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ABSTRACT

This study utilized the Weather Research and Forecast (WRF) model to forecast hail induced by the hailstorms on
17 March 2020 in western North Vietnam, using two microphysical schemes: the Thompson and Morrison schemes.
Assessment of the WRF skill in predicting hail coverage and intensity was done for two predicted indices, namely
UH (Updraft Helicity) and CTG (Column Total Integrated Graupel). Two predicted variables are Dy, (hail diameter
given by WRF using the Thompson Hail Algorithm) and Dy, (hail diameter given by the HAILCAST submodel in
WREF). The predicted hail coverage and intensity were compared with the products given by the Pha Din radar's Hail
Size Discrimination Algorithm (HSDA) for three categories: small, large, and giant hail size. Using the Morrison
scheme, the WRF model indicates that the hail-coverage forecast skills of UH, CTG, and Dy, are highest, with an
insignificant difference at the horizontal scale larger than 60 km. However, the Dy, variable given by the Morrison
scheme provides the most successful forecast for both hail size and coverage compared with the HSDA products and
field reports. This is because HAILCAST considers kinematic and microphysical processes to predict maximum hail
size at the surface. The predicted hailstorms could occur in environments with moderate convective available
potential energy but require robust moisture flux convergence over high mountains.

Keywords: Hail, HSDA, thunderstorm indices, HAILCAST.

1. Introduction valuable tools for warning and forecasting
severe weather events. Current convection-
allowing models (CAMs) are capable of
resolving convective structures at scales
below 3 kilometers (Labriola et al., 2019a;
Luo et al., 2017), among which the Weather
Research and Forecasting (WRF) model
(Skamarock et al., 2019) is the most widely
used CAM. The model can also be applied to
research in other fields, such as hydrology,
atmospheric chemistry, and climate research
(Powers et al., 2017). However, numerical
*Corresponding author, Email: Truongnm@vnu.edu.vn hail prediction remains one of the most

Hail induced by hailstorms is one of the
most destructive weather phenomena in many
world areas (Allen et al., 2020). The impacts
of hail on infrastructure, the economy, and
human life have increased quickly as society
continues to develop. In addition to the
achievements of traditional forecasting
methods, convection-allowing  numerical
weather prediction (NWP) models based on
high computing capacity have become
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challenging meteorological problems due to
the complicated thermodynamic processes in
small spatial and temporal scales (Melcon
etal., 2017).

With the development of NWP models in
the latest decades, significant progress has
been made in forecasting extreme weather
events induced by severe convection. For
example, Updraft Helicity (UH) index (Stull
2017) has been used in operational forecasting
of severe weather in the United States,
including hail and hailstorms (Sobash et al.,
2020). UH appears to be the most reliable
predictor of large hail coverage (hailstone
diameter from 25 to 50 mm) and exhibits the
highest skill in hail prediction compared with
other predicted indices in various scales and
model options (Gagne et al., 2017). Another
surrogate index for hail prediction is Column-
Integrated Total Graupel (CTG), which
strongly correlates with ground-based hail
size measurements (Gagne et al., 2017).
However, CTG has lower hail prediction
skills than UH due to its sensitivity to
microphysical schemes (MP) but insensitivity
to dynamic environmental changes (Labriola
etal., 2019a).

In addition to surrogate hail forecasting,
several methods have been developed to
estimate surface hail size using NWP
products. The Thompson hail algorithm
(Snook et al., 2016) computes the maximum
diameter of hydrometeor droplets given by
MP schemes, thereby estimating largest
hailstones that can reach the surface. The
algorithm has shown high skill in predicting
hail coverage for specific MP schemes (Snook
et al., 2016; Labriola et al., 2019a; Labriola
et al., 2020). Another method employed for
hail size forecasting is the HAILCAST model,
initially developed for sounding observations
as a one-dimensional but physically based
model (Adams-Selin and Ziegler, 2016).
HAILCAST has also been modified to be

embedded within CAMs as a submodel to
simulate hailstone growth rate based on
physical relationships, as long as convection
meets certain conditions (Brimelow et al.,
2002; Jewell et al., 2009). The HAILCAST
submodel has been developed and applied to
operation at the American Storm Prediction
Center (Brimelow et al., 2002; Jewell et al.,
2009), satisfying  various real case
experiments. In recent years, it has also been
integrated into the WRF model and shown its
ability to predict hail with high skill (Adams-
Selin et al., 2019).

Hail observation remains challenging, even
with modern radar or satellite methods.
Several methods have been developed to
estimate hail size based on radar data,
including the Hail Size Discrimination
Algorithm (HSDA, Ryzhkov et al., 2013).
HSDA classifies hailstone diameters into
three categories: small, large, and giant hail.
Although this method is only applicable to
dual-polarization radar, it has been used as a
hail observation index to evaluate the hail
prediction skill of NWP models (Labriola
et al., 2019a; Snook et al., 2016; Ortega et al.,
2016; Labriola et al., 2017). Recently, the
weather radar network in Vietnam has been
expanded and upgraded to dual-polarization
radars, initially satisfying demands in research
and operational forecasting. The latest
applications of radar data include rainfall
estimation (Thanh et al., 2018; Hoat et al.,
2023; Thang et al., 2013), thunderstorm
forecasting (Quyet et al., 2011), and data
assimilation for NWP models (Minh et al.,
2023).

Hailstorms can occur in most regions of
Vietnam, particularly in mountainous areas
during transition seasons. However, there have
been limited studies on this phenomenon,
mainly due to the lack of hail observation data.
Regarding numerical studies on hailstorms,
Thang et al. (2020) analyzed the hailstorms
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occurring on 24-25/01/2020 in northern
Vietnam. Duy and Truong (2022) conducted
numerical experiments using two surrogate
storm indices (UH and CTG) to predict the
same hailstorms. Their results demonstrate that
NWP models could be effectively utilized for
hail prediction in Vietnam. In addition to the
recent stable quality of the Vietnamese radar
network, the studies above stimulate us to
investigate hail prediction in Vietnam.
Therefore, this study aims to conduct
numerical experiments using two MP schemes,
namely the Thompson (MPO08, Thompson
et al., 2008) and Morrison (MP10, Morrison et
al., 2005) schemes, on the hailstorms occurring

on 17 March 2020 in western North Vietnam.
These two MP schemes have often been used
in hailstorm research (e.g., Labriola et al.,
2019a; 2020). Analyses of the WRF skill in
predicting hail are performed for two predicted
indices, namely UH and CTG, and two
variables, that is, Dy, (i.e., hail diameter given
by WRF using the Thompson hail algorithm)
and Dy, (i.e., hail diameter given by the
HAILCAST submodel in WRF), by comparing
them with the HSDA hail categories. The
following section introduces the methodology
and data used in this study. Results are given in
section 3, and the last section presents the
discussion and concluding remarks.
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Figure 1. Nested domain configuration (left) and the finest domain (right). Yellow rectangular is the area
used to verify predictions. Red X indicates the Pha Din radar station.

2. Methodology and data

2.1. Hailstorms on 17 March 2020 in western
North Vietnam

From the evening of 17 March to the early
morning of 18 March 2020, widespread
hailstorms occurred in western North
Vietnam. Hail was reported in various
locations, including Si Ma Cai district
(Lao Cai) around 19:00; Sin Ho,

Tam Duong, and Lai Chau city at 20:50 local

time on 17 March 2020, with reported hail
size of 3—4 cm in diameter. Other areas, such
as Son La, Yen Bai, Phu Tho, Tuyen Quang,
and Bac Kan, also experienced these
hailstorms. These severe hailstorms damaged
3188 houses, 1028 hectares of crops, and 271
hectares of fruit trees. The total damage is
approximately 14.06 billion Vietnamese
Dong (VMHA, 2020). Field reports on hail
diameter and timing are summarized in
Table 1.
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Table 1. Summary of field reports on hail locations, timing (local time), and size

Hail report Location Reported time Hail size
Muong Te, Lai Chau 22.47°N—102.84°E 18:00 1.0-1.5cm
Sin Ho, Lai Chau 22.47°N—103.13°E 20:50 2.0-3.0 cm
Tam Duong, Lai Chau 22.33°N—103.54°E 20:50 3.0-4.0 cm
ILai Chau city, Lai Chau 22.39°N—103.47°E 20:50 2.0-3.0 cm
IBac Ha, Lao Cai 22.54°N—104.29°E 19:00 None
Si Ma Cai, Lao Cai 22.68°N—104.27°E 19:00 2.0-3.0 cm
Tan Quang, Ha Giang 22.49°N—104.86°F 23:00 None
ILuc Yen, Yen Bai 22.11°N—104.76°E 23:00 1.0-1.5cm
IMoc Chau, Son La 20.94°N—104.60°E 17:30 2.0-3.0 cm
IMoc Chau, Son La 20.91°N—104.54°E 17:30 2.0-3.0 cm
Doan Hung, Phu Tho 21.62°N—105.18°E None None
Cam Khe, Phu Tho 21.41°N—105.13°E None None

2.2. Radar data and HSDA

This study uses data from the recently
installed Pha Din (Dien Bien) radar, a Doppler
C-band dual-polarization radar (WRM200).
The Pha Din radar station is 1470 meters
above sea level and surrounded by mountains
that could introduce noise in raw data,
especially at low elevation angles. Filtering
software provided by the radar manufacturer
was employed to address this noise.

Radar data at 10-minute resolution was
processed using the Pyart library in Python, as
described by Helmus et al. (2016). The HSDA
index was computed based on the
Hydrometeor Classification Algorithm (HCA,
Park et al., 2009) and three indices derived
from dual-polarization radar data to diagnose
dominant hydrometeor species, including
differential reflectivity, correlation
coefficient, and differential phase (Ryzhkov
et al.,, 2013). HSDA classifies hail diameters
into three categories: small hail (SH, diameter
from 5 to 25 mm), large hail (LH, diameter
between 25 and 50 mm), and giant hail (GH,
diameter exceeding 50 mm) according to the
study of Labriola et al. (2019a). Radar data at
the lowest elevation angle of 0.5 degrees were
chosen for HSDA due to its superior accuracy
in hail measurements (Ortega et al., 2016). In
this study, the HSDA hail categories were
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computed for a grid mesh at 1.5 km resolution
to facilitate comparisons with the WRF model
products (as described later in subsection 2.3).

2.3. Model configuration and predicted
indices and variables

This study employed the WRF model
version 4.3.3 (Skamarock et al., 2019) with
three nested grids of 13.5, 4.5, and 1.5 km
grid spacing and 51 vertical levels. The third
grid is quite fine to resolve the hailstorms
(Luo et al.,, 2017; Labriola et al., 2019a).
Initial and boundary conditions were Global
Forecast System data at 0.25-degree and
03-hour resolution. The model was initialized
at 12:00 UTC on 16 March 2020,
approximately 24 hours before the event, and
run for 48 hours. Table 2 summarizes the
parameterization schemes used in this study.

The UH index is computed following Kain
et al. (2008):

UH = [’ widz (1)
where UH represents the updraft helicity
(m’s?), w is the vertical velocity (ms™), ¢ is
the relative vorticity (s'), zI = 2 km, and
z2 = 5 km. CTG is obtained as the integrated
product of the graupel mixing ratio qgry, and
the air density pg;,- throughout the air column:

z3
CTG = sz Qgrauppairdz ()
where z0 and z3 indicate the surface and
model top, respectively.



Vietnam Journal of Earth Sciences, 47(1), 1-15

Table 2. Parameterization schemes used in this study

Parameterization Scheme Note
. . Thompson MP08
Microphysics Morrison MP10
ILongwave radiation RRTM
Shortwave radiation Dudhia
Planet boundary YSU
ILand-surface option Thermal diffusion
scheme
Cumulus Kain-Fritsch Onl}s’t used in
1° nest

The HAILCAST submodel estimates hail
size at each time step, continuing until
hailstones reach the ground. The resulting hail
prediction is passed back to WRF, which
stores that data (i.e., Dy.) and then moves to
its next time step (Adams-Selin and Ziegler,
2016). For the Dy, variable, hydrometeor
diameters are solved by MP schemes using a
Particle Size Distribution function (Ulbrich
et al.,, 1983), which is then used by the
Thompson hail algorithm to estimate the
maximum hail size at each grid point provided
that the total number of hail concentration
reaches a minimum threshold of at least
10* m” or one hailstones is found within a

100 x 100 m patch with a depth of 1 m
(Labriola et al., 2019a). Taking the size at the
surface layer yields the maximum hail size
(Drp). Unlike the two thunderstorm indices,
which are not hail-size variables, Dy, and Dy,
are available hail-size variables of the WRF
model. The predicted variables Dy, and Dy,
and indices UH and CTG are subsequently
converted into three hail-intensity categories
as given in Table 3 based on Labriola et al.
(2019a), who used the thresholds of Gagne
et al. (2017), which are then compared with
the HSDA categories.

To examine environmental conditions
given by the WRF model, which are favorable
for the predicted hailstorm formation and
development, convective available potential
energy (CAPE) is used along with vertically
integrated  moisture  flux  convergence
(VIMFC, Banacos and Schultz, 2005;
Zomeren and Delden, 2007) in the surface-
300 hPa layer written as:

_ 1 rPsfc duq . 0vq
VIMFC = — E 300hPa (W + g) dp (3)

Py, is the surface pressure, and u and v are
the zonal and meridional wind.

Table 3. Three hail categories for the predicted indices and variables

Indices/variables Small hail Large hail Giant hail

SH (> 5 mm) LH (25-50 mm) GH (> 50 mm)

Updraft helicity (UH) UH > 50 m%.s™ UH > 75 m’.s™ UH > 150 m°.s™

Column Total integrated Graupel (CTG) CTG > 15 kg.m'2 CTG > 25 kg.m™ CTG > 50 kg.m™
Thompson hail algorithm (Dy,) D>5mm D> 25 mm D > 50 mm
IHAILCAST submodel (Dy.) D>5mm D >25 mm D > 50 mm

2.4. Verification method

To evaluate skill in predicting the spatial
coverage of field variables, the Fraction Skill
Score (FSS) can be utilized (Roberts and

Lean, 2008). FSS is computed as the ratio of
the mean square error (MSE) and reference
mean square error (MSEref).

1 Ny «N 2
MSE(n) = NNy 21:1 ijyl[o(n)i,j - M(n)i,j] (4)

— 1 Ny N 2 Ny N 2
MSE(n)ref - FNy [Zi=1 Zj:yl O(n)i,j + Zi=1 Zj:yl M(n)i,j] (5)

MSEp,
MSE(n()r)ef ©)
where O(pyij and My);; are respectively the
observed and predicted fractions for a square
of length n, which are computed following the
formulations in Roberts and Lean (2008). Ny
and N, are the domain sizes. A random

FSS(n) =1-

forecast probability, f,, is the ratio of the
observation area to the domain area. FSS is
considered skillful if it exceeds threshold L
defined by:

L=05+2 (7)
When the neighborhood radius n is zero,
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FSS corresponds to point evaluation.
Conversely, as n increases, correct prediction
increases while MSE decreases, increasing the
FSS skill score. The index describes spatial
similarity and distance errors of forecasts
compared with observations, making it
particularly suitable for verifying the predicted
coverage of individual mesoscale events, such
as convective rainfall (Mittermaier, 2021) and
hail (Luo et al., 2018; Labriola et al., 2019a,
Labriola et al., 2019b; Wu et al., 2022).

3. Results and discussion
3.1. HSDA hail coverage and categories

Organized in the form of mesoscale

convective systems (MCSs), radar reflectivity
exceeding 55 dBZ demonstrates the existence
of the thunderstorms over Sin Ho,
Tam Duong, and Lai Chau City around 20:50
local time on 17 March 2020 (Fig. 2a), where
hail sizes were reported to be 3—4 cm in
diameter as mentioned above. Another area of
high reflectivity (approximately 55 dBZ) can
be seen over Son La province. At the same
time, the HCA rain categories suggest the
occurrence of hailstorms surrounded by heavy
rain in Lai Chau-Lao Cai, Son La, and
Ha Giang provinces (Fig. 2b). However, the
area of hail in Ha Giang is erroneous as
discussed below, because reflectivity is too
low to produce hailstorms.
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Figure 2. Reflectivity (a) and the HCA rain categories (b) at 20:50 local time on 17 March 2020 given by
the Pha Din radar. 5-hour maximum HSDA hail intensity in 19:00-24:00 local time on 17 March
2020 (c). The HSDA hail categories include small hail (SH), large hail (LH), and giant hail (GH). Open X
denotes reported hail locations. + indicates the Pha Din radar station
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The HSDA hail coverage indicates that the
hailstorms induce two main hail swaths in
the west-east direction in Lai Chau-Lao Cai
provinces and the northwest-southeast
direction in Lao Cai-Yen Bai provinces in
19:00-24:00 local time on 17 March 2020
(Fig. 2c). These two swaths are organized as
local hail centers with 5-10 km width. It is
worth noting that HSDA gives a broad and
solid hail area in Ha Giang province.
Similarly, HSDA detected a dense area of hail
over Son La. It is almost impossible for hail to
occur in that way. It seems likely that HSDA
does not work well for large distances from
the Pha Din radar station to the two provinces.
Ortega et al. (2009) suggested that HSDA can
reliably estimate hail size up to a radius of
about 120 km from the radar station.
Moreover, although HSDA well depicts hail
coverage that is in good agreement with the
reported hail locations, it is essential to note
that it categorizes hail intensity as small hail
only, whereas reported hail sizes are basically
in the range of 20-30 mm (Table 1). It is
likely that the HSDA algorithm is not as exact
as expected, especially over complex
mountains where radar beams should be
blocked or jammed, requiring the rejection of
deception radar data. Therefore, the HSDA
hail coverage west of 104.5°E is used to
evaluate hail coverage prediction only (i.e.,
we avoid uncertainties in the HSDA hail
coverage over Son La and Ha Giang).

3.2. Hail timing, coverage, and intensity
forecasts

To estimate timing errors of the predicted
hailstorms compared with the observations,
maximum reflectivity, and hail diameter in
1-hour intervals, in which the hailstorms are
detected by the observations and HAILCAST
submodel wusing the MP08 and MPI0
schemes, are exhibited in Fig. 3. Accordingly,
the radar observes the hailstorms at 20:00—
21:00 in Lai Chau-Lao Cai and Son La
(Fig. 3e), while HAILCAST recognizes them
in Son La (Lai Chau-Lao Cai) at 19:00-20:00
(22:00-23:00) local time on 17 March 2020 as

shown in Fig. 3a, b (Fig. 3c, d). Similar timing
errors are found with the other predicted
indices and wvariables (not shown). This is
perhaps not surprising because NWP models
can  probably  predict thermodynamic
environments favorable for the development
of severe thunderstorms but cannot precisely
predict individual hailstorms evolving in
space and time, especially over complex
terrains, due to inherent uncertainties.
Predicted hail fields, such as coverage and
intensity in 1-hour intervals, are almost
meaningless; therefore, their maxima over
several hours are wusually used instead
(Adams-Selin et al., 2019). For this reason,
hail field maxima in 19:00-24:00 local time
on 17 March 2020, when the hail events were
observed, are wused to analyze hail
predictability to the west of 104.5°E, as
mentioned above.

Figure 4 exhibits all four indices and
variables induced by the two microphysical
schemes (i.e., eight forecasts), which indicate
hail occurrence, but their coverage and
intensity differ significantly. Generally, each
microphysical scheme produces similar hail
swaths among the four forecasts, but coverage
and intensity are still more or less different.

Overall, it can be inferred that MPO08
predicts more hailstorms than MP10. The
UH index could be high even in non-severe
thunderstorms, resulting in the largest
number of predicted hail swaths compared
with the other index and variables (Figs. 4a,
e). Notably, the observed hail swaths in
Lai Chau-Lao Cai province are reasonably
captured by all eight forecasts compared to
the HSDA product (Fig. 2¢), except for some
centers west of 103.5°E. In addition, it is
necessary to emphasize hail areas in
Ha Giang and Son La province, as given by
the Dy, variable (Figs. 4d, h), whose
counterparts are reported in the field. It is a
pity that MP10-Dy,. cannot predict the hail
swath in Lao Cai-Yen Bai (Fig. 4h) as
MPO08-Dy, and MP08-Dry, do (Figs. 4c, d). It
is necessary to emphasize that no NWP
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model can predict MCSs precisely as shown
by observations. Each microphysical scheme
gives similar hail swaths in space because
deep convection in hailstorms is expected to
have high updraft velocity, high UH, and
high content of hydrometeors in the solid
phase. An exception is the MP10-Dyy,

case (Fig. 4g), in which hail coverage is
extremely  small, whereas  MPO8-Dyy
produces remarkably wider but shorter hail
swaths and areas compared with the other
indices and variables. This again implies the
essential role of microphysical schemes in
predicting hail (Luo et al., 2018).
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(10| S asn 205N DS
2w 2K 2
§ aH
- -
5N AN 218 ¢ - 215N / 3
g < bE 7 N i
, {
) 4 1
21N 21N 21N 0 I‘“
[250m A T
102 € 025E 1OPE WS TGE ISt 1025 103 102 e
Y (®)~
22.5% 25| v Sl azaen 25N .
Lo SH
c: R
3 O] N,
22'N] 22| - t 22°N| 22°N|
= b Y CL !
= LA |
= None
e P e o o 21w
{ i
P 1
L 4
L Y ~ |
P — 2 \ v N : 2 e
— o ~ \ — . .
25 km | { 25 km S ¢ \\ 25 km — ! - 25 km y F, N
102 5 103°E 103 5 ME 1045 10257 103 1035 Toae 1045 1025 Tase 103.5°E 104°E Was%E  1025E W5E 103 5°E 104°E 104.5°€
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In terms of hail intensity, the MPOS-UH
forecast shows the LH category (Fig. 4a)
while the MP10-UH one can be the GH
category (i.e., intensity overestimated in
comparison to the field reports, Fig. 4e).
Forecasts by CTG and Dy, indicate the
occurrence of the SH category only (Figs. 4b,
¢, f, g). In contrast, the HAILCAST submodel
suggests several LH centers and swaths. For
example, the MPO8 scheme predicts two local
LH centers in Son La province and adjacent
areas (Fig. 4d), which do not coincide with the
most robust UH centers in Fig. 4a. It is
noteworthy that when MP10 is used, the
HAILCAST submodel also predicts large hail
along the main swath in Lai Chau-Lao Cai as
in the MP08-UH case, and a large hail center
in Son La as given in the MP08-Dy. case
(Fig. 4h), both of which appear to be in best

agreement with the radar observations and
field reports on hail coverage and intensity.

3.3. Verification of the predicted hail
coverage

In this study, we verify forecast skill in
predicting hail coverage (i.e., the occurrence
of hail in space) of the predicted indices and
variables, using the FSS index, which
indicates spatial similarity between the
observations (i.e., HSDA) and forecasts in
19:00-24:00 local time on 17 March 2020.
The skill threshold of the FSS index is
L = 0.5504 according to Eq. (7) in this case
(Fig. 5), which is somewhat smaller than that
in Labriola et al. (2019a) because fractional
hail coverage is abnormally large in Labriola
et al. (2019a).
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Figure 5. FSS of the predicted indices and variables for hail occurrence threshold (hail diameter > 5 mm)
of MPO8 (a) and MP10 (b) in 19h00-24:00 local time on 17 March 2020. Dashed lines are skill threshold

Figure 5 shows that MP10 gives
remarkably higher skill, except that of the Dy,
variable, but much smaller skill-attaining
scales (Fig. 5b) compared to MPOS8 (Fig. 5a),
suggesting its capability of hail prediction.
Specifically, in the MP08 case, the UH index
has skill on scales > 60 km, and the
corresponding number of the CTG index is
about 100 km in the horizontal space. The Dy,
variable has no skill until scales get larger

than the skill-attaining scale of approximately
165 km (Fig. 5a). For the MP10 scheme, the
two indices UH and CTG and variable Dy,
attain skill on a scale > 25-45 km. The reason
is that although both schemes are double-
moment schemes, MP08 does not predict the
total number concentration of clouds, snow,
and graupel. Like the MPO8 case, the UH
index given by MP10 has a skill that quickly
increases with increasing scale to get the
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smallest skill-attaining scale of about 25 km.
The CTG index and Dy, variable achieve
slightly larger skill-attaining scales but have
skill equivalent to the UH index on scales
> 90 km. Perhaps surprisingly, the Dy
variable has no skill in the MP0O8 and MP10
cases. The total failure of Dy, a standard
variable of the WRF model, is clarified in the
following subsection.

3.4. Mechanisms
3.4.1. Environmental conditions

We first explore environmental conditions
favorable for the predicted hailstorm
formation and development. The HAILCAST
submodel using the MP10 scheme shows that
the predicted hailstorms do not require strong
CAPE, as illustrated in Fig. 6. Accordingly,
CAPE is kept moderate with a magnitude
slightly larger than 1250 jkg' before and

when the hailstorms occur in Lai Chau-
Lao Cai (Fig. 6a, b), which is reduced
afterward (Fig. 6¢). CAPE in this study is,
thus, of the same order as that in Luo et al.
(2018) but much smaller than that in Luo et
al. (2017). This implies that CAPE may vary
significantly from case to case, depending on
specific situations. It is worth mentioning
that the hailstorms do not originate in areas
with CAPE larger than 1725 jkg" but in
regions with remarkably strong VIMFC and
terrains higher than 1500 m above mean sea
level. Therefore, it should be noted here that
CAPE is just a necessary condition while
VIMFC and lifting mechanism by high
terrains are crucial sufficient conditions.
Figure 6 further suggests that very strong
VIMFC centers along the leading edge of the
hailstorms help the whole system propagate
eastward.

(b
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Figure 6. Surface—300 hPa VIMFEC (color shades, x10° kg.m™.s™"), CAPE (blue and green curves, j.kg™),
and 5-mm Dy (red curves) at 21:00 (a), 22:00 (b), and 23:00 (c) local time on 17 March 2020.
Brown slashes indicate terrains higher than 1500 m above mean sea level

3.4.2. Updraft velocities and hydrometeors hailstorm characteristics induced by MPOS
and MP10 at 23:00 local time on 17 March
2020 when the two schemes predict the

strongest hailstorms. Figure 7 indicates that

In this

sections are

subsection, vertical-longitude

shown to analyze further
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MP10 could result in much stronger updraft
velocities in the main convective cells with
much larger horizontal and vertical scales, up
to 200 hPa, compared with MPOS. This is
consistent with Li et al. (2015) and Van et al.
(2013). Conversely, MPOS generates stronger
secondary convective cells, for example, on
the eastern side of the section. It is not
surprising, therefore, that the UH index given
by MP10 leads to more intensive hail because
UH is physically proportional to updraft
velocity. In contrast, the UH index given by
MPOS8 potentially produces more but weaker
hail centers, as seen in Fig. 4.

For the distribution of hydrometeors in the
main predicted hailstorms, MPO8 tends to
simulate dense graupel areas evolving below
500 hPa, which extend downward to the
surface over high terrains and overlap with
wider areas of rain beneath (Fig. 7a). This
distribution of hydrometeors keeps graupel
particles from melting and evaporating as they
fall in a saturated environment. In contrast,
MP10 simulates denser graupel areas in much
wider horizontal scales, which exist above the
500-hPa level and nearly do not coincide with

narrower areas of rain below (Fig. 7b),
leading to the melting and evaporation of
graupel particles while falling in unsaturated
environments (Li et al.,, 2015). These can
result in opposite situations, that is, MP10
generates larger CTG and thereby causes
stronger and wider main hail swath in
comparison to MPOS8 (Figs. 4b, f). Conversely,
the variable Dy, computed from the MP10
scheme shows very small hail coverage
compared with MPOS8 (Figs. 4c, g).

The HAILCAST submodel first checks
conditions on updraft velocity to decide if a
hailstorm is probable, and it can, therefore,
eliminate weaker convective cells in the two
UH cases (Figs. 4a, e). On the other hand,
HAILCAST computes hail size using contents
of hydrometeors, especially graupel, in the air
column and, therefore, avoids the
disadvantages of the D, variable that uses
graupel content at the lowest model level to
predict hail diameter. That is why MPI0,
which produces stronger main convective
cells than MPOS, can help HAILCAST to give

the best forecast, as shown in subsection 3.2.

(a) MP0O8
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(b) MP10
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Figure 7. Vertical-longitude section across (a) 22.22°N by the Thompson scheme and (b) 22.25°N by
the Morrison scheme at 23:00 local time on 17 March 2020. Shades are mixing ratios (kg.kg") of cloud
water (cyan), rain (blue), graupel (red), and ice (purple). Black dotted lines represent the vertical velocity
(m.s™), and the black shade represents the topography. The green dashed lines denote 0°C isotherm
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4. Conclusions

This study provides insight into the
predictability of hail coverage (i.e., areas with
hail diameter > 5 mm) and diameter by the
WRF model with the Thompson and Morrison
microphysical schemes (i.e., MP0O8 and
MP10) for the hail event occurring in
Lai Chau, Lao Cai, and Son La in the evening
of 17 March 2020, which had the maximum
reported diameter of about 34 cm.
Comparisons of 18-30 hours lead-time
forecasts with the radar observations indicate
that WRF can predict hail coverage relatively
well, but the timing of the predicted hails is
Compared with the observations, 1-3 hours
later (i.e., in Lai Chau and Lao Cai) or sooner
(i.e., in Son La). However, this error in timing
is quite acceptable in operational mode with
day-ahead lead time (Gagne et al., 2015).

Among the four predicted indices and
variables given by each microphysical
scheme, the UH index generally appears to
produce better hail forecasts regarding FSS
(Gagne et al., 2017; Labriola et al., 2019a).
However, the HAILCAST submodel using
MPI10 gives the best hail coverage and
diameter forecasts compared to the radar
observations and field reports. The variable
D1, of the Thompson algorithm appears to
have almost no skill because of many false
alarms. MP10 helps the two indices UH and
CTG and the variable Dy, to make forecasts
significant on the horizontal scales
> 25-45 km, which are reasonable compared
with the skill-attaining scales of 20-50 km or
larger of Labriola et al. (2017). In contrast,
only the two indices, UH and CTG, are
significant on the horizontal scales
> 60-70 km in the case of MP08. Therefore,
this study suggests that the former
microphysical scheme is better than the latter,
and a recommendation should be made here
for further investigations of hail predictions in
Vietnam.
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Although the predicted indices and
variables have skill in hail coverage prediction
as mentioned above, there exist disadvantages,
such as they are not developed to predict hail
(i.e., UH and CTG) directly or strongly depend
on microphysical parameterization schemes
(CTG, D and Dy Meanwhile,
microphysical parameterizations still have
limits in approximating the growth rates of
hydrometeors, especially in thunderstorms.
Therefore, improvements in MP are essential to
improving hail predictability using NWP
models. It is also necessary to install hailpad
networks in Northwestern Vietnam and Central
Highlands, where hail often occurs. This could
help to verify hail predictability by NWP
models (Malecic et al., 2022). On the other
hand, field reports on hail size are still
important information for evaluating hail
forecasts (Allen et al., 2020).

In this case study, the predicted hailstorms
could occur in the environments of moderate
CAPE instead of strong CAPE as expected.
However, VIMFC must be very strong to fuel
the hailstorms, and a lifting mechanism by
high mountains is vital to trigger them. This
implies that forecasts based on the CAPE
index alone may miss hailstorms. On the other
hand, the eastward propagation of the
hailstorms could be induced by robust VIMFC
centers along their leading edge.

Vertical-longitude sections across the
strongest predicted hailstorms indicate that
MPOS predicts weaker updraft velocities than
MP10, leading to the fact that the UH index
given by MPO8 predicts weaker hail.
However, this scheme may induce more
convective cells that may bring hail. Finally,
MPI10 appears to predict main convective
cells better, creating necessary conditions for
the HAILCAST submodel to provide hail
forecasts that best agree with the radar
observations and field reports on the surface
hail size. This is because HAILCAST can use
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kinematic and microphysical factors to predict
maximum hail size at the surface.
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