We thank reviewer 1 for the helpful comments which helped us to improve the
manuscript.

This study explores the effect of radiation on cloud droplet growth in shallow cumulus
clouds. Using an offline parcel model it is found that radiative cooling affects droplet
growth mostly for drop sizes larger than 10 $\mu$m and that the effect is stronger for
3D than for 1D radiation. Recirculating parcel meet several of the criteria that are found
to be favorable for a strong effect of radiative cooling on cloud droplet growth and hence
contribute more strongly to rain production than if radiative effects on diffusional droplet
growth is not taken into account. In a second part, a fully coupled LES simulation with
bin microphysics is used to unravel effects of 1D and 3D radiation on the dynamics and
the diffusional growth. Although the differences in rain production are overall small, the
authors conclude that radiative effects on microphysics increase the rain fraction but
that a dynamic evaporation-circulation feedback can decrease rain amount.

The topic of the study is very interesting and relevant for ACP. The manuscript is overall
written well and the plots illustrate their content well. However, | have two issue with
the study in its present form: First, the authors themselves argue that because in the
parcel model raindrops are not allowed to fall out of their parcel, the parcel model is
not appropriate to analyze rain formation. Nevertheless parts of their analysis (Fig.

6, 7, 9, 12) focuses on drops of sizes that have considerable fall speed and on rain
rate. Second, the differences in the coupled LES simulations are very small. Because
simulated precipitation from shallow clouds is such a sensitive variable, | am sceptical
that these small differences are robust and due to physical causes rather than random
fluctuations due to different realisations. | comment on these two issues in more detail
below followed by some specific and technical comments.

1) In the method section you argue (and | agree) that the methodology is only valid until
the onset of drizzle. Analysing the rain rate (Fig. 12) is therefore not appropriate. In Fig.
6 and 9 the main differences are seen for drops larger than 20 $\mu$m radius, which

is just the size where cloud droplets turn into drizzle (e.g., Sant et al., 2013, JAS).

Even with a less conservative estimate drops with a radius of 40 $\mu$m develop
considerable fall speed. In the parcel model, those larger drops do not fall out but
instead keep on interacting with the smaller drops in their parcel, which is unphysical.
Because of the interaction of the large drops with the small droplets, changes in the
smaller part of the drop size spectrum are not independent of this issue as soon as
some larger drops form.

We agree that the parcel model is an idealized framework where some processes, as e.g.
the precipitation formation are not treated in the most realistic way. However, it is a
suitable framework for the detailed examination of certain processes. It offers the
possibility for a detailed investigation of the differences related to radiation in this study
which would be impossible to investigate in an LES. For a more realistic representation of
the onset of precip we use the LES in part two of this study.

2) In the coupled LES simulations overall differences are small (e.q., Fig. 14 and

15) and | am wondering whether they are actually causally related to the changes in
the radiation. My null-hypothesis would be that the differences in the runs are due to
random fluctuations in different realisations. One way to test this is to run an ensemble
of simulations for each of the five modifications and analyze whether those ensembles
(and their spread) are significantly different from each other.




We agree with the reviewer that the overall differences are small and might not be
detectable relative to differences associated with perturbations to thermodynamical inputs
in an ensemble of simulations (e.g. Lonitz et al., JAS, 2015). We now state this clearly in
the revised manuscript. An ensemble of 3 remembers for the 5 LES runs would require an
additional 10 simulations, which would be computationally unfeasible.

Specific comments:

- While | found the rest of the paper well-written and clear, Section 2 was confusing to
me. | am not a radiation expert and as other reader might not be either, some improve-
ment is needed here. Please, help the reader by systematically arguing why you need
each equation and what it is leading to. E.g., why do you need the forcing term tau

and in which equation does it go? On p.5 1.11 you arrive at the same expression you
already had on p.3 1.20. Which equation do you use in your model? Also, make sure
you explain all variables and constants (see also my technical comment).

Up to equation 6, we essentially follow Harrington et al., 2000. Therefore we summarize
only briefly the most important steps/equations. We added some further description and
point directly to Harrington et al., 2000 and the necessary equations therein.

From Equation 7 on we describe how the radiative term that is necessary in the droplet
growth equation can be derived correctly from the LES model heating rate. We also added
further information on why we need these steps and trust that the chapter is more
understandable now.

- In the first line of Eq 4, why is there no sum over the different sizes of m within the bin
range of bin k? Under which assumptions does the approximation hold? Please use
S\approx$ where necessary to indicate the approximation.

This is because for each bin, the equation is solved for the mean mass of the bin, a
quantity available in a 2-moment bin scheme but not in typical one moment bin schemes.

- p.6 1.2: Are the trajectories run as tracers that follow the flow or is an average

fall velocity of particles size distribution taken into account? From what | read later,

| assume they are calculated as tracers of the flow. This would be helpful to specify
already here.

The trajectories are run as tracers that go with the flow. We corrected the sentence to: "For
the first part of the study 2.7 million Lagrangian air parcel trajectories were recorded

in the last two hours of the BOMEX simulation with a 2~second time step."

- How are the cloud droplet size distributions initialized in the offline parcel model?

We use a log-normal distribution. We added this to the manuscript.



- Is the analyzed parcel in Fig 4 and 5 the same? This is not clear from the text.

Yes, both figures show the same parcel. We changed the beginning of the paragraph to
the following to be more precise:

"We now take a more detailed look at the same parcel trajectory as shown in (Fig.4).
Figure 5 shows this selected parcel which is characterized by moderate vertical
velocities..."

- Fig. 7, tau: It would be interesting to calculate the overall contribution to droplet

growth for each of the three sizes from the dynamic and the radiative term. The values

of the radiative forcing are much smaller than the dynamic terms but the dynamical
forcing also has substantial negative contributions.

The overall contribution of the radiative term is positive, while the dynamical forcing
undergoes positive and negative terms along this parcel trajectory. Both forcings, however
act locally in time as shown in Figure 7.

- p.13 1.8: This sentence is not clear to me: "The radiative cooling does not seem to
cause droplet growth in individual parcels beyond the NR case..." Are you saying that

in parcels where there are no cloud droplets for NR, also no cloud droplets will grow

with 1DR or 3DR?

Yes, this is what we meant. Radiation, acting on droplets itself does not cause additional
droplet growth in cases where there was no rain, but strengthens existing droplet growth.
However, in a dynamical sense, radiation can cause more rain formation (which is shown
later on in the paper).

- Fig 12 and 13: Is this the rain rate at the surface or integrated over all heights? |
assume the latter. Please clarify. However, given the restriction of the method to the
onset of drizzle, | do not think it is appropriate to analyze the rain rate (see my general
comment).

It is vertically integrated. We added this in the manuscript.

- p.16 1.20: How long do the parcels need to be in an environment with qc less than

0.01 g/kg to be called a recirculation? Do your statistics substantially change if you
increase or decrease a threshold in time a bit?

We did not apply a threshold in time for the analysis, only for gc.

However, we did perform a “back of the envelope” calculation. Setting upper and lower
thresholds in space (e.g. 50m or 200m for the “near cloud” environment) and speed
(0.5m/s to 5 m/s), a time period for a parcel (if it travels straight back and forth) would be
between 20s and 13min. Our parcels are within this range (see histogram at the end of this
text, which we also added to the manuscript, now Figure 13).

Setting an upper limit in time (e.g. 5min, which is more than 90% of our recirculating
parcels ), the changes in our results are very small. The maximum contribution of the rain
rate 58% reduces to 56%. For a time threshold of 2min, the maximum reduces to 45%. We



added this analysis to the manuscript, too. For comparison, the second figure (similar to
Fig. 14 in the paper) at the end of this text shows the rain rate for the 2min threshold.

- To quantify how much recirculation parcels contribute, | think it makes

more sense to normalize by the total rain rate for each simulation, e.q.,
RR_1DR_recirculating/RR_1DR_total. Otherwise you combine the effect of radiation
and recirculation.

This is a valuable comment. However, as our study is not purely focused on the effect of
recirculation, but also includes the radiative effects, we prefer to show the figure as is.
The change due to recirculation only is very much the same for the three cases (NR, 1D
RAD and 3D RAD) and about 30%. We now mention this in the text as follows: "The
amount of the rain rate due to recirculation (when normalized to each of our simulations
and therefore without considering radiative effects) is about 30% in our study."

- p.18 1.9 and elsewhere: Please do not use "significant" when you did not test for
significance. "considerable" or "substantial” might be alternatives.

Corrected.

- Fig. 14,15,18: Why don’t you combine those three figures into one? If | am not mis-
taken you just need to add one line in Fig. 14. It would allow the reader to compare
simulation pairs, which the manuscript does not focus on. Also, | do not see the advan-
tage of comparing different time periods for the different simulations in Fig. 17 and 19.

If the results are robust, | would expect the results to be qualitatively the same for other
time periods. Then Fig. 17 and 19 could be combined and show all five simulations.
Also, show all five simulations in Fig. 16.

Thank you for this comment. We do have reasons why we show the figure as they are,
which are the following:

a) We want to point out different effects. This is why we show Figure 14, 15 and 18 the
way they are. First, we only focus on thermal radiative effect on the droplet growth itself,
not focusing on dynamical feedbacks (Figure 14 and Section 4.3.1). Second, we want to
show the effect of 3D thermal radiation on dynamics and on microphysics (Figure 15 and
Section 4.3.2). Finally, we separate 1D and 3D thermal radiative effects (Figure 18 and
Section 4.3.3).

b) The different time periods are chosen, because they focus on specific/detailed
developments within the simulations. In the case where we compare 3D radiative effects
on microphysics and dynamics, an increase in rain arises roughly around 7 hours,
therefore we expect changes in the variables related to the specific dynamics at this time
(which is shown). The same reason applies to Figure 19. When comparing 1D and 3D
thermal radiation, differences in both simulation occur at different time periods.

- Section 4: If the results turn out to be robust (see my general comment), my inter-
pretation here would be that applying radiative cooling to microphysics leads to larger
cloud droplets and drizzle drops especially at the cloud edges, which then can lead to
two opposing effect: 1) The larger drops re-enter the cloud and have a better chance
to form rain than if they had not grown by radiation. Therefore rain formation is en-



hanced. 2) The larger drops decrease evaporation at the cloud edge, which via the
evaporation-circulation feedback leads to weaker updrafts and hence less rain forma-
tion. Going from 1DD to 1DD_1DM effect 1 seems to dominate; going from 3DD to
3DD _3DM effect 2 seems to dominate. If you agree with this interpretation, | think it
would be worth to make this opposing effects clearer in the manuscript. Here, it would
strengthen your point if you analyze the evaporation rates for all simulations (Fig. 16).
Also, | suggest to contrast the difference in evaporative cooling at the cloud edge with
the difference in radiative cooling rates at cloud edge to unravel whether a decrease in
evaporative cooling or the increase in radiative cooling dominates if you go from 1DD
to 3DD_3DM.

Thank you for summarizing this. We revisited the summary section and made these points
clearer.

-p.11.11 "Small amounts of rain are ..." and p. 24 .12 "... rain covers a larger area": |

do not see that these sentences are true for 3DD to 3DD_3DM (Fig. 14).

When looking at the surface precipitation fraction (Fig. 15, second from top) the area
covered by rain is slightly larger in the 3DD_3DM case compared to the 3DD case. The
differences are small though, but visible throughout the simulation time until the dynamical
effects dominate.

Technical comments:

- Please check the standards of the journal. Usually references should be ordered by
year (e.qg., p.3 1.6 or .10, check elsewhere) and brackets in brackets are not allowed.

Corrected.

- pay attention if you place variables (math mode) in the text, e.g., $T_\mathrm{inf}$
on p.31.17 or $q% on 1.27

Corrected.

- make sure to explain all variables and constants, e.g., D and e_son p.31.28 ort fon
p.41.13

Corrected.

- p.6 1.7: Harrington et al. (2000)

Corrected.



- caption Fig.4: where there parcel stays -> where the parcel stays

Corrected.

- Fig 4: What the color scale of qc in b-d? It seems not the be the same as for the
trajectory in a.

Figure 4 b-c only shows the trajectory itself, not colored by qc or any other variable. We
added this to the caption.

- p.111.4: four -> three

Corrected.

-p.12 1.12: the the -> the

Corrected.

- p.18 1.24: stronger stronger -> stronger

Corrected.
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Histogram of recirculation times.
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Rain rate calculated from the parcel ensemble (dashed) and from recirculating parcels
(solid) applying a gc threshold of 0.01 g/kg and a time threshold for recirculation events of
2min.



