Reply to referee (1)’s comments on NHESS-2024-203:
We would like to thank the reviewer for the invaluable comments and suggestions. Here

are our responses to the reviewer’s comments.

Major comments
1. In case 2, the author did not conduct a quantitative evaluation of radar reflectivity
or precipitation forecasts. A more thorough quantitative assessment could be
provided to better validate the performances of the different retrieval schemes.
Reply: Thanks for the valuable comments. Added as “Fig. 15 shows ETS values of 1-h
accumulated precipitation for EXP temp, EXP_bg, and EXP_temp-bg. For the
thresholds of 2.5 mm/h, the precipitation forecasts of EXP_temp-bg generally exhibit
superior quality. The experiment EXP_temp keeps the worst for the ETS scores among
the three sets of experiments. At thresholds of 10 mm/h, the score of EXP temp-bg
gradually increases in the later stage of forecast. The scores indicat that the blending

method is able to improve the precipitation forecast skill.” in the section 4.2.
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Fig. 15. ETS of three DA experiments for the thresholds of (a) 2.5 mm/h, (b) 10mm/h.

2. The description of the background hydrometer-dependent method is not clear,
particularly regarding key implementation details. For example, it is unclear how
the radar reflectivity threshold intervals are defined, what sample size is used for
the background statistics, and how the climatological data are calculated. Providing
more details in these aspects can help to enhance the reproducibility and

transparency of the method.



Reply: Thanks for the valuable comments. Added as “It is found that hydrometeor
weights derived from the background field vary with individual weather conditions,
which helps to reduce errors resulting from fixed coefficients in Chen et al. (2020, 2021).

The specific process of calculating proportions is as follows:

(1) Compute the average equivalent radar reflectivity of each hydrometeor (Z Xere m)

in different reflectivity ranges (ref;) and model layers (k) based on the background
field statistics. The reflectivity ranges are usually set as follows: ref; < 15 dBZ,
15dBZ < ref, < 25dBZ, 25dBZ < ref; <35dBZ, 35dBZ < ref, < 45 dBZ,
refs > 45 dBZ.

(2) Calculate the weight (C, ) of each hydrometeor in the background field.

(krefy)
Xerefy Zx erero! Ztotalgerer,y> ©)
Zfotal(k.refl) = Zr(k.rem + Zs(k.refo + Zg(k.refl)' (10)

(3) Divide radar reflectivity observations based on the weights (C, ) derived from

(krefy)
Step 2. If the background field has missing data, the calculated climatological mean
for one month will be used instead.” in the section 2.3.2

3. The last paragraph of the introduction provides only a superficial listing of each
section’s content. To improve the clarity and effectiveness of the paper, it is
recommended to expand on the role of each section. Elaborate on how they
contribute to the overall narrative and objectives of the research, which will help
readers gain a clearer understanding of the study’s scope and significance.

Reply: Thanks for the valuable comments. “In the study, section 2 describes the WRF-

3DVar methods, radar observation operators, and a new hydrometeor retrieval method

that adaptively combines the “temperature-based” and “background hydrometeor-

dependent” methods. Based on two convective cases, three experiments are designed

to investigate the impact of different hydrometeor retrieval schemes on assimilation and

prediction, with the specific configurations presented in section 3. The section 4

presents analysis and forecast results of all experiments. The conclusion and is

presented in the section 5.”



4. The writing needs further improvement. It is recommended that the authors engage
a professional editor or a native English speaker to proofread it, which would
significantly boost the clarity and coherence of the manuscript.

Reply: Thanks for the valuable comments. The manuscript has been thoroughly revised

to improve its writing and coherence.

Minor comments
1. Abstract: The abstract does not explicitly address the impact of thermodynamic and
dynamic structures on the forecast results. Given that the evolution of convective
systems is closely related to environmental thermodynamics and dynamics (e.g.,
vertical velocity and wind shear), including a brief statement on how the proposed
method enhances key thermodynamic structures would make the abstract more
comprehensive.
Reply: Thanks for the valuable comments. The abstract is revised as “Different
hydrometeor retrieval schemes are explored based on the Weather Research and
Forecasting (WRF) model in the indirect assimilation of radar reflectivity for two real
cases occurred during June 2020 and August 2018. When retrieving hydrometeors from
radar reflectivity, there are two commonly used hydrometeor classification methods:
“temperature-based” and “background hydrometer-dependent” schemes. The
hydrometeor proportions are usually empirically assigned in the “temperature-based”
method within different background temperature intervals. Whereas, in the
“background hydrometer-dependent” scheme, each type of the hydrometeor is derived
based on the portions estimated from the background field for different radar reflectivity
ranges. In this study, a blending scheme is designed to combine “temperature-based”
and “background hydrometer-dependent” methods adaptively to avoid errors caused by
fixed relationships and reduce uncertainties introduced by the background field itself.
Three experiments, EXP_temp, EXP_bg, and EXP_temp-bg are conducted using the
“temperature-based” method, “background hydrometer-dependent” scheme, and
blending scheme, respectively. It is found that, adding the “background hydrometer-

dependent” scheme facilitates the generation of accurate hydrometeor species which



will enhance the effectiveness of radar data assimilation. Besides, due to the adaptive

combination of “temperature-based” and “background hydrometer-dependent”

schemes, the EXP temp-bg experiment yields the improved thermodynamic and
dynamic structures, which contributes to predict radar reflectivity and precipitation
intensity more accurately.”

2. Line 48: Please rephrase this sentence “the EXP_temp-bg experiment predict the
radar reflectivity structures and precipitation intensity more accurately”

Line 254: spelling mistake: “producess” — “produces”
Line 344: “1-h, 3-h, and 5-h forecasts valid at 2100 UTC 06 August 2018 for
EXP_temp”?

Reply: Thanks. The sentences are revised as “the EXP_temp-bg experiment predicts

the radar reflectivity structures and precipitation intensity more accurately. ”

“In comparison, EXP_temp-bg produces the most consistent thermal and dynamical

conditions, resulting in most accurate forecast of the convection. ”

“6-h accumulated precipitation initialized at 2100 UTC 06 August 2018.”

3. Section 2: Please use the style requirements of American Meteorological Society
uniformly in words, formulas and charts. For example, single-character variables
should be italicized; Use non-italic bold for vectors or matrices.

Reply: Thanks. The related formulae have been modified.

Based on the incremental method proposed by Courtier et al. (1994), 3D Var uses the

minimization algorithm to solve the objective function. The cost function is as follows:
J=3x—x) BT (x—xp) + 2 [H) Yo" RUHG —yol. (D

The vectors X, X, and y, stand for analysis variables, background variables, and

observation variables. B is the background error covariance, which is calculated by

the National Meteorological Center (NMC; Parrish and Derber, 1992) method. R
represents the observation error covariance. H is the nonlinear observation operator.
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u,v,and w denote the zonal, meridional, and vertical wind component, respectively.

(x, vy, z) and (x;, y;, z;) represent the radar position and observation position,



respectively. r; is the distance between the radar and the observation. vy is the

terminal speed.

Z = 10 *logyo(Ze), (3)
Ze =1, (QT) + Ze(qs) + Z, (QQ)a 4)
Ze(qx) = ax(pCIx)ljs- (5)

g, means hydrometeor mixing ratios. Z,(q,) (units: dBZ) is the equivalent
reflectivity factor of rainwater, snow, and graupel. a, represents the fixed coefficient
that is determined by the dielectric coefficient, density and intercept parameter of each
hydrometeor. a, is 3.63x10°. For snow and graupel, the coefficient is temperature
dependent. When the environmental temperature is greater than 0°C, ag for wet snow
is 4.26x10"" and ay for wet graupel is 9.08x 10°. When the temperature is below 0°C,
as for dry snow is 9.80x10% and a, for dry graupel is 1.09x10°. p is the air density.
During the direct assimilation of radar reflectivity, the linearization errors are almost
inevitable.

4. Section 2.3 L148~154: Does o and a represent the same variable?
Reply: We thank the reviewer for the valuable comment. It is a typo, and we have

corrected it as follows.

Z = 10 *log1o(Z.), (3)
Ze=12c(qy) +Z.(qs5) + Z, (CIg)a 4)
Ze(qx) = ax(pCIx)ljs- (5)

q, means hydrometeor mixing ratios. Z.(q,) (units: dBZ) is the equivalent
reflectivity factor of rainwater, snow, and graupel. a, represents the fixed coefficient
that is determined by the dielectric coefficient, density and intercept parameter of each
hydrometeor. a, is 3.63x10°. For snow and graupel, the coefficient is temperature
dependent. When the environmental temperature is greater than 0°C, a for wet snow
is 4.26x10" and @, for wet graupel is 9.08x10°. When the temperature is below 0°C,
a, for dry snow is 9.80x10% and ay for dry graupel is 1.09x10%. p is the air density.
During the direct assimilation of radar reflectivity, the linearization errors are almost

inevitable.



5. Section 2.3.3: Equations (9) and (10) defining the blending scheme lack a clear
explanation of how the weighting factors are determined.
Reply: We appreciate the reviewer’s suggestion.
Added as “2.3.2 The “Background hydrometeor-dependent” method
It is found that hydrometeor weights derived from the background field vary with
individual weather conditions, which helps to reduce errors resulting from fixed
coefficients in Chen et al. (2020, 2021). The specific process of calculating proportions

1s as follows:

(1) Compute the average equivalent radar reflectivity of each hydrometeor (Z Xere m)

in different reflectivity ranges (ref;) and model layers (k) based on the background
field statistics. The reflectivity ranges are usually set as follows: ref; < 15 dBZ,
15dBZ < ref, < 25dBZ, 25dBZ <ref; <35dBZ, 35dBZ < ref, < 45 dBZ,
refs > 45 dBZ.

(2) Calculate the weight (C, ) of each hydrometeor in the background field.

(kref;)

+ Z

Z total(kre;) — Zr(k.refl) S(krefy) + Zg(k.refl)' (10)

(3) Divide radar reflectivity observations based on the weights (C, ) derived from

(krefy)
Step 2. If the background field has missing data, the calculated climatological mean
for one month will be used instead.

2.3.3 The blending method

The blending method aims to utilize the two methods of partitioning hydrometeors
accordingly to retrieve muti-hydrometer more reasonably in radar reflectivity indirect
assimilation. Firstly, calculate the standard deviation o of each hydrometeor content
in the model grid and its surrounding background grids. If the standard deviations of
the retrieved hydrometeors of the two schemes are less than 20, it means that the
retrieved hydrometeors are consistent with the local structure of the background.

Therefore, the hydrometeor content is calculated by the following formulas:

Ce = BCY + (1= B)Cr. (12)




52 represents the deviation between the hydrometeor content of the background
field and the retrieved hydrometeor content based on the “temperature-based” scheme.
5% is the deviation between the hydrometeor content of the background field and the
retrieved hydrometeor by the “background hydrometer-dependent” scheme. C! and
Cl are the weights calculated by the “temperature-based” and “background
hydrometer-dependent” methods, respectively. f means the proportion of the results
calculated by “background hydrometer-dependent” method.” In the section 2.

6. Section 2.3.3: What is the weight meaning P for? It needs more description.

Reply: Thanks. Added as “The blending method aims to utilize the two methods of
partitioning hydrometeors accordingly to retrieve muti-hydrometer more reasonably in
radar reflectivity indirect assimilation. Firstly, calculate the standard deviation o of
each hydrometeor content in the model grid and its surrounding background grids. If
the standard deviations of the retrieved hydrometeors of the two schemes are less than
20, it means that the retrieved hydrometeors are consistent with the local structure of

the background. Therefore, the hydrometeor content is calculated by the following

formulas:
_ &
B=5s (11)
Cy = BCE + (1 = B)CE. (12)

8% represents the deviation between the hydrometeor content of the background
field and the retrieved hydrometeor content based on the “temperature-based” scheme.
57 is the deviation between the hydrometeor content of the background field and the
retrieved hydrometeor by the “background hydrometer-dependent” scheme. C! and
Ct are the weights calculated by the “temperature-based” and “background
hydrometer-dependent” methods, respectively. f means the proportion of the results
calculated by “background hydrometer-dependent” method. ” In the section 2.

7. Section 3: The paper mentions the use of radar observations but does not provide
sufficient details on the quality control procedures.
Reply: Thanks for the valuable comments. Added as “The radar observations of two

cases undergo a series of preprocessing and quality control procedure, including



anomaly detection, velocity de-aliasing, and so on” in the section 3.

8. Section 3: The observation error statistics estimated and used in DA determine the
increment field for given innovations. Quantitative details of these statistics are
crucial for understanding DA results but are not provided. Also, a more detailed
description of the experiment design is required.

Reply: Thanks for the valuable comments. Added as “WRF v4.3 and its data

assimilation system WRFDA v4.3 are used in this study. Two convective cases are

studied in the study: 14 June in 2020 (called Case 1; Fig. 1a) and 6 August in 2018

(denoted as Case 2; Fig. 1b). For case 1, the model domain contains 500x471 with a 3

km horizontal grid spacing, and 50 vertical levels. For case 2, the model domain

contains 723 % 691 with a 3 km horizontal grid spacing, and 50 vertical levels. The
specific applications of physical parametrizations are as follows: the WRF Double-

Moment 6-Class Microphysics (WDM6) scheme, the Rapid Radiative Transfer Model

(RRTM) long wave radiation scheme (Mlawer et al., 1997), the Dudhia short-wave

radiation scheme (Dudhia, 1989), the Yonsei University (YSU) boundary layer scheme

(Hong et al., 2006), and the Noah Land Surface Model (Chen and Dudhia, 2001) for

land surface process scheme. No cumulus parameterization scheme is employed. As

shown in Table 1, three data assimilation (DA) experiments are conducted to evaluate
the effects of all retrieval methods in the study. For all three DA experiments, the initial
and lateral boundary conditions are provided by the NCEP Global Forecast System

(GFS) data. Besides, the specific flowchart is presented in the Fig. 2. The radar

observations used in two cases undergo a series of preprocessing and quality control

procedure, including anomaly detection, velocity de-aliasing, and so on. The

observation errors of radar radial velocity and radar reflectivity are set to 2 m s™! and 5

dBZ, respectively.” in the section 3.

9. Section 4: In the Fig. 6 and Fig. 12, the wind speed scale needs to be given in the
lower right corner of the figure, and the length of the wind vector indicates the wind
speed, and the unit is how much.

Reply: Thanks. The pictures have been revised.
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Fig. 12. The vertical sections of pseudo-equivalent potential temperature (shaded; units: K), velocity
vectors (units: m/s; the vertical velocity has been multiplied by 10) at 2100 UTC for (a) EXP_temp,
(b) EXP_bg and (c) EXP_temp-bg. The position of the cross sections is located at the line ab of the
Fig. 10a.

10. Section 4.2: Where is the cross section shown in Figure 12?

Reply: Thanks for the valuable comments. It is added in the caption of Fig. 12.
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Fig. 12. The vertical sections of pseudo-equivalent potential temperature (shaded; units: K), velocity

vectors (units: m/s; the vertical velocity has been multiplied by 10) at 2100 UTC for (a) EXP_temp,

(b) EXP_bg and (c) EXP_temp-bg. The position of the cross sections is located at the line ab of the

Fig. 10a.

11. Section 5: The conclusion mentions using dual-polarization radar in future studies,
but does not elaborate on how this would be integrated into the current framework.
Providing more details on potential improvements or challenges would strengthen

the future outlook.



Reply: Thanks. It is revised with “Compared to conventional Doppler weather radars,

dual-polarization radar observations provide more accurate identification of the three-

dimensional microphysical structures within precipitation systems. Consequently, dual-

pol

arization radar data (e.g. differential reflectivity, specific differential phase,

correlation coefficient) will be considered for identitfying the hydrometeor types more

accurately, aiming to enhance the effectiveness of radar data assimilation.”.

12.

Some pictures (e.g. Fig. 4, Fig. 5, Fig. 10, Fig. 11, Fig. 12) are too small to read

clearly. Please enlarge the labels for better visibility.

Reply: Thanks for the valuable comments. All the pictures in the manuscript have been

examined and revised.
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Fig. 4. The vertical sections of (a) hydrometeor classification algorithm based on the dual-
polarization radar observations and retrieved hydrometeors for (b) EXP_temp, (¢) EXP_bg and (d)
EXP_temp-bg along the black lines al-a2 at 1500 UTC. The retrieved hydrometeors refer to
rainwater mixing ratio (green contours; units: dBZ), dry snow mixing ratio (grey contours; units:
dBZ), wet snow mixing ratio (cyan contours; units: dBZ), and graupel mixing ratio (shading; units:

dBZ), respectively.
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Fig. 5. The composite reflectivity (shaded; units: dBZ) predicted by (e)-(h) EXP_temp (i)-(I)
EXP_bg and (m)-(p) EXP_temp-bg for the 1-h forecast beginning at 0100 UTC 15 June 2020, as

compared to (a)-(d) the observed composite reflectivity. The labels C and D present the convection

locations.
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Fig. 7. 3-h accumulated precipitation initialized at 0100 UTC 15 June 2020. (a) the observation, (b)
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Fig. 10. The composite reflectivity at 2100 UTC for (a) observation, (b) EXP_temp, (c) EXP_bg,



(d) EXP_temp-bg, accompanied by the vertical cross sections for (e) observation, (f) EXP_temp, (g)
EXP bg, (h) EXP_temp-bg along the line ab. The vertical cross section location at 2100UTC is

shown by the line ab in the Fig. 10a. The labels in the Fig. 10e present the convection locations.
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Fig. 11. The vertical cross sections of rainwater mixing ratio (green contours), Snow mixing ratio
(blue contours), graupel mixing ratio (shading) at 2100 UTC for the experiments (a) EXP_temp, (b)
EXP bg, (c) EXP_temp-bg. The position of the cross sections is located at the line ab of the Fig.

10a.
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Fig. 12. The vertical sections of pseudo-equivalent potential temperature (shaded; units: K), velocity
vectors (units: m/s; the vertical velocity has been multiplied by 10) at 2100 UTC for (a) EXP_temp,
(b) EXP_bg and (c) EXP_temp-bg. The position of the cross sections is located at the line ab of the

Fig. 10a.



