Review of the paper "Can models robustly represent aerosolbconvection interactions if
their cloud microphysics is uncertain?", authored by B. White, E. Gryspeerdt, P. Stier,
H. Morrison, and G. Thompson.

The authors have drawn a pretty grim picture of the situation with the description of
microphysics in cloud resolving models using bulk parameterization schemes. Two
known bulk parameterization schemes referred to as "MORR" (Morrison and Milbrandt
(2011) and "THOM" (Thompson et al. (2004, 2008)) were tested by simulation of 3 case
studies with different type of convection: from shallow convection to a supercell storm.
The simulations were performed at a priory given droplet concentrations of 100 cm-

3, 250 cm-3 and 2500 cm-3. A dramatic difference between parameters of simulated
clouds (cloudiness, simulated precipitation, etc.) and observations is demonstrated.

A huge difference in cloud microphysical structure simulated by these two schemes

is reported. Both bulk schemes turned out to be insensitive to droplet concentration.
So, the difference in results are related to the differences in the bulk-parameterization
schemes.

My particular comments and remarks are the following.

1. The finding about high diversity of cloud microstructure and precipitation produced
by different bulk schemes is not new. Any intercomparison study shows such diversity.
The insensitivity of most bulk schemes to aerosols (and to droplet concentration) also
well known. For instance, application of different bulk -parameterization schemes to
simulation of hurricane Irene (2011), including "MORR" and "THOM", led to a TC with
maximum wind varying from 30 m/s to 70 m/s (Khain et al., 2015; Khain et al. 2016-
Atmospheric Research 167, 129P145). In these studies insensitivity of bulk schemes
to aerosols was also demonstrated and an possible explanation of such insensitivity is
presented.

We agree with Reviewer 1 that it has been shown that different microphysics schemes
produce a high diversity of cloud development and precipitation. We have significantly
revised our introduction to show this more explicitly, and in doing so have included the
references and possible explanations suggested by the Reviewer. This is in P1 L20 through
P8 L4 of our revised manuscript.

We certainly do not intend to claim this in itself as a new result. However, we confirm this in
a single modelling framework, for three different cloud and environment types, in three
different simulation types (one performed with meteorological data, one idealised supercell
using open boundaries, one warm-phase cumulus case with periodic boundaries). This is
necessary to show before presenting our main results: (a) that the largest source of
uncertainty (or variability) between simulations is in the choice of microphysics scheme, and
that any aerosol effect is secondary, and (b) that the response of the hydrometeors to
CDNC perturbations differs strongly not just between microphysics schemes but also that
the inter-scheme variability differs between cases of convection

Although they do not always respond to aerosol as strongly as bin schemes, bulk schemes
have been shown to be sensitive to aerosol, e.g. Morrison & Grabowski 2011, who found an
ice-phase response to aerosol. Indeed, a similar mechanism was later confirmed in bin-
scheme simulations by Fan et al. 2013. Further, Kalina et al. 2014 found that autoconversion
of cloud water to rain decreased under polluted conditions and, subsequently, near-surface
rain and hail particles increased in size due to enhanced collection of cloud droplets.
Although the sensitivity of the bulk schemes used in the current study to perturbations in
cloud droplet numbers was secondary to the sensitivity in cloud and precipitation



development dependent on the choice of bulk scheme, we nevertheless feel this is a
significant result to present in the context of multiple cloud types and types of simulation,
given that bulk microphysics schemes remain in wide use.

Futher, in idealised supercell simulations using the WRF-SBM, we find the same order of
maghnitude of aerosol effect as in our bulk scheme simulations, and uncertainty due to
microphysics scheme still dominates aerosol effects (Figure S4 in the Supplement).

We present in Figure S1 in the Supplement joint histograms for our Congo basin simulations
of cloud top height in convective updraughts (columns identified with vertical velocities
greater than 1 ms™) and the radius of the updraughts, as identified by running a connected-
components labelling algorithm on the field of identified updraughts. Figure S1 shows that
the most significant dynamical difference comes from choice of microphysics scheme: the
Morrison scheme has a tendency towards higher frequencies of wider updraught radii with
higher cloud tops than the Thompson scheme.

We note that the updraught dynamics in the Congo simulations respond very differently to
aerosol. Figure R2 shows the difference between the joint histograms for the polluted and
pristine cases for each microphysics scheme, respectively. While MORR shows little
consistent aerosol response, THOM shows consistently lower frequencies of occurrence of
all updraught radii and a reduced frequency of occurrence of the highest updraught tops
under polluted conditions, with an increased frequency of occurrence of small updraught
radii with lower cloud tops. Therefore, a consistent aerosol response is observed in THOM,
resulting in smaller and lower convective updraughts (i.e. weakened convection under
polluted conditions). Interestingly, both of these effects contradict the findings of Morrison &
Grabowski 2011, who found an ice-phase response to aerosol in which cloud top heights
and anvil ice mixing ratios increase under polluted conditions due to increased freezing of
larger numbers of cloud droplets and subsequent higher ice particle concentrations with
smaller sizes and reduced fall speeds. However, we note again that we consider different
values of CDNC / CCN (and responses may be nonmonotonic, Kalina et al. 2014), and
different case of convection (indeed, our 10-day Congo simulation covers many convective
lifecycles). This combined with the findings already presented in our study, leads us to
suggest that it is not certain that a consistent response in a different case of convection and
with different CDNC values would be expected.
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Figure R2: Congo case: difference in joint histograms of updraught radius and cloud top
pressure at the top of the cloudy updraughts between the polluted and pristine cases for
MORR (left) and THOM (right).

We have included Figure R2 in the revised paper and the relevant discussion Is on P11 L11-
30.



2. The finding that description of the autoconversion is of crucial importance for correct
simulation of cloud microphysics is also not new. For instance, Gilmore and Straka
(2008) showed that the most formulae for autoconversion used in bulk schemes are
applicable to the initial stage of the first raindrop formation only, and that the rates pre-
dicted by these formulae differ by orders of magnitude. There are many other studies
showed dramatic sensitivity of cloud microstructure to the scheme of autoconversion.

So, the new information in the paper is that these conclusions are confirmed in investi-
gation of these two particular bulk schemes.

We thank Reviewer 1 for the Gilmore & Straka reference which helps to give context to our
findings. We have included this reference in our Results (P18 L10) and Conclusions (P25
L24) section.

We do not claim our finding that cloud structure is sensitive to autoconversion representation
to be a new result. Rather, we find that autoconversion is sufficient to explain some of the
key differences between the clouds simulated by the two bulk microphysics schemes,
namely those in the liquid phase. Further, we show that aerosol effects are dominated by the
response of the autoconversion process for this case. Li et al. (2015, JAS) also showed that
a slower autoconversion process along with a stronger accretion process explains the
Morrison schemeOs higher dud fraction than the Thompson scheme for a similar rain mixing
ratio.

This is in part a finding in itself that addresses Reviewer 10s comment 4lt is because we
were trying to understand which processes were significant to the differences in cloud
microstructure in the context of comparing these two schemes that we investigated the
autoconversion representation. Indeed, we cannot say in the cases we consider which is the
more Ocorrectf@presentation. We rather highlight that some of the differences we observe
between the schemes, in some of the types of convection, can be almost entirely attributed
to the representation of autoconversion, and that differences in other processes between the
two schemes are secondary.

Further, our tests highlighted the difference between the MORR and THOM schemes in the
interplay and relative importance of the autoconversion and accretion processes: the
Thompson scheme can produce surface rain from autoconversion alone (although two
orders of magnitude less than when rain can also accrete cloud water), showing that
autoconversion acts almost like a Oseedfor rain production in this scheme, after which
accretion takes over the rain production process. However, in the Morrison scheme, when
autoconversion is allowed to occur but accretion of cloud water by rain is prevented,
precipitation shuts down, thus indicating that both autoconversion and accretion are
necessary processes for warm rain production in MORR.

This is discussed in our Results section.

3. The authors illustrate vertical profiles of mass contents of different hydrometeors
averaged over the entire computational area. As a result, all information concerning the
microphysical structure of clouds simulated by different schemes turns out to be lost, at
least for specialists in cloud microphysics. It is necessary to present vertical profiles of
maximum values of the mass contents. The profiles of cloud averaged values would be
also useful. These figures should be accompanied by corresponding comments and
analysis.

It is important to include the profiles averaged over the entire domain, because (at least for
larger-scale impacts) this illustrates the difference in the bulk properties and accounts for
differences in total cloud cover, which in turn has implications for radiative effects and



feedbacks. This is especially important in our Congo simulations, where differences in the
ice-phase microphysics between the schemes lead to large differences in the ice cloud
fraction, which will in turn have a significant radiative impact.

We agree with Reviewer 1 that it would also be useful to see the mean in-cloud properties,
and changes thereof. We thus now include condensate-averaged profiles for each
hydrometeor type in order to identify not only the bulk impact of changes in CDNC in each
simulation but also the bulk properties of the cloud in each convective study. We note that in
the idealised supercell case and the RICO LES case there is little difference between the
domain-mean profiles and the hydrometeor class-mean profiles.

Comments and analysis of these new profiles have been included in our revised manuscript.
The relevant Figures are Figures 6,7,8,9,11,12.

An example of the condensed-point average profiles is provided in our response to Reviewer
20s comment 12,

However, we do not agree that showing domain-maximum values is useful, because the
maximum values of the mass contents represent just one point in the entire domain and can
lead to improper conclusions, especially in our Congo simulation where multiple cloud types
exist in the same domain but do not necessarily interact.

4. The lack of physical interpretation of results is another drawback of the study. For
instance, Fig. 6 and Fig. 7 show that in simulations CONGO - T250, T-2500 maximum
cloud water content (i.e. small cloud droplets) is located at the surface. One gets

the impression that the entire boundary layer is filled with tiny droplets (but not with
raindrops). What can be physical mechanisms leading to this very strange effect?

The comment concerning the lack of interpretation is related to most figures.

The low cloud extending down to near-surface regions is indeed a strange effect. However,
it is produced consistently in all simulations (including the simulation performed with WRF
SBM microphysics, see Figures S2 and S3 in the Supplement now included with this
response). We note also that in our WRF-SBM simulation (Figures S1 and S2 in the
Supplement) the warm cloud mass has significantly greater domain-mean values than the
M250 case. We believe this difference is because, as we have shown (our Figure 16), the
cloud mass in the M250 case is removed through autoconversion to rain, whereas this does
not occur in the T250 case (or indeed the SBM). When the THOM autoconversion is used in
the equivalent MORR simulations (or when autoconversion is turned off completely in
MORR), the cloud droplets persist as in THOM. Although we have not tested the equivalent
process in the SBM simulation presented in this response, we suggest that lack of
autoconversion (or, stronger autoconversion than THOM but weaker than that in MORR) is
responsible for the persistence of the cloud droplets in THOM. That all schemes produce the
warm cloud mass, but some configurations rain it out if the autoconversion rate is fast
enough, leads us to suggest that it is not the Thompson scheme per se which is responsible
for producing the low-level cloud mass, but rather the meteorological conditions present in
which these simulations are performed. We provide in our response to Reviewer 2@
comment 21 a figure (Fig. R4 in the response to Reviewer 2) figures and further discussion
on the presence of this low warm cloud mass.

We have now included such comments on the presence of the warm cloud mass in our
Results (P20 L10-16) section.



However, we disagree with Reviewer 2@ comment that there is a general lack of
interpretation. In the liquid cloud (warm cloud mass in the south of the Congo domain and
the cloud in the RICO simulations) the differences can be attributed to the autoconversion,
as we have already shown in our tests and describe in the discussion of our figures. In the
deep convective cloud (where ice processes can occur), much of the difference between the
schemes can be attributed to differences in the classification of frozen particles, which we
have already discussed at length.

In addressing the Reviewer® comments on lack of interpretation, we have now performed
further simulations which test the autoconversion of cloud ice to snow in the two schemes.
These are presented and discussed in our revised manuscript and can be found from P20
L17 to P21 L2.

5. The section of Conclusions is weak. The authors stress that their key findings are
a) "A key finding is that the simulated hydrometeor classes differ significantly between
microphysics schemes" b) "Another key finding is that the difference between the hy-
drometeor classes simulated by each microphysics scheme varies between cases of
convection.” c) Another key finding is that the cloud morphological difference and the
difference in the hydrometeors between different schemes is significantly larger than
that due to CDNC perturbations.

As it was said above, all these findings are not new.

I would recommend to rewrite conclusions by adding more detailed analysis of results
and recommendations of the ways to improve the schemes.

We present the new results that the way in which the schemes differ from each other
between cases of convection is not systematic, and further that their response to aerosol
also differs non-systematically.

By performing simulations within a single modelling framework we reduce much of the
uncertainty in comparing results from different microphysics schemes noted by Khain 2015,
such as orography, boundary layer parameterization, etc. We note that we have only
performed real-data simulations in one region over one 10-day period in August 2007 and
therefore would not expect our results to be exactly the same in another region or in another
season, where orography, large-scale meteorology, and cloud type would be different from
that present in our simulations. However, our main result is that cloud impacts from choice of
microphysics scheme far exceed cloud impacts from CDNC perturbations in every case we
consider, and therefore we would expect that even though the cloud development and
response to CDNC would clearly be different in another regime, the uncertainty due to
choice of microphysics scheme would still dominate.

We have rewritten our Conclusions, and put our results in the context of a wider body of
previous work. These can be found in the revised manuscript from P21 L21 through P26 L4.

We stress that without observations it is difficult to suggest ways to improve the schemes.
However, we have now performed extra tests to explain the processes which lead to the
large differences in upper-level ice in the Congo simulations. This is discussed in our
Results section from P20 L18 through P21 L2, along with suggestions as to how the
schemes could be improved.

Further, we also find the same persistent upper-level ice in our WRF-SBM Congo
simulations, which we present in the Supplement. Although the focus of this paper is not to
provide a comparison of bin vs bulk schemes, we show that the differences resulting from



conversion of one ice category into another is a limitation of any scheme whether bin or bulk
which uses fixed ice categories. Our results support the argument that ice phase processes
may be better represented if developments in microphysics schemes starts to move away
from the use of fixed ice categories.!



Review of the ACP manuscript OCan models robustly represent aerosdbconvection interactions if their cloud
microphysics is uncertain?0 by White et al The authors used the WRF model coupled with two double-moment
bulk microphysics scheme to perform cloud system-resolving simulations of convection in the Congo basin, an
idealized supercell, and a case of shallow cumulus convection, and tested the sensitivity of the simulated
hydrometeors and precipitation to the microphysics scheme and to CDNC perturbations. The authors showed the
simulations are sensitive to microphysics parameterizations much more than CDNC, which has been showed in
previous studies but this study highlighted this point to imply aerosol effects are the secondary compared with the
uncertainty in cloud parameterization. They further examined the shallow cumulus convection case and found
that representation of autoconversion is the dominant factor that drives differences in rain production. The paper
is generally written clearly but there are confusing sentences. They are some perspectives that can not be well
justified physically such as saying the aerosol-cloud interactions in their study represent the upper limit.

The major problem is that their main point is based on an assumption that those twomoment schemes well
represent the aerosol-cloud interactions, which is not the case based on the many past studies and a recent
review paper by Khain et al 2015. Twomoment schemes have significant limitations in aerosol-cloud interaction
process parameterizations such as nucleation, diffusional growth, and sedimentation, etc (detailed Khain et al.
2015). The paper did not really address the question OCan models robustlyrepresent aerosolbconvection
interactions if their cloud microphysics is uncertainO, sahat the title needs to be changed. More literature survey
is needed, especially about those studies comparing different microphysics schemes and their responses to CCN
or CDNC. Those studies need to be discussed in the introduction and the relevant places in the paper, especially
about some important points on the problems with the parameterizations of some specific microphysics
processes in the bulk schemes. Therefore, the paper needs major revisions to be accepted as a publication in
ACP.

We thank Reviewer 2 for their thoughtful and constructive comments, which we have found useful in helping us
to clarify our manuscript for the reader.

We present this study as an illustration that model uncertainty in cloud impacts arising from choice of
microphysics scheme can far outweigh any aerosol effects observed within a single scheme, and that this result
holds for case study simulations consisting of many cloud lifecycles, for idealised simulations with open
boundaries, for idealised simulations with periodic boundaries, and (by nature of the cases used in our study)
across different types of convection with their inherently different response to aerosol.

Our choice to use bulk microphysics schemes is twofold; first, they remain in wide use in the community (often for
practical reasons of computational cost) and even represent state-of-the-art implementation in global models,
which have historically relied on much cruder microphysics representations, and second (most importantly) there
is currently only one bin microphysics scheme implemented in the public version of WRF (although it comes in
two slightly different versions, a Ofull® and OfastO version which differ in the number of ice categories used)thus
our study would be impossible to perform within a single modelling framework had we opted to use bin schemes.

Specific comments:

1. The title needs to be changed. It is relevant but the authors did not conduct an unique study to really address
this question. The two-moment schemes can not robustly represent aerosolbconvection interactions due to the
limitations in representing the most relevant processes as detailed in Khain et al. 2015. If a bin scheme is used,
you might end up with similar magnitudes of aerosol indirect effects as the differences among different
microphysics schemes. In addition, for specific case simulations, one can not really reveal how it is impacted by
aerosols by conducting simulations with realistic aerosols/chemistry configuration. Any aerosol properties and
spatial distribution change could change cloud and precipitation.

We have updated the title to emphasize our main result:
OUncertainty from choice of microphysics scheme in convectiorpermitting models significantly exceeds aerosol
effectsO.

Regarding the reviewerOs comments on the use of a bin scheme:

We have now performed simulations using the HUJI spectral bin microphysics scheme (SBM) implemented in
WRFv3.6.1 (note that this is a newer version of WRF than used in the Morrison and Thompson simulations
presented in the paper). We do not wish to further extend the paper to include discussion of the impacts of bin vs
bulk microphysics in these cases (because the main aim of this particular paper is to highlight within a single
paper and by using a single modelling framework the large uncertainty in many case study and GCM simulations
that can result from any given combination of microphysics scheme, type of convection, and given CDNC value
or prescribed CCN profile). However, we now present our bin scheme results in a supplement to our paper
(Figures S2, S3 and S4) because we believe our results to be of interest. We find that the uncertainty due to
choice of microphysics scheme still dominates any aerosol response within each scheme in the cases we test,
regardless of whether a bin or bulk scheme is used.



2. P1, L21-22: aerosol can affect through aerosol radiative effects as well.

We did not intend our phrasing to imply that the only effect that aerosol has on convection is an indirect effect
through cloud microphysics. We have reworded the sentence now on P1 L22 BP2 L1:

OOne major way that aerosols can influence the properties of deep convection is through their effect on cloud
microphysics.O

3. P1, L24: Albrecht, 1989 actually showed the suppression of precipitation but for warm clouds. So, the
sentence is not accurate.

We thank the reviewer for finding our omission of @varm-phaseO in this sentence, and have corrected our
sentence to Owarmphase precipitationQ now on P2 L3.

4. P2, L29: OUntirecentlyO should be deleted.

We replace Ountil recentlyO with Otraditionally©w on P5 L20), as it is only in recent years that schemes have
started to move away from discrete ice categories (Morrison & Grabowski 2008, Harrington et al. 2013, Morrison
& Milbrandt 2015), and we wish to make it clear to the reader that this is a relatively new and important
development.

5. P4, L19-25, these sentences could be misleading. First, it is not clear what the authors mean by saying Othe
response of different microphysics schemes to perturbations in prescribed cloud parametersO. Second, some
past studies showed qualitatively different aerosol impact for different cloud types, with a purpose of illustrating a
point that aerosol impacts depend on cloud type and dynamical and thermodynamic conditions of each case. So
it is misleading to describe a study without giving information about cloud types or specific dynamical and
thermodynamic environment. For example, the description about Fan et al. 2012 about aerosol reducing
precipitation is not correct. The study did two different cloud cases over the eastern China B one deep convective
cloud case with warm cloud base and weak wind shear and the other a winter stratiform cloud case, with aerosol
increased precipitation for the former but reduced precipitation for the latter.

We thank the reviewer for pointing out that this was not clear to the reader.

We have heavily revised our introduction and included more detailed discussion on aerosol response in bin and
bulk schemes, noting the convective regimes and large-scale environments used in each study. The paragraph
P4 L19-25 has now been removed.

6. P5, L3: cloud and precipitation responses > cloud and precipitation responses to perturbation of CDNC
We thank the reviewer for noticing this omission and have amended our text (now on P8 L3) accordingly.

7. P5, L25: Khain and Lynn 2009 is not s study with specified CDNC. CDNC is prognostic in the bin model they
used.
We thank the reviewer for this correction and have amended our text.

8. P6, first paragraph, RRTM and Goddard schemes only talk hydrometeor mass from microphysics calculation
(Goddard shortwave scheme takes prognostic CDNC as well). The microphysics-radiation coupling does not
account for particle size changes, which means some aerosol effects are missing in those studies.

We agree with the reviewer and we also note that the microphysics-radiation coupling is only between cloud
water and ice, and none of the other frozen species. This missing aerosol effect may have an especially
important impact in our Congo simulations, where the Morrison scheme develops and retains significant amounts
of upper-level ice, whereas the Thompson scheme converts nearly all the ice to snow (see Figures in our
response to Reviewer 1), which the radiation scheme will not see. This could have significant radiative flux and
feedback impacts (Thompson 2015, Atmospheric Research), which in itself originates from the use of somewhat
arbitrarily defined ice categories (e.g. if the size parameter at which cloud ice is converted to snow is changed, a
bulk mass of cloud ice is removed from the radiatively-coupled ice category and moved into the non-radiatively
coupled snow category).

We have included these important points in our Discussion and Conclusions of the Congo basin results, P24 L6-
15.

9. Figure 3, the color scheme needs to be changed. The color difference is too little even between 0 and 100
mm.

We have changed the colour scale of this Figure to a scale which more clearly shows the large difference in
accumulated rain over the 10-day period between the models and observations. The new Figure is shown below
in Figure R1.
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Figure R1: Congo case: accumulated surface precipitation (mm) from 01 to 10 August 2007 in the Congo basin,
showing data from (a) CONGO-M250, (b) CONGO-T250 and (c) observations from the TRMM 3B42 gridded 3-
hourly mean merged precipitation product. The simulation data shown in this Figure has been coarsened to the
0.25 degree spatial resolution of the TRMM product.

10. Figure 5, why compare with the climatology data? This is just a 10-day run, how should we expect it
represent the climatology?

There were so few CloudSat overpasses during the 10-day period that the resulting histogram is very noisy
compared to the model data, albeit qualitativey very similar to the climatology (see figure R2 below compared to
Figure 5 in the paper). This is why we originally used the observed climatology to construct Figure 5. At Reviewer
20s suggestionye have replaced Figure 5 in our manuscript with the histogram showing 10 days of CloudSat
data, Figure R2 below.
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Figure R2: Congo case: 10-day histogram for the period 1 10 August 2007 of model reflectivities derived from
hydrometeor fields passed through the Quickbeam radar simulator, thresholded at values greater than -20 dBZ
for (a) CONGO-M250, (b) CONGO-T250, and (c) the CloudSat 2B-GEOPROF product. In (a) and (b) the models
have been sampled at the times of the nearest CloudSat overpasses.

11. P. 9 L5-7, this sentence is confusing. Need to be clarified.

We have now expressed this sentence more clearly (P12 L22):

OThe largesteflectivity values produced by the model occur in the convective region in the north of the domain,
where the largest reflectivity values are detected by the satellite radar.O

12. P. 9, L19: domain averaged cloud water in T250 is 140 times larger than M250. Something could be wrong
here. Can you plot the cloudy-point average for cloud water mass total hydrometeor mass to check if they make
sense? What is the maximum cloud water mass in T250 and M250, respectively?

This is correct in the domain-average profile, because the shallow warm cloud in the M250 case precipitates out,
whereas it persists in the T250 case. This leads to a significant difference in the domain-averaged cloud water
mass, because there are many zero points in the M250 case which contain cloud water in T250 (see also our
response, including figure, to Reviewer 20s comment 21)

Considering the cloudy-point (condensed-point) averages, we see a similar response in behaviour (increased
cloud water mass in T250 compared to M250), except the magnitude is reduced because the profiles are
normalized by number of points with condensed water. The condensed-point average profiles show qualitatively
similar behavior in all cloud species to the domain-mean profiles (Figure R3), except cannot represent absolute
changes in the number of cloudy / condensed points between the simulations.
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Figure R3: Congo case: Cloud-and-condensed-point mean vertical profiles of difference in hydrometeor mass
mixing ratios between the polluted and pristine cases, averaged over the 10 days of the Congo simulation for the
Morrison scheme (left), Thompson scheme (centre) and difference between the two (right).

We note also that in our WRF-SBM simulation (Figures S2 and S3 in the supplement provided with this
response) the same warm cloud mass is present and has significantly greater domain-mean values than the
M250 case. We believe this difference is because, as we have shown (our Figure 16), the cloud mass in the
M250 case is removed through autoconversion to rain, whereas this does not occur in the T250 case or in the
SBM.

13. Figure 6, this figure need to be replotted to show differences of other hydrometeor mass clearly. Right now,
only cloud water differences can be seen clearly. | would use different panels for different hydrometeors.

We agree with the reviewer that this is a difficult figure to show all hydrometeor masses clearly whilst also
showing the significant difference in cloud masses between the two schemes. However, we feel that using
different panels for the different hydrometeors could confuse the reader, as this is not done for any other such
figures. We now present the following figure, which shows all the hydrometeor classes on the same figure, as for
all other such profiles in the paper, but uses a logarithmic horizontal axis even in the difference plot. This makes
clear to the reader the differences of all the hydrometeor classes, not just the cloud water, whilst also showing
that the difference in cloud water between the two schemes is an order of magnitude greater than between the
other hydrometeor classes.
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Figure R4: Congo case: Domain-mean vertical profiles of hydrometeor mass mixing ratios (MMR) averaged over
the period 1 10 August 2007. (a) CONGO-M250, (b) CONGO-T250 and (c) the difference in the domain-mean
hydrometeor mixing ratio profiles (CONGO-M250 minus CONGO-T250). Note the logarithmic scale used on the



horizontal axis in (a) and (b) to illustrate the large differences in the cloud water mass between the two
simulations whilst also illustrating the differences in the frozen species. Note in (c) the diverging logarithmic
Odifference€rale used on the horizontal axis, with Onegative() values extending from the centre to the left, and
positive values extending from the centre to the right. The end of each of these axes is cut off at a value of 10°%,
however these axes tend towards each other towards zero.

14. P9, last paragraph and Figure 7, the huge increase of cloud water with the increase of CDNC with the
Thompson scheme seems not reasonable. How about the change of precipitation?

We agree with the reviewer that the huge increase of cloud water with CDNC in the Thompson scheme in the
Congo basin simulations is surprising. Our results show that this is accompanied by a reduction in precipitation
(Figure 7, also noted in P10 L2, continued paragraph from last paragraph on P9). This is consistent with warm-
phase precipitation suppression (Albrecht 1989). This is also consistent with our warm-phase RICO results,
which show an increase in domain-averaged cloud mass and reduction in precipitation with CDNC in the
Thompson scheme (Figure 12).

We suggest that the development of the warm cloud mass is likely due to the background meteorological
conditions these simulations are performed in (see also our response to Reviewer 20s comment 21). We have
shown that the autoconversion process is responsible for removing this cloud mass in the CONGO-MORR
simulations. Our Figure 14 also shows that under increased CDNC, the threshold cloud water mass required for
autoconversion to begin increases in the Thompson scheme. Therefore we suggest that increased levels of
CDNC in the Thompson scheme in the Congo simulations even further suppress rain formation through
autoconversion.

15. P. 10, L19-21: The sentence Owe also see that the simulated hydrometeor classediffer between cases: the
difference in the simulated hydrometeor classes in the idealised supercell configuration is different from the
difference in the real-data Congo basin configurationO is not necessary. This is what it should be since they are
different convective cloud types.

We have removed this sentence from our manuscript.

16. P11, first paragraph, the sentences in L5-6 and in L10-11 are repeated.

The first sentence refers to SUPER-MORR and CONGO-MORR, the second sentence to SUPER-THOM and
CONGO-THOM. However, we have condensed these into a single sentence at the start of the paragraph (P14
L20):

Ghe SUPER-MORR and SUPER-THOM cases differs qualitatively from the CONGO-MORR and CONGO-
THOM cases, respectively, both in the altitudes at which the response occurs and the sign of the response of
some of the hydrometeorsO

17. P11, first paragraph, the main point here should be about more significant aerosol impact on hydrometeor
mass on the supercell case compared with the Congo case, not the different responses of hydrometeors
between the CONGO case and the supercell case, since they should be expected for completely different cases.
Many past studies have showed that aerosol impacts depend on dynamics and thermodynamics of convective
clouds (e.g., Khain 2009; Fan et al. 2009).

We thought it necessary to place our results by first confirming that our results reproduce that hydrometeor
response differs according to cloud type. However, we agree with Reviewer 2 that it would increase the clarity of
our paper if we remove such discussion before presenting our results, and thank the Reviewer for suggesting
that this can be taken as assumed knowledge. We also thank the reviewer for the suggestion of making our most
important point here that the significance of aerosol impact differs between cases.

We have updated our text with these changes (P15 L1).

18. P11, last paragraph: the lack of appropriate sensitivity of bulk schemes to aerosols is mainly due to the
limitation of bulk scheme parameterization in nucleation, diffusional growth, and sedimentation, etc, as detailed in
Khain et al. 2015. The invigoration of updrafts can not be simulated since the saturation adjustment approach for
diffusional growth of droplets limit such effects. Those aspects should be considered and discussed when
interpreting the results on aerosol indirect effects here. Past studies showing the limitation of bulk scheme
parameterizations in representing aerosol-cloud interactions need to be surveyed and discussed.

We agree with Reviewer 2 that saturation adjustment methods can prevent important physical processes from
occurring in bulk schemes. We have now made extensive note in our introduction of past studies which show the
limitation of bulk schemes in representing aerosol-cloud interactions (P2 L15 through P5 L16).

We also note that some bulk schemes produce convective invigoration effects. For example, Lebo 2014 found
evidence of convective invigoration under increased aerosol loading in a bulk scheme under weak shear
conditions (and suppressed convection under strong shear), similar to the findings of Fan 2009 who found the



same response in a bin scheme. Seifert 2006 also found higher overshooting tops and larger sizes of
cumulonimbus in a weak shear environment with increased aerosol loading.

However, we emphasise that the main focus of this paper is not an investigation into aerosol and microphysical
processes of convective invigoration (of which there is an extensive body of literature), but to highlight that the
uncertainty due to choice of microphysics scheme can far exceed any simulated aerosol effects (even when
using the WRF-SBM bin scheme, Figure S4 in the Supplement). Our Figure 10 is mainly used to illustrate that
latent heating (and therefore dynamic impacts) differences due to the choice of microphysics scheme can equal
those due to different levels of CDNC in a bulk scheme. (Unfortunately we cannot provide equivalent latent
heating impacts for the WRF-SBM supercell simulation presented in our Supplement because we wrote the latent
heating output into the Morrison and Thompson schemes for this study and have not had the chance to do this
for the version of the HUJI SBM included in the public WRF release).

We agree with Reviewer 2 that our finding should be placed in the context of the literature which discusses the
ability of bulk schemes to produce invigoration effects, and we have therefore included this discussion in our text.

19. P12, L5-7: Again physically it is supposed to be that for different types of convective cases. Hydrometeor
differs and hydrometeor responses to CDNC are different as well.

This sentence was not supposed to convey that the hydrometeors and their response to CDNC differ in different
convective cases (which, as Reviewer 2 has said, is supposed to be the case), but rather to highlight the source
uncertainty due to the choice of microphysics scheme: response to CDNC varies in each scheme according to
cloud / convection type (known), but the difference between the response of the two schemes to CDNC across
types of convection is not systematic.

We strive to make our text as clear as possible, therefore we have rephrased our text to say ¢he difference
between the response of the two schemes to CDNC across types of convection is not systematicQP16 L31-32).

20. P13, L23-25, reword the sentence. Not sure what you really want to say.
We have removed this sentence as we would need to re-run the simulations with autoconversion and accretion
rates output in order to show this point.

21. P15, first paragraph, the authors showed the autoconversion process is not the significant process
contributing to the large cloud mass at low Blevels. Then the question is what process mainly contributes to it?
We have shown that the autoconversion process is responsible for the removal of the large cloud mass at low
levels in the model configuration using the Morrison microphysics scheme. We also see that this low-level liquid
cloud mass forms when we run the same simulation with the WRF-SBM implementation of the HUCM
microphysics (Figures S2 and S3 in the Supplement), although to a lesser extent than in the Thompson
simulations, and the warm cloud produced by the HUCM SBM produces rain. We therefore suggest that it is not
the Thompson scheme per se which is responsible for producing the low-level cloud mass, but rather the
meteorological conditions present in which these simulations are performed.

We now discuss this in our revised manuscript, P20 L10-16.

We provide here Figure R4 showing 3D isosurfaces of cloud water and ice mixing ratios for one snapshot in time
of the WRF Congo simulations, 7 days into the simulation, at 01Z. Videos of such figures show firstly that the
warm cloud mass forms mostly in the south-eastern region of the domain, over the ocean, and secondly that this
cloud undergoes strong diurnal forcing.
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Figure R4: Three-dimensional isosurfaces of cloud ice mass (top row) and cloud water mass (bottom row) for the
M250 (left column) and T250 (right column) Congo case. The isosurface shown is the 1.E* kg kg'1 surface.

However, regardless of the reasons for the development of the mass of warm cloud at low levels, the importance
of our results is that under identical initial and lateral boundary meteorological conditions, the choice of
microphysics representation on cloud development equals or exceeds that of cloud response to CDNC within
each scheme.

22. P15, L19-20, again, the limitation of two-moment bulk schemes in representing aerosol impacts on
microphysics processes should be discussed.

Bulk schemes have been shown to be limited in their ability to produce convective invigoration. Other studies
using bulk and bin-bulk schemes have identified aerosol impacts on precipitation of up to about 15% (e.g. Kalina
et al. 2014, Morrison 2012, Morrison 2011, Lebo et al. 2012, Lee & Feingold 2010, Lee & Feingold 2013, Lee
2011, van den Heever et al. 2006). Indeed, even studies using bin schemes have been shown to have little
impact on total precipitation, although inducing a shift in rainfall rates (Fan et al. 2013).

We note that global modelling studies of aerosol indirect effects use bulk microphysics representations (e.g.
Ghan et al. 2016, Zhang et al. 2016), and therefore our results have important implications for such studies.

We emphasise that our main result is to show that the variability due to, and within, schemes dominates any
aerosol impacts on microphysics. Our results using the WRF-SBM in the idealised supercell case show that
aerosol impacts in the bin scheme are of equal magnitude to those in the bulk schemes (Figure S4 in the
Supplement).

We have included such a discussion in this section of the paper (P22 L24 through P23 L1) and also in the
introduction (P2 L15 through P5 L16).

23. P17, L21-23, this sentence appears in a few places throughout the study, but the point can not be well
justified even for aerosol indirect effects. First, you not know what the reality of aerosol look like in composition
and spatial variability, many studies showed that aerosol spatial distribution could significant change storm
location such as urban aerosols impact significantly on the precipitation in the downwind area of cities through
aerosol indirect effects. Second, since two-moment bulk schemes even can not represent aerosol-cloud
interaction processes physically, then how do you justify the aerosol impact here represent the upper limit?
We have removed these statements from our manuscript.

24. P18, L29, this is definitely not the first study to consider two and more cloud cases. A thorough literature
search would give you those past studies.
We have removed this entire paragraph to make the conclusions more concise.



25. P18, L30-31, again, it has been a basic understanding that hydrometeors and their responses to CCN or
CDNC vary with different cloud types and convective cases.

We agree with Reviewer 2 that this is basic understanding. As Reviewer 2 feels that this can be taken as
assumed knowledge, we have increased the clarity of our paper by removing all such contextual discussion.
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Abstract. This study investigates the hydrometeor development and response to cloud droplet number concentration (CDNC)
perturbations in convection-permitting model conbgurations. We present results from a real-data simulation of deep convec-

tion in the Congo basin, an idealised supercell case, and a warm-rain large-eddy simulation (LES). In each case we compare

two frequently used double-moment bulk microphysics schemes and investigate the response to CDNC pertimations.

ogy and precipitation are found to be signibcantly greater between the microphysics schemes than due to CDNC perturbations
within each scheme. Further, we show that the response of the hydrometeors to CDNC pertushatigmgeiffers-gjffers

cases of convection. Sensitivity tests show that the representation of autoconversion is the dominant factor that drives dif-
ferences in rain production between the microphysics schemes in the idealised precipitating shallow cumulus case and in &
sub-region of the Congo basin simulations dominated by liquid-phase processes. In this region, rain mass is also shown to be

thermodynamic impacts on the storm system using different microphysics parameterisations can equal those due to aerosc
effects. These results highlight the large uncertainty in cloud and precipitation responses to aerosol in convection-permitting

constraints of cloud processes and response to aerosol in a range of meteorological regimes.
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1 Introduction

Deep convection has a signibcant inBuence on the state of the atmosphere and climate through shortwave and longwave radic
tive interactions, heat transfer through the release of latent heat, global heat redistribution, and plays an important part in the
the properties of deep convectiggithrough their effect on cloud microphysics. By acting as cloud condensation nuclei (CCN),
increased aerosol loading can lead to an increase in cloud droplet number concentration (CDNC) and subsequent reduction i
cloud droplet size, which in turn has been hypothesised to supggges-phaserecipitation (Albrecht, 1989). Some theoreti-

cal (e.g. Rosenfeld et al., 2008; Stevens and Feingold, 2009) and cloud (or cloud-system) resolving modelling studies (e.g. Fan
et al., 2007b; Tao et al., 2007; Lebo and Seinfeld, 2011, amongst many others) have suggested that under certain conditions
precipitation suppression in the liquid phase may lead to an invigoration of deep convection and subsequent enhancement o
convective precipitation. The detection of positive correlations between satellite-observed aerosol optical depth (AOD) and
precipitation or convective cloud properties (e.g. Koren et al., 2005; Gryspeerdt et al., 2014) might suggest observational ev-
idence of convective invigoration by aerosols. However, factors such as meteorological covariation and retrieval errors may
contribute to or even dominate such correlations (Zhang et al., 2005; Mauger and Norris, 2007; Chand et al., 2012; Gryspeerdt
et al., 2014). Complex process interactions in ice and mixed-phase microphysics, along with coupling to surface and radiative
feedbacks and dynamics over a range of spatiotemporal scales, means that understanding and quantifying aerosol impacts c

deep convection remains a signibcant challenge (e.g. Noppel et al., 2010; Seifert et al., 2012; Tao et al., 2012).

Representing cloud microphysical processes, which occur on length scales of microns to millimetres, has always been a
signibcant challenge for atmospheric models. Even in cloud-resolving models, horizontal grid lengths tend to be on the order
of kilometres to a few hundred metres at best, and so it is impossible for such models to explicitly simulate microphysical pro-
cesses. There is a long history of microphysical parameterisation (see Khain etal., 2015, for a comprehensive review), and mi-
crophysics schemes today tend to fall into one of two categories: bin models, in which the size distribution of each hydrometeor
class is explicitly calculated (e.g. Feingold et al., 1994; Stevens et al., 1996; Khain et al., 2004), and bulk models, in which a size
distribution function typically is used to represent each hydrometeor class and one (or several) moments of the size distribution
function are calculated explicitly (e.g. Kessler, 1969; Lin et al., 1983; Rutledge and Hobbs, 1983; Thompson et al., 2004; Mor-
rison et al., 2005; Thompson et al., 2008, amongst many others). Bulk models are therefore very computationally efbcient com-
pared to bin models (often by at least two orders of magnitude, Jiang et al., 2000), and are used as standard in many atmospher
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Unlike liquid cloud and rain drops (well-described by spheres of constant density), ice particles have a wide range of densi-
ties and shapes, making the representation of ice-phase microphysics in parameterisations much more difpcult than the liquic
phase Untit-recenthyraditionally, the approach in both bin (e.g. Khain et al., 2004) and bulk schemes (e.g. Meyers et al.,
1997; Thompson et al., 2004; Morrison et al., 2005, etc.) was to partition ice particles into one of a bxed number of categories
(e.g. cloud ice, snow, hail and graupel) each with its own specibed density, shape distribution and physical parameters suct
as fall speeds. However, such partitioning oversimplibes the complex nature of ice-phase processes, requiring thresholds an
parameters - often chosen on a relatively ad hoc basis - to determine the partitioning of ice particles into each category and for
converting between categories. As such, it is unsurprising that simulations have been found to be highly sensitive to particle
fall speeds and densities (e.g. McFarquhar et al., 2006), the description of dense precipitating ice as hail or graupel categorie:
(e.g. Morrison and Milbrandt, 2011; Bryan and Morrison, 2012), and changes in thresholds or rates for converting between ice
categories (e.g. Morrison and Grabowski, 2008). Differences in ice-phase microphysics in bulk schemes have been shown to
affect cloud biases especially at upper levels (Cintineo et al., 2014) and to affect iceBcloudbradiation feedbacks, with impacts
on tropospheric stability, triggering of deep convection, and surface precipitation (Hong et al., 2009). Such limitations have
led to the development in more recent years of new representations of ice microphysics in bulk schemes, such as approache

which separately prognose ice mass mixing ratios grown by riming and vapour deposition (Morrison and Grabowski, 2008),
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where ice particle habit evolution is predicted by prognosing mixing ratios of ice crystal axes (Harrington et al., 2013), and
where ice-phase particles are represented by several physical properties that evolve freely in time and space (Morrison anc
Milbrandt, 2015). Although these developments are relatively new, they have already been shown to improve simulations of
observed squall lines and orographic precipitation when compared to traditional two-moment bulk schemes (Morrison et al.,
2015a).

Evaluations of microphysics schemes frequently involve comparison against observations of a real precipitation event (e.g.
Morrison and Pinto, 2005). Often, multiple microphysics schemes are compared against each other and against observation
(e.g. Morrison and Pinto, 2006; Gallus Jr. and Pfeifer, 2008; Rajeevan et al., 2010; Jankov et al., 2011). Another common
approach is to evaluate a single microphysics scheme against observations and then use different aerosol concentrations i
the model to test the sensitivity of the observed storm to aerosol processes (e.g. van den Heever et al., 2006; Seifert et al.
2012). However, studies of different convective events in different regions, using different models with different microphysics
schemes, often produce conRBicting results on the nature of the storm repsonse to aerosol. Mesoscale studies of Florida cor
vection found that cloud water mass, updraught strength and surface precipitation tend to increase with increased aeroso
concentration, while anvil areas decreased but contain greater condensate mass (van den Heever et al., 2006), whereas studi
of summertime convective precipitation in Germany found that increased aerosol concentrations had a strong effect on cloud
microphysical (and therefore radiative) properties but that the combined effects of microphysical and dynamical processes
resulted in relatively little effect on surface precipitation (Seifert et al., 2012), similar to the bndings of Thompson and Eid-

hammer (2014) in idealised and continental-scale simulations.

Detailed process modelling studies of aerosolbconvection interactions often focus on the sensitivity of a single idealised
model conbguration (without large-scale meteorology or surface and radiative interactions) to perturbations, using either CCN
spectra (e.g. Seifert and Beheng, 2006b; Morrison and Grabowski, 2011) or CDNC values (e.g. Thompson et al., 2004; Morri-
son, 2012) as a proxy variable to test the sensitivity of the microphysics to aerosol. Many types of idealised models are used,
ranging from Bow over a 2D mountain (e.g. Thompson et al., 2004), 2D cloud-system resolving studies of interacting convec-
tive clouds (e.g. Morrison and Grabowski, 2011), to 3D simulations of idealised supercell storms (e.g. Khain and Lynn, 2009;
Lebo and Seinfeld, 2011; Morrison, 2012; Lebo et al., 2012). With such a wide range of model conbgugativastive

dependence, may not exist. Idealised Bow over a 2D mountain using CDNC values to represent aerosol amounts showed thg
cloud water content increased with CDNC, and drizzle content decreased (Thompson et al., 2004), while a similar study using
an idealised supercell conbguration found that differences in the accumulated surface precipitation and convective mass Ru»
between polluted and pristine values of CDNC were very small (Morrison, 2012). In studies using modibed CCN spectra to

represent different levels of aerosol in a two-moment scheme, 2D ensemble simulations of interacting convective clouds have
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found that although cloud top heights and anvil ice increase under polluted conditions, convection actually weakens slightly
compared to pristine conditions (Morrison and Grabowski, 2011). However, similar 3D simulations also using a two-moment
microphysics scheme have shown that for isolated convective cells, increased aerosol leads to reduced total precipitation and
updraught velocity, while for multicell systems it leads to increased secondary convection, total precipitation and updraught ve-
locities, whilst supercell systems are relatively insensitive to aerosol (Seifert and Beheng, 2006b). Additionally, environmental
wind shear has been shown to have a role in determining the response of convective systems to aerosol, with increased aerosol

loading invigorating convection under weak shear conditions and suppressing convection under strong shear in simulations

performed with both bin (Fan et al., 2009) and bulk (Lebo and Morrison, 2014) microphysics schemes.

sThe focus of this work is to show within a single modelling
framework that uncertainty on cloud impacts through choice of microphysics scheme can far exceed any aerosol effect seen
within a single scheme, and that this is a consistent finding across different types of convection in different environments and
types of simulation (all of which are known to impact the effect of aerosol loading on cloud development, ¢.g. Altaratz et al., 2014).

Although we use two bulk microphysics schemes to show this, there is a body of literature which identifies signals of aerosol
2011; Morrison, 2012; Lebo et al., 2012; Kalina et al., 2014)

. van den Heever et al., ~

impact on cloud in bulk schemes (e.g. Morrison and Grabowski,

albeit not always convective invigoration (see especially Lebo et al., 2012), and in bin-emulating bulk schemes (e.

Nevertheless, using a two-moment bulk scheme to simulate a single cumulonimbus in an environment characterised by high
CAPE and low wind shear, Seifert and Beheng (2006a) found higher overshooting tops and larger sizes with increased aerosol
loading, indicating that in some environments bulk schemes are able to produce invigoration effects. In some cases, aerosol
effects may be relatively small (less than 15%. e.g. Morrison and Grabowski, 2011). However, while some argue (fairly) that

~fully represent
aerosol-cloud interactions (such as saturation adjustment, Lebo et al., 2012), others argue that this is consistent with the concept
of clouds as a buffered system hypothesized by Stevens and Feingold (2009). Month-long simulations approaching the climatological
scale using bin microphysics performed by Fan et al. (2013) also showed aerosol impacts on precipitation on the order of a few.
%, however, those authors showed a significant aerosol impact on rain rates, rather than total rain amount, observing a shift
towards heavier rain rates and fewer light rain rates under polluted conditions in two regions (a tropical environment and
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We perform high-resolution

convection-permitting simulations with the Weather Research and Forecast (WRF) model in three conbgurations: a real-data
simulation of deep convection in the Congo basin, an idealised supercell case, and a shallow convection large-eddy simula-
tion (LES). In each case we compare hydrometeor development in two commonly used double-moment bulk schemes and
investigate the response of each model conbguration to CDNC perturbations. Our focus is not to provide a detailed pro-
cess study of aerosol effects on convection per se (to do so in the context of multiple model conbgurations is beyond the
scope of this paper), but rather to explore and identify uncertainty in the cloud and precipitation response to CDNC pertur-

bations across a range of model conbgurations. We acknowledge that, due to a lack of fully coupled aerosol-cloud processe:

the magnitude of response of bulk microphysics schemes to CDNC perturbatiorescesegtjffer from that in schemes that
explicitly treat cloud processing of aerosol. Our goal therefore is to highlight the large uncertainty in cloud and precipitation re-

used model.

2 Experimental design

We use the Advanced Research WRF version 3 (Skamarock et al., 2008) in three different conbgurations: a real-data simulatior
of deep convection over the Congo basin, an idealised supercell simulation, and a warm-rain shallow cumulus LES simulation.
WREF is a nonhydrostatic, compressible, 3D atmospheric model. We use version 3.5 of WRF in the Congo basin and the ide-
alised supercell simulations, but version 3.3.1 was utilised for the warm-rain LES simulation because the LES packages were
only available for this version of the model at this time (Yamaguchi and Feingold, 2012). In order to keep the simulations as
consistent with each other as possible, we therefore implement the versions of the microphysics schemes from WRF version
3.5 into version 3.3.1 of the model for the LES simulations. Each set of simulations is performed using two microphysics pa-
rameterisations, at three different prescribed CDNC values, resulting in a total of six simulations for each model conbguration.
The model conbgurations used in this study are summarised in Table 1.

2.1 Microphysics parameterisations
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whengamparingpulk ggaingpin sghemesA signiPcant body of work has shown that two-momigu microphysics schemes
generally represent cloud and precipitation characteristics more realistically than single-moment schemes (most recently Mor-
rison et al., 2009; Wu and Petty, 2010; Weverberg et al., 2013, 2014; Igel et al., 2015), and thus our study is restricted to the
comparison of two bve-class, double-moment schemes commonly used in WRF and shown by Cintineo et al. (2014) to perform
well against satellite observations of cloud in North America: that described by Morrison et al. (2005, 2009); Morrison and
Milbrandt (2011) (hereafter Morrison, or abbreviated to MORR), and that described by Thompson et al. (2004, 2008) (here-
after Thompson, or THOM). Both schemes are two-moment in rain and ice (prognostic mass and number), while the Morrison
scheme is also two-moment in snow and graupel. Both are single moment in cloud water: mass is the only prognostic liquid
cloud variable, and CDNC is prescribed at a given value. Following the method used in many previous studies ithelading

and 2500 crh®) as a proxy for CCN varying under conditions ranging from clean to highly polluted. The list of microphysics

conbgurations tested and the abbreviations used to describe them are summarised in Table 2.

2.2 Model conbgurations

The real-data Congo simulations use a model domain covering a 2100 km ! 2100 km region over the Congo Basin (Figure 1),
chosen due to the high frequency of isolated deep convective systems occurring in the region and also due to the presenc
of strong sources of biomass burning aerosol. The model initial and boundary conditions were generated from ERA-Interim
reanalysis (Dee et al., 2011), starting at 00:00 UTC on 1 August 2007. The simulation start date was chosen to coincide with
the onset of the seasonal peak in precipitation (Washington et al., 2013) and the simulation was integrated for 10 days (with
a timestep of 12 s) in order to identify the nature of the convection and its repsonse to CDNC perturbations over timescales
greater than that of the lifecycle of any individual convective system. We use a horizontal grid length of 4 km and 30 vertical
levels with the standard WRF stretched vertical grid. This gives a vertical grid spacing of about 100 m in the lower levels, with
grid spacing increasing towards the upper levels. Although 30 vertical levels may seem relatively coarse, it has been shown in a
previous study to be sufbcient to reproduce observed cloud morphology and resolve the vertical structure of aerosol and precip-
itation and their interactions in this region (Gryspeerdt et al., 2015). Longwave and shortwave radiation in the simulations are
parameterised by the RRTM (Mlawer et al., 1997) and Goddard (Chou and Suarez, 1994) schemes, respectively. Other physic:
parameterisations (other than the microphysics schemes previously discussed) are the MM5 Monin-Obukhov similarity surface
layer scheme available in WRF (which uses stability functions and surface Ruxes from Dyer and Hicks, 1970; Paulson, 1970;
Webb, 1970; Beljaars, 1994), the NOAH land surface model (Ek and Mahrt, 1991) and the YSU boundary layer scheme (Hong
et al., 2006), also shown by Cintineo et al. (2014) to perform well.
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The idealised supercell setup follows the standard 3D idealised supercell case available as part of the WRF modelling sys-
tem. Boundary conditions are open on all lateral boundaries, and the model top and surface are free-slip. For consistency with
the Congo basin simulations, we use a horizontal grid length of 4 km. The model domain is 1600 km x 1600 km in the hor-
izontal and, for consistency with the Congo simulations, also uses 30 vertical levels with a model lid at 20 km. A Rayleigh
damper with damping coefficient of 0.003 s~! is applied in the top 5 km of the model to prevent spurious wave reflection off
the model top. Following the setup commonly used in idealised supercell studies (e.g. Morrison, 2012), surface energy fluxes,
surface drag, Coriolis acceleration and radiative transfer are neglected for simplicity, and the subgrid-scale horizontal and ver-
tical mixing is calculated with a prognostic turbulent kinetic energy scheme (Skamarock et al., 2008). The model is initialized
as in the idealised quarter-circle supercell test case available in WREF, using the analytic sounding of Weisman and Klemp
(1982, 1984) and the quartercircle supercell hodograph of Weisman and Rotunno (2000) with the shear extended to a height of
7 km. Convection is triggered using a thermal perturbation in the centre of the domain, with maximum perturbation potential
temperature of 3 K centred at a height of 1.5 km and with horizontal and vertical radii of 10 km and 1.5 km, respectively. All

simulations are integrated for 2 h with a timestep of 12 s (the same timestep used in the Congo simulations).

The warm-rain shallow cumulus setup deviates from the other simulations in that it follows the LES intercomparison guide-
lines for the Precipitating Shallow Cumulus Case 1 (van Zanten et al., 2011) of the Rain in Shallow Cumulus Over the Ocean
(RICO, Rauber et al., 2007) project and uses the RICO WRF LES package provided by Yamaguchi and Feingold (2012). The
model domain is 12.8 km x 12.8 km x 4 km with a horizontal grid spacing of 100 m and uses 100 vertical levels, implying
a vertical grid spacing of about 40 m. The lateral boundary conditions are doubly periodic. As in the idealised supercell sim-
ulations, surface energy fluxes, surface drag, Coriolis acceleration and radiative transfer are neglected for simplicity, and the
subgrid-scale horizontal and vertical mixing is calculated with a prognostic TKE scheme. The surface conditions, wind and
thermodynamic profiles, large-scale forcings and large-scale radiation, geostrophic wind, initial perturbations and translation
velocity are prescribed following the RICO case guidelines (van Zanten et al., 2011). For consistency, we prescribe cloud
droplet number concentrations at 100, 250 and 2500 cm ™2 following the other simulations in our study, instead of the 70 cm ™3
suggested for the standard RICO case. However, we also perform an extra simulation at 50 cm~3. The simulations are inte-

grated for 24 h with a timestep of 1 s.

3 Results
3.1 WRF Congo basinreal-data-simulations

Maps of simulated outgoing longwave radiation (OLR) and surface precipitation at 0700 UTC on 7 August 2007 (7 days
into the simulation) indicate that the cloud morphological and precipitation differences for different microphysics schemes
are much greater than the cloud and precipitation response within each scheme to different CDNC values (Figure 1). In the

CONGO-MORR simulations, low OLR values (indicating cold, high cloud) are distributed across the domain. Precipitation at
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this time occurs only in cloud north of 3j S, but there is a large band of non-precipitating cold cloud across the south of the
domain. There is little discernable response of the morphology of the OLR and precipitation in the CONGO-MORR simula-
tions to different CDNC values (Figs. 1a, 1b and 1c). In comparison, cold cloud in the CONGO-THOM simulations ocurrs
mostly north of 3 S (Figs. 1d, 1e and 1f). Less cloud forms in CONGO-THOM compared to CONGO-MORR, and the cloud
generally has greater OLR values than that in CONGO-MORR. Some non-precipitating cloud occurs south of 3j S in the
CONGO-THOM simulations, but the band is signibcantly weaker and warmer than in CONGO-MORR. The differences at this
snapshot are representative of differences that persist throughout the simulation. Frequency distributions of OLR over the entire
10-day simulation period show that CONGO-MORR has a much higher frequency of occurrence of colder, higher cloud (values
about 120 W i) than CONGO-THOM (which increases in frequency slightly with increased CDNC), while CONGO-THOM

has a much higher frequency of occurrence of warmer cloud (values about 279) Wian CONGO-MORR (Figure 2a).

When compared to observations of OLR from the Geostationary Earth Radiation Budget (GERB, Harries et al., 2005) over
the same region and period, CONGO-THOM represents warm cloud more consistently with GERB than CONGO-MORR, de-
spite overpredicting colder cloud somewhat, while CONGO-MORR overpredicts higher cloud and underpredicts warm cloud
compared to the observations (Figure 2a). However, despite a poorer prediction of cloud radiative properties, CONGO-MORR
predicts surface precipitation better than CONGO-THOM when compared to observations from the Tropical Rainfall Mea-
suring Mission (TRMM, Huffman et al., 2007) merged product. Both schemes signibcantly overpredict surface precipitation
compared to observations from the TRMM 3B42 product (although the spatial patterns of precipitation are reasonably simi-
lar), however total accumulated surface precipitation over the 10-day simulation period is much greater in CONGO-THOM
than CONGO-MORR (Figure 3). Further differences are seen when the distributions of precipitation rates are compared, with
CONGO-THOM overpredicting and CONGO-MORR underpredicting the occurrence of low precipitation rates compared to
TRMM, CONGO-MORR overpredicting and CONGO-THOM underpredicting moderate rates, and CONGO-THOM over-
predicting the frequency of occurrence of very high precipitation rates (Figure 2b). That CONGO-MORR overpredicts the
frequency of moderate rain rates and CONGO-THOM overpredicts the frequency of very high rain rates likely explains why
both schemes overpredict total accumulated surface rain compared to the observations. Additionally, the overprediction of the
frequency of very high precipitation rates by CONGO-THOM is likely the reason that the total accumulated surface precipita-
tion is much greater in this scheme than in CONGO-MORR (Figure 3a,b).

Furtherto, t he,,§,1gn|Dcarm;fferencgpetweemhq pwo,,ﬁg;hemqsn ,;hel rgp,roductlorp f,cold ¢loud, anq m@,mpltatlong,ates
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Not only does the simulated cloud and precipitation morphology differ signibcantly between microphysics schemes irre-
spective of the CDNC values used in the comparison, zonal-mean vertical sections of mass mixing ratios of the different
hydrometeor classes show signibcant differences inflizometerelydrometeqrclasses (due to microphysics) between
CONGO-MORR and CONGO-THOM (Figure 4). The most signibcant difference between the two microphysics schemes
is that south of 3j S, CONGO-MORR produces a large amount of high ice cloud between 300 and 150 hPa (Figs. 4a, b, c).
Analysis of these vertical sections at hourly intervals throughout the simulation in conjunction with hourly maps of OLR as in
Figure 1 show that this upper-level ice is transported from the convective anvils in the north of the domain to the non-convective
region in the south of the domain (not shown). In comparison, CONGO-THOM produces signibcantly less ice, with almost
no ice visible at this contour value (Figs. 4d, e, f). However, all three CONGO-THOM simulations form a large amount of
non-precipitating low-level (950 to 850 hPa) liquid cloud south of 3j S. The bands of cloud seen south of 3j S in Figure 1
are therefore high ice cloud in the CONGO-MORR simulations and low liquid cloud in the CONGO-THOM simulations,
illustrating not only a cloud morphological difference between the microphysics schemes but also a signibcant difference in
the simulated hydrometeor classes and in the vertical distribution of hydrometeors. Even in the convective precipitating region
in the north of the domain, the simulated hydrometeor classes differ signibpcantly between the microphysics conbgurations,
with the CONGO-MORR simulations generating more ice and less liquid cloud (Figs. 4a, b, ¢) and the CONGO-THOM sim-
ulations producing less ice and more liquid cloud (Figs. 4d, e, f). Rain is conbPned to the convective region in the north in
CONGO-THOM, while in CONGO-MORR it is also present at low levels in the non-convective southern region of the domain
which is dominated by liquid cloud in CONGO-THOM. We explain the mechanisms behind these differences later, but here
we highlight that it is clear from Figure 4 that the differences in the simulated hydrometeors between microphysics schemes
are much greater than the differences due to different levels of CDNC.

Because the partitioning of water into liquid and ice phases in the full-physics model conbguration appears to depend

strongly on the microphysics scheme, vertical sections of refRectivity occurrences derived from model hydrometeor belds
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passed through the Quickbeam radar simulator (Haynes et al., 2007) are compared against an-Augustreflectivity-oceurrenee
climatelogy-ggpivalent yeflectivity, gecurrences from the CloudSat 2B-GEOPROF product (Marchand et al., 2008) (Figure 5).

radar (Figure 3), also in agreement with the TRMM precipitation observations (Flgure 3). However, both CONGO-MORR

and CONGO-THOM have a large positive bias in reflectivity compared to the ebserved-elimatology ghservations (Figure 5),
indicative of limitations in the ability of both bulk microphysics schemes to represent the observed vertical cloud structure
in this geographic region over this time period. In general, CONGO-MORR has a much larger positive bias in reflectivity
than CONGO-THOM (Figure 5). The CloudSat observations show a small frequency of occurrence of reflectivities detected at
altitudes of 10 to 15 km in the south of the domain, which is well-represented by CONGO-THOM and indicates the overpro-

duction of ice in CONGO-MORR (Figure 5).

Differences in the simulated hydrometeor classes between the schemes persist throughout the simulation and are illus-
trated by demam-meafrmpan profiles of hydrometeor mass mixing ratios (Flg 6) Me%t—qigmﬁc—aﬂ&y—me%ef—%h&'[here

the CONGO-T250 profile is domlnated by a large amount of liquid cloud mass between the near-surface and 750 hPa (Flg. 6b).
The differences in the fotal cloud water mass between the schemes are very large: at 950 hPa (the altitude with the greatest
liquid cloud mass in CONGO-T250, Figure 6), cloud water mass contents are about 140x greater in CONGO-T250. The liquid
cloud mass is always greater in CONGO-T250 than CONGO-M250 (Fig. 6¢), by several orders of magnitude at some lev-
els, but despite this the liquid phase does not appear to drive differences in precipitation between the microphysics schemes:
CONGO-M250 has about 4x more rain mass in the mid-levels and 2x more rain mass near the surface than CONGO-T250
(Figs. 6a and b). In the ice phase, CONGO-M250 has only slightly more snow mass than CONGO-T250 but up to 10x more
graupel mass (Figs. 6a and b) and while ice is a significant hydrometeor at upper levels in CONGO-M250, CONGO-T250 has
almost no cloud ice at all (Flgs 6a and b). Wq,,potq,,phat,,the,,mlqgmtude,,of,,thq,,q;fference,,duq,,to ghoice,of scheme, is the same
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Not only does the partioning of ice amongst the hydrometeor classes differ between schemes, the response of the hydrom
eteors to CDNC perturbations also differs between schemes (Fig. 7). First note that the scale of the hydrometeor response ftc
CDNC perturbations in the CONGO-MORR simulations is an order of magnitude smaller than the scale of the repsonse in
the CONGO-THOM simulations.t_iquierver he entire gpmain,liquid cloud mass appears insensitive to CDNC perturba-

gRnditiong(Fig. ,]c)__r!ngrcateq;har!];_heremus];pe\{pry,féwi_l!rqu|q:;!_r_;rl(;lqu_gornt”sprr;;trrglg_;@_hlGm(g MOr%'lﬁr_ﬁ_p!r_nulatr(;r_]ﬁ&rﬁr)léreqo

THOM conbguratron is an order of magnrtude greater than in CONGO-MORR and the dominant hydrometeor response to
CDNC perturbations in CONGO-THOM occurs in the liquid phase. Not only does the CONGO-THOM conbguration generate
a signibcant amount more liquid cloud than the CONGO-MORR conbguration (Figure 6c), but the liquid cloud mass increases

under polluted conditions by an order of magnitude more than any other hydrometeor responsgdy-igaitbmassiecreases
Wrmmereased}DJ%ﬁ ,rg,latrvely|n§ensrt|vgo,,mq:reaseq;DNQ,rn,,QQNGO THOM(Fig. 7@wh++esﬁewpredue&erappears

3.2 WREF idealised supercellicephaseprocesses

The results from the real-data Congo basin simulations indicate that the development of the simulated hydrometeor classes
and the reponse of the hydrometeors to CDNC perturbations depend strongly on the choice of microphysicsAséheme.

Althoughgpmeprevious studies have focused on the response of real-data case studies to both microphysics scheme and CDNC
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responsée-g-2Fan-etal2013:Li-etal2015pt(e g, Fan.et.al., 2012a, 2013; Li et al., 201there is gnuchlarger body

of literature that investigates the repsonse of idealised supercell simulations to CDNC (or CCN) perturbations (e.g. Seifert and
Beheng, 2006b; Khain and Lynn, 2009; Lebo and Seinfeld, 2011; Morrison, 2012). We therefore place our study in the wider
context of the existing literaturesim

te-aeresekffects;by investigating the reponse of a single isolated idealised supercell under both the MORR and THOM micro-
physics conbgurations to the same CDNC perturbations used in our Congo simyfatmigneouslyllowing ustq gxplore

the case-dependena the deepgonvectivggsponseq aerosolgffects

ately pollutedO prescribed CDNC values of 250 €ms in the Congo basin case, it is clear that the simulated hydrometeor

classes differ signibcantly between scheriks

~In contrast to the Congo basin conbguration, both

the SUPER-MORR and SUPER-THOM conbPgurations show similar behaviour in the liquid phase, producing similar proPles
of liquid cloud mass and rain mags hoth,a gomain-megpndhydrometeop|ass-meggensgFigures 8al and 8he), and

instead the most signibcant differences occur in the ice phase. Graupel dominates as the frozen precipitating hydrometeor ir
the SUPER-M250 conbguration, amounting to about 4! the snow and ice masses at their peak amounts (E)gumec8a-

trast, snow is the dominant frozen precipitating hydrometeor in the SUPER-T250 conbguration, amounting to about 1.5! the
graupel mass at their peak amounts and virtually no ice present (Figig@e8lthough there is very little difference between

the SUPER-MORR and SUPER-THOM conbgurations in the liquid phase (except for the SUPER-MORR conbguration pro-
ducing about 2!10 7 kg kg ! lessggmain-meamain mass at the surface than SUPER-THOM, Fig. 8c), the SUPER-MORR

conbguration forms signibcantly more ice, more graupel and less snow than SUPER-THOM (highlighting that the partitioning

of ice-phase hydrometeors into categories is very different, by design, in different microphysics schemes), and greater total
quantities of frozen hydrometeors are present between 600 and about 150 hPa in SUPER-MORR compared to SUPER-THOM
(Fig. 8¢f). This is a signibcant difference from the Congo real-data conPguration, where the dominant contribution to the
difference between the CONGO-MORR and CONGO-THOM conbgurations came from the liquid cloud (Figure 6c).
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The SUPER- MORFéase@,ndﬁul,?,ER THOMgasesdlffers qualitatively from the CONGO-MORRasegnd (GONGO-THOM

teors. In the SUPER-MORR conbguration, cloud water mass increases under polluted conditions, and rain mass is suppresse
at mid-levels (between 600 and 450 hPa) but shows negligible response at the surface ¢fitn 8 ice phase, cloud ice
increases under polluted conditions in SUPER-MORR, while graupel and snow decrease, (Figigularly, the hydrom-

eteor response of the SUPER-THOM case to CDNC perturbations also differs in sign and in altitude to CONGO-THOM. In
SUPER-THOM, cloud water mass increases and rain mass decreases under polluted conditiopd) (Big.8blike SUPER-

MORR the decrease in rain is evident at the surface. Graupel mass decreases under polluted conditions in SUPER-THOM,
similarly to SUPER-MORR but occurring over a much larger range of heights (Ft, #ut unlike CONGO-THOM, which

shows very little response to polluted conditions (Fig. %&é@m&hydmme%eeﬂmgrestmgly,;hsuls in, gcontrasfto

To further investigate the importance of the difference in microphysics representations and the difference in their response
to CDNC perturbations, Figure 10 includes the domain-mean total latent heating (sum of the latent heating from individ-
ual microphysical processes) contributions for each of the idealised supercell conpgurations. It can be seen that the choice
of microphysics scheme can result in thermodynamic differences in the supercell system equal in magnitude to those aris-
ing from CDNC perturbations: between 500 and 250 hPa, the latent heating rate in the SUPER-M2500 conbguration is
almost identical to that in the SUPER-T250 conbguration (solid red and dashed blue lines, Figure 10a). Thus, the magni-
tude and sign of the difference in the latent heating rate between SUPER-M250 and SUPER-T250 (blue solid and dashed
lines, Figure 10a) is the same as that between SUPER-M2500 and SUPER-M250 (red and blue solid lines), and likewise
the magnitude and sign of the difference in the latent heating rate between SUPER-M2500 and SUPER-T2500 (red solid
and dashed lines) is the same as that between SUPER-T2500 and SUPER-T250 (red and blue dashed lines). In general, tt
SUPER-THOM conbguration has a much stronger thermodynamic response to CDNC perturbations than the SUPER-MORR
conbguration, with latent heating rates consistently stronger throughout the atmosphere (Figure 10b). Overall, there is little
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evidence of convective invigoration (debPned here as increases in upper-tropospheric heating, updraught strengths, cloud toj
height and surface precipitation) under increased CDNC values in either bulk microphysics scheme: although both schemes
show increased latent heating in the upper troposphere and decreased heating at mid-levels under polluted conditions (Fig
ure 10b), it has already been shown that there is no evidence of increased surface precipitation (Figure 9), and the uppel
tropospheric peak in latent heating can be seen to correspond to an increase in ice (SUPER-M250) or snow (SUPER-T250)
at these levels (Figure 9). Neither is there any systematic or consistent evidence of increased mean updraught velocity in
the convective cores (following the method of van den Heever et al., 2006; Lebo and Seinfeld, 2011) under polluted con-

ditions (not shown), prin,jereaseghloudop ieightsof,the ggpvectivegores(Figs. 2c.d),This may ot be giyrprising,as

3.3 WRF LES RICOigtid-phaseprocesses

The results presented in Sections 3.1 and 3.2 indicate that not

mrerephyyessehemesaﬂdheaﬁeeneaseqs“thq Wn,,\(,\(hlch,,the§pheme;g|ﬁer,,,trom,eaclﬂ,gthe not,,ﬁystematqmetween

The largest dlfference between the mlcrophy5|cs schemes in the real-data Congo basin S|mulat|ons occurs in the liquid-phase
hydrometeor development and response to CDNC. Making the assumption that the liquid phase is the brst to respond to CDNC
perturbations and the perturbation subsequently propagates to the ice phase, we consider a case of precipitating shallow cumt
lus convection to investigate the liquid-phase differences between the schemes. Note that the Obaseline® hydrometeor prob

in Figure 11 show data from the conbgurations using a prescribed CDNC value of 16Q(@ther than the baseline value
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of 250 cm 3 used in the Congo basin and idealised supercell deep convection cases in Figures 6 and 8), as this is more
appropriate for a pristine marine environment. Even when we restrict our simulations to the liquid phase, differences in the
simulated hydrometeor classes are evident. The domjgiganain-meamulifference between the two schemes in the RICO case

is clearly in the rain propble, with RICO-T100 producing signiPcantly more flzan RICO-M100. Very little rain is present

The response of the hydrometeors to CDNC perturbations also differs between schemes in the warm-rain RICO case
(Fig. 12). In the RICO-MORR conPguratiogigmain-mearrain and cloud mass both decrease under polluted conditions,
although the rain response is very weak (on the order bf 1@ kg ') and the dominant response is a reduction in liquid
cloud mass (Fig. 12a). In contrast, a reduction in rain mass is the dominant hydrometeor response under polluted conditions
in the RICO-THOM conbguration, and the decrease is nearly two orders of magnitude greater than that in RICO-MORR
(Fig. 12b). The liquid cloud response to polluted conditions in RICO-THOM is weaker than the rain response, but still stronger
than the cloud response in RICO-MORR. Cloud mass decreases under polluted conditions between 935 and 825 hPa, but in
creases at higher levels (Fig. 12b). Note that once again, the response of the simulated hydrometeors to CDNC perturbation:
differs between cases: under polluted conditions, RICO-MORR exhibits a decrease in cloud and rain mass, while CONGO-
MORR exhibits a decrease in rain mass with little reponse in the liquid cloud (Fig. 7a), and SUPER-MORR shows almost no
liquid-phase response at all (Fig. 9a). Likewise, RICO-THOM exhibits a decrease in rain and increase in cloud mass under

polluted conditions, while CONGO-THOM exhibits similar behaviour (Fig. 7b) but SUPER-THOM shows a decrease in rain

To illustrate the difference in the strength of response of the schemes to CDNC, total accumulated surface rain is shown for
each RICO conbguration in Figure 13a, along with an extra conbguration using a Overy pristine® CDNC value%f 50 cm
and a series of sensitivity tests that will be discussed later. The 5§ @DNC conbguration has been added because even
at a prescribed CDNC value of 100 civery little rain production occurs in the RICO-MORR conbguration. Warm rain
formation differs strongly between schemes: very low CDNC values are required for the RICO-MORR conbguration to pro-
duce any rain, whereas RICO-THOM produces signibcantly more rain at all CDNC values (Fig 13a). Even under very pristine
conditions, the RICO-M50 conbguration produces an order of magnitude less rain than RICO-T50 (Fig 13a). The different
schemes also respond differently to CDNC perturbations. Rain production in RICO-MORR (which produces much less rain
than RICO-THOM) shuts down very quickly as CDNC is increased: rain amounts are on the ordenufil#t a CDNC value
of 50 cm 2, 101 mm at a CDNC value of 100 cnf, 10' I mm at a CDNC value of 250 ¢n?, and rain production ceases
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completely at a CDNC value of 2500 cm' 3 (Fig 13a). In contrast, rain production persists for much larger CDNC values in
RICO-THOM: rain amounts are on the order of 10 3 mm at CDNC values of 50 cm' 3, 10 2 mm at CDNC values of 100 cm' 3,
10 1 mm at CDNC values of 250 cm' 2, and while rain amounts are very low at CDNC values of 2500 cm' 2 (on the order of

10" > mm), rain production has not shut down completely (Fig 13a).

3.4 Sensitivity tests

follows an adaptation of Berry and Reinhardt (1974), while the Morrison scheme follows the method of Khairoutdinov and
Kogan (2000). The autoconversion rates as a function of cloud water content for each of the model configurations are shown
in Figure 14. Also shown is the cloud water content (up to the mean plus 2 standard deviations) of each configuration . It is
immediately clear that the threshold cloud liquid content for autoconversion in the Morrison scheme (solid lines) is signifi-

cantly lower than that in the Thompson scheme (dashed lines), i.e. rain production can occur at much lower cloud liquid water

contents in Morrison. Heweversm

D

ratn-produetion-with-inereasing CDNC-in-the RICO-MORR-—ease-It is also clear from the mean, (mean+1 standard deviation)

and (mean+2 standard deviations) cloud water content limits that rain production through autoconversion ought to be possible

in all model configurations. However, despite the higher cloud water content threshold for autoconversion in the Thompson
scheme, autoconversion rates are much greater once the threshold is reached, and liquid cloud is converted to rain much faster
in Thompson than in Morrison. From Figure 14, it appears that the threshold for autoconversion is unlikely to be reached
very often in any of the T2500 cases. In the deep eonveetioneonfigurationsggpvective, cases, rain can be generated through ice

and mixed-phase processes, but in the RICO warm-rain case this cannot occur. This explains why, compared to more pristine

conditions, cloud mass increases in RICO-T2500 while rain mass decreases (Figure 12b).

Because Figure 14 indicates that the autoconversion threshold may be at least in part responsible for this response in the
RICO-THOM case, we replace the autoconversion parameterisation in the Morrison scheme with that from the Thompson
scheme, and vice versa. We use the notation M100T to denote the Morrison microphysics scheme (at a CDNC value of
100 cm' ) with Thompson autoconversion (that of Berry and Reinhardt, 1974), and T100M to denote the Thompson scheme
with Morrison autoconversion (that of Khairoutdinov and Kogan, 2000). Differences in the domain-mean hydrometeor mixing
ratio profiles for each of the autoconversion-swapped configurations in the RICO case are shown in Figure 15. It is immediately
clear that, in the warm-rain configuration, simply swapping the autoconversion treatment makes the hydrometeor development
of the microphysics schemes much more like each other. The difference between the RICO-M100 configuration with the Morri-
son and Thompson autoconversion parameterisations (Fig. 15a) is quantitatively and qualitatively very similar to the difference
between the RICO-M100 and RICO-T100 configurations (Fig. 11c). Likewise, the difference between the RICO-T100 con-

figuration with the Morrison and Thompson autoconversion parameterisations (Fig. 15b) and finally the difference between

19



10

15

20

25

30

35

the RICO-T100 conbguration with the Morrison autoconversion parameterisation and the RICO-M100 conbguration with the
Thompson autoconversion parameterisation (Fig. 15¢) are also very similar to the difference between the RICO-M100 and
RICO-T100 conbgurations (Fig. 11c).

Similarly, swapping the autoconversion parameterisations between the microphysics schemes in the RICO cases make:
the surface rain production of the microphysics schemes much more like each other. The accumulated surface rainfall in the
RICO-M100T conbguration looks much more similar to the surface rainfall in the RICO-T100 conbguration than it does to the
RICO-M100 conbguration (Fig. 13a). Rain amounts are on the ordeahi®in RICO-M100T and RICO-T100, whereas in
RICO-M100 it is two orders of magnitude smaller (Fig. 13a). Likewise, the accumulated surface rainfall in the RICO-T100M
conbguration is of order ¥dnm compared to 0mm in the standard RICO-T100 case (Fig. 13a). To further test the impor-
tance of autoconversion in the liquid phase simulations, we brst turn off autoconversion completely in theé 3 @DDINC
simulations, and then allow autoconversion to occur but prevent the accretion of cloud water by rain. By design, in the ab-
T100noAUTO). However, in the RICO 100 ¢ CDNC liquid-phase conbguration the Thompson scheme can produce sur-
face rain from autoconversion alone (albeit two orders of magnitude less than when rain can also accrete cloud water, (Fig. 13a
T100noACCR and T100), showing that autoconversion acts almost like a OseedO in this scheme, after which accretion take
over the rain production process. In contrast, zero surface precipitation is produced in RICO M100noACCR (Fig. 13a), show-
ing that in this (liquid-phase only) conbguration the Morrison scheme requires both the autoconversion of cloud droplets to

rain and the accretion of rain by cloud droplets in order to produce surface precipitation.

Despite the signibcant effect of autoconversion in the liquid-phase simulations, changing the autoconversion parameterisa-
tion in the idealised supercell case has very little effect on the hydrometeor development (results not shown). This is unsur-
prising, as ice and mixed-phase processes will dominate this shear-driven deep convective environment. However, the Congc
basin conbgurations show large differences between microphysics schemes in the partioning of water into liquid and ice phase:
(CONGO-THOM produces much more liquid cloud; CONGO-MORR produces much more ice). In the CONGO-THOM con-
Pgurations, the liquid-phase response to increased CDNC is also very similar to the RICO-THOM response (increased liquid
cloud mass and decreased rain mass, Fig. 7b). When the Thompson autoconversion treatment is implemented in the Morrisol
scheme, rain production in the southern half of the domain ceases in CONGO-M250T, and the liquid phase is instead repre-
sented by low-level cloud with structure similar to the CONGO-T250 conbguration (Figure 16a, compared to Figure 4e). To
test if radiative effects associated with large amounts of anvil ice drive or contribute to the differences in low cloud, we also
set the ice extinction coefbcient to zero in both the longwave and shortwave radiation schemes in CONGO-M250. However,
this has no effect on the low-cloud characteristics (Figure 16e compared to Figure 4b), and we therefore conclude that auto-
conversion of cloud water to rain is the factor dominating the absence of low-level cloud in the south of the domain in the
CONGO-MORR simulations. In contrast, autoconversion is a less signibcant process in the CONGO-T250 conbguration. Im-

plementing the Morrison autoconversion treatment in the Thompson scheme has very little effect on the hydrometeor structure
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in the CONGO-T250M conbguration compared to the CONGO-M250 conbguration (Figure 16b, compared to Figure 4b). As a
Pnal test, the autoconversion process is turned off in both of the microphysics schemes. This conbrms that autoconversion dom
inates the lack of low cloud in CONGO-M250: the resulting liquid-phase hydrometeor structure (Figure 16c) is similar to both
CONGO-T250 (Fig. 7b) and CONGO-M250T (Figure 16a). This also conbrms that autoconversion is much less signibcant
in the CONGO-THOM conbgurations: the bulk hydrometeor structure when autoconversion is turned off in CONGO-T250
(Figure 16d) is very similar to both CONGO-T250 (Fig. 7b) and CONGO-T250M (Figure 16b).

euHeSHJ%S,Wenavq%howmhat,theg,ymlconversmmoces,ss rg§p0n5|bI¢oq,,thqmmova,lo ,thqjarggqlouqmassm,mw levels
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partitioningmaygive pettefresults(e, g, Morrison.and.Grahowski, 2008; Harrington et al., 2013; Morrison et al., 2015b).

ermg total accumulated surface precipitation (Fig. 13b), although CONGO-T2500 exhibits weak preciptation suppression under
polluted conditions). This may be due to the longer duration of these simulations, performed over a larger domain, allowing the
interaction of many cloud systems rather than considering the lifetime of a single isolated cloud. However, we also see that al-
though the representation of autoconversion has a signipcant effect on the vertical hydrometeor structure in the CONGO-M250
conbgurations (Fig. 4b, Fig. 16a and Fig. 16c¢), it has a much weaker effect on total surface precipitation (Fig. 13b, M250, T250,
M250T, T250M, M250n0AUTO and T250n0AUTO). This is perhaps unsurprising, as the dominant contribution to the accumu-
lated surface precipitation over the Congo domain will be from ice processes in the convective region and not from the liquid-

phase cIoudAlthough,, he lack, Of..lmPaQFOf lﬁ\?rosqpn RIgcipitationin, the, Q0n99§,tmulatlon§rnay.be.que. thQ.HS%Of .hU”(

4 Discussion and Conclusions

t-this-study-we-usedWRF-eoupledto T his study consideregthe cloud and precipitationdeyelopmenising two double-

moment bulk microphysics schemes (Morrison et al., 2009; Thompson et al., 2008) to perform cloud system-resolving sim-

to CDNC perturbatlons. The simulations were performed to explore the uncertainty in cloud and precipitation development and
response to aerosol perturbations in convection—permitting models that can arise from the microphysics repregésjtatebn.
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scheme. This result was true for multiple cloud types in multiple environmental conditions.

finding is that the difference between the hy

eonveetion—two schemes, including their response to CDNC., in different environments and cloud types is not systematic. This
could perhaps be related to the nonmonotonic response to aerosol in different environments found by Kalina et al. (2014) (although
their study only considered simulations of idealised supercells with a single bulk scheme and four environmental soundings).
This nonmonotonic response was attributed to compensating changes in the microphysical processes under polluted conditions.

The maximum relative difference in mass mixing ratio between each hydrometeor class in the M250 and T250 configura-
tions for each case of convection is summarised in Table 3. Not only are the maximum differences in the domain-mean profiles
of the hydrometeor classes simulated by each microphysics scheme on the order of at least tens of percent, but it is also clear
that both the magnitude and sign of the difference varies between cases. In some cases, the magnitude of the difference is huge:
most notably, in the Congo basin case the maximum difference in liquid cloud mass between the Morrison and Thompson
schemes is on the order of 10* kg kg' ! more in Thompson (whereas in the RICO shallow cumulus case the maximum dif-
ference is on the order of 10! kg kg' ! less in Thompson). Likewise, in the RICO case the maximum difference in rain mass
between the Morrison and Thompson schemes is on the order of 10® kg kg' ! more in Thompson (whereas in the Congo basin
case the maximum difference is on the order of 10! kg kg' ' less in Thompson). Even for hydrometeors that have differences
of the same order of magnitude, the sign of the difference can vary between cases. This result highlights the need for better
observational constraints on mixed-phase and ice cloud microphysics and hydrometeors, and also perhaps the need for a shift in
the development of microphysics parameterisations away from schemes which (somewhat arbitrarily) partition hydrometeors

into separate categories. This is also supported by our sensitivity tests of autoconversion of cloud ice to snow in our Congo

Another key finding is that the cloud morphological difference and the difference in the hydrometeors between different
schemes is significantly larger than that due to CDNC perturbations. Although we have restricted our study to the comparison of
double-moment bulk microphysics schemes, this result is consistent with Khain and Lynn (2009), who found that the difference
in convection between a bulk and a bin scheme was much greater than the difference within each scheme to varying aerosol
concentrations. Some studies have found a significantly weaker response to aerosol when using bulk schemes compared to
. Khain and Lynn (2009); Lebo and Seinfeld (2011). In idealised simulations of continental deep convection
Lebo and Seinfeld (2011) found that increases in CCN concentrations led to increased ice mass and total condensed water
mass aloft in both bin and bulk schemes, but increased surface domain-averaged cumulative surface precipitation in the bulk
scheme compared to a decrease in the bin scheme. This was shown to be because the relative increase in condensate mass
aloft under polluted conditions was found to be much larger in the simulations performed with bulk microphysics, a result of
increased numbers of smaller cloud particles with slower sedimentation speeds, thus resulting in reduced surface precipitation.

bin schemes, e.
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However, in our idealised supercell simulations we find a similar magnitude of response to aerosol when using a bin scheme
as the response in the two bulk schemes which are the focus of this study.

That cloud and precipitation development and their aerosol response differs across different cloud types in different large-scale
environments is expected. Many studies have shown that aerosol effects on precipitation depend on the large-scale environment
and cloud t .g. Khain et al., 2004; Fan et al., 2007b; Lynn et al., 2005a, b; Lynn and Khain, 2007; Seifert and Behen
for reasons related to differences in different cloud types between the timescale of increased sedimentation through acrosol
loading and subsequent sublimation and evaporation timescales. Further. several studies of deep convection have found that the

effects of aerosol on deep convection are much weaker than that of relative humidity (e.g. van den Heever et al., 2006; Fan et al., 2007a; Kh

Fan et al. (2007b) found that in idealised simulations of continental and maritime clouds using bin microphysics the magnitude

and even the sign of aerosol effects on precipitation depended on relative humidity. Fan et al. (2007a) found that aerosol

response in idealised simulations of clouds using bin microphysics and soundings from Houston, Texas strongly depended
on relative humidity, having negligible effect on cloud properties and precipitation in dry air but more significant effects in
humid air. Conversely, in idealised low-precipitation supercell simulations with bulk microphysics and dry low-level humidity.
performed as part of the study by Kalina et al. 2014, cold pool area decreased by 84% and domain-averaged precipitation
reduced by 50% under polluted conditions whereas it was insensitive to polluted conditions when a moist sounding was used.
Thus, assuming that the response in our simulations would likely be more similar to the results found for bulk microphysics
by Kalina et al. (2014) the magnitude of our results in the supercell case (which uses a moist sounding) may be smaller than it

would be in drier environmental conditions.

In 10 day simulations of deep convection in the Congo basin in August 2007, we find that both the Morrison and Thompson
schemes have a significant positive bias in cloud and surface precipitation compared to GERB and TRMM. This may be in
part attributable to the positive moist bias in the Congo basin in the ERA-Interim reanalysis (used as boundary data for the
Congo simulation) when compared to other reanalyses (Washington et al., 2013). Despite the positive cloud fraction bias in
both schemes, we find that the Thompson scheme compares better than the Morrison scheme against observed cloud fractions,
largely due to the overproduction of upper-level ice in the Morrison scheme. This is in agreement with Cintineo et al. (2014),
who found that (despite the two schemes having different biases at different levels) the Thompson scheme outperformed
the Morrison scheme overall against satellite observations of cloud in North America due to its more accurate upper-level

cloud distribution, whereas the Morrison scheme had too much upper-level cloud through overproduction of ice. This could

is attributable to differences in the way in which the two schemes convert cloud ice to snow. However, we also find that despite a

positive surface precipitation bias in both schemes, the Morrison scheme compares better to observations in this region over this

period. This-therefore-Morrison and Grabowski (2007) found that differences in accumulated precipitation produced by warm

24

2006a; Tao et



10

15

20

25

30

35

§1;rmocumuIq@ndwarm,gymuIuaqjoud§HS|ngmﬁeren;mpqrophysmﬁqhemewerqgnIy pnthegrderpf 1Qto, gO%,,wggestlng

eeﬂeen%FaHeﬂsWe note“nerel];hat“thq RRTM, LW and GoddargS ,,,rgdlanon,ﬁghemewseqm,,,i;hesgmmulat|on§ar¢;”pnly

teor probles between polluted and pristine CDNC values for each of the model conbgurations is summarised in Table 4. It is
clear that both the magnitude and the sign of the reponse of each hydrometeor class to CDNC differs strongly not just between
microphysics schemes, but also between cases. (Note that Table 4 shows relative amounts, and that the absolute difference |
response to CDNC between each of the schemes and cases can also vary signibcantly).

Whilst it is not surprising that the different cases of convection differ in their hydrometeor development and in their response
to polluted conditions, it is worth noting the magnitude and variation of the difference in response. A body of literature uses ide-

alised model conbgurations to investigate storm-system response to aerosol loading (e.g. Seifert and Beheng, 2006b; Khain an
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Lynn, 2009; Lebo and Seinfeld, 2011; Morrison, 2012) and to compare microphysics schemes (e.g. Lebo and Seinfeld, 2011).
Our results highlight that the storm-system response in such a model conbguration may not be representative of the respons
over larger spatiotemporal scales, supporting similar Pndings of larger-scale feedbacks and lifecycle-dependent responses i
idealised (Morrison and Grabowski, 2011; Lee, 2012) and real-data (van den Heever et al., 2006) studies of aerosolbconvectior

interations.

We-netethatthe otethafthe vertical resolution used in this study is relatively coarse, and that a horizontal grid length

of 4 km is at the limit of what may be considered as Oconvection-permitting® (Bryan et al., 2003). However, we use this grid
spacing for consistency with a previous study, where 10 km and 4 km grid lengths were shown to be sufpcient to reproduce
storm characteristics and aerosolbconvection interactions in the Congo basin (Gryspeerdt et al., 2015). Previous studies hav
indicated sensitivity of convection to horizontal grid spacing (e.g. Bryan and Morrison, 2012; Potvin and Flora, 2015) and also
that the sensitivity to grid length can vary with microphysics scheme (Morrison et al., 2015b), although idealised ensemble
studies of response to aerosol have shown that differences between polluted and pristine conditions were similar in simulations
using horizontal grid lengths of 4 km, 2 km, and 0.5 km, respectively and were also relatively robust to domain size (Morrison
and Grabowski, 2011 i v i i

alsgshowsyyidely yaryingresponsgo gerosol gspeciallypetweerpin andpulk schemegwheregventhe signof the response
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We Pnd that the autoconversion representation alone is sufpcient to explain most of the differences between microphysics
schemes in the shallow cumulus case both in terms of their representation of cloud and precipitatisnent with—Li-etat20L5Ronsi
also in terms of their response to CDNC. The dominant hydrometeor difference between the microphysics schemes in the RICO
simulations occurs in the rain - a different result from both the Congo basin conbguration (where the dominant difference oc-
curs in the liquid cloud) and the idealised supercell conbguration (where the dominant difference occurs in the graupel). We
also bnd that autoconversion of cloud droplets to rain is the mechanism that prevents the formation (or persistence) of liquid-

phase cloud in the south of the domain in the Congo basin simulations using the Morrison sthisiegn agreemenyyith
];he,study,of Kalina et al. (2014)yvho,,fpunq in ,qgjeal|set;1spperceljspmulat|onst4,5|ng,];he Mgrrison, pulk,,mtgrophysmsscheme

RICO have found that warm rain formatlon can be explalned by the observed aerosol distribution (Blyth et al., 2013). In the
context of our Pndings, this strongly suggests that an accurate description of the autoconversion process in warm-rain regime:
is fundamental not only to a realistic representation of cloud and precipitation, but also to its response to varying aerosol con-

centrations.

Qu resuIts,(whlch,,are,showrtto hold”rﬁtcrosgnuIt|pIe,g|oud,type§anqtypesof Si muIat|on)havepm,portan,tp]m,pl|cat|onsnot

Once again, this hlghllghts the contmumg need of our community for tight observational contraints on cloud and precipitation
processes and their repsonse to aergamquor,,ongmngggr@meterlsatleryeIopmento,,@llow thesegrpcessep beageurately
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Figure 2. Congo case: (a) frequency distributions of OLR from the WRF simulations and observations from GERB over the period 01 to 10

August 2007 , (b) self-weighted precipitation rate distributions from the WRF simulations and observations from the ungridded TRMM 2A25
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Figure 3. Congo case: accumulated surface precipitation (mm) from 01 to 10 August 2007 in the Congo basin, showing data from (a)
CONGO-M250, (b) CONGO-T250 and (c) observations from the TRMM 3B42 gridded 3-hourly mean merged precipitation product. The

simulation data shown in this Figure has been coarsened to the 0.25jspatial resolution of the TRMM product.
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Figure 4. Congo case: Zonal mean vertical sections of hydrometeor classes (colour contours) from 01 to 10 August 2007. Hydrometeor mass
mixing ratios are contoured at'1® kg kg *.
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Figure 5. Congo case: 10-day histogram for the period 110 August 2007 of model reRectivities derived from hydrometeor belds passed
through the Quickbeam radar simulator (Haynes et al., 2007), thresholded at values greater than -20 dBZ for (a) CONGO-M250, (b) CONGO-
T250, and (c)eguivalenthistogramproducedfrom-climatology-datafrom-the CloudSat 2B-GEOPROF prodffetn-August 200652010
inelusive In (a) and (b) the models have been sampled at the times of the nearest CloudSat overpasses.
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Figure 10. Idealised supercell: (a) Vertical probles of domain-mean total latent heating rate (LHR) over the 2 h of the supercell simulation
for SUPER-MORR and SUPER-THOM for CDNC values of 100, 250 and 250G cih) Difference in the total latent heating contributions
over the 2 h of the supercell simulation for SUPER-M2500 minus SUPER-M100 and SUPER-T2500 minus SUPER-T100.

Table 1. List of model conbgurations

Model settings Congo Supercell RICO LES
horizontal grid length (km) 4 4 0.1
number of grid points (WDE and SBN) 525 400 129
number of vertical levels 30 30 100
model top 5000 Pa 20 km 4 km
time step (s) 12 12 1
simulation length 10days 2 hours 24 hours
LW radiation scheme RRTM - -

SW radiation scheme Goddard - -

PBL scheme YSU - -
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Figure 11. RICO caseDermain-faearly|eanvertical proPles of hydrometeor mass mixing ratios (MMR), as Figure 6, averaged over the
24 h of the RICO simulation. (a) RICO-M1gfpmain-mean(b) RICO-T100gpmain-mean(c) RICO-M10Qgqinain-meaminus RICO-

are shown with a logarithmic horizontal axis.

Table 2. List of microphysics conbgurations tested, and the abbreviations used for each run

Prescribed CDNC Congo MORR Congo THOM Supercell MORR  Supercell THOM RICO MORR RICO THOM

100 cm 3 CONGO-M100 CONGO-T100  SUPER-M100 SUPER-T100 RICO-M100 RICO-T100
250 cm 3 CONGO-M250  CONGO-T250  SUPER-M250 SUPER-T250 RICO-M250 RICO-T250
2500 cm 3 CONGO-M2500 CONGO-T2500 SUPER-M2500 SUPER-T2500 RICO-M2500 RICO-T2500
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Figure 12. RICO case: difference in theemain-reanpeanhydrometeor mixing ratio probles under polluted and pristine conditions, as
Figure 7, averaged over the 24 h of the RICO simulation. (a) RICO-M2gfiflain-mearminus RICO-M100gqimain-mean(b) RICO-
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Figure 13. Total accumulated surface rain (mm) for each of the microphysics simulations, including a series of sensitivity simulations, for
(a) RICO case, total after 24 h of simulation, (b) Congo case, total over the period 110 August 2007. Note that because the magnitude of
the rain response to CDNC differs so strongly between the conbgurations in the RICO case, a logarithmic vertical axis is used in (a). The

horizontal dashed line in (b) indicates the total precipitation from the TRMM 2A25 product over the same period.
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Figure 14. Autoconversion rate as a function of cloud water content for the MORR and THOM microphysics schemes (solid and dashed lines
respectively) for super-pristine, pristine, moderately polluted and polluted conditions. Also shown are labelled grey bars showing the mean
(solid vertical grey line) and 1 and 2 standard deviations (dashed vertical grey line and end of bar, respectively) cloud water content averaged
over all prescribed CDNC conbgurations for each case (note that the variability in mean cloud water content with CDNC is signibcantly less

than the variability due to microphysics scheme).
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Figure 15. RICO case: Difference in the domain-mean vertical probles of hydrometeor mass mixing ratios (MMR) between MORR and
THOM, as Figure 11c, averaged over the 24 h of the RICO simulation for the conbgurations with the autoconversion treatment swapped
between the microphysics schemes: (a) M100 minus M100T, (b) TL00M minus T100, (c) TI00M minus M100T

Table 3. Maximum relative difference of domain-mean hydrometeor mass mixing ratio probles for the MORR and THOM schemes. The

relative change in the hydrometeor mass mixing ratios are computed in each caggdepmparede-M250 ipinug 250

difference CONGO SUPERCELL RICO
liquid cloud mass -10900% -58.3 % +17.0 %
ice mass +98.7 % +96.9 % N/A

rain mass +82.2 % -138 % -3830 %
sSnow mass +40.8 % -99.8 % N/A
graupel mass +91.6 % +72.7 % N/A

Table 4. Maximum relative difference of response of model conbgurations to polluted conditions. The relative chanderirdhesteor

difference CONGO-MORR CONGO-THOM SUPER-MORR SUPER-THOM RICO-MORR RICO-THOM
liquid cloud mass -0.59 % +32.2% +146 % +169 % -5.21% +44.0 %
ice mass +12.5% -5.61 % +116 % +29.7 % N/A N/A

rain mass -0.67 % -62.6 % -93.7% -51.6 % -100 % -100 %
SNOW mass +1.37 % +13.8 % -33.5% +109 % N/A N/A
graupel mass -4.60 % -29.9 % -19.1% -36.7 % N/A N/A
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Figure 16.Congo case: Zonal mean vertical sections of hydrometeor classes (colour contours) from 01 to 10 August 2007, as Figure 4, but
for the conbgurations with the autoconversion treatment swapped between the microphysics schemes, (a) CONGO-M250T and (b) CONGO-
T250M, and for the conbgurations with (c) CONGO-M250 with autoconversion turned off, (d) CONGO-T250 with autoconversion turned
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