Response to Reviewer # 1

Authors would like to thank the anonymous reviewer for thorough evaluation of our manuscript
and constructive comments. Point-by-point responses to the reviewer’s comments are given below

in bold fonts, and corresponding changes in the manuscript have been highlighted in red.

General comment: This study is helpful to understand the WRF performance of finer resolution
over the region of complex terrain. However, this manuscript contains a lot of detailed errors and
spelling/unit/font inconsistency. It still needs further improvement before publication. More
detailed comments are as follows:

Response: The points raised by the reviewer have been meticulously addressed and

incoprporated wherever required in the manuscript.

Comment 1: Section 1 (introduction): There has been many studies using higher resolution in
Himalayas, i.e., 10km (Zhou et al., 2018; 2019), 3km (Wang et al., 2020), and many other studies

of high resolution modelling around Himalaya regions.

Response: Thanks for suggesting the important studies, we have referred all in the

intrduction. (Page: 5; Line: 106).

Comment 2: Please introduce the altitude adjustment methods of P, T2, RH2 and WS10. List their

equations and references.

Response: The altitude adjustment is basically a linear interpolation of the vertical profiles
of meteorological parameters, to the actual altitude (pressure) of the station, instead of taking

output at model surface level. The equation is included in the supplementary material



(Equation 4). This standard method has been used in previous studies. e.g. Mues et al., 2018

It is now mentioned in revised manuscript. (Page: 21; Line: 389-392)

Comment 3: The modelling in finer resolution has main advantage at resolving orography, not
only altitude impacts. But the altitude differences between the simulations of course (or fine)
resolution and the observation indeed show impacts on the evaluation metric values, especially for
T2. You can compare air temperature in more layers (i.e., 10 layers) near surface in d01, d02, and

d03 simulations.

Response: We agree with the reviewer. Assuggested, the comparison of temperature in three

domains for more different layers (3th, 6th, and 10th) is shown below.
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As expected, the diurnal amplitudes are smaller at higher model layers. Additionally, the
differences among different domains (d01, d02, and d03) decrease at higher layers. This
figure has been added in the supplement (Figure S4), and this information is added in the

revised version of the manuscript (Page: 21; Line: 395-398).



Response to Reviewer # 2

Authors would like to thank the anonymous reviewer for thorough evaluation of our manuscript
and constructive comments. Point-by-point responses to the reviewer’s comments are given below

in bold fonts, and corresponding changes in the manuscript have been highlighted in red color.

General comment: This manuscript analyzes a high-resolution WRF simulation of the 2011
monsoon season for which there are radiosonde observations from a field campaign (GVAX) for
comparison. Three domains are set up at 15, 5, and 1 km, centered at the GVAX site in the central
Himalaya. And a fourth domain at 333-m grid spacing is simulated for one month within the longer
simulation. With increasing resolution, the WRF domains match the observations increasingly
well. But it is only in the 333-m domain that the distribution of winds is at all well represented,
due to the inadequate representation of the topography in the coarser domains. This study is novel
in (1) the various diagnostics it calculates for its multiple domains; (2) the comparison of model
results to an intensive field campaign; (3) downscaling to a 333-m domain and the associated 3s
resolution SRTM topography data that resolves individual peaks and valleys. I don’t see any major
issues with the manuscript, but I do have a large number of minor suggestions that I would suggest
the authors take into account before submitting a revision. In addition, the English language needs
to be improved, although the grammatical errors do not detract from the readability of the
manuscript. | have detailed all the grammatical errors up to the end of section 2, but thereafter they

are too numerous to list. I suggest enlisting a native speaker.

Response: Thanks for pointing out novelty and providing the valuable inputs. The

manuscript is revised thoroughly, and the language have also been substantially improved.

Specific comments

- Including the version of WRF that you used in the manuscript title is perhaps a bit specific.



This is done in line with GMD policy which suggests including the version number in the title
of the manuscript. (https://www.geoscientific-model-development.net/about/

manuscript_types.html#item2).
-L19: anthropogenic pressure — stress from anthropogenic forcing
The suggested change has been made (Page: 1; Line: 18-19).

- L35: “highlighting significance of well-resolved terrain effects” — “, highlighting the importance

of well-resolved terrain”

The suggested change has been made (Page: 2; Line: 35-36).
- L51: Spell out GVAX at first use.

Abbreviation is expanded at first use (Page: 1; Line: 23).

- L74: Delete “Of late”. This is redundant in the sentence.

The suggested change has been made (Page: 4; Line:74)

- L88-91: This sentence reads as if High Mountain Asia and the western U.S. are the only places
where WRF has been used over complex terrain. | suggest rephrasing to: "WRF has been used for

model experiments over complex terrain around the world, e.g., the Himalayan region..."

We agree with reviewer’s observation and the statement has been rephrased (Page: 4;

Line:88-89).
- L102-104: The last sentence of this paragraph is quite obvious. | would suggest deleting it.
Suggestion has been incorporated.

- L105-109: This paragraph is very misleading. You claim that most of the modeling studies over
the Himalaya have been at 30—45 km grid spacing, except the Mues et al. study that you cite. But
there are in fact many studies that have employed WRF at high resolution over the Himalaya, e.g.,
Potter et al. 2020 (and references within), Norris et al. 2020 (and references within), and Cannon
et al. 2017 (and references within). | think this is an opportunity to better emphasize the novelty

of your study. I think your study is novel in (1) the various diagnostics it calculates for its multiple



domains; (2) the comparison of model results to an intensive field campaign; (3) downscaling to a
333-m domain and the associated 3s resolution SRTM topography data that resolves individual
peaks and valleys. However, this paragraph suggests that the novelty of your study is that it is one
of the first to use WRF at 5 km to 1 km grid spacing over the Himalaya, which it is not.

The discussion has been revised in line with reviewer’s comments. Previous studies pointed
out by the reviewer have been included in the revised version (Page: 5; Line: 105-117).
Additionally, the novelty of our study has also been emphasized (Page: 5; Line: 105-117), as
suggested.

- L107-109: Related to previous comment: “...it remains unclear how the finer resolution could
better resolve the complex terrain...”. This sentence suggests an ignorance of all of the previous
modeling studies over the Himalaya at convective-permitting grid spacing. Your study is novel in
the 333-m domain that you employ (although there may be others that have gone down to this grid
spacing over the Himalaya). You should either remove this sentence, or stress here that you are

running WRF at sub-kilometer resolution.
We agree with the reviewer’s comment and this sentence is removed.

- L110-111: Related to previous comments: I suggest deleting: “With this opportunity of model
evaluation and improvements in simulating meteorological and dynamical variability over the CH,

here”.
Suggestion has been incorporated.

- In Fig. 1, the axes in the top panel should be labeled “Longitude” and “Latitude” to match the

other panels.

The suggested change has been made (Page: 8; Figure 1)
- L171-172: This sentence is redundant and can be deleted.
The sentence is removed from the text (Page: 8).

- L174: You should justify why these dates were chosen, i.e., to match the observation period.



The simulation period is chosen considering the availability of continuous surface
observations from 11 June 2011 and to allow sufficient spin-up time of 10 days for the model
to achieve its equilibrium state (Angevine et al., 2014; Seck et al., 2015; Jerez et al., 2020).
This is mentioned in the revised version (Page: 8-9, Line: 172-174).

- Section 2.2: You should refer to Fig. 1 for the location of the station and state its elevation.
Suggestion is incorporated (Page: 9; Line:186-187)

- L204-206: This sentence should be in the methodology section.

Suggestion is incorporated (Page: 6; Line: 129-132)

- L206: “available at 0.75 x 0.75” is repetition of the previous sentence.

The redundancy is removed.

- You define the IGP acronym in multiple places. Just need to define it once.
Suggestion incorporated in the revised text. (Page: 7; Line: 154-155)

- L225: Delete “and it could be”

Suggestion has been incorporated. (Page 11, Line: 24)

- L226: profiles — maps

Suggestion has been incorporated. (Page: 11; Line: 225)

- L226: “significantly distinct meteorology” is very vague. What do you mean exactly?

We agree with the reviewer. In order to avoid the ambiguity, the statement has been
rewritten. (Page: 11; Line: 225-227)

- In Fig. 2, 1 would suggest two or three appropriately chosen elevation contours so that the

meteorological features can be related to the topography. Same in Fig. 10.

Three elevation contours at 500m (dashed), 1500m (thin black), and 2000m (thick black)
lines are included in this Figure 2 (Page: 12; Line: 233-234) and Figure 10 (Page: 26; Line:



480-481). The description is added in the revised manuscript (Page: 10, 12; Line: 207-208,
251-253).

- L236: distinct — increasingly distinct
Suggestion has been incorporated. (Page: 12; Line: 236).

- L258: The phrase “overestimated as compared to ERA-Interim” is highly misleading because
WREF is probably much more accurate than ERA-Interim. | would suggest rephrasing the sentence

to reflect this.

We agree. The sentence is rephrased as “higher variability than that in the ERA-interim
(1.2-2.3ms™*) due to finer resolution of the WRF” (Page: 13; Line: 250-261).

- L258-259: What are the two datasets: WRF and ERA-Interim? This last sentence of the

paragraph appears to contradict the preceding text in which you highlight the differences.

This sentence is rephrased as — “Overall, the impact of the topography resolved at higher
resolution in WRF shows the contrasting differences in surface pressure, temperature,
relative humidity and wind speed compared to coarse resolution ERA-interim dataset”
(Page: 13; Line: 261-263).

- At the beginning of section 3.2, it would help to reiterate the location and elevation of the
radiosonde observations (shown in Fig. 1).

As suggested, the location and elevation of the observational site are included (Page: 13;
Line: 265-266).

- L267: Delete “(c)” (repetition).
Suggestion has been incorporated. (Page: 14; Line: 271).

- Fig. 3: I would suggest giving the wind speed profiles the same x axis values as other panels, i.e.,
missing data for the observations up to the beginning of September, so that features in wind can

be easily related to features in other variables. Same in Fig. 4.



We appreciate reviewer’s suggestion, however, the vertical profiles of wind from radiosonde
are missing for two months which is showing a large part of the Fig 3 and 4 as blank, so we
intend to retain the comparison as it is. For this purpose, Figure S2 in supplementary can be
referred and discussed in the text (Page: 14; 289-291). The exercise has been carried out to
understand the association among meteorological parameters on a common scale as given in
the modified Figure4 below, but it doesn’t show a significant feature to be considered.

Therefore, we chose not to include in the manuscript.
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Modified Figure 4

- Fig. 3: You should clarify in the axis titles of panels g—i that these panels show WRF minus the

observations (“difference” is ambiguous).

As suggested, “WRF-observations” has been marked on the color scale (revised Figure 3) to

remove ambiguity.

- L272: The temperature inversion can only be seen on certain days and requires zooming in to see

clearly. Maybe regions of negative dT/dp could be marked in the figure?



The zoomed version of the Figure 3a, d which shows the contour plots of the vertical profiles

of temperature.
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The region where dT/dt is negative is shown by two different contour lines (black: -0.05
°C/hPa and magenta: -0.2 °C/hPa). The temperature inversion is clearly depicted in this
figure. The gradient increases with altitude which is the characteristic of this region. This

figure is also placed in the supplementary text (Figure S1) and description is added in the

revised manuscript (Page: 14; Line: 276-277).
-L273:3a—3d

Suggestion has been incorporated. (Page: 14; Line: 277).
- L274: this variability — these features

Suggestion has been incorporated. (Page: 14; Line: 279).

- L279: “wetter (or more humid)” — “more humid”



Suggestion has been incorporated. (Page: 14; Line: 283).
- L279: dry bias — low-humidity bias
Suggestion has been incorporated. (Page: 14; Line: 284).

- L288: “normalized standard deviation (SD), normalized to the standard deviation of observation”

— “standard deviation, normalized by that of the observations™

The sentence is rephrased to “standard deviation, normalized by that of the observations”.

(Page: 15; Line: 295)
- L290: “which turns out to be less than 1”7 — “, less than 1
Suggestion has been incorporated. (Page: 15; Line: 297).

- L293: 50 hPa — 75 hPa (unless the figure legend is wrong?). Related to this point, relative
humidity in the stratosphere is not really relevant. It’s probably more appropriate to quote the value

at 250 hPa in Fig. 7, i.e., an indication of deep convection.

Thanks for pointing out this typo. The actual value was 75 hPa, instead of 50hPa. The values
indicated in the brackets are the correlation coefficients (r), not the relative humidity. Text
is modified. (Page: 15; Line: 298, 300).

- L.299: Delete “below 500 hPa (Figure 4)” (repetition).
Suggestion has been incorporated.

- L303: How can you tell that the model qualitatively captures the vertical profiles if only the
differences between the observations and model are plotted?

We agree with the reviewer. The text has been slightly modified. However, the comparison
of model simulated meteorological parameters with the radiosonde is also analyzed and the
statistical metrics (correlation, standard deviations etc.) are compared in Figure 7a. (Page:
15; Line: 298-300, 307-310).

- L328-330: It is worth mentioning that the higher-resolution models do worse in the upper

troposphere for RH? Can you say why this is?



We agree with the reviewer’s observation and mentioned in the revised version(Page: 17;
Line: 336-337). The possible reasons for poor performance of the models in upper
troposphere could be a) stronger convection in the model at higher resolution, b) the Current
WRF-set up is using a non-local boundary layer schemes in this case and c) the moisture
parameter itself is highly variable with altitude and becomes almost negligible few kms after
crossing the zero degree isotherm d) the performance of radiosonde/instrument sensors in
very low temperatures may also degrade the model-sensor relationship. However, these case
studies can be interestingly taken up in future as an independent exercises.

- L348: Figure 6b — Figure 6

Suggestion has been incorporated. (Page: 19; Line: 357).

- L353: Delete “lower by” (repetition).

Suggestion has been incorporated. (Page: 19; Line: 362).

- L354: What is Figure 7bs? Do you just mean Figure 7b?

Typo error has been corrected in the revised version (Page: 19; Line: 363).
- L358: RH — RH2

Suggestion has been incorporated. (Page: 19; Line: 368).

- In Table 1, Clarify what the +- sign refers to. And clarify “min/max” - is this the min and max

during the full observation period?

These ambiguities have been resolved in revised caption of Table 1. Min / Max is the

minimum and maximum during the full observation period. (Page: 19; Line: 374)

- Fig. 6 caption: Explain error bars for observations. Why no error bars for model results? Same in
Fig. 9.

Error bars represent the standard deviation and were shown only for observations for clarity
of figure (and standard deviation values for simulations are given in the Table 1).

Nevertheless, in revised version, error bars are also shown for a model result (d01) (revised



Figure 6). Similarly, standard deviation values for Figure 9 are shown in Table 2 and are

shown for dO1 in revised version. (Page: 21; Line: 383-384)
- L380: few — a few

Suggestion incorporated.

- L382: What does 0.35 refer to?

0.35 is the correlation coefficient value for 2m temperature (T2) between the model and

observation. It is also mentioned in the manuscript. (Page: 21; Line: 393)
- L396-411: Where are the numbers quoted in this paragraph shown?

In this paragraph, we have compared our finding (shown in Table 1 and Table S1) with the
values estimated in various studies for which the references are mentioned. (Page: 22; Line:

410:421). We have clarified this in the revised version.
- L397:-0.7 — -0.7 g/kg
Suggestion has been incorporated. (Page: 22, Line: 411-412).

- L425-443: In this paragraph, you begin stating percentages, e.g., “The dominance of the wind
flow over the observational site is easterly (30%)”. Then, you switch to the frequency, e.g., “The
frequency of southerly (539) and south-westerly (SW, 481)...” You should pick one, either

percentage or frequency, and stick to it to make the text consistent.

The wind flow dominance over the observational site is easterly (30%) and south-easterly
(26%) while 26% occurrences of wind are from the west and north-west. The percentage of
southerly (21%) and south-westerly (SW, 19%) are relatively higher in dO1 as compared to
the observations (S: 4% and SW: 5% respectively) ....”. (Page: 24; Line 444-447)

- L433: Add “and westerly” after “north easterly”. (The overestimate of westerlies in d03 in Fig.8
should be noted.)

The suggested changes are incorporated in the revised manuscript. (Page: 24; Line: 449)



- L435: You quote 27% for south-easterlies in the observations. But earlier you quote 26% (L430).
Which is it? The sentence on L434-435 could actually be deleted because it is repetition of a few

sentences prior.
It is actually 26% and to avoid the repetition L434-435 has been deleted.

- L438: “over predicted by 10%” is misleading. What you mean is “over predicted by 10

percentage points”.

The sentence is rephrased as per the suggestion. (Page: 24; Line: 452)

- L439: Insert “in the observations™ after “very weak” if I understand correctly?

The text has been modified and presented accordingly. (Page: 24; Line: 453-454).

- L439-441: Where is it shown that the wind direction changed during transitions from high to low

wind conditions?

This statement has been modified accordingly. (Page:24; Line: 454-456).

- L450: Why do you quote Figs. 2 and 6 specifically. It seems that this is shown in all figures?
We agree, it is not required and removed.

- L452: daughter — nested. Same on L477.

Suggestion has been incorporated. (Page: 25, 27; Line: 467, 495).

- L458: and the effect— showing the effect

“and the effect” is replaced by “showing the effect” (Page: 25; Line: 473).

- Fig. 10: Right hand panel title should be ‘“2m Relative Humidity (%)”

Thank you for pointing it out. The title of the right hand panel is changed from *“Relative
Humidity (%)” to “2m Relative Humidity (%)”. (Page: 26; Figure 10)

- L478-479: How can you say that the effect of feedback is strikingly observed? Can you be more

specific?



The spatial variabilities of 2m temperature and relative humidity significantly changes by
inclusion of the feedback over mountainous region which is discussed in text (Page: 27;
Line:495-496). However, it is rephrased in revised version of manuscript (Page: 27; Line:
494-495).

- L479: Why “the trend of diurnal variation of the relative humidity”? Don’t you just mean

“relative humidity”?

The sentence is rephrased (Page: 26; Line:480).

- L489: Delete “(30s or ~0.95km)” (repetition).

Suggestion has been incorporated. (Page: 27; Line: 507).

- In section 3.5 when you introduce d04, it would be very helpful for the location of d04 to be
shown within d03 in Fig. 1 (bottom right panel).

The d04 domain is included in Figure 1, and the caption of the figure is updated accordingly
(Page: 8; Figure 1). This is also included in the text (Page: 27; Line:512)

- L502-503: After this sentence it would help to quote the elevation of the station location in d03

versus d04.

The elevation of the location is quoted as per the suggestion. (Page: 28; Line: 519-520)
- L505: Add “(Figure 11c)” after “d04”.

Suggestion has been incorporated. (Page: 28; Line: 525)

- L506: “which could be smoothed out if the simulation was carried out with GMTED / or at 1 km
with SRTM3s” — “which are smoothed out with GMTED (Figure 11a) or with SRTM3s
interpolated to 1 km (Figure 11b)”

The sentence is rephrased, as suggested. (Page: 28; Line: 526-527)

- L508-513: Where are all the values that are quoted in these lines shown? Is there a supplementary

figure that should be referenced?



The MB in wind speed are calculated from the model and corresponding observations
(Figure 12). A supplementary Figure S5 and Table S2 is added where these numerical values
are mentioned. (Page: 28; Line: 528-531)

- L519: The sentence: “The southerly...model resolution” is confusing. Do you mean” The

frequency of southerlies increases with model resolution, better matching the observations™?

The sentence is rephrased. The result obtained is that the frequency of southerly component
matches better with that of the observations in case of SRTM3s than GMTED (Page: 28-29;
Line: 537-538).

- L522: “while occurrence of south-easterly winds is underestimated” — “with the exception of

south-easterly winds”
Suggestion has been incorporated. (Page: 29; Line:540-541)

- Fig. 12. Why are the frequency distributions not shown here, like in Fig. 8? It seems Fig. S5

could be incorporated into Fig. 12?

The frequency distribution plot Figure S5 is incorporated in Figure 12 (Page: 29).
- L550: pressure — surface pressure

Suggestion has been incorporated. (Page: 30; Line-571).

- L557: wind directions — frequency distribution of wind direction

Suggestion has been incorporated. (Page: 30; 578-79).

Grammatical errors (up to end of section 2)

- L20: Himalaya — the Himalaya (and in other places)
Suggestion has been incorporated. (Line: 20, 47, 58, 74 etc.).
- L28: the northern — northern

Suggestion has been incorporated. (Line: 28).



- L32: surface — the surface

Suggestion has been incorporated. (Line: 32).
- L32: the d01 — dO1 (and in other places)
Suggestion has been incorporated. (Line: 32).
- L33: “and are closer” — “, closer”
Suggestion has been incorporated. (Line: 33).
- L34: coarser simulation — the output from the coarser domains
Suggestion has been incorporated. (Line: 34).
- L34: station — the station

Suggested change has been made (Line: 35).
- L37: nested domain — the nested domain
Suggested change has been made (Line: 38).
- L37: demonstrated — demonstrates
Suggested change has been made (Line: 38).
- L42: was — is

Suggested change has been made (Line: 42).

- L42: “a frequent southeastward wind component remained underestimated” — “the frequency of

south-easterlies remains underestimated”
Suggested change has been made (Line: 42-43).
- L47: Himalayan region — The Himalayan region

Suggested change has been made (Line: 47).



- L51: called as — known as
Suggested change has been made (Line: 51).

- L55: “hydrological cycle especially monsoon system” — “hydrological cycle, especially the

monsoon system”

The sentence is rephrased as suggested by the reviewer (Line: 55).
- L67: terrains — terrain (and in other places)

Suggested changes have been done (Line: 67, 72, 84, 226 etc).

- L76: Further — Consequently

Suggested change has been made (Line: 76).

- L76: have — has

Suggested change has been made (Line: 76).

- L77: in past — in the past

Suggested change has been made (Line: 77).

- L79: their causes range from mesoscale processes to larger synoptic scale events” — “the

associated weather systems range from mesoscale to synoptic-scale phenomena”
The sentence is replaced as suggested by the reviewer (Line: 79)

- L80: observational network — an observational network

Suggested change has been made (Line: 80).

- L82: would — can

Suggested change has been made (Line: 83).

- L84: Himalaya — the Himalaya

Suggested change has been made (Line: 84).



- L88: “WRF model” — “WREF” or “The WRF model” (and in other places)
Suggested change has been made (Line: 88, 98, 104 etc.).

- L.90: “intermountain west of the United States” — “‘the multiple mountain ranges in the western

United States”

The sentence is rephrased as suggested by the reviewer (Line: 91)
- L100: correctly — accurately

Suggested change has been made (Line: 101).

- L101: “Kathmandu valley of Himalaya” — “the Kathmandu valley”
Suggested change has been made (Line: 102).

- L102: “attributed to complex topography — *, which they attributed to insufficient resolution of
the complex topography,”

The sentence is rephrased as suggested by the reviewer (Line: 103-104)
-L102: “3 km x 3 km” — “3 km”

Suggested change has been done (Line: 104).

- L118: larger Indian region — the larger Indian region

Suggested change has been made (Line: 113).

- L122: Subsequent — The subsequent

Suggested change has been made (Line: 118).

- L131: prediction — Prediction

Suggested change has been made (Line: 127).

- L132: Eulerian — an Eulerian

Suggested change has been made (Line: 128).



- L147: “an explicit micrcophysics scheme is needed to resolve cloud and precipitation processes”

— “cloud and precipitation processes are resolved by the microphysics (MP) scheme”
The sentence is rephrased as suggested by the reviewer (Line: 143-144)

- L158: Outer — The outer

Suggested change has been made (Line: 155).

- L158: north — the northern

Suggested change has been made (Line: 154).

- L159: “Himalayan mountains with vegetation and snow cover” — “and the Himalayan

mountains” (why do you need to mention the vegetation and snow cover?)

“with the vegetation and snow cover” is removed from the text and the sentence is rephrased

as suggested by the reviewer (Line: 155)

- L160: “Model atmosphere has 51 vertical levels” — “The model has 51 atmospheric vertical

levels”

The sentence is rephrased as suggested by the reviewer (Line: 157)
- L164: “innermost domain 03” — “the innermost domain, d03,”
Suggested change has been made (Line: 160).

- L165: mainly to reveal — to resolve

Suggested change has been made (Line: 161).
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