Interactive comment on “Aerosol and dynamic effects on the formation and evolu-
tion of pyro-clouds” by D. Chang et al.
MS No.: acp-2014-61

Dear Reviewer,

We would like to thank you for the valuable and constructive comments/suggestions on
our manuscript. We have revised the manuscript accordingly and please find our point-to-
point responses below (line numbers refer to the new version of manuscript). In addition,
the title of the manuscript is revised to be “Regime dependence of aerosol effects on the

formation and evolution of pyro-convective clouds”.

Anonymous Referee #3

This paper reports on results of 1000s of 2D aerosol-cloud model simulations to study the
impact of aerosols on a pyro-convective cloud under various aerosol and dynamical con-
ditions. The quality of the work is very good because it provides a parameter space ex-
plaining where to expect clouds to be sensitive to aerosol effects and what conditions are
not conducive to aerosol effects. The first half of the paper is well written. It was a pleas-
ure to read. However, the discussion of the results became quite confusing. There were
not good interpretations of the results. The study is limited to the 2D framework, and may
be even more limited to certain environmental conditions (T, RH, and wind profiles). The
limitations of the present study and the interpretation of results must be discussed more

fully before publishing the paper.

Response: We appreciate the comments very much. Within this work, we aim to investi-
gate the sensitivity of the pyro-convective clouds to a wide range of aerosol
concentrations under different updraft conditions. We have revised and ex-
tended the discussion of the results. Especially, a new approach has been
adopted in which the spatial and time-resolved contribution of individual pro-
cesses has been visualized for the interpretation of the results. With similar

approach, we are also able to show the integrated process rates for all the stud-



ied cases, not only the four individual cases. Please see Figs. 16, 18 and 20 for
the process analysis of cloud droplets, raindrops and frozen water content re-
spectively, and the corresponding text is in Sect. 3.3. The relative importance
of each microphysical process is evaluated and discussed in Sect. 3.3.4. The
ATHAM model consists of several tens of microphysical processes. By identi-
fying the contribution from individual processes, PA may also provide an op-
portunity for the simplification of microphysical schemes. For example, out of
24 microphysical processes that are directly related to the budget of liquid
droplets, over 90% of the mass and number changes are contributed by only
10 processes.

We agree with the referee about the limitations and have emphasized that ca-
veats are required in the interpretation of our results. Besides, we have per-
formed complimentary 3-D simulations to illustrate such potential problem as

in the supplementary material.

Major comments:

While it makes sense to do 2D simulations in order to conduct 1000s of simulations, the
ability of the 2D simulations should be evaluated with a comparison of results to a 3D

simulation. This has been common practice in many past cloud modeling studies.

Response: We agree. In the revised manuscript, we run a series of complimentary 3-D
simulations (~100 cases), and the discussion concerning the 3-D results (cloud
droplets, raindrops, frozen water content, and precipitation) have been includ-
ed in the supplementary material. Take cloud droplets for example, the regime
dependence from the 3-D simulations (Fig. R1b) looks similar to the 2-D re-
sults (Fig. R1a) though the absolute dependency may vary. This implies that
the use of such regime dependence requires caveats because it may differ for
different model dimensionality (2D vs. 3D). In the main text, we have includ-
ed more discussion concerning these uncertainties: “In this study, we demon-

strate the performance of ensemble simulations in determining the regime de-



pendence of aerosol effects. The use of such regime dependence requires ca-
veats because it may differ for different cloud types, aerosol properties, mete-
orological conditions and model configurations (e.g., microphysical schemes,
dynamic schemes, dimensionality, etc.; the 3-D results are in the supplemen-
tary material)”. Please see Lines 739-743.
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Figure R1. Number concentration of cloud droplets calculated as a function of
aerosol number concentration (Ncn) and updraft velocity (represented by FF)
from 2-D (a) and 3-D (b) simulations.

I recommend including all the supplementary material in the main manuscript. | found
the supplementary figures relevant to the discussion and quite interesting. | also recom-
mend removing the normalized number and mass concentrations (Fig 2c-f, Fig 4c-f, Fig
6¢-f, and Fig 8b-c) and replacing them with the relative sensitivity plots in Figures 3, 5, 7,
and 9. Better yet, would be to just remove the former and keep the relative sensitivity
plots in separate figures.

Response: Accepted. We have moved all the tables and figures in the supplementary to

the main text, and replaced the figures for the normalized concentrations of



each hydrometeor with the relative sensitivity plots. Please see Figs. 7, 9, 12

and 13 in the revised manuscript.

| believe the intended audience is the aerosol-cloud community, and not necessarily the
pyro-cumulus community. The cloud community is much more concerned about updraft
speeds than the forcing of the convective updrafts. Thus, | strongly recommend that the
approximate updraft strength (maximum vertical velocity is a good measure) be given
along with the fire forcing values as another axis in the plots. The readers would then be

able to put this paper’s results in context of their knowledge of convective storms.

Response: Accepted. The relationship between fire forcing and the corresponding up-
draft velocities is given in Sect. 2.2, which is logarithmic. Thus we add the
maximum vertical velocity along with the fire forcing as the second y axis in
the contour plot for the number concentration of cloud droplets (Fig. R2,

which is Fig. 7a in the new manuscript).
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Figure R2. Number concentration of cloud droplets calculated as a function of aero-

sol number concentration (Ncy) and updraft velocity (represented by FF).

4



The results presented in sections 3.2 and 3.3 are quite complicated. | would recommend
introducing the results in a simpler manner before Figure 2 is discussed. My suggestion
would be to show an instantaneous cross-section of the cloud for the LULA, LUHA, HU-
LA, and HUHA cases. The cloud could be color coded by droplet number concentration
or cloud mass concentration (or cloud and rain mass concentration). This type of figure
would allow the reader to see a figure of something they are familiar with, and allow the

authors to introduce the more complicated subsequent figures (Figures 2-9).

Response: Accepted. In Sect. 3.2 of the revised manuscript, we put the time evolution of
horizontally-averaged concentration of each hydrometeor for four extreme
cases in the beginning of the result part. After briefly introducing the temporal
and spatial distribution of each hydrometeor, their dependence on the aerosol
and fire forcing would be presented. For the temporal and spatial distribution
of cloud droplets, please see Lines 244-250:“Figure 6 shows the temporal evo-
lution of horizontally-averaged mass concentration of cloud droplets (Mcp)
under the four pairs of FF and Ncy conditions. Under weak fire forcing condi-
tions (LU), the formation of cloud droplets usually occurs from 20 min, and
concentrates at an altitude of 4-7 km. The duration of cloud droplets usually
last for a short period (40~60 min). Under strong fire forcing conditions (HU),
the cloud droplets form earlier (around 5 min), and most cloud droplets are lo-
cated at a height of 5-9 km. Besides, the cloud droplets reach steady state be-
cause of the cycling of cloud formation.”

For raindrops, please see Lines 303-307:“Figure 8 exhibits the temporal evo-
lution of the horizontally-integrated mass concentration of raindrops under
four different conditions. Compared with cloud droplets (Fig. 6), the occur-
rence of raindrops is much later, especially when N¢y and fire forcing are in a
high level. Only for LULA case, numerous raindrops can be found in a high
altitude (5-7 km), while for other cases, most of raindrops are located below 5
km (~0<C).”

For frozen particles, please see Lines 334-340: “The time evolution of frozen

water content in Fig. 10 suggests that the formation of frozen water content
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usually occurs in a high level (5-9 km for LU case, and 7-13 km for HU case),
and the height of base layer and top layer decreases as time goes by. Under
LU condition, the appearance of frozen water content is around 35 min, and
lasts for ~120 min, with the peak concentration around 50~70 min. Under HU

condition, the frozen particles form around 10 min, and keep in a steady state.”

The main reason the results become difficult to understand is because a lot of jargon is
used, and the authors mostly describe what is shown in the figure, but don’t do a very
good job of interpreting what the figure says. For example, instead of saying “FF exhib-
its positive effects on raindrop formation”, it could be written like, “as the fire forcing
(or updrafts) increases in magnitude, the amount of rain increases (Figure 4b), but the
size of rain drops vary because of the complex behavior of the response of the rain drop
number with fire forcing (Figure 4a)”. The other reason the results are difficult to com-
prehend is that the text jumps from one figure to another in a single sentence. Some of
this jJumping would be reduced by putting the relative sensitivity plots in the same figure

as the contour plots (as a function of aerosol number concentration and fire forcing).

Response: Thanks for the constructive suggestions. In the revised manuscript, we opti-
mized the formulation and reduce the use of jargon. To make the transition of
discussion smoother and easier to comprehend, we move the relative sensitivi-
ty plots in the same figure as the contour plots. For raindrops, we have modi-
fied the text, and please see lines 315-325. “As FF increases in magnitude, the
amount of rain produced (Mgp) increases (Fig. 9b), but the size of raindrops
varies because of the complex behavior of the response of the rain drop num-
ber (Nrp) to FF (Fig. 9a). The aerosol effect is non-monotonic: Mgp increases
with aerosols in the lower range of Ny values (<~1000 cm™), but further in-
creases in Ncy result in a decrease in Mgp. Combining with the relative sensi-
tivities (Figs. 9e, and 9f), the influence of FF is much more significant than
that of Ncyn in most cases. For example, the upper left corner (an aerosol-
limited regime for Ncp) becomes a transitional regime for Mgp with RS (FF)
of 0.1 and RS (Ncn) of -0.06 (Fig. 9). High sensitivities of Mgp to Ncy are

found at low Ncn conditions, but the sensitivity decreases as Ncyn increases



(Fig. 9e). The Nc plays the most negative role in Mgp under intermediate Ny
conditions (Ncn of several 1000 cm™).” For frozen particles, instead of “The
FF and Ncn show positive effects for both the number and mass concentra-
tions of the”, it is written to be “With the enhancement in FF and Ncy, both
the number and mass concentrations of the frozen water particles (Ngp and
Mep, respectively) increase”. Please see Lines 365-366. For other hydromete-
ors, the language description in the discussion part is also modified to avoid

the use of jargon.
Specific comments:

1. p. 7784, linel2. Are the aerosols distributed uniformly in the vertical direction too?
What are the initial horizontal winds? Do initial horizontal winds vary with height? That
is, is there any vertical wind shear? (Fan et al., 2009 show how aerosol-cloud-

precipitation results vary with vertical wind shear)

Response: (1) The concentration of ambient aerosols is set to be homogeneous over the
modeling domain, without considering the spatial and temporal distributions
of atmospheric aerosols during the simulations, which is similar to some pre-
vious studies (Seifert et al., 2012; Reutter et al., 2013). We admit the variabil-
ity of aerosols during the simulation is ignored and may leads to a bias com-
pared to a real fire (Wang et al., 2013). We add this discussion about the bias
in the revised manuscript; please see lines 152-156. For the future research,
we will try to improve the representation of the aerosol particles and take into
account the full complexity of all chemistry-aerosol-cloud interactions.

(2) Within our 2-D simulations, the initial horizontal wind was set to be zero,
and therefore there is no vertical wind shear. We admit further work is still
needed to investigate the wind shear impact on the convection strength as
suggested in Fan et al. (2009), which is for now beyond the scope of this
manuscript. Therefore, we add some brief discussion in Sect 3.1 of the main
text, which is “Finally, we note that the horizontal wind shear can also affect
the convection strength (Fan et al., 2009), which could be investigated in de-

tail in future studies.” Please see Lines 231-232.
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2. p. 7785, line 20. As it is spring convection season here in the United States, it is im-
portant to note that severe convection has updrafts much greater than 20 m/s. Severe
convection also transports much more mass to the upper troposphere and delivers more
precipitation to the surface than the smaller storms found over the U.S. Thus, | recom-
mend saying that the updrafts simulated represent those found in air mass thunderstorms

or trade wind cumulus.

Response: Accepted. We revised this sentence to be “In pyro-convective clouds, the up-
draft velocities range from ca. 0.25 to 20 m s™ (Reutter et al., 2009), which
represent the range found in trade wind cumulus to thunderstorms (Pruppacher
and Klett, 1997).” Please see lines 206-2009.

3. p. 7787, lines 3-24. | was confused as to why Figure 2 was introduced here, but not
explicitly discussed before Figure 3 was discussed on line 20. Here is an example of why

| think Figure 3 should replace Figure 2c-f.

Response: In the revised manuscript, we have changed the figure arrangement. Please

see Figs. 7,9, 12 and 13 in the revised manuscript.

4. p. 7787, lines 21-24. Can you show how the cloud system buffering effect is affecting
the droplet number concentration? | thought this study was modeling a single convective
storm (p. 7782, line 4) and therefore do not see a cloud system effect for this study. A bet-

ter explanation is needed.

Response: It is true that this work focused on the aerosol effect on the isolated pyro-
convective clouds. We have modified the text to be: “The reduced sensitivity
of cloud droplets to aerosols can be explained by the buffering effect of the
cloud microphysics, so that the response of the cloud system to aerosols is
much smaller than would have been expected.” Please see Lines 283-286. The
explanation can be “Under weak updrafts, the Ncp/Ncn ratio is sensitive to
ambient supersaturations. In this case, a larger supersaturation induced by
stronger updrafts can effectively change the Ncp/Nen ratio and thus Ncp is
sensitive to the updraft velocity. On the other hand, the stronger dependence

of Ncp/Nen on the supersaturation also changes the role of aerosols. As more
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aerosols reduce supersaturation, increasing Ncy tends to reduce the activated
fraction, Neo/Nen. Taking Nen = 60,000 cm™ (FF = 2,000 W m™), for exam-
ple, a 10% increase in Ncy causes a 4% decrease in Ncp/Nen, Whereas a 10%
decrease in Ncy leads to an 8% increase in Ncp/Nen. The impact of changing
Ncn on the Nep/Nen ratio counteracts partly or mostly the positive effect of
Ncnon cloud droplet formation. ” Please see Sect. 3.3.1 (Lines 442-450).

5. p. 7789. Perhaps it is because | am used to U.S. convective storms where hail is com-
mon, but why is there no hail in 3 of the 4 cases shown in Figure S4? Hail is only in the
LULA case, which does not make sense since hail is associated with high updrafts. I am

concerned about the worthiness of these results.

Response: Actually the absolute concentration of hail generally increases with the en-
hancement in the fire forcing, as displayed in Fig. R3, although there is some
deviations. But compared to other hydrometeors, its contribution is not im-
portant. Thus from Fig. 11 in revised manuscript, it seems the relative per-
centage of hail is very low. We add some discussion in the main text, which
are “It is worth noting that stronger FF leads to increasing absolute concentra-
tion of hail. But compared to other hydrometeors, its contribution is not im-

portant and the relative percentage is very low.” Please see Lines 361-363.
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Figure R3. Mass concentration of hail calculated as a function of aerosol number
concentration (Ncn) and updraft velocity (represented by FF).

6. p. 7789. 1 am also surprised that the primary loss of cloud water to any of the ice hy-
drometeors is through cloud drop freezing. Does this mean that cloud drops do not trans-
fer to the ice hydrometeors until they are at temperatures < -40 C? In my past work (al-
beit, with microphysics not quite as sophisticated as that presented here), the most com-
mon way for cloud drops to freeze was through the riming process, especially snow ac-

creting cloud drops, or graupel accreting cloud drops.

Response: The cloud drop freezing is a primary loss of cloud water concerning the budg-
et of ice particle number. For the mass budget from cloud water to ice hydro-
meteors, the major path way is the Wegener-Bergeron-Findeisen (WBF) pro-
cess. The evaporation of small cloud droplets (cep) provides more water vapor,
leading to a higher supersaturation with respect to ice and enhanced growth of
ice embryos by vapor deposition (vdi). At the same time, the consumption of
water vapor could reduce the water saturation, thereby further boosting the

evaporation of cloud droplets. The other freezing processes (e.g., riming of

10



cloud droplets to snow, graupel and hail) also take place, but their contribution
is relatively small within our ATHAM modeling results. The contribution of

cloud freezing to the mass budget become comparable to WBF process only at
extremely high updraft (FF>10° W m).

7. p. 7790, lines 8-14. Why does the rain rate (Figure 8a) behave so differently from rain
mass concentration (Figure 4b)?

Response: In the old version of manuscript, the contour plots for raindrops are smoothed,
while the rainfall contour plot is not smoothed. In the revised version, we
replot the contour plots for raindrops based on the original data, and found the
isolines of the rain water content (Fig. R4, which is Fig. 9b in revised manu-

script) behave similar with the rain rate (Fig. 13a in the revised manuscript).
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8. p. 7790, lines 19-20, Could the authors please clarify where these precipitation-
enhanced and suppressed regimes are on the figure?

Response: We make clear of the definition of the regimes for precipitation, which can be
found in Lines 384-387: “In the precipitation-invigorated regime (Ncny <
~1000 cm™®), an increase in Ncy leads to the increase in the precipitation rate,
and reduction in RS (Ncn) (Fig. 13b). In the precipitation-inhibited regime
(Nen > ~1000 cm™3), aerosols start to reduce the precipitation, which is re-
flected in a negative RS(Ncyn).” Besides, these two regimes are also marked in
the figure (Fig. R5, which is Fig. 13a in the revised manuscript).
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Figure R5. Contour plot of rain rate calculated as a function of aerosol number con-
centration (Ncn) and updraft velocity (represented by FF).

9. p. 7792, lines 4-8. At what updraft speeds does the change in updraft speed not signifi-
cantly influence the N¢p to Ny ratio?

Response: Within our model, the cloud nucleation (CCN activation) process is based on
the lookup table derived from parcel model simulations for pyro-convective

clouds (Reutter et al., 2009). It is observed that for pyro-convective clouds
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with high aerosol concentration (>10* cm™), when the updraft velocity is
above 15 m s, the Ncp to Ny ratio is 0.9 (Reutter et al., 2009), and the fur-
ther increase in fire forcing does not largely change Ncp to Ncy ratio. We also
include this threshold value in the main text. Please see line 438-439.

10. Section 3.3, While these results are interesting and useful, | was wondering if there is
anything interesting in the time evolution of these microphysics processes. Are the rela-
tive contributions of the different processes shown in the figures hold true at different

times in the simulation?

Response: Thanks for the stimulating suggestions. We plotted the contribution of the mi-
crophysical processes in each modeling grid under different simulation period.
Here we take raindrops under HUHA condition (w = 27 m s™; Ncy=100,000
cm’®) for example (Fig. R6). Each plot shows the vertical cross sections of the
averaged change rate of main processes contributing to raindrops over 30
simulation minutes. Colors within each pie chart reflect the percentage of pro-
cesses in each grid. As mentioned in the main text, the warm rain process is
quite unimportant under strong FF condition. However, it is observed from
Fig. R6 that the warm rain process is the leading source of raindrops at the be-
ginning stage (60 min). The size of the raindrops formed from autoconversion
and accretion is relatively small, which can easily evaporate. The melting of
frozen particles to form raindrops becomes more significant after ~90 min,
which dominates the production of raindrops. As shown in Fig. R6, although
the processes still continue at 180 simulation minutes, the microphysics has
already fully developed during this simulation period. Thus our 3 simulation
hour could cover the characteristics of the formation and evolution of the py-

ro-convective clouds.
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Figure R6. The pie charts summarize the vertical cross sections of the change rate of

main microphysical processes contributing to raindrops. Each pie chart shows the av-

eraged contribution over the past 30 min. Colors within each pie chart reflect the per-

centage of processes in each grid. The black dashed line is the 0.1 pg kg™ isoline of

the interstitial aerosol, indicating the shape of smoke plume. Warm colors denote the

source, while cold colors denote the sink. The acronyms indicate au: autoconversion;

ac: accretion; s/g/hmr: melting of snow/graupel/hail to form raindrops; rris: riming of

raindrops to form ice and snow; rfi: freezing of raindrops to form ice crystals; rep:

raindrop evaporation; rrg/h: riming of raindrops to form graupel/hail.

For other hydrometeors, please see the revised manuscript (sect. 3.3.1 for

cloud droplets, sect. 3.3.2 for raindrops, and sect. 3.3.3 for frozen particles).

aerosol-cloud science would be a bonus.

11. Section 4, Conclusions. | recommend removing the jargon for those people who just
read the conclusions. Explaining the meaning of the results to our understanding of the

15



Response: In the new manuscript, we have modified the conclusion part, and reduced the
jargon to avoid difficult comprehension. Instead of saying “positive/negative
effect”, we explain our results in a simple and understandable way. For exam-
ple, instead of “Larger FF resulted in more precipitation, whereas the effect of
aerosols on precipitation was complex and could be either positive or negative”
in conclusion 4. The conclusion concerning precipitation is changed to be as
follows with detailed explanation: “Larger FF resulted in more precipitation,
whereas the effect of aerosols on precipitation was complex and could either
enhance or suppress the production of precipitation. The suppression on the
precipitation is due to the change in the fraction of small frozen particles and
total melting rate of frozen particles. The enhancement on the precipitation re-
sulting from increasing Ncn under low aerosol condition is a result of changes
in the vertical distribution of frozen particles and its evaporation process.”
Please see 687-692. For other conclusions, we have also revised the language

description to avoid the use of jargon.

In addition to interpreting the meaning of the results, we have also described
the present limitations of this work and have emphasized that caveats are re-

quired in the interpretation of our results.

12. p. 7796, lines 5-12. Isn’t conclusion 1 a conclusion of Reutter et al. (2009)? I’'m not

sure it needs to be repeated here.

Response: Conclusion 1 is the result of the deterministic regimes from our simulations,
which consider full microphysics and the larger temporal and spatial scales of
a single pyro-convective cloud. Here we intended to emphasize that even
when we consider a larger scale for pyro-convective clouds, three-regime

structure for the number concentration of cloud droplets still exists.
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13. p. 7796, lines 26-27. Conclusion 4 reports a result, but does not explain why it hap-

pens. An explanation should be included.

Response: We run more simulations and conduct more analysis to explain Conclusion 4,
and add the explanation in the Conclusion part. The text is “(4) Larger FF re-
sulted in more precipitation, whereas the effect of aerosols on precipitation
was complex and could be either positive or negative. The negative aerosol ef-
fect is due to the change in the fraction of small frozen particles and total
melting rate of frozen particles. The positive effect of aerosols under low aer-
osol condition is a result of changes in the vertical distribution of frozen parti-

cles and its evaporation process.” Please see lines 687-692.
Technical comments:
p- 7782, line 25. Do the authors mean “soil processes”?

Response: It is the “soil module” inside the ATHAM model, which is not included in our
modeling configuration and thus we did not explain it in detail. We make it

clear in the main text. Please see line 109.

p. 7785, line 12-13. It may be better to say, “summarizes all the microphysical processes

and their acronyms”

Response: Accepted. This sentence is revised to be “Table A1l summarizes all the micro-

physical processes and their acronyms.” Please see lines 190-191.

p. 7787-7790, please state what aerosol and FF (updraft speeds) values constitute the
low and high aerosol cases and the low and high updraft cases.

Response: Actually we stated the range of low/high aerosol and FF conditions in the fig-
ure captions, and the text is “Note that the low/high aerosol and fire forcing
conditions (LA, HA, LU, and HU) in these figures refer to a group of Nen/FF
conditions. LU: low updrafts (1,000-7,000 W m™); HU: high updrafts
(75,000-300,000 W m™); LA: low aerosols (200-1,500 cm™); HA: high aero-
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sols (10,000-100,000 cm™).” To make clear of this, we will also add this

statement in the main text. Please see lines 276-280.

Figures 2-15, please label individual panels. This can easily be done as part of the panel
title.

Response: Accepted. We label each panel in the figures.

p. 7789, line 25. It seems like Rosenfeld’s Science paper should be cited here.

Response: Accepted. Rosenfeld et al. (2008) described how the deep convective clouds
evolve when more polluted aerosol particles are added in the atmosphere

based on the conceptual model. We cite this paper in Line 353-354.

p. 7790, line 10. The Tao et al. Geophys. Res. (2012) review would be very good to cite
here. Tao, W.-K., J.-P. Chen, Z. Li, C. Wang, and C. Zhang (2012), Impact of aerosols on
convective  clouds and  precipitation, Rev.  Geophys., 50, RG2001,
doi:10.1029/2011RG000369.

Response: Accepted. Tao et al. (2012) summarized the aerosol effects on the CCN acti-
vation, warm-rain process, mixed-phase clouds, and precipitation in terms of
microphysical scale, cloud-resolving scale, and regional scale, which are re-
trieved from the theoretical analysis, observations, and numerical modeling.
The underlying mechanisms and the comparison between the results from dif-
ferent studies was also presented and analyzed. We add this citation in this

part. Please see line 377.
p. 7793, line 21. To be consistent, write “rain drops” instead of droplets

Response: Accepted. Please see line 500.
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p. 7793, line 22. Should be melted snow (singular)

Response: Accepted. We corrected this word. Please see line 499.

p. 7798, line 14. It may be good to cite Van den Heever and Cotton’s work here. I think
they were the first to show the aerosol-cloud-precipitation effects at longer time scales (>
12 hours).

Response: Accepted. We have included the Van Den Heever and Cotton (J Appl Mete-
orol Clim., 2007) for reference here. Please see Line 746.

Figure S2. Could this figure be shown on a skew-T plot and have the horizontal winds
included? It may also be useful to show how big of a temperature increase occurs as the

fire forcing increases.

Response: (1) The atmospheric radiosonde for the simulations is shown in Fig. R7 by a
skewT-logp diagram, which has been included as the new Fig. 2 in the revised

manuscript.

19



100 gs264

200

%
XSS //K///%K/
o ESSEREE T

e A_MS,U«\&%&J\\

=
o pae o WnYsd'%d
S 00 /2{/\ \/X/ N a4
5 /V//Y/%WM)( 7>
g 500 ers s DL
55 S X_ AT IRV XA YT ]
7 7 VA, YD A
N T AVAN SHED TR A
v S5 : NC A VNI | P
800 KX ST A INIRA T 177
1275 \/ A : X IDd INVNZT /7 7
900 gt % D P T A D T
1000 [Sen I BT ST ST AT PSS s
-40 -30 -20 -10 0 10 20 30 40

Temperature (°C)
Figure R7. Atmospheric sounding launched near Edmonton, Alberta on 29 May 2001.

The right black line represents the temperature, and the left black line corresponds
the dew-point temperature. This weather information is from the University of Wyo-

ming Department of Atmospheric Science (http://weather.uwyo.edu/).

(2) We plotted the relationship between fire forcing and the corresponding
maximum temperature at cloud base under different aerosol conditions. As the
aerosol impact on the temperature is very small, we take Ncn=5,000 cm™ for
example. The correlation of fire forcing and temperature is shown in Fig. R8.
The shaded area indicates the variability of estimation over each simulation
period. According to the figure, the temperature at cloud base varies monoton-
ically from 7.6 to 16.4 <C as fire forcing increases from 1 x10° to 3 x10° W
m. We have included this discussion in Sect. 3.1. Please see Lines 221-230.

In the discussion section (Sect. 3.2.1), we have added the temperature as the
secondary vertical axis in the contour plot for cloud mass concentration for

reference (Fig. R9, which is Fig. 7b in the revised manuscript).
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Figure R8. The correlation of fire forcing and the corresponding maximum tempera-
ture at cloud base. The shaded area indicates the variability of estimation (£'40) over
each simulation period.
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Figure R9. Mass concentration of cloud droplets calculated as a function of aerosol
number concentration (Ncy) and updraft velocity (represented by FF).
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