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Response to Review Comments

Dear Editor,

We thank you and both reviewers very much for their careful review and valuable
comments on our manuscript. We have tried our best to address all concerns and revised
the manuscript accordingly. Please note that the reviewer’s remarks are in black, our
response is highlighted in blue, and extracts from the manuscript are in red, with new
texts that have been added/edited marked in bold. We hope that you find revised

manuscript satisfactory. Thank you very much.

Kind regards,
Zhen LIU, on behalf of all co-authors
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Responses to Reviewer #1:

General comments:

This article titled “Impact of Asian aerosols on the summer monsoon strongly
modulated by regional precipitation biases” mainly discusses the challenges of the
Asian summer monsoon to climate models, as well as the mutual influence between
model bias and atmospheric circulation. However, can some updated data be provided
in this manuscript?

Response: Thank you for the comments and suggestions. A point-by-point response is

given below.

Specific comments:

1. Some images have a poor appearance, such as Figure 3 (g), and the arrows can be
adjusted to be thinner. The colorbar can be further refined or a smooth one can be
used, as many details cannot be displayed under the current colorbar.

Response: Thanks for your suggestions. The arrows are thinner for all vector plots in
the revised manuscript. To keep consistency of all figures, we have carefully adjusted
the colorbar scale, which considerably improves the readability of the plot. The figure

below is the new Fig. 3.



32
33
34
35
36
37
38

39

(a) Precip bias (Jun) (e) Precip bias (Sep)
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Fig. 3. (a) June precipitation bias (mm day ') in CONT with respect to the mean of GPCP and CMAP. Model data
are averaged over 2003-2012, observations over 1981-2010. June response to Asian anthropogenic aerosols
(difference between CONT and CONTTA averaged during 2003-2012) for (b) precipitation (mm day '), (c) sea-level
pressure (hPa, shades) and 850-hPa wind (m s!), and (d) 1000-300 hPa vertically integrated moisture flux
convergence (mm day™!, shades) and moisture flux (kg m™! s7!). (e~h) Same as (a—d) but for September. Black dots

in (b) and (f) mark grid-points for which the difference is significant at the 90% confidence level.
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2. The dataset used in the article seems to lack a quantifiable validation of its
accuracy. A quantifiable validation is needed to evaluate its accuracy.

Response: Thanks for your suggestions. To provide a basic evaluation of the model
performance in simulating the key features of the Asian summer monsoon, Figure 1
compares the 1993-2012 June—September average precipitation and 850-hPa winds in
the control simulation to observations (GPCP and CMAP average for precipitation,
ERAS5 for wind). The model reproduces the broad characteristics of the observed
rainfall and circulation patterns (pattern correlation of 0.80 for precipitation, which is
significant at the 99.9% confidence level). The difference panel indicates that the model
is too dry over India due to a weaker southwesterly monsoon flow, but features wet
anomalies over southwestern China and the northwestern subtropical Pacific associated
with enhanced cyclonic flow. Note that this bias pattern is common across CMIP6
models, although the magnitude of the anomalies vary from model to model (Wilcox et
al., 2020), and is also consistent with that in the historical simulations of the CMIP6
Met Office model (Rajendran et al., 2022). A thorough discussion of the model bias
and its linkage to regional and remote circulation are documented in Liu et al. (2021).

We have integrated this figure and related description in the main text as follows:

(a) OBS i

(b) CONT 15 (c) CONT-OBS
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Figure 1. June—September average precipitation (mm day ') and 850-hPa wind (m s™!) for the observations (GPCP
and CMAP average for precipitation, ERA5 for wind), the control simulation, and their differences (model
simulations minus observations) during the period 1993 to 2012.

Lines 179-187: “Figure 1 compares the 1993-2012 June—September average
precipitation and 850-hPa winds in the control simulation to observations (GPCP
and CMAP average for precipitation, ERAS for wind). The model reproduces the
broad characteristics of the observed rainfall and circulation patterns (pattern

correlation of 0.80 for precipitation, which is significant at the 99.9% confidence
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level). The difference panel indicates that the model is too dry over India due to a
weaker southwesterly monsoon flow, but features wet anomalies over
southwestern China and the northwestern subtropical Pacific associated with
enhanced cyclonic flow. Note that this bias pattern is common across CMIP6
models, although the magnitude of the anomalies varies from model to model
(Wilcox et al., 2020), and is also consistent with that in the historical simulations
of the CMIP6 Met Office model (Rajendran et al., 2022). A thorough discussion of
the model bias and its linkage to regional and remote circulation can be found in

Liu et al. (2021).”

3. The selection of parameters is usually a crucial step in model development and
use, and the article seems to lack detailed explanation of the model's parameter
settings.

Response: Thanks for your suggestions. We have provided more details on the selection
of the model parameters.

Lines 104-110: “GA7.1 was used as the atmospheric component of the climate
model participating in CMIP6, which reduces the overly negative global-mean
anthropogenic aerosol effective radiative forcing in the previous model version,
GA7.0 (Walters et al., 2019). A single-moment microphysics is used based on
Wilson and Ballard (1999), with extensive improvement of the warm rain scheme
(Boutle et al., 2014a, b). To account for aerosol-cloud interactions, the cloud
droplet number concentration is calculated wusing prognostic aerosol
concentration according to the UK Chemistry and Aerosol (UKCA)-Activate
scheme (West et al.,, 2014). The atmospheric boundary layer and convection
schemes are based on Lock et al. (2000) and Gregory and Rowntree (1990),
respectively. A detailed description of the HadGEM3-GA7.1 physics is provided
by Walters et al. (2019).”

Technical comments:

4. Line 53: “could albedo” — “cloud albedo”
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Response: Changed.

5. Line 53: "cloud albedo and lifetime, and precipitation processes"— “cloud
albedo, lifetime, and precipitation processes” There are other errors like this in the
text, please check carefully

Response: Thank you for spotting the error. We have gone through the whole

manuscript carefully and revised it accordingly.

6. Line 67: "South and East Asian aerosols separately exert a strong
influence"—"South and East Asian aerosols exert a strong influence separately"
Response: Thank you for your comment. Here, we are trying to say that either South or
East Asian aerosols can affect both the South and East Asian monsoons. Sorry for the
confusion. We revised the sentence as follows:

Lines 67-69: “In particular, either South or East Asian aerosols can exert a strong
influence on both the South and East Asian monsoons, with contrasting, if not opposite,
changes as well as strong non-linear interactions between the responses to individual

emission sources.”

7. Line 72: "the Asian monsoon march" There is a spelling error or misuse of
vocabulary here.

Response: We revise the word “march” to “progression”.

8. Line 141: "in coupled mode ((Liu et al., 2018)." —" in coupled mode (Liu et al.,
2018)."

Response: Done.

9. Line 218: "Inspection of monthly precipitation and low-level circulation changes
reveals a stark contrast over the Indian subcontinent and adjacent ocean between the
early and late monsoon season: increased precipitation and anomalous cyclonic flow

over the BOB in June, consistent with the seasonal mean, and decreased precipitation
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and anomalous anticyclonic winds over India in September (Figs. S2 and S3)." This
sentence may be too long, consider splitting it into two or more concise sentences.
Response: Thanks for your suggestions. We split it into three sentences:

Lines 239-242: “Inspection of monthly precipitation and low-level circulation changes
reveals a stark contrast over the Indian subcontinent and adjacent ocean between the
early and late monsoon season (Figs. S2 and S3). In June, there is increased
precipitation and anomalous cyclonic flow over the BOB, consistent with the seasonal
mean. On the contrary, decreased precipitation and anomalous anticyclonic winds are

seen over India in September.”

10. Line 241: "The accuracy of the simulated regional climate change signal and its
attribution to anthropogenic drivers have been suggested to be strongly dependent on
the model performance in reproducing the corresponding mean climatological
conditions, which represent the baseline state on top of which changes occur
(Matsueda and Palmer, 2011; Christidis et al., 2013)." — “has been”

Response: Per your suggestions.

11. Line 452: "For consistency with the analysis of the fixed SST experiments" —
"For consistency with the analysis of the experiments with fixed SST"

Response: Per your suggestions.
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Responses to Reviewer #2:

This study examines the link between monsoon biases relative to observations and
monsoon response to anthropogenic aerosols in Asia in terms of monsoonal
precipitation, circulations, moisture budget using numerical experiments. The paper
tries to address an important question: how do modelled precipitation biases influence
anthropogenic aerosol-induced monsoon changes. Overall, it is an interesting paper
with detailed analysis. At the same time, it is a very long paper: 8 figures in the main
text plus 15 figures in the supplementary materials. The authors should include as many
figures as possible in the main text rather than in the supplementary. The figures are
not clearly labelled (some figure captions are misleading); some figures in the
supplementary materials can be combined with the figures in the main text. I suggest
the authors include all simulations/experiments in Table 1 with clear description. The
result part contains too much discussion of previous studies, which significantly distract
the audience’s attention. The discussion can be replaced to a new Discussion section
close to the end of the paper. Moreover, the sections in the Result 3.1 and 3.2 now are
too long and may be divided into subsections. Overall, it is hard to follow the entire
paper (I have to often refer to the supplementary figures). I hope by reorganizing the
result sections, redesigning some of the figures, correcting figure captions, the authors
could improve the quality of the manuscript in a significant way to meet the standards
of ACP.

Response: Thank you for the comments and suggestions. A point-by-point response is
given below. In particular:

1. We have reconsidered the figures set and we have moved several of them from
the supplementary material to the main text. There are now 14 and 8 figures in
the main manuscript and supplementary file, respectively.

2. We have corrected the figure titles and captions, which hopefully makes the
figure clearer.

3. All the experiments used in this study are included in Table 1.
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4. We have moved the discussion in the result part to a new discussion section
before the summary and conclusions part.

5. Results 3.1 and 3.2 have been split into subsections.

Major comments

In several places, the authors mentioned that aerosol—cloud interactions dominate the
aerosol-induced monsoonal changes, for example, Line 512. In my understanding,
aerosol-radiation interactions also play an important role in modulating monsoon
rainfall, sometime even a bigger role than aerosol—cloud interactions. I saw the authors
analyzed the cloud responses to anthropogenic aerosols. However, without a direct
comparison of monsoonal precipitation responses to aerosol—cloud interactions and
aerosol-radiation interactions, the authors should be careful with their wording. I am
wondering if the authors could separate the two interactions in their analysis/model,
which would provide very interesting analysis and results and improve the scientific
implication of this paper.

Response: Thanks for pointing this out. Unfortunately, we cannot separate the two
interactions without additional experiments.

Given the limited space for this paper, we have replaced the words of “driven”,
“predominant” with the word “important”, “modulated”, and “key” in the revised text.
In the response to the specific comment #13, we briefly discussed the relative
importance of aerosol-radiation interactions and aerosol-cloud interactions.

Lines 23-26: “The aerosol impact on monsoon precipitation and circulation is strongly
influenced by a model’s ability to simulate the spatiotemporal variability of the
climatological monsoon winds, clouds and precipitation across Asia, which modulates
the magnitude and efficacy of aerosol-cloud-precipitation interactions, an important
component of the total aerosol response.”

Lines 422-424: “Given the key role of aerosol-cloud interactions in realising the
aerosol impact, the CESM1-CAM4 and GISS models are excluded from the analysis as

they include only a parameterization of aerosol-radiation interactions (Liu et al., 2018).”



203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

Lines 515-516: “These biases critically modulate the magnitude and efficacy of

aerosol-cloud-precipitation interactions, an important component of the total aerosol-

driven response.”

Lines 517-518: “This will help in further narrowing the uncertainties associated with

aerosol-cloud interactions, given their important role in driving the monsoon changes.”
Lines 586-588: “As a result, the aerosol influence on the monsoon, modulated by

aerosol-cloud interactions, also features a dipole and oscillating pattern between South

and East Asia, with the key driving region varying during the season, and depending

on the evolution of the model climatological state.”

1. Line 47: It is not clear what trends are driven by aerosols?

Response: Here we mean temperature and precipitation. We revise the sentence as
follows:

Lines 45—48: “In particular, model biases introduce large uncertainties in our ability to
separate externally-forced from internally-generated monsoon variability, preventing
robust attribution to specific drivers, including the extent to which recent and near-
future trends of temperature and precipitation over East Asia are driven by

anthropogenic aerosols (Wilcox et al., 2015; Dai et al., 2022)”

2. Line 98: What is the GLOMAP scheme? Spell out its full name.
Response: Thanks for your comments. GLOMAP is short for Global Model of Aerosol

Processes. We have revised the sentence in the manuscript accordingly.

3. 1b: Caption is not clear: why emissions can be negative, should be emission
differences.

Response: Thanks for spotting out this error. We have corrected it.

4. Line 181-182: Northern India should be deleted because precipitation increases is
not statistically significant.

Response: Per your suggestions.
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5. 2b—2c: grid cells with statistically significant changes represented by shadings
should be highlighted as in Fig. 2a.
Response: Per your suggestions. We have highlighted the significant changes in other

main figures as well.

6. Lines 183—184: “The simultaneous northwestward shift and strengthening of the
Mascarene High over the equatorial Indian” is not shown in Fig. 2. The white colors
represent close-to-zero changes in SLP.

Response: Thank you for pointing this out. There are positive sea-level pressure
anomalies over the region, 20°S-20°N, 25°-60°E (Figure R1b, reported below),
indicating a northwestward shift and strengthening of the Mascarene High over the
equatorial Indian. To keep the consistency of the focused domain, we have removed

this argument to avoid confusion.

CONT - CONTfA (JJAS)
(a) Precip
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Figure R1. JJAS response to Asian anthropogenic aerosols (difference between CONT and CONTfA averaged
during 2003-2012) for (a) precipitation (mm day '), (b) sea-level pressure (hPa; shades) and 850-hPa winds (m s™),
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and (c) 1000-300 hPa vertically integrated moisture flux convergence (mm day!, shades) and moisture flux (kg m™

's71). Black dots mark grid-points for which the difference is significant at the 90% confidence level.

7. What’s the difference between Fig. 1 and Fig. S9?

Response: Fig. 1 shows the differences between CONT and CONTfA, while Fig. S9
shows the differences between NUDG and NUDGTfA, the pair of experiments in which
the large-scale circulation outside Asia is nudged toward ERA-I reanalysis. Comparing
the differences between the free-running experiments (i.e., CONT — CONTfA) and the
nudged runs (i.e., NUDG — NUDGfA) enable us to determine the extent to which
simultaneous adjustments in the large-scale atmospheric circulation outside the region
modulate the Asian monsoon response to changes in regional anthropogenic aerosols.
The AOD changes are similar between Fig. 1 and Fig. 9 although circulation and
precipitation differences are distinct, suggesting that the AOD changes are mainly

driven by emission changes rather than aerosol transport and removal processes.

8. S1 can be combined with Fig. 2 with 3 rows and 2 columns.

Response: Per your suggestions.

9. Line 201: should be “aerosol-driven rainfall difference pattern.”

Response: Thanks for your comment. Corrected.

10. 3a: Why not use the same period for model and observations: 2003-2012?
Monsoon precipitation shows strong interannual and decadal variations, which should
be considered when comparing model and observations.

Response: We agree that there are interannual and decadal variations. However, the bias
is normally estimated relative to a long-term climatology, and the present-day
climatology is commonly calculated based on a 30-year period from 1981 to 2010. We
also examine the June and September biases relative to observation over 2003-2012
(Figure R2¢ and R2d below). The patterns are very similar to those using observations

over 1981-2010, suggesting that our results are not sensitive to the choice of the
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climatological period. As such, we will keep using the period 1981-2010 to calculate

the climatology and subsequent model biases.

(a) Jun precip bias (1981-2010)
[Ty

(b) Sep precip bias (1981-2010)
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Figure R2. (a) June and (b) September precipitation bias (mm day ') in CONT with respect to the mean of GPCP
and CMAP. Model data is averaged over 20032012, observations are averaged over 1981-2010. (c¢) and (d) Same
as (a) and (b) but observations are averaged over 2003-2012.

11. Titles of Figs 3b—3h are misleading, they should be responses not the variables

themselves

Response: Sorry for the confusion. We have revised the titles in all figures accordingly.

12. Line 505: delete “also”

Response: Per your suggestions.

13. Line 512: “The aerosol influence on the monsoon, driven by the magnitude of
aerosol—cloud interactions”: How about aerosol-radiation interactions?

Response: Thanks for the suggestions. Unfortunately, without conducting additional
experiments, it is difficult to quantitatively compare the impact of aerosol-cloud
interactions and aerosol-radiation interactions. However, we can indirectly infer that
aerosol-cloud interactions are likely more important from Figure R3 (Fig. S2 in the
supplementary file). The SO> emission differences between CONT and CONTfA vary
weakly between June and September (Figure R3b and R3f). Not surprisingly, the



300
301

02

03
304
305
306
307
308
309
310
311

subsequent clear-sky downward shortwave radiation changes due to aerosol-radiation
interactions show a similar pattern between June and September with minor changes
through the season (Figure R3c and R3g). This suggests that the contrasting simulated
aerosol-induced responses in precipitation, circulation, and temperature (Figure R3d
and R3h) between June and September are likely primarily modulated by aerosol-cloud
interactions as discussed in the main text. Furthermore, Dong et al. (2019) have
conducted experiments to distinguish the effects of aerosol-radiation interactions and
aerosol-interactions on the East Asian summer monsoon resulting from Asian aerosol
changes using the MetUM HadGEM3 coupled model. They revealed that aerosol-cloud
interactions play a predominant role in driving the overall circulation and precipitation
responses. Given the limited space of the paper, we replace the word “driven” with

“modulated” in the revised text.
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Figure R3. (a) The June climatological precipitation (mm day ') in CONT. June differences in (b) SO, emissions
(Tgyr ™), (c) clear-sky downward shortwave radiation (W m™2), and (d) near-surface temperature (K) between CONT
and CONTfA. (e-h) Same as (a—d) but for September.
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