that we think explains the mechanism, but ultimately we can’t show causality as in a
lab study.

Typos:

Line 21, p 3: replaced “is” with “area” between “composite” and “located”

Line 17, p9: write what “CMIP” stands for.

Line 16, p14: “extent” is misleading as this is a term often used for vertical extent. “fraction” or
“cover” might be more appropriate.

Line 5, p15: add “s” to “support”

Line 21-24: this sentence is too long and is missing a verb towards the end.

Line 13, p16: replace “can be” by “can display” for example

Thank you for your careful reading of our manuscript and your comments. These typos
have been fixed.
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Abstract. Aerosol-cloud interactions are a major source of uncertainty in predieting 2+*-eentury-climate

changeinferring the climate sensitivity from the observational record of temperature. The adjustment of

clouds to aerosol is a poorly constrained aspect of these aerosol-cloud interactions. Here, we examine the

response of midlatitude cyclone cloud properties to a change in cloud droplet number concentration

(CDNC).Using Idealized experiments in highhigh-resolution, convection-permitting global aquaplanet

simulations_with constant CDNC seare compared to thirteen years of remote-sensing observations.

Observations and idealized aquaplanet simulations agree that increased warm conveyor belt (WCB)

moisture flux into cyclones is consistent with higher cyclone liquid water path (CLWP). When CDNC is

increased in the simulations, the CLWP consistent with a given WCB moisture flux increases. When the

observational record is partitioned into high and low CDNC cyclone populations it is found that CLWP

is higher in the high CDNC population at a fixed WCB moisture flux, in agreement with the idealized

model. We propose that the large-scale environment controls cyclone rain rate via the moisture flux into

the cyclone: enhanced CDNC decreases precipitation efficiency; then the CLWP adjusts to maintain the

rain rate dictated by the large-scale environment. If cyclones in the top and bottom tercile of CDNC are

contrasted it is found that they not only have higher CLWP. but also cloud cover, and albedo. The

difference in cyclone albedo between the cyclones in the top and bottom third of CDNC is observed by

CERES to be between 0.018 and 0.032, which is consistent with a 4.6-8.3 Wm2 in-cyclone enhancement

in_upwelling shortwave when scaled by annual-mean insolation. The—resion—responsibleforthis
1
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CEWP-at-a—given-WEB-meistureflux—Based on a regression model to observed cyclone properties;

roughly 60% of the observed variability in CLWP can be explained by CDNC and WCB moisture flux.
e el e

1. Introduction

The degree to which the aerosol indirect effects that result from anthropogenic aerosol emissions
have acted to increase planetary albedo and mask greenhouse gas warming is highly uncertain (Andreae
et al., 2005;Carslaw et al., 2013;Boucher et al., 2014;Forster, 2016). Establishing how much the aerosol
emitted during the 20" century has enhanced the liquid water amount and thus the albedo of midlatitude

storm systems is a key step in constraining predietions—ef 21 century—warmingthe climate sensitivity

inferred from the observational record.
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Extratropical cyclones play an important role in not only determining midlatitude albedo, but also
the transport of moisture, heat, precipitation, and momentum (Hartmann, 2015;Catto et al.,
2012;Hawcroft et al., 2012;Trenberth and Stepaniak, 2003;Schneider et al., 2006). Based on observational
case-studies and modelling it is known that both the synoptic-scale atmospheric processes and much
smaller scale cloud microphysical processes play a role in regulating the cyclone lifecycle (Naud et al.,
2016;Grandey et al., 2013;Lu and Deng, 2016;Thompson and Eidhammer, 2014;Igel et al., 2013;Lu and
Deng, 2015;Zhang et al., 2007;Naud et al., 2017).

In generalgeneral, for warm rain processes, enhaneed-enhancement in aerosol that can act as cloud

condensation nuclei (CCN) should enhance cloud droplet number concentration (CDNC, the first indirect,
or Twomey effect) (Nakajima et al., 2001;Charlson et al., 1992;Twomey, 1977). This effect has the
potential to suppress precipitation and lead to a greater retention of liquid water within the cloud (the

second indirect, lifetime, cloud adjustment, or Albrecht effect) (Albrecht, 1989;Gryspeerdt et al.,

2016;Sekiguchi et al., 2003). Empirical studies have established some evidence supporting the existence
of these effects in liquid clouds (Gryspeerdt et al., 2016;Quaas et al., 2008;Nakajima et al.,
2001;Sekiguchi et al., 2003;McCoy et al., 2017b;McCoy et al., 2015;Meskhidze and Nenes, 2006;Toll et
al., 2017;Naud et al., 2017), although it has been argued that compensating physical processes may offset
these microphysical perturbations(Stevens and Feingold, 2009;Malavelle et al., 2017;Igel et al., 2013).

osol-cloud-ind havenot-been—observed—in atropical-eyelonesCovariability between

aerosol optical depth (AOD) and cloud cover in extratropical cyclones has been shown by previous

studies(Naud et al., 2017;Grandey et al., 2013)- supporting the idea that cloud adjustments occur in

midlatitadethis regime-eyelones. Here we use global, high-resolution simulations and remote-sensing

observations to indicate that aerosol-cloud interactions produce an increase in the cloud liquid water
content, cloud extent, and albedo of extratropical cyclones.

In section 2 we will discuss the observations, and idealized simulations of cloud responses to
changes in CDNC used to disentangle—examine the effects of aerosols and meteorology on cloud
properties. We will also discuss the dispersion—modelling of volcanic plumes from the 2014-2015

Holuhraun eruption used to provide preliminary comparison to recent results indicating an insensitivity

of cloud water content to volcanic aerosol (Malavelle et al., 2017). In section 3 we present our analysis

3
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of our idealized aquaplanet simulation and we test the hypothesis arrived at in these simulations in the
observational record. In section 4 we summarize our results-and-diseuss-how-theyrelate-to-predieting 215
century-climate-change. Wenote-thataA tablelist of the acronyms used in this study is provided in Table
1Fablet.

2. Methods

2.1 Cyclone compositing

Many previous studies have demonstrated the usefulness of averaging around cyclone centers to
examine midlatitude behavior-including aerosol variability (Field et al., 2011;Field and Wood,
2007;Naud et al., 2016;Catto, 2016;Naud et al., 2017;Grandey et al., 2013). A variety of different
techniques for locating cyclone centers and compositing around elements of cyclones exist in the literature
utilizing pressure fields (Jung et al., 2006;Loptien et al., 2008;Hoskins and Hodges, 2002;Field et al.,
2008); geopotential height (Blender and Schubert, 2000); and vorticity (Sinclair, 1994;Hoskins and
Hodges, 2002;Catto et al., 2010). In this study we utilize the methodology described in Field and Wood
(2007). This algorithm locates cyclone centers based on sea level pressure (SLP) and then composites
around each center. In this study we use the same constants relating to minima, slope and concavity of
SLP contours as defined by Field and Wood (2007) to locate cyclone centers. As in Field and Wood
(2007) SLP is resolved at 2.5°, and each composite is 4000 km across. When cyclone compositing is

performed on observations only cyclone centers with 50% or more of the composite is-area located over

ocean are considered valid. All observations that are over land are removed from the composite. Cyclones

centers are located in both hemispheres, but southern hemisphere cyclone composites are shown oriented

so that they have a consistent orientation with northern hemisphere cyclones (Fig. 1Eig—1).

2.2 Observations

2.2.1 SLP

The Modern-Era Retrospective Analysis for Research and Applications version 2(Bosilovich et

al., 2015) (MERRA?2) daily-mean sea level pressure (SLP) was used to locate cyclone centers in the
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observational record from 2003-2015 using the algorithm described above. (Buchard-et-al;2015:MeCarty

) ) (X} s 9

2.2.2 MAC-LWP

The Multi-Sensor Advanced Climatology framework used for developing monthly cloud water
products (Elsaesser et al., 2017) is adapted for use here to create diurnal-cycle corrected and bias-
corrected daily datasets for total liquid water path (LWP, where path is the mass in an atmospheric
column), 10-meter wind speed, and water vapor path (WVP).

One possible caveat in our analysis is that there may be cross-talk among the microwave
emissions. That is to say, signal that should be attributed to wind or WVP could be attributed to
LWP(Elsaesser et al., 2017). However, retrievals of WVP and wind speed have been shown to be unbiased
relative to in situ observations and widespread cross-talk issues are unlikely (Mears et al., 2001;Wentz,
2015;Trenberth et al., 2005;Meissner et al., 2001;Elsaesser et al., 2017).

Because microwave radiometers must make assumptions regarding the partitioning of
precipitating and non-precipitating liquid this represents a systematic uncertainty in the microwave LWP
data set. To bypass this source of uncertainty we utilize the total LWP data product provided by MAC-
LWP. The total LWP observations from this data set represent the precipitating and non-precipitating
liquid water averaged over both cloudy- and clear-sky. In this study we define the sum of precipitating
and non-precipitating LWP within the cyclone as cyclone-LWP (CLWP). It should be noted that the
MERRAZ? reanalysis total precipitable liquid water (the TQL data in MERRA?2) was compared to the
microwave CLWP as a rough indicator of how MERRAZ2’s cyclone properties covaried with its predicted

sulfate.

2.2.3 CDNC

Cloud droplet number concentration (CDNC) is the key state variable that moderates the relationship
between aerosol and cloud properties such as LWP and cloud fraction (Wood, 2012). In this study we use
two different data sets to describe CDNC: (1) the CDNC retrieved at-eleud-top-by the Moderate Resolution
Imaging Spectroradiometer (MODIS) (King et al., 2003;Nakajima et al., 2001;Grosvenor and Wood,
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2014) and (2) 910 hPa sulfate mass from the MERRA2 reanalysis. Data set (2) is used to assess the

robustness of our analysis in regards to any remote-sensing retrieval errors in data set (1).

Retrievals of CDNC from the MODIS instrument were performed as described in Grosvenor and
Wood (2014) and are the same data evaluated in McCoy et al. (2017a). In the present study, level-2 swath
data (joint product) from MODIS collection 5.1 (King et al., 2003) is filtered by removing pixels with
solar zenith angles greater than 65° to eliminate problematic retrievals at a pixel-level (Grosvenor and
Wood (2014). The daily-mean CDNC at 1°x1° resolution is calculated from the filtered level 2 swath data
and only low (cloud tops below 3.2 km), liquid clouds were used to calculate CDNC. Only 1°x1° regions
where the cloud fraction exceeds 80% are considered valid (Bennartz et al., 2011) and the CDNC is
calculated using the 3.7um MODIS channel effective radius.

The second estimate of CDNC is provided by MERRA?2 using sulfate (SO4) mass. Previous
studies have shown that MERRA?2 sulfate mass is a good predictor of CDNC as observed by MODIS
(McCoy et al., 2017a;McCoy et al., 2017b). The relationship used in the present study to calculate CDNC
from 910hPa sulface mass is log,;, CONC = 0.411og;, SO4 + 2.1, where CDNC is in units of cm™ and

SO4 is in units of ug/m*. Since MERRA?2 aerosol assimilation does not ingest MODIS cloud properties
the CDNC from MODIS should not influence MERRA?2 sulfate(Randles et al., 2016). One caveat to using
MERRAZ? sulfate as a proxy for CDNC when investigating the-cloud-aerosol lifetime-adjustmentseffeet

is that MERRA?2 does ingest microwave-observed rain rates up until 2009 and clear-sky microwave WVP
into its reanalysis(McCarty et al., 2016). The possible influence of the assimilation of these cloud and
meteorological properties into the MERRA?2 reanalysis are evaluated in section 3. It should be noted that
support for the usefulness of this data product has been provided by studying long-term trends related to
volcanism and pollution controls. These have shown consistency between MODIS CDNC and sulfate
mass from MERRA?2 as well as observations of boundary-layer sulfur dioxide from the ozone monitoring
instrument (OMI)(McCoy et al., 2017a).

These two datasets use independent approaches to estimate CDNC and will not be subject to the
same errors in representing the true cloud microphysical state. Using estimate of CDNC from these two

sources will yield insight into the observational uncertainty surrounding CDNC.
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2.2.5 Albedo and cloud fraction from CERES

The analysis presented in this work focuses on changes in liquid water in cyclones. However,

changes in the cloud fraction (CF) and the all-sky albedo are central in the evaluation of the forcing related

to cloud adjustments to aerosol. Eina

aﬁd—&LbedeflﬁHerehaﬂges—m—ele&d—pfepemes—We utilize observed albedo and CF from the CERES 3-

hourly observations, where the all-sky albedo is for clear and cloudy regions. The decision to use all-sky

albedo has been made to parallel previous studies (Bender et al., 2017;Bender et al., 2016;Engstrom et
al., 2015b;Engstrom et al., 2015a) and has the benefit of not being sensitive to the-thresholding inte-enly
eenstderin the same way that cloud property retrievals are(Marchand et al., 2010). If we used an in-cloud

albedo this would mean that only confidently cloudy pixels would be considered. -and-potentiallyBy using

an all-sky albedo this allowsing examination—consideration of the contributions of broken and sub-pixel

cloud cover to albedo.; whieh-TheseBroken cloud-eleuds areis a prominent feature in midlatitude cyclones
and has-have the ability to substantially influence their-all-sky brightness-albedo (McCoy et al., 2017c).

One important caveat to this methodology is that we cannot partition the albedo change is-dueinto te-the

direct effect of aerosols, the first indirect effect, and adjustments. To offer an estimate of the change due
to the direct effect we examine the CERES clear-sky albedo.Naud-et-al; 2047

The 3-hourly data albede-is averaged to create a daily-mean albedo_and CF. Fhis-CF, clear-sky
albedo, and all-sky albedo data-isare provided in the CERES SYN1DEG data set edition 4(Wielicki et al.,
1996;Doelling et al., 2013;Doelling et al., 2016). Cloud-fraction{ CF _is calculated) from MODIS and

geostationary satellites based on the previdedinthe- CERES-SYNIDEGMinnis et al. (2011) data-setcloud
mask. It is used in the calculation of the albedo retrieved by CERES as described in Doelling et al. (2016)

to create an angular distribution model and to interpret geostationary observations of albedo in relation to

the observations from CERES.
way-as-albede-to-ereate-a-daily mean-cloudfraction:It should be noted that M&reha&d—et—al—’&@%@}wnhout

utilizing a satellite simulator(Bodas-Salcedo et al., 2011) we cannot directly compare thiscloud fraction

quantity to the aquaplanet simulations presented in this work.

To calculate the shortwave (SW) forcing that is consistent with ehanging-albedo_differences we
need to know the downwelling SW. -the-average-inselation-in-the midlatitades-was-ecaleulated-Mean solar
7
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insolation (30°-80° ) was calculated using the CERES EBAF-TOA edition 4 data set(Loeb et al., 2009).

This quantity was used to estimate the change in reflected SW from the difference in albedo.

The dependence of albedo on solar zenith angle (SZA) is well-documented and needs to be either
removed or treated in order to contrast variations in albedo generated by clouds across latitudes and
seasons (Bender et al., 2017). The dependence of albedo on cloud fraction and SZA in 3-hourly CERES
data is shown in Fig. 2Fig—2. Above a SZA of 45° the albedo depends strongly on SZA. While this is a
real effect of low sun angles, we are more interested in understanding the albedo of cyclones without the
SZA effect. To mitigate this effect we remove observations where SZA exceeds 45° from the 3-hourly
observations. To examine sensitivity to this cutoff we also utilize SZA cutoffs of 30° and 60°. The effect

of these different cutoffs on the dependence of albedo on CF is shown in Fig. S2.

2.3 Models and Simulations
2.3.1 Aquaplanet
Two sets of simulations in the MetOffice Unified Model (UM) vn10.3 based on GA6 (Walters et

al., 2017) were created to test the sensitivity of the-cloud adjustment to changes in CDNC eleud-aeresol
indireet—effeet-to model resolution in an idealized aquaplanet setting. Fhese-The simulations were

performed inmedels-were a GCM-surrogate medel-setting and a convection-permitting sedelsetting. The
GCM-surrogate model provides a comparison to the resolution of a typical GCM and was run at

1.89°x1.25°_horizontal resolution. It incorporated a parameterized convection scheme, but no cloud-

scheme was implemented meaning that only convective and large-scale clouds were simulated. The
convection-permitting model was run at 0.088°x0.059° and neither convection parametrization nor cloud
scheme were used. It is accepted that using this resolution (roughly 6.8km in the midlatitudes) does put
the convection-permitting simulation within the convective ‘Grey Zone’. The use of simulations at this
resolution presents both benefits and drawbacks. Without convection being parameterized microphysics

and aerosol explicitly interact at the model resolution allowing the cloud system to evolve in terms of

changes to the rain and the anvils of the convection as well as cloud-to-cloud interactions mediated via
cold pools and modifications to the thermodynamic and moisture profiles. However, while we are able to

afford global aquaplanet runs at this resolution, it is not sufficiently finely resolved to completely resolve
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convection (as noted above) and this may lead to unknown errors in the simulations. We acknowledge

these potential shortcomings.; but-nete—thatHowever, our results are able to probe process-—related

interactions in a way that parametrized convection simulations are structurally incapable of. faterms-of

lintercomparison

of simulations at scales ranging from 1-16km show minimal change to the mean statistics of simulated
cloud fields (Field et al., 2017).-giving This gives us some confidence that our results will not just be a
product of the resolution of the simulations. Overall, we find in the following sections that both GCM-
surrogate and convection permitting simulations increase CLWP as aerosol increases. The response of
CLWP to aerosol in the convection-permitting simulation is more pronounced than the GCM-surrogate
simulation, but does not contradict it.

Both convection-permitting and GCM-surrogate simulations were run with 70 vertical levels. The
Cloud-AeroSol Interacting Microphysics (CASIM) two-moment microphysics scheme (Hill et al.,
2015;Shipway and Hill, 2012;Grosvenor et al., 2017;Miltenberger et al., 2017) was used for all clouds in
the convection-permitting simulation and for large-scale cloud cover in the GCM-surrogate simulation.

The CASIM microphysics scheme is described in Shipway and Hill (2012). The warm rain processes in

CASIM is compared to other microphysics schemes in Hill et al. (2015). The cloud physics

parameterization used in CASIM is described in Khairoutdinov and Kogan (2000). Convective clouds in

the GCM-surrogate simulation do not parameterize aerosol-cloud interactions. This is consistent with

mostMest operational climate and global numerical weather prediction models -do-netinelade-aerosel-
awarc convection(Boucher et al., 2014), as is the casc in the UM operational climate model.

Sea surface temperature (SST) was held fixed in the simulations and the atmosphere was allowed

to spin up for a week at low resolution and then for another week at high resolution. The SST profile used
in the aquaplanet was derived from a 20-year climatology run from the UM in standard climate model
configuration. The January SST was averaged with a north-south reflected version of itself and then
zonally averaged to provide a symmetrical SST.

The aerosol profile in the control simulation was held constant at 100 cm™ in the accumulation
mode at the surface up until Skm and then exponentially decreased after Skm with an e-folding of 1 km.

Aerosol--cloud interactions were parameterized using a simple Twomey-type parameterization(Rogers

9
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and Yau, 1989) with CDNC = 0.5N,,..w%2?> with N, being accumulation mode aerosol number
concentration and w being updraft velocity limited such that at w=16m/s CDNC= Ng..N.; and-The vertical

velocity was set to havew has-a minimum value of 0.1m/s. Aerosol was held constant throughout the

simulation. The effects of enhanced aerosol on clouds was investigated by increasing aerosol at the
surface to 2000 cm™ in a channel between 30°N and 60°N (with an exponential decay after Skm with an
e-folding of 1 km, as in the control simulation). Ice number was controlled using a simple temperature-

dependent relationship (Cooper, 1986). Simulations were then run for 15 days. A single simulation was

run at each resolution and aerosol concentration, giving a total of four simulations of 15 days each.

It is important to note that an increase in CDNC with increasing €EN-N is guaranteed by the
activation parameterization used in these simulations. However, the intention of these simulations is to
evaluate the response of macrophysical cloud properties to changes in CDNC and these aquaplanet

simulations should be thought of in the context of an —fixedartificially constrained -CDNC> set of

experiments as opposed to ‘fixed-CCN’ experiments. In addition to the large change in CDNC between
the different sensitivity experiments a small amount of variability in CDNC is introduced by vertical
velocities in excess of 0.1 m/s, as neted-described above.

It is also important to note that the fixing of CDNC at a constant value means that precipitation

does not affect CDNC via the removal of aerosol and thus CCN. The simulations presented here are

intended to examine the adjustment in cyclone clouds to changes in CDNC as opposed to a change in

aerosol fluxes. If aerosol were allowed to respond to precipitation we may speculate as to how this might

affect the behavior of the cloud adjustment simulated by CASIM. As described in the following sections,

the rain rate on a daily, cyclone-wide scale is determined by the large-scale environment. Subsequently,

we may hypothesize that the feedback between aerosol, CDNC, and the rain rate is relatively weak, but

we note that this assumption of fixed CDNC artificially removes this interaction pathway with the intent

of understanding the adjustment in cloud properties to CDNC.

Finally, iIn these simulations presented in this paper we explore the response of the clouds in the

UM treated by the CASIM cloud microphysics to changes in CDNC. A different cloud microphysics
scheme would potentially yield a different hifetime-adjustment to aerosoleffeet, but our results are unlikely

to be qualitatively dependent on the simplistic activation scheme chosen here. We also acknowledge that

10
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the adjustment of cloud to aerosol in these idealized simulations will be a function of the CASIM

microphysics scheme. Examination of CASIM in relation to other multi-moment schemes suggests that

if the adjustment works through the warm rain process another multi-moment scheme would produce a

qualitatively similar result (Hill et al., 2015). It is important to note that the simulations presented in this

work include ice processes, which may affect the susceptibility of rain rate to changes in CDNC (Koren

et al., 2005;Rosenfeld and Woodley, 2000). These effects may be highly dependent on the choice of

microphysics scheme. Further, the representation of these effects in models is very uncertain and could

substantially affect the predictions of our simulations. Another important mechanism not considered in

our simulations is the dynamical feedback on aerosol-cloud interactions(Hill et al., 2009;Xue and

Feingold, 2006;Xue et al., 2008). The dynamical evolution in response to changes in CDNC could change

dramatically using a different microphysics scheme. We believe that our simulations are not strongly

sensitive to the representation of these effects in CASIM given the resolution of the simulations and the

forcing within a cyclonic system.

Overall, we present these simulations as an exploration of how clouds within cyclones respond to

changes in CDNC through the warm rain process. These simulations are used to contextualize the

observations and evaluate whether we may reproduce observational variability utilizing this idealized set

of simulations.

2.3.2 PlumeDispersion model simulations frem-the-eruption-efof the 2014-2015 Holuhraun eruption in Iceland

The 2014-2015 eruption of Holuhraun in Iceland emitted a massivelarge quantity of sulfur into the

lewermeosttroposphere the North-Atlantie(Gettelman et al., 2015:Schmidt et al., 2015) and served as a

usefultestcase study of how clouds respond to changes in aerosol (McCoy and Hartmann, 2015:Malavelle
et al., 2017). Because Holuhraun is in the midlatitudes it offers an —useful-ease—studyopportunity to

examine how cyclone properties are altered by sulfate aerosol particles. The Numerical Atmospheric-

dispersion Modelling Environment (NAME) is a —Lagrangian dispersion model (Schmidt et al.,

2015:Jones et al., 2007) wasthat was used to medelsimulate the plamechemical conversion and dispersion

of sulfur dioxide and -efsulfate aerosol particles for the first two months of the frem-Holuhraun eruption.
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Simulations were run withusing reanalysis meteorology for the eruptive period from the UM as described
in Schmidt et al. (2015).

The output from the Holuhraun simulations efHeluhraun’semissions—durine September—and
October2014-werewas used to determine which cyclones had interacted with the volcanic sulfate plume.

The simulations were set-up using a time varying flux of SO, of 100 kt/d between 31 August 2014 and

13 September 2014 and 60 kt/d thereafter in line with observations and fluxes derived in a previous study

(Schmidt et al., 2015). Emissions were distributed uniformly between 1500-3000m, consistent with

theobserved emisstonplume heights during September 2014(Schmidt et al., 2015). Sensitivity to emission

height was tested usineby running a second simulation with emissions between 0-1500m. The near-

surface sulfate mass was calculated by taking the mean over the bottom five model levels (100m-900m).
This sulfate mass was-and-then used —These simulations-wereused-to determine whetherwhich cyclones

interacted with the sulfate plumes from the eruption froemHeluhraunhadinteracted-with-evelones-during
September and October of 2014.

3. Results and discussion

In this section we present observational analysis showing that mid-latitude cyclone liquid water content,

cloud cover, and ultimately, albedo covary with changes in cloud droplet number concentration (CDNC).

This work was motivated by a set of idealized convection-permitting experiments designed to examine

how mid-latitude cyclone properties change in response to cloud microphysics. In section 3.1 we will

discuss the characterization of cyclone systems in the midlatitudes and how we can stratify them in

relation to the large-scale environment. In section 3.2 we will examine how meteorology determines

cyclone properties and compare this dependence across our aquaplanet simulations, and observations. In

section 3.3 the response of cyclones to a change in CDNC in the aguaplanet simulations will be contrasted

with the covariability between CDNC and cyclone-mean properties in the observational record. In section

3.4 we will examine which parts of midlatitude cyclones differ between high and low CDNC populations

and will contrast these observations with the change in cyclone structure in the aquaplanet simulations.

In section 3.5 we show that the all-sky albedo in midlatitude cyclones differs between high and low CDNC

populations. In section 3.6 we fit a regression model to explain cyclone liquid water path as a function
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of microphysics (CDNC) and meteorology (WCB moisture flux) and find we are able to explain the

majority of extratropical cyclone variability by these two predictors. Finally, in section 3.7 we examine

cyclones during the eruption of Holuraun utilizing dispersion modelling to examine the propagation of

the volcanic plume.

olLarge-scale environmental controls on

Compared to the meteorological drivers of cyclone formation, aerosol-cloud interactions are

subtle and difficult to observe.

To understand the contributions of aerosol and meteorology to cyclones we need to characterize what

constitutes a cyclone. Cyclone centers were identified using sea level pressure (SLP) in keeping with

previous studies (Field and Wood, 2007) as described in the methods section. Cyclone centers were

identified in both the northern and southern hemispheres between 30°-90° latitude over ocean. Cyclone
13
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compositing was performed to identify centers for both observed and simulated cyclones. Because

microwave CLWP cannot be retrieved over land surfaces only cyclone centers with a substantial fraction

of the cyclone over ocean were considered valid. A minimum ocean coverage of 50% within the 2000 km

radius composite was required to include cyclone centers in our analysis. As noted in the methods section,

southern hemisphere cyclones are flipped so that their orientation is consistent with cyclones in the

northern hemisphere (Fig. 1Eie—1). That is to say, the poleward half of the cyclone is shown in the top

part of the composite and the equatorward half is shown in the bottom half of the composite.

Now that we have created a database of observed cyclones we need to stratify them by the large-

scale environmental controls on their development in some way. Considerable research has been devoted

to investigating the dependence of cyclone properties on meteorology using cyclone composites(Catto,
2016). One that has been found to be particularly useful is the so-called warm conveyor belt (WCB)
metric (Field and Wood, 2007;Pfahl and Sprenger, 2016;Harrold, 1973). This relies on a simple model
of cyclone development as described in Harrold (1973) and is calculated as the product of cyclone-mean
wind speed and water vapor path multiplied by a constant describing the width of the warm conveyor belt
as defined in Field and Wood (2007). It should be noted that cyclone--mean here and in the rest of this
article refers to an average taken within a 2000 km radius of the cyclone center. WCB moisture flux is a
proxy for the moisture flux ingested by the cyclone and is a good predictor of the cyclone-mean rain rate

in observations and models (Field and Wood, 2007;Field et al., 2011). These studies investigated

observations and relatively low-resolution global climate model simulations.

We created a suite of simulations in the MetOffice Unified Model (UM) that is intended to explore

aerosol-cloud interactions within mid-latitude cyclones, these simulations are described in the methods

section in more detail. Because the focus of this study is to understand maritime, midlatitude storms the

model has no land surface (an aquaplanet) allowing an unbroken storm track providing more cyclones to

be analyzed without the complications of landmasses on their evolution. A control simulation and

enhanced aerosol simulation were run at each resolution to see how cyclones differed when CDNC was

increased. In the control simulation accumulation mode aerosol concentration was set at a value of 100

cm™ near the surface and in the enhanced aerosol simulation the accumulation mode aerosol concentration

was set to 2000 cm™ near the surface in the 30°N-60°N latitude band. Only liquid droplets are directly
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affected by the aerosol changes. For ice, number concentrations followed a simple temperature-dependent

relationship, which is also not unusual of a GCM participating in the climate model intercomparison

project (CMIP). Minimal impact is made on ice concentrations through variations in Nacc (hence small

changes to longwave radiationEW). We do not vary parametrizations that control the ice number when

we vary Nae.. Examination of the results of our convection-permitting simulations show that tFhe

relationship between WCB flux and rain-precipitation rate as well as rain rate is -appears-to-be-relatively
relatively invariant as a function of model resolution in-the-aguaplanet simulations-analyzed-in-this-study

and aerosol concentration (Fig. S3), although it is worth noting that the slope of the relationship between

precipitation or rain rate and WCB moisture flux is somewhat shallower in the low-—resolution model.

Further, This-is-alse-supperted-by-analysis-ef-ether GEMs(Field-et-al5204H)—ulse of this WCB metric

is particularly useful in the context of our analysis because it can be measured by microwave radiometer

allowing us to readily compare simulations and observations.

This consistency across models of varying spatial resolution and observations of real-world

cyclones seems reasonable as it should be a consequence of mass conservation. EssentiallyThat is to say,

once in equilibrium, the water mass flux that goes into the cyclone must be precipitated out. The perturbed
aerosol environment reduces the efficiency of warm rain production for a given water path and therefore
should lead to a higher equilibrium water path for a given mean rain rate or WCB flux. Reliable

observations of ice cloud properties are not available(Jiang et al., 2012)_so it is difficult to infer the

importance of ice cloud in this mechanism. However, it is interesting to note that in the context of the

aquaplanet simulations presented here the frozen water path in the cyclones did not change between

control and enhanced aerosol experiments, indicating that this aerosol-cyclone indirect effect primarily
acts through the warm rain process, at least within these-our aquaplanet simulations (Fig. S4).

Casting our analysis as a function of WCB moisture flux means that we are investigating cyclone
responses to changes in CDNC at a set precipitation rate. One possibility is that this framework will prove

expedient to our analysis of cloud lifetime-effeetsadjustments to aerosol changes in cyclones given the

divergence in precipitation responses in previous studies, ranging from intensification of precipitation
(Zhang et al., 2007;Thompson and Eidhammer, 2014;Wang et al., 2014), to unchanged precipitation(Igel
et al., 2013), or suppression of precipitation(Lu and Deng, 2016).
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3.2 Observed—eyelone—propertiesComparison between observed and simulated cyclone properties and their
dependence on meteorology

Before examining the response of cyclones to changes in cloud microphysics we first compare

observed and simulated cyclones and their response to changes in synoptic meteorology as characterized

by WCB moisture flux.

Comparison between MAC-LWP observations of cyclone-composited CLWP and aquaplanet simulations
are shown in Fig. 3Fig-3. To compare cyclone composites in similar meteorology conditions the cyclone

composites are shown stratified by-into terciles of WCB moisture flux. The terciles are determined by the

observational record of WCB moisture flux and correspond to 0-2.21mm/day, 2.21-2.88 mm/day, and

above 2.88 mm/day-interegimes-of1+-3:3-5;-and-5-7mm/day._ The bounds on WCB from these terciles
are netrecalenlatedfortheused in the presentation of the aquaplanet simulations. Fheseregimes—are

Overall, the simulations carried out at convection-permitting resolution and the observations show

reasonable agreement in structure and some agreement in absolute value. Both the convection-permitting

and GCM-surrogate simulations generally have a lower CLWP than the observations, but this is not

surprising because no cloud-scheme is used in these simulations. That is to say, only supersaturations

resolved at the model’s resolution will produce cloud. Use of a cloud scheme would increase the CLWP

and bring the simulations into better absolute agreement with observations. However, the cloud scheme
would require a choice of critical relative humidity(Quaas, 2012;Grosvenor et al., 2017), which would
complicate our analysis of these simulations across resolutions. The GCM-surrogate simulation has a
much lower CLWP than either the convection-permitting simulations or the observations. This is also
likely to be at least partially due to the lack of a cloud scheme meaning that only convection or times
where the entire grid box is saturated will be cloudy. Cyclone-centric composites of MERRA?2 total
precipitable liquid water are shown in Fig. 3Fig—3f and agree qualitatively-somewhat with MAC-LWP
observations, although the difference between different WCB moisture flux regimes is not as strong and

the cyclones are significantly more diffuse. We will discuss the MERRA?2 cyclone properties in the

following sections in the evaluation of MERRA?2 sulfate.
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One consistent behavior observed across the aquaplanet simulations and observations in Fig. 3Fig:
3 is the enhancement in CLWP with increasing WCB moisture flux. By stratifying the-cyclones_by the

WCB moisture flux we show that WCB moisture flux plays a significant role in determining the CLWP

simulated in the UM at GCM-surrogate and convection-permitting resolutions and in observations. by-the

CEWP(Fig4Fig3e)-As one might expect, a greater flux of moisture into the cyclone results in a larger
total CLWP. Such a clear WCB-CLWP relationship provides a useful metric with which to stratify

midlatitude cyclones. In this framework we can now ask: for a given WCB moisture flux, do variations

in the aerosol that is active as CCN available to the cyclone and hence CDNC result in a different CLWP?

3.3 The response of the mean properties of mid-latitude cyclones to changes in cloud microphysics

As we saw in the last section, the WCB moisture flux into cyclones exerts a signtfieantsubstantial

control on the amount of liquid within the cyclone and is a quantity that we may observe remotely. We

mustnow ask the question: if we segregate cyclones into low CCN and high CCN populations will this

behavior change?

Determining whether observed midlatitude cyclones have a higher or lower CCN available is mere

. One approach would

be to use the observed cloud droplet number concentration (CDNC). This provides a good proxy for CCN
(Wood, 2012), but as described in the methods section it is potentially problematic because retrieval errors
relating to overlying ice cloud(Sourdeval et al., 2016), cloud heterogeneity (Grosvenor and Wood,
2014;Sourdeval et al., 2016), and low sun-angle(Grosvenor and Wood, 2014) may spuriously bias the
measurements making it difficult to interpret any observed covariation between cyclone properties and

CDNC. That is to say, retrieval error may be hypothesized to lead to any covariability that we discover in

our analysis.
Ultimately the source of our concern in regardsto-basing our entire analysis on observed CDNC

is that it may suffer from retrieval errors. To avoid these ambiguities we take a similar approach to

previous studies (Boucher and Lohmann, 1995) and use both CDNC observed by MODIS and the sulfate

mass concentration at the surface simulated by MERRAZ2 reanalysis(McCoy et al., 2017b:McCoy et al.,
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2015:McCoy et al., 2017a). as-aproxy-for- CEN-MeCoy-et-al; 201 7b:MeCoyetal;2015:MeCoy-—etal;
201+7a)—This use of the sulfate mass proxy_as a supperting-data—setproxy for MODIS observations of

CDNC is advantageous because it is not susceptible to retrieval error and because MERRA2 does not

have a parameterized cloud-aerosol indirect effect;further—simplifyingits—interpretation-as-aproxy-of

CCN-t. If we see a similar behavior when we use MERRA2 sulfate to stratify cyclones into low and high

CDNC populations as we do when we stratify using observed CDNC then this covariability is not created

by remote sensing retrieval biases.

Using the daily-—mean MERRA2 SO4 we calculate a CDNC proxy within cyclones following the

relationship established in previous studies (McCoy et al., 2017b). This gives a CDNC proxy that is
calculated using the MERRA2 modelreanalysis and, independently, an tep-dewn-observation of CDNC

from MODIS. We examine whether both metrics for CDNC show similar behaviors when composited

around cyclone centers.

By examining cyclone-centric composites of CDNC we see aAn enhancement in prexy-CDNC

observed by MODIS and inferred from MERRA2 eeeurs-in the southwest quadrant (for a poleward-

oriented composite: Fig. 1Ets—1. and Fig. 4abc). This region-that has been hypothesized by previous

studies-ts-likely to be the source of moisture and aerosol for the cyclone (Fig—4ab.eFig—S6)-(Cooper et
al., 2004;Naud et al., 2016;Joos et al., 2016). Based on these studies the southwest quadrant of the cyclone

composited CDNC will be used to stratify cyclones by CCN and will be referred to as CDNCsw._This

region is shown in Fig. 1Fig—}. NeteAgain, we note that in this study all cyclone composites are oriented

so that north is toward the pole and south is toward the equator so that northern and southern hemisphere
cyclones are consistently oriented.

Because of the restrictions on what retrievals of CDNC are considered reliable (Grosvenor and
Wood, 2014) large regions of the cyclone composite inhabited by ice cloud may be missing, in contrast
no data is missing from MERRA2 sulfate because it is a reanalysis product. Examples of cyclone
composited CDNC from MODIS, and MERRA?2 are shown in- Fig. 4Fig-4abFig-S6ab. While MERRA2
infers enhancement in CDNC in the southwest quadrant, MODIS shows a higher CDNC in the north _(or

poleward, Fig. 1Eig—1) part of the composite, which is likely due to retrieval bias at low sun angles and

from heterogeneous cloud. Due to the vagaries of retrieving CDNC from space in the presence of broken
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or icy cloud, the cyclone——composited CDNC has quite different structures depending on whether it is
observed by MODIS or whether MERRA2 SO4 is used as a proxy for CDNC.; -Hewever;butHowever
the inter-cyclone variability in both cyclone-mean CDNC and CDNCsw observed by MODIS and inferred
from MERRA?2 are in agreement (Fig. 4Fig—4Fig—S6d). Further, -and-when MERRA?2 is sampled where

MODIS can perform a retrieval (effectively removing SO4 data when overlying ice cloud is present), the

pattern of CDNC within the mean cyclone composite is in better agreement (Fig. 4Fig—4Fig-S6cd).

Using WCB moisture flux as a measure of the meteorological condition and CDNCsw as a
measure of CCN available to the cyclone we may evaluate the observational record and compare it to the
aquaplanet simulations of aeresel- CDNC enhancement. When-Wwe eompareexamine the observational
record of cyclone-mean CLWP by stratifying it into the top and bottom third of observed CDNCsw. This
is done separately using CDNC -inferred from MERRA2 and observed by MODIS (Fig. 5SEig—5cd). There
is a systematic separation in mean CLWP between high and low €ENCDNCsw cyclones becemes

apparent—(Fig. 6Fig—6ab). The mean separation between cyclone populations is 12.7+0.7 g/m2 when
MODIS is used to perform the partitioning, where the uncertainty is the 95% confidence interval assuming

a normal distribution. When MERRA2 sulfate is used the difference is 15.34+0.58 g/m2. Is this behavior

replicated by our idealized aquaplanet simulation?

We answer this question by comparing the low and high CDNC simulations and stratifying by

WCB flux, as we did with the observations of cyclone properties. In this case we uniformly perturb the

CDNC, as opposed to comparing populations within the observations. Simulations at convection-

permitting resolution and low resolution are examined. When the simulations are stratified and compared

in this way their behavior mimics the observations. That is to say, for a given WCB, higher N translates

to a higher CLWP (Fig. 6Fig—6c). The difference between the control and CDNC-enhanced simulations

1s more pronounced in the convection-permitting model. This may be because in the GCM-surrogate

simulation aerosol-cloud interactions are not represented for convection, while in the convection-

permitting simulation aerosol-cloud interactions are treated in the same way for all cloud elements. It may

also reflect the cloudier base state of convection-permitting simulation. However, it is possible that the

aerosol-cloud indirect effect as simulated by traditional GCMs that do not include aerosol-aware

convection is systematically too weak in the midlatitudes. This is because increased model CLWP results
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in enhanced reflection of shortwave radiation to space (Fig. S5), although thick ice clouds may mute the

enhancement of reflected shortwave radiation.

Our hypothesis, based on our analysis of—eur idealized simulations and observed cyclones, is that

enhanced CCN should enhance CLWP in midlatitude storms for a given WCB moisture flux. While this

hypothesis is evocative, we should note a few potential caveats in our analysis.

One-potential-caveat-to-this-appreach-is-that-theThe first potential caveat is that it is possible that
the CDNCsw inferred from MERRA?2 sulfate has somehow been affected by the observations ingested

into the MERRAZ2 reanalysis to create a spurious increase in sulfate in cyclones with larger CLWP,
although as we have noted earlier the mechanism by which this could happen is not clear. HewewverTo
evaluate whether this can be the case we examine ;—the-same-proeedurethe total precipitable liquid
predicted by MERRA2 withincomposited around cyclone centerss. The total precipitable liquid is

stratified by WCB moisture flux and then split into high and low CDNCgsw populations utilizing MERRA2

predicted sulfate mass. Li ICsw-inferred

cyclones have a higher CLWP than high CDNCsw cyclones at a fixed WCB moisture flux. That is to say,

they have the opposite behavior of the observations from MAC-LWP (Fig. 6Fig—6d). Based on this
analysis we see thatitappears-that MERRA2’s reanalysis is not ingesting observations of cloud properties

in such a way that it spuriously drives variations in the CDNCsw inferred from MERRA?2 sulfate mass.

A second caveat to our analysis of cyclone properties as presented above is H-should benoted-that

there is some sensitivity to whetherwhat region of the cyclone is used to characterize CDNC. If the

cyclone-mean CDNC is used to stratify the cyclones erinstead-+ of CDNCsw is-tsedthe separation between
high and low CDNC populations changes slightly (Fig. S67ab). H-the-eyelone-mean- CDNC-is-used-to
stratify-eyelonesbut-tThe mean CLWP for high CDNC cyclones is still highersignificantly higher than

the CLWP for low CDNC cyclones_at 95% confidence -H-the-eyelone-mean-CBNC-isusedfor moisture

fluxes below 5 mm/day. The position of the warm conveyor belt is sometimes not in the SW guadrant.

Additional sensitivity tests efuse-efusing the southern half of the composite and the south-east quadrant
of CDNC to stratify cyclones are shown in Fig. S78 and Fig. S89. Only use of the south-eastern quadrant
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(Fig. S89) for stratification results in large portions of the high and low CDNC cyclone population being
indistinguishable within-the-standard-errerat 95% confidence. This is in agreement with previous studies
of the moisture flux (Eckhardt et al., 2004;Naud et al., 2012)- the moisture flux is not strenglyexclusively

constrained-toin the southwest (poleward oriented) quadrant, but is frequently in this region. Examination

of the CDNC inferred from MERRA2 sulfate also supports the idea that aerosol is imported into the
cyclone in the SW (with N being poleward, Fig. 1Fig—}) quadrant (Fig. 4Fig—4b). One possibility is that

identification of frontal features (Naud et al., 2012) would better allow averaging around the element of
the cyclone that carries €E€Naerosol into the cyclone. However, based on previous flow studies of aerosol
within cyclones (Joos et al., 2016;Cooper et al., 2004;Naud et al., 2016) witheut-identification-of frontal
features-we believe that the CDNCsw offers a bettergood overall representation of the importation of CCN

into the cyclone and it will be used for the remainder of the analysis.

3.4 Differences in the structure of clouds within cyclones inresponseas a function teof microphysics

Having examined the difference in cyclone-mean properties between high and low CDNCsw populations
we now examine differences in cyclone-centered cloud structure between these populations. The mean

composite within each tercile of WCB moisture flux and in the -high and low CDNCsw populations are

calculated and the difference between the composites is taken.

The difference in cloud properties between high and low CDNCsw cyclones share features
between observations and modelling, primarily an increase in the MAC-LWP CLWP in the south-west
sector of the cyclone (Fig. 7Fig—7 and Fig. 8Fig-8). Naud-et-al(2047)-This increase in MAC-LWP CLWP
is particularly interesting as this is the region typically inhabited by open cellular convection trailing the
cold front and a major source of error in simulated cyclone properties (Bodas-Salcedo et al., 2014;Naud

et al., 2014;Bodas-Salcedo et al., 2012;McCoy et al., 2017d)._ Numerous studies have linked the

dominance of open or closed mesoscale cellular convection to precipitation, and aerosol modulation of

precipitation(Stevens et al., 2005;Feingold et al., 2015;Koren and Feingold, 2011;Rosenfeld et al.,
2006;Mechem et al., 2012;Goren and Rosenfeld, 2012;Wang and Feingold, 2009a, b). Because of the

tenuous nature of this cloud regime, and because they are typically precipitating it is reasonable to suspect

that they will be more susceptible to aerosol-driven changes in their macrophysics than either thick frontal

21



10

15

20

25

clouds or non-precipitating clouds. It is not the intention of our investigation to examine the complex

dynamics of mesoscale cellular convection, but we have chosen our observational data sets so that they

do not exclude this cloud regime, and the localization of differences in CLWP between high and low

CDNCsw_cyclone populations is suggestive given the existing literature regarding both the radiative

importance of these clouds(McCoy et al., 2017¢) and their relation to precipitation and aerosol(Koren and

Feingold, 2011). Overall, this behavior motivates future work examining this region in higher resolution

and higher complexity models that can resolve these features.

Examination of the differences in observed cloud extent-coverage between high and low CDNCsw

cyclones exhibit a similar pattern of differences to CLWP with enhanced cloud cover in the south-west

quadrant of the composites in the second and third tercile of WCB moisture flux (Fig. 9Fig—9). This

feature is compellingly similar to the difference in cyclone properties between high and low aerosol
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optical depth cyclones as shown by Naud et al. (2017). It is interesting to note that the difference in CF

between high and low CDNCsw cyclone populations are substantially more dependent on whether

observed or inferred CDNC is being used to partition the cyclone populations. For cyclones whose WCB

moisture flux is in excess of 3mm/day the low and high CDNCsw populations diverge in much the same
way when using inferred or observed CDNC (Fig. 10Eig10). It is unclear why the MODIS and MERRA2
partitionings of the cyclone population do not agree for CF as well as they do for CLWP (Fig. 7Fig-—7).

However, population mean CF is different between high and low CDNCsw populations at 95% confidence

with a mean difference of 1.38%=+0.49 to 1.9%+0.49. depending on which CDNC data set is used (note

that the difference in cloud fraction is given in abselate-percent cloud cover, not percentage difference).

3.5 Differences i in albedo between high and low CDNC cvclonesIHs—a}seaﬂtefestmg—ﬂHmtemat—aHngh—\VGqusﬂwe

CDNCsw-data set-is-useds

As shown above, systematic differences in cyclone coverage and liquid content seem to exist

between low and high CDNCsw populations, but te—effer—amere—aceurateprediction—of 21%century

chimate-ehangeto better infer climate sensitivity using the temperature record the key variable to constrain

is the change in reflected shortwave radiation due to aerosol indirect effects (Forster, 2016;Stevens,
2015;Andreae et al., 2005). The difference in cyclone-composited albedo observed by CERES between
cyclones whose CDNCsw are in the top and bottom third of the population is shown in Fig. 11Fig—.
When MODIS is used to partition the cyclone populations by CDNCsw, the— aAlbedo increases with

increasing CDNCsw in the western side of the cyclone and is roughly consistent with the regions whose

CLWP and CF increased (Fig. 7Fig—7 and Fig. 9Fig—9). Lew—meisture-flux—eyelones(WEB<3

mm/day)Cyclones in the lowest two terciles of WCB moisture flux show relatively little difference in

albedo if MERRA2-inferred CDNCsw is used to stratify the observational record (and appear to decrease

somewhat in the lowest tercile). Hewever—M@DlS—ebsewaﬂeﬂs—afH}sed%e—s&a&fy—ﬂ%Heeefd—the

-We may speculate

that this reflects poor representation of the transport of aerosol into low moisture flux cyclones by

MERRAZ2. but the reason for this disagreement is unclear.
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We contrast this difference in all-sky albedo between cyclone populations in the real world with

the difference in albedo simulated in the aquaplanet simulations at low and high resolution. (MeCeoy-et

—Differences in simulated albedo between high and low €EN-Ngcc
simulations bear some general similarities to the observations (Fig. 12Fig—12). —altheugh—-aAlbedo

increases are much more uniform throughout the entire cyclone region. There is some localization to the

southwestern portion of the composite, but the difference in composites is not clearly analogous beyond

the sign of the difference. This lack of structural correspondence between simulated and observed all-sky

albedo differences may reflect the extremely large difference in €EN-Nac imposed on the simulations.

This large difference in Nac may have leadleding to a saturation of the aeresel-ecloudlifetime

effectenhancement in CLWP by increasing CDNC. This may also reflect the lack of structure imposed

on Nacc by cyclone straeturedynamics in the simulations because Nacc is not depleted by precipitation or

advected by the large-scale flow, as it is in the observational record(Cooper et al., 2004).

Having inspected the differences in the structure of cloud properties and albedo between high and

low CDNCsw populations we will now examine the difference in cyclone-mean albedo. To do this we
first divide the high and low CDNCsw populations into 15 equal quantiles of WCB moisture flux. The
mean albedo and the standard error in the mean (SE=on) (where sigma is standard deviation and n is the

total number of observations) are calculated in each quantile (Fig. 13Fig-—3a). The 95% confidence
interval is calculated assuming the distribution is normal. Fhe-mean-albedo-ishigher for the high CDNCsw

ad tA ro ayzo ALN he

To calculate the difference in mean albedo between high and low CDNCsw populations in each

quantile the quantile-average WCB moisture flux needs to be examined. Because the mean WCB in each
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quantile may be slightly different for the high and low CDNCsw populations the mean and standard error
for the high CDNCsw population is linearly interpolated so that the mean WCB moisture flux in each
quantile between-is the same for the low and high CDNCsw populations. For each quantile the standard

error in the difference is propagated as SEyigh—row = \/SEE,igh + SE?,,, . The average difference in

albedo across quantiles is taken. The associated standard error in the averaged difference in albedo is

2
calculated as /Z % The difference and standard-errer95% confidence interval in the difference between

high and low CDNCsw populations as a function of WCB is shown in Fig. 13Fig—13b.

The mean cyclone albedo is higher for the high CDNCsw population at 95% confidence. When
MODIS is used to retrieve CDNC the albedo is on average 0.032+0.002 higher in the high CDNCsw
population. If MERRA? inferred CDNC is used then the cyclone albedo is only higher for the high

CDNCsw population when WCB moisture fluxes is greater than 2 mm/day with an average difference of

0.018+0.002.

To calculate the difference in terms of a radiative flux the difference in albedo is multiplied by the
annual mean climatological downwelling SW associated with the CERES EBAF-TOA data set between

30°-80°. It is important to note that this assumes that the cyclones being affected are randomly distributed

in latitude and during the year. This may be somewhat reasonable for anthropogenic pollution, but not for

biogenic aerosol sources. Specifically, planktonic sulfur sources have a substantial seasonal cycle leading

to their contribution in albedo occurring during the period of maximum insolation (McCoy et al., 2015).

The difference in reflected SW provided here is only intended to act as a rough guide to contextualize the

change in albedo.

This-Multiplying the albedo by climatological insolation vields a difference in reflected SW

between high and low CDNCsw populations of 8.30+0.31 Wm™ if MODIS is used to stratify cyclones
and 4.62+0.33 Wm if MERRA2-inferred CDNC is used (Fig. 13Fig—13b). This result does show some
sensitivity to the maximum solar zenith angle considered acceptable for the 3-hourly CERES data. A
maximum SZA of 30° yields values of 5.6358+0.948 and 3.934.23+1.180.63 Wm™ for MODIS and
MERRAZ2-inferred CDNC, respectively (Fig. S9140)). A maximum SZA of 60° yields values of

6.285040.4827 Wm-2 and 2.1588+0.528 Wm (Fig. SHS10). If all SZAs are included, thisreverses-the
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position of the low and high CDNCsw cyclones are reversed (Fig. S112). However, the inclusion of all
SZAs observed by CERES includes albedos where the SZA effect dominates so low CF and low CLWP
cyclones can be-have a considerably higher albedo (Fig. S2+). Again, this effect is physical, but including
the seasonal cycle and position of cyclones in our analysis via this effect makes it difficult to disentangle
the very pronounced SZA effect from changes associated with changes in cloud properties. It is also worth
noting that the difference in albedo estimated using MERRA2 SO4 to stratify cyclones is likely to have a
larger sensitivity to the maximum SZA cutoff used because MODIS CDNC retrievals are not possible
when the SZA exceeds 65° and so cyclones in winter are not considered in the analysis, while MERRA?2

SO4 allows these cyclones to be examined.

203 H s werth-mentioningthat [in this analysis we have used all-sky albedo from CERES to examine

the response of cyclone albedo to changes in CDNC. This variable was chosen because it does not impose

a criterion for what it considers to be a cloud when calculating the albedo. as a cloudy-sky ain-cleud

albedo would. If we were to use in-cloud albedo this would necessitate the albedo perturbation being

restricted to only confidently cloudy pixels (see Marchand et al. (2010)). For example, this weuldcould

exclude situations where mesoscale cellular convection was occurring as these regions would not

necessarily be considered cloudy. As pointed out by previous studies (McCoy et al., 2017¢), these clouds
may have a significant impact on all-sky albedo.-may-well be-the mestsensitive to-perturbationsin CONC:
However, use of all-sky albedo may potentially conflate aerosol several-non-maerophysical-effeets-with
changes-in-ecloudliquid-water content-and-extentdirect effects and indirect effects.

First we provide an estimate of how much cloud fraction differences may contribute to the

difference in albedo. Because cloud fraction and albedo have a fairly linear relation in the midlatitudes

on a monthly time scale (Bender et al., 2011:Bender et al.. 2017) we provide a calculation of the change

in albedo related to changes in cloud cover. The observed midlatitude slope of the relation between albedo

and fractional cloud cover of 0.4 from Bender et al. (2017)_implies a change in albedo between the top

and bottom third CDNCsw populations of 0.005-0.007+0.002 (Fig. 10Eig—10). As shown in Fig. 10Fig:

10, the difference in mean cloud cover between the populations is significant at 95% confidence, but it

does not appear to contribute to the majority of the effect on albedo.

26



10

15

20

25

Changes in scattering from aerosol eptical-depth{AOD)-could enhance clear-sky, and ultimately
all-sky, albedo al-sky-within cyclones. We examine the cyclone-composited AOD-from-MERRA2clear-
sky albedo observed by CERES—whiekh
available-and-allows-the-ealeulation-of-a-daily-mean. The albedo in cloud-free regions of the cyclone is
0.005 higher The-AOD-is-higher-in the high CDNC cyclone population if the observed CDNC from
MODIS is used, but is unchanged if MERRA2-inferred CDNC is used to partition the cyclone population;
as-ene-wowld-suspeet; but-the-difference-islessthan0.07inthe-mean (Fig. 14Fig—4). This change in

albedo implies a 1.38+0.16Wm™ change in reflected SW in cloud-free regions if it is scaled by the annual-

mean insolation. The change in all-sky albedo is nearly an order of magnitude larger (Fig. 13Fig—3).

Cyclone cloud cover is usually in excess of 70% (Fig. 10Eie—10)- so this change in cloud-free albedo

when averaged over cloudy and clear regions implies a relatively small contribution from the direct

Finally, changes in CDNC in cyclones should contribute strenely-to this brightening, but based

on the estimated midlatitude brightening due to changes in CDNC made in previous studies(McCovy et

al.. 2017b:Quaas et al., 2008:Bellouin et al., 2013:Gryspeerdt et al., 2017), it is unlikely that they

contribute the entirety of the albedo difference. Overall, we provide this analysis of the difference in

observed all-sky albedo to show that the high and low CDNCsw cyclone populations do not have the same

brightness—despite havine different cloud properties. This shows that in the midlatitude cyclone regime

the adjustment in cloud macrophysical properties to a change in cloud microphysics does not act in such

a way that it counteracts the forcing associated with the first indirect effect, as has been suggested to be

the case in other regimes (Stevens and Feingold, 2009;Malavelle et al., 2017;Toll et al., 2017;Seifert et

al., 2012;Seifert et al., 2015).MeCoyetal; 2017}

3.1:36 Regression model of CLWP

Given the pervasiveness of the relationships between CLWP, CDNCsw, and WCB we create a
simple regression model of CLWP to allow us to assess how much of the variance is explained by these
parameters and the relative importance of ‘meteorology’ and ‘aerosol’. The relationship between CLWP,

WCB and CDNCsw shows differing behavior as a function of CDNCsw with a stronger increase in CLWP
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for a given increase in CDNCsw in more pristine (low CDNCsw) storms {Eg—H-Fie—S133— that is to

say, examination of the average CLWP as function of CDNCsw and WCB moisture fluxes shows that

increasing CDNCgw at a fixed WCB moisture flux implies a larger increase in CLWP for CDNCsw<100

cm (Fig. 15Fig—15, Fig. S132)inkeeping with-Carslaw-et-ak{(2013). Using the observational record

from 2003-2015 we train a regression model

CLWP = aWCB"CDNCE, —d (1)

where WCB is in units of mm/day, CDNC is in cm™, and CLWP is in mm. Coefficients for the regression
model trained using CDNCsw observed by MODIS and inferred from MERRA?2 sulfate are shown in
Table 2Fable-2. The regression model explains 62%-67% of the variance in the observed CLWP. By

using two predictors we are able to explain the majority of extratropical cyclone liquid water path

variability.

It is interesting to consider how susceptible CLWP is to a perturbation in CDNCsw in the space
of WCB and CDNCsw. That is to say, what parts of the cyclone population would be more susceptible to
changes in CDNC and which are effectively only sensitive to meteorology in the context of equation 1?
We illustrate this by examining the response of equation 1 to typical perturbations in each predictor. In
the context of this illustrative analysis a standard deviation is considered a typical perturbation. The
standard deviation in WCB and CDNCsw are calculated across the data record. The coefficients for
equation 1 shown in Table 2Fable2 are then used to calculate the change in CLWP for a standard
deviation increase in WCB and CDNCsw. This illustrates the relative importance of changes in aerosol
(as exemplified by CDNCsw) and changes in meteorological environment (as exemplified by WCB
moisture flux) and is visualized in Fig. 16Fig—+6 for equation 1 trained using MODIS CDNCsw.

Based on the simple visualization in Fig. 16Fig—+6 (and Fig. S14-S13 if the CDNCsw inferred
from MERRA?2 is used to train the model) we can see that changes in CLWP for very pristine
(CDNCsw<60cm™), large moisture flux cyclones (WCB>4 mm/day) due to unit standard deviation
perturbation in CDNCsw are estimated to be as large as 50% of those from a standard deviation
perturbation in meteorology (WCB flux), while very polluted (CDNCsw>120cm™), small moisture flux
cyclones (WCB<2mm/day) are nearly insensitive to changes in CDNCsw. This result is in keeping with
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Carslaw et al. (2013), which demonstrated the importance of understanding low CCN regions to constrain
the aerosol-cloud indirect effect. The sensitivity of our regression model to CDNC changes supports the
importance of understanding CCN sources in remote, pristine regions. Averaged over the observational
record, the mean relative contribution of aerosol changes to the variability in CLWP is 20% (30% if
MERRAZ2-inferred CDNCsw is used) based on the observed distribution of cyclones in CDNCsw and
WCB space. Evidently the dominant role is played by meteorology, but CDNC variability plays a non-
neglgiblenegligible role.

3.7 Examination of the Holuhraun eruption case study inrelation-to-thisstudy

Recent investigation by Malavelle et al. (2017)_utilizing observations and climate model

simulations showed that, despite the massive emission of sulfur dioxide by the Holuhraun fissure in

Iceland during September and October of 2014 (Gettelman et al., 2015;Schmidt et al., 2015), and a

detectable change in cloud microphysics (McCoy and Hartmann, 2015), cloud liquid water path and

coverage did not deviate detectably from their climatological behavior. As described above, based on

global observations of extratropical cyclones we infer that both cloud cover and liquid water path within

cyclones adjusts in response to changes in CDNC- a hypothesis which is consistent with the idealized

modelling we have performed. Are our results consistent with the extensive—andeareful-analysis

presented in Malavelle et al. (2017)?

FEirst—weWe examine how-ourkeypredietorsof cyclones behavior- CDNCsw-and WCB-meoisture
fluxdiffered-inin September-and October-of 2014-in-thethe vicinity of Iceland (50°W-30°E and 45°N-
85°N) and how September and October 2014 differed from the climatological behavior of cyclones in
this region—frem-their-chmatological-behavior. This region is consistent with previous modelling of

trajectories originating at the Holuhraun fissure over the course of 48 hours (McCoy and Hartmann, 2015).

B e B B e Bt i e e S e st e e s s st s SR

every cyclone in this region interacted with sulfurthe sulfate aerosol plumes from Holuhraun. To restrict

the cyclone population to cyclones that might have been affected by the volcanic sulfate plume the NAME
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dispersion model was used to simulate emisstonsthe dispersion of both SO, and sulfate aerosol -from

Holuhraun. The average near-surface volcanic SO4sulfate aerosol mass predicted by NAME was

calculated in the southwest quadrant of cyclones during September and October of 2014. Near-surface

sSulfate aerosol -mass concentrations in excess of 0.1 ug/m> were considered to indicate that a cyclone

had interacted with the plume. Fhe WCB-meoisture flux-and CDNCsw-observed during 2044-is shown-in

Does our ability to examine cyclones during the eruptive period in relation to their WCB moisture

flux reveal any additional information? If cyclones within the 50°W-30°E and 45°N-85°N study region

are examined in this context it does appear that CLWP during the eruption might have been higher than

the climatological mean. This is shown in Fig. 17Ets—17. Cyclones during September and October for

non-eruption years were used to train a power law fit to WCB moisture flux. The cyclones within the

study region during September and October were split into different populations: non-eruption vears:s the

eruption vear:: and the cyclones that dispersion modelling predicted to have interacted with volcanic

sulfur. Two different emissions scenarios were considered in the dispersion model: emission heights set

at 1500-3000m: and emissions set at 0-1500m. Anomalies relative to the climatological fit were calculated

for each of the four cyclone populations. A t-test with and a non-parametric Wilcoxon rank-—sums test

were used to calculate if the anomalies relative to WCB in the cyclone populations differed significantly

from the climatology for non-eruption years. Cyclones during September and October of 2014 were not

unusual, but cyclones that the NAME dispersion model predicted to have interacted with the plume were

differentanomalous at 95% confidence (Fig. 17Eie—17). This was only the case when volcanic emissions

were atset at 1500-3000m height in the NAME dispersion model. The mean anomaly relative to

climatology in this case was 6.514+4.43 g/m>.

While evocative, these results appear to have some sensitivity to the region being considered. If

cyclones within 30° latitude are considered, then the cyclones flagged by either emissions height scenario

have a significantly different mean CLWP than the climatology (Fig. S146). However, if cyclones
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spanning the entire latitude region 30°-90°N are considered the presence of several hich WCB moisture

flux, but relatively low CLWP. cyclones centered between near-30°N and 35°N that NAME predicts to

have interacted with the plume lead to the population means no longer being different at 95% confidence

(Fig. S15%).

We hypothesize that a more extensive investigation of the dispersion of sulfur from Holuhraun

would allow a more conclusive identification of which cyclones really did interact with the plume. The

number of possible free variables such as plume height: emissions flux from the fissure: and even the

efficiency of aerosol rain-out in the dispersion model complicate this evaluation. A more complete

evaluation of the Holuhraun case study in this framework is reserved for a future work.

Overall, wWe find agreement with the results presented in Malavelle et al. (2017)_in that models

who strongly adjust LWP in response to this eruption are likely to over-predict aerosol-cloud adjustments.

However, we also find that cyclones predicted to have interacted with the volcanic plume had elevated

CLWP relative to the climatological behavior of cyclones in that region. Direct comparison to Malavelle
et al. (2017)_is difficult because we-the present study (Malavele-et-al;26+7 examines clouds within

midlatitude cyclone systems while Malavelle et al. (2017) aggregates anti-cyclonic and cyclonic regions.

It is possible that examination of more pristine, remote marine eruptions such as those shown in Gasso

(2008)_and examined in Toll et al. (2017)_could eeuld-provide another useful constraint on aerosol-cloud

adjustments as they would occur in a relatively low CDNCsw regime, which appears to be quite sensitive

to perturbations in microphysics (Fig. 16Eig—16).
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4. Conclusions

Analysis of observed covariability between meteorology (as characterized by warm conveyor belt

(WCB) moisture flux), warm cloud microphysics (as characterized by cloud droplet number concentration

(CDNCQ)), and cyclone cloud properties is consistent with increasing CDNC leading to an increase in

cyclone cloud liquid water path, fractional coverage, and ultimately albedo. While suggestive, empirical

analysis of the observational record cannot prove causality. We support this analysis by performing a set

of simulations where CDNC is set at high and low values. The response of CLWP to changes in CDNC

in these simulations elucidates the mechanism by which this covariability may be explained and provides

support for causality betweenflowing from enhanced CDNC andto enhanced CLWP. We hypothesize that

rain rates are controlled by the large-scale environment as a consequence of mass conservation in the

midlatitudes. When CDNC is increased a larger LWP is needed to give the same rain rate(Hill et al.,

2015;Wood et al., 2009). The LWP adjusts to allow the rain rate to be equal to the moisture flux into the

cyclone along the warm conveyor belt. This is hypothesized to lead to the observed covariance between

CLWP and CDNC in the WCB region.

In summary, bBased on the idealized simulations we have performed and our analysis of the

observational records shewn-here-we have-developed-and-tested-the hypethesispropose that enhanced
CCN, leading to enhanced CDNC, —should enhance CLWP in midlatitude storms for a given WCB

moisture flux. It is possible that this effect is not constrained to midlatitude cyclones and we may speculate
that clouds in other regimes whose rain rate is the same have a higher LWP with increasing aerosol.

The several elements of our study are consistent with previous modelling and observational

studies. An aerosol indirect effect on the clouds in midlatitude storms has been predicted by simulations
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of the North Pacific (Wang et al., 2014:Joos et al., 2016). and observed in the intensification of the North
Pacific storm track(Zhang et al., 2007). Naud et al. (2017) and Grandey et al. (2013) examined-diagnosed

covariability between cloud cover and aerosol optical depth in extratropical cyclones. and-Ddespite using

a completely different set of observations than we utilize here, thesewe agree with the results shown in

these

i studies. These regime-sorted analyseis agree with global analysis in

Gryspeerdt et al. (2016), which inferred that enhanced CCN enhanced CF in the midlatitudes. We also

note that our statement that enhanced CDNC, driven by aerosol emissions, should enhance CLWP, CF,

and albedo in cyclones appears to be in contradiction to the multi-prenged-analysis conducted by

Malavelle et al. (2017), which showed little response in LWP to a transient volcanic emission of sulfur

from the 2014-2015 eruption of Holuhraun in Iceland. However—wefind that this small chansein LWP

dataMalavele—etal—(2047—We performed dispersion medeHingmodel simulations of the volcanic

plumesulfate aerosol to determine which cyclone systems had-interacted-with-the plumewere affected by
Holuhraun. This analysis indicated that affected cyclones had high CLWP given their meteorological

environments. butsSensitivity to assumptions regarding emissions height above the volcanic fissure:s

sulfur flux from the fissure:; and the efficiency with which precipitation removes aerosol in the dispersion

model necessitates a more complete validation of this analysis in a future work.

While we suggest that there is a measurable difference in cyclone properties that is driven by

microphysical changes, most of the variability in extratropical cyclones is still driven by meteorology. A

regression model representation of CLWP as a function of WCB moisture flux and CDNC in the
southwest quadrant of the cyclone (CDNCsw) explains the majority (appreximatelymore than 60%) of
observed variability in CLWP. This regression model allows us to estimate the relative importance of

WCB moisture flux and CDNCgsw to CLWP variability. The response of CLWP as inferred by the

regression model to a standard deviation change in CDNCgsw can be a significant fraction of the response

to a standard deviation in WCB moisture flux when CDNCgw is low in pristine regions (Fig. 16Eig—16),

consistent with Carslaw et al. (2013). The average contribution of CDNCgsw relative to WCB moisture

flux to CLWP variability is estimated to be 20-30%.
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Itisworthnetine thatwWhile we should not expect to explain all of the variability in CLWP no

matter how many predictors we use, it is likely that the explained variability in our regression model could

be improved by (1) a more skillful metric for moisture flux into the cyclone, (2) a more accurate

observation of CDNCsw, or (3) additional information regarding ice and mixed-phase cloud properties.

In regards to point (1): we have chosen to predict moisture flux in this way so that we may observe it

utilizing microwave radiometers. In regards to points (2) and (3): we note that both of these retrievals are

difficult and are likely to improve as the remote sensing community examines them in more depth.

Overall, explaining the majority of extratropical cyclone liquid water path variability utilizing two

predictors is a -a-sienificantachievementuseful contribution to our understanding of the midlatitudes.

Comparison of cyclone properties in the top and bottom third of the CDNCsw population

correspond to different mean CLWP for a given WCB moisture flux, but also significant changes in

cyclone cloud fraction and albedo. All-sky albedo difference between the top and bottom third of all
observed CDNCsw is 0.018+0.002 (95% confidence) when MERRA? reanalysis SO4 is used to infer
CDNC and 0.032+0.002 when CDNC is observed by MODIS. These differences in the cyclone-mean

albedo observed by CERES contribute to an in-cyclone enhancement in outgoing top of atmosphere

shortwave radiation between 4.6 Wm™ and 8.3 Wm if the change in albedo is scaled by the annual-mean

downwelling shortwave radiation between 30°-80° (Fig. 13Fig13).

The results presented here we-suggest that cloud adjustments in midlatitude cyclones will not

reduce the negative forcing resulting from the first indirect effect-and-thusnotleadustoinferalower

and-Feimngold;2009) A more complete evaluation of aerosol transport into cyclones in the pre-industrial

era would be necessary to offer an estimate of the forcing, but it appears that the forcing is negative in

order for it to be consistent with observed covariability between microphysics and cloud properties.
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Table 1 Acronyms used in this article.

Acronym | Description

CDNC Cloud droplet number concentration within clouds.

CDNCsw | Cloud droplet number concentration average in the south west quarter circle of each
cyclone composite. Note that southern hemisphere cyclones are flipped so that their
orientation is consistent with northern hemisphere cyclones.

CF Cloud fraction.

CLWP Cyclone liquid water path, defined as the sum of precipitating and non-precipitating liquid.

LWP Liquid water path, the integrated mass concentration of liquid in a column of atmosphere.

Nace Accumulation mode aerosol number concentration.

SW Shortwave radiation

SZA Solar zenith angle.

WCB Warm conveyor belt.

WVP Water vapor path
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Table 2 The coefficients -for equation 1 based on using CDNCgsw observed by MODIS and inferred from MERRA2 sulfate.
Coefficients_and 95% confidence intervals (a-d) are listed for each. The number of observations used to train the model is listed as
n. The correlation coefficient, r, between predicted and observed CLWP is also listed for each model.

a b c d n r
MODIS 21.79+1.75 0.95+0.030 0.11+0.0062 18.52+3.25 37837 0.79
MERRA2 19.23+1.28  0.86+0.021 0.19+0.0062  4.53+2.69 49361 0.82
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(a) Northern Hemisphere (b) Southern Hemisphere (c) Poleward Oriented

7 1
Pole
2000 km L
-

Fig. 1 Schematic illustrations of an idealized cyclone in the northern hemisphere (a), southern hemisphere (b), and flipped so they
are poleward oriented (¢). All cyclone composites in this study are presented in poleward oriented format. The approximate
location of the cold front is shown with triangles and the warm front is shown with half-circles. The approximate warm conveyor

belt (WCB) location is indicated in orange and the low is indicated with an L. The 2000 km radius of averaging is indicated. The

averaging region used to calculate CDNCgw is shown using red shading.
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CERES 3-hour Albedo
Over Oceans Jan 2005
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Fig. 2 CERES_3-hourly albedo over oceans binned as a function of cloud fraction and solar zenith angle (SZA) during January

2005. Above a SZA of 45° a strong dependence of albedo on SZA is seen. The SZA cut offs used in this study of 30°, 45° and 60° are
shown with vertical black lines. Example CERES albedo is shown in Fig. S1.
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Fig. 3 Cyclone composites showing CLWP from (a) MAC-LWP, (b-c) the convection-permitting simulation in the control and
enhanced €EN-N,. experiments, (d-e) the GCM-surrogate simulation in the control and enhanced aeresel-N... experiments, and (f)
MERRAZ All compos1tes are shown in three blns of WCB m01sture ﬂux so that cyclones w1th s1m11ar meteorology can be compared

ﬂeted-meac—h—subplet The blns are ealeulated—usmg%hetercﬂes of observed WCB m01sture ﬂuxdistﬂbuﬁeﬂ—aﬂd-ealeuhﬁng—the—bms

so-thateach-contains an-equal number of evelones. Bins are shown in Fig. SFig-5a and are noted in each subplot by (i)-(iii). It should

be noted that the bin edges are not recalculated for the simulations.:
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(a) CDNC MODIS [cm-3] (b) CDNC inferred from MERRA2 [cm-3]
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Fig. 4 Cyclone composited CDNC (a) observed by MODIS. (b) inferred from MERRA2, (c) inferred from MERRA2, but sampled

so_that failed retrievals from MODIS are not used in calculation of the mean composite from MERRA?2. Figure (d) Shows the

covariability between MERRA2-inferred and MODIS-observed cyclone-mean and southwest quadrant (poleward-oriented) CDNC

(CDNCsw). The CDNC from MERRAZ2 is plotted on the y-axis and is shown binned by MODIS CDNC Error bars show one standard

deviation over each bin. The correlation between the CDNC (and CDNCsw) from MODIS and from MERRA2 for all cyclones in

the observational record is noted in the legend. CDNC (and CDNCsw) from MERRAZ2 is calculated when all data is used (unsampled)

and when it is sampled to correspond to MODIS.
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Fig. S Distributions of cyclone-mean properties within the 2003-2015 observational record. Units are noted for each variable. The
number of composite cyclones with that value is indicated on the ordinate. Warm conveyor belt (WCB) moisture flux is shown in
(a). Cyclone LWP (precipitating and non-precipitating liquid) is shown in (b). Observations and MERRA2-inferred values of CDNC
in the southwest quadrant of the cyclone (CDNCsw) are shown in (c-d). In (¢) and (d) the top and bottom third of distribution are
indicated with dashed lines. In (a) edges of the WCB bins-terciles used in Fig. 3Fig-3 are shown with dashed lines.
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(a) Cyclones stratified (b) Cyclones stratified

by MERRA2-inferred CDNC by MODIS CDNC (c) Aquaplanet (d) MERRA2
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Fig. 6 Comparison between the dependence of cyclone mean liquid water path (CLWP) on warm conveyor belt (WCB) moisture
flux as a function of increasing aerosol. The CLWP is binned by WCB moisture flux. The standard deviations in CLWP across bins

are shown as shading with a dashed border. The standard-errer95% confidence in-interval on the mean is shown as thick solid lines.

Figures (a) and (b) show {a)-MAC-LWP observations from 2003 to 2015 stratified by (a) MERRA2-inferred CDNCsw and (b)
stratified by observations of CDNCgsw from MODIS. Panel (c) shows the simulated CLWP in a suite of global aquaplanet simulations
split into low and high €EN-N,.._simulations. —In the aquaplanet simulations a high aerosol channel is added to the northern

hemisphere to investigate the response of cyclone properties and surface N, is aceumulationmede-aeresol-concentrationsare-noted

in the legend. Aquaplanet simulations are run at convection-permitting (HR) and GCM-surrogate resolution (LR). Panel (d) shows
MERRAZ2 total precipitable liquid stratified by MERRA2-inferred CDNCsw. In (a,b, and d) cyclones with CDNCsw in the top and

bottom third of observed CDNCsw (see Fig. 5Fig-5) are indicated by red and blue lines.
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Fig. 7 The difference in cyclone composited MAC-LWP CLWP between the top and bottom third of CDNCsw inferred from
MERRA2 (a) and observed by MODIS (b). Composites are shown split into WCB eategeries-quantiles as in Fig. 3Fig-3.
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Fig. 8 The difference in mean cyclone composites_of CLWP between the high and low €EN-N,.. simulations for (a) the GCM-
surrogate low-resolution (LR) simulation and (b) the convection-permitting (HR) simulation. Differences in mean cyclone
composites for different WCB regimes are shown. It should be noted that the relatively short integration time (relative to the
observations) of the simulations did not yield a large number of cyclones with-W-CB>5-mm/dayin the top tercile of observations and
only the first two WCB regimes are shown in contrast to Fig. 7Fig-—7. The distribution of cyclones by WCB in the simulations is
shown on the rightmost plot.
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Fig. 9 As in Fig. 7Fig-7, but showing differences in cloud fraction.
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géa) Cloud Fraction in the top and bottom third of CDNC values
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Fig. 10_(a) Cyclone-mean c€loud fraction split into 1S equal quantiles in-evelonesidentifiedand split into as-high and low CDNCgw
populations. Shaded areas show 95% confidence range in the mean in each quantile. The CDNC data set used to partition the cyclone
population is noted in the legend. (b) shows the difference between the high and how CDNCsw populations. The difference in cloud
fraction between the populations and 95% confidence in the difference are noted in the legend. The relation between cloud fraction
and all-sky albedo for the midlatitudes from Bender et al. (2017)_is used to approximate the difference in albedo consistent with this

difference in cloud cover. The difference in reflected shortwave (S is_calculated by scaling the albedo by the annual—mean

insolation between 30° and 80° latitude.
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Fig. 11 As in Fig. 7Fig-7, but showing differences in albedo.
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Fig. 12 As in Fig. 8Fig-8, but showing differences in albedo.
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(a) Albedo in the top and bottom third of CDNC values
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Fig. 13 (a) Cyclone-mean albedo from CERES as a function of WCB moisture flux. Data is shown binned into equal quantiles of

WCB moisture flux and separated into the top and bottom third of observed CDNCsw. The Standard-errer95% confidence intervals

in the mean is-are shown using shading. Both MERRA2-inferred -sulfate-and MODIS-observed CDNCsw are used to partition the
top and bottom third of CDNCsw and are noted in the legend. (b) shows the difference in albedo between the top and bottom third

of observed CDNCsw as a function of WCB moisture flux. The 95% confidence interval on the difference in each quantile is shown

using shading. The mean difference_and 95% confidence range on the difference in_albedo and estimated reflected SW based on

this difference in albedo is-are noted in the legend._To calculate reflected SW tFhe difference in albedo is scaled by the annual-mean

climatological insolation between 30°-80°-te-ealenlate-the reflected-SW. Because albedo is a strong function of solar zenith angle
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(SZA) only 3-hourly measurements with SZA<45° are considered here (similar calculations using cut-offs of 30°, 60°, and 90° are

shown in Fig. S910,104,112).

(a) Clear-sky albedo in the top and bottom third of CDNC values
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Fig. 14_As in Fig. 13Fig-13, but showing differences in cyclone-mean aereselclear-sky albedo. The estimated difference in clear-sky
5 SW.is calculated based on the annual-mean insolation between 30-80°-eptical depth-(AOD) from MERRA?2 reanalysis.
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Fig. 15 The cyclone-mean CLWP in units of sm-g/m’ of liquid water observed by MAC-LWP binned as a function of WCB moisture
flux and the CDNCsw observed by MODIS. Data is binned into equal size bins for the purpose of visualizing the data record. White
lines show contours of constant CLWP as predicted by Eq. 1 and the coefficients listed in Table 2Fable-2. The dependence of CLWP
on CDNCsyw inferred from MERRA? is shown in Fig. S123.
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Fig. 16 The relative contribution to CLWP of perturbations in CDNCsw and perturbations in WCB as estimated using Eq. 1 and
the standard deviation of each predictor over the historical record. The regression model was trained using MODIS-observed
CDNCsw (the same plot is shown for MERRA2-inferred CDNCsw in Fig. S134). The partial derivative of Eq. 1 is taken with respect
to each predictor and scaled by the standard deviation of that predictor. The ratio of the partial derivative scaled by standard
deviations in each of the predictors is shown using colors. The joint probability distribution of cyclones during the observational
record for different ocean regions are roughly indicated using dashed lines. The joint probability distribution of all observations is
used to calculate the weighted mean of the fractional contribution of perturbations in CDNCsw and WCB over the range of WCB
and CDNCsw in the observational record.
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CLWP during Sep-Oct in the North Atlantic
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Fig. 17 The behavior of cyclones as a function of WCB moisture flux are contrasted for September and October during the eruption
of Holuhraun and during all other years. The CLWP in the North Atlantic (50°W-30°E, 45°N-85°N) in September and October is
shown as a function of WCB moisture flux during all vears except 2014 (grey dots), during 2014 (grey circles), and for cyclones that
the NAME dispersion model predicted to have interacted with the sulfur plume from Holuhraun (purple and orange half-circles).
NAME was used to simulate the Holuhraun plume assuming it extended from 0-1500m at its source (purple) or from 1500m-3000m
(orange). The mean sulfate mass within the southwest quadrant of each cyclone was calculated. Only cyclones with a sulfate mass of
0.1ug/m3 were considered to have interacted with the plume. A power law fit of climatological CLWP to WCB moisture flux in the
region is shown as a dashed line. This fit was used to calculate anomalies in CLWP for cyclones in September and October except
2014;; for September and October of 2014:; and for the cyclones that NAME indicatedpredicted hadto have interacted with the
plume. A t-test and a non-parametric rank sum test were used to evaluate the difference in means between the climatological
anomalies in CLWP and the anomalies in 2014 and for the cyclones that NAME predicted had interacted with the plume. The p-
values for these tests are given in the legend. Differences in means and 95% confidence intervals, assuming a normal distribution,
are also given. Latitude ranges of 35°N-90°N, and 30°N-90°N are shown in Fig. S146 and S157.
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