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Abstract: This study focused on improving the forecasting of the afternoon thunderstorm (AT) event
on 5 August 2018 near Pingtung Airport in southern Taiwan through a three-dimensional variational
data assimilation system using Doppler lidar-based wind profiler data from the Weather and Research
Forecast model. The assimilation of lidar wind profiler data had a positive impact on predicting the
occurrence and development of ATs and wind fields associated with the local circulations of the sea—
land breeze and the mountains. Evaluation of the model quantitative precipitation forecast by using
root-mean-square error analysis, Pearson product-moment correlation coefficient analysis, Spearman
rank correlation coefficient analysis, and threat and bias scores revealed that experiments using data
assimilation performed much better than those not using data assimilation. Among the experiments
using data assimilation, when the implementation time of assimilation of the wind profiler data in
the model was closer to the occurrence time of the observed ATs, the forecast performance greatly
improved. Overall, our assimilation strategy has crucial implications for the prediction of short-
duration intense rainfall caused by ATs with small temporal and spatial scales of few hours and a few
tens of kilometers. Our strategy can help guarantee the flight safety of aircraft.

Keywords: afternoon thunderstorm; WRF-3DVAR; data assimilation; Doppler lidar wind profiler;
quantitative precipitation forecast

1. Introduction

Afternoon thunderstorms (ATs), which feature short-duration intense rainfall, typically
develop in summer when the sun heats the air near the ground [1,2]. Compared with
mesoscale convective systems such as squall lines, cold fronts, and tropical cyclones, ATs
have smaller scales of space and time [3]. Taiwan, with a total land area of 36,000 km?, is an
island with a warm and humid climate and features complex terrain changes (right panel
of Figure 1). The north—south oriented mountain range in the middle of Taiwan island has
an average height of 2 km and contains 200 mountains over 3000 m high, with a maximum
height of approximately 4 km [4]. Therefore, convective storms in Taiwan tend to develop
when the wind flows smoothly up the windward side of the mountains during hot weather.

Ref. [5] used data from conventional weather stations and automatic weather stations
(AWSs) to analyze the diurnal variation of rainfall in different seasons and found that the
most pronounced afternoon convection was over the western mountain slopes of Taiwan
under the unstable atmosphere in summer. Similar diurnal sea—-land breeze signatures
of precipitation have also been found along the west coast of Taiwan [5-7]. In summer,
approximately 75% of the rainfall in the Taipei basin was demonstrated to be produced by
ATs triggered by the interaction between the wind blowing from the sea and the mountains
to the south of the basin [8,9]. The sea breeze transports abundant moisture from the ocean
to the Taipei basin and increases the convective available potential energy from 800 to
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3200 ] kg1, which favors convection development and induces heavy rainfall [10]. As
indicated, studies of ATs have mainly focused on northern Taiwan (subtropical climate);
less research attention has been paid to southern Taiwan and the tropical climate.
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Figure 1. The locations of 134 AWSs (green dots) used in this study. Variables of Pingtung meteoro-
logical station located at the Pingtung Airport (red star), and three AWSs of Cengwen (station 1, red
dot), Yuemei (station 2, red dot), and Yanpu (station 3, red dot) were used to describe the background
conditions of the event day.

During summer months, with weak synoptic forcing in Taiwan, most of the convective
processes associated with thunderstorms occur in the afternoon. Short-duration intense
rainfall can result in flooding, mudslides, and aircraft accidents [11-13]. Such intense
rainfall can reduce horizontal visibility, causing dangerous situations for the take-off or
landing of aircraft or rendering take-offs and landings impossible. Triggered by local
circulations such as the sea-land breeze and mountain-valley flow [5-16] in the summer in
Taiwan, ATs occur frequently and tend to significantly influence to the take-off or landing of
aircraft. Predicting the characteristics of ATs and other small-scale weather phenomena is
challenging as such phenomena are triggered by prevailing winds, especially at the airport,
which only covers a few kilometers from the airport periphery. An AT event typically
affects a given locality for approximately an hour during its passage overhead, and the
entire lifetime of the event can be several hours. Therefore, along a pathway of hundreds
of kilometers, an AT event can cause a substantial threat to flight safety [17,18].

The Weather and Research Forecast (WRF) model, a mesoscale numerical weather
prediction system that uses regional data assimilation can improve the prediction of rain-
fall [19-21]. The purpose of the WRF data assimilation (WRFDA) system is to obtain
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accurate initial conditions for numerical models and determine the best reliable atmo-
spheric state using observations and short-range forecasts.

Conventional atmospheric sounding devices such as the radiosonde, which measures
the vertical profile of the atmosphere, is limited by low temporal resolution and high cost.
The wind profiler, a weather observation tool that uses radar or sound waves to detect wind
speed and direction in the vertical levels above the ground, can aid in data assimilation
due to its high temporal and spatial resolution [17]. Wind profilers played a key role in
several mesoscale experiments and were used for various boundary layer studies [22,23].

Wind profile data have been used in the data assimilation system to improve numer-
ical forecasts of overall short-range precipitation and wind [24-27]. Three-dimensional
variational (3DVAR) and four-dimensional variational data assimilation analysis systems,
with wind profile data from Profiler Network of National Oceanic and Atmospheric Ad-
ministration during the winter of 2003-2004 revealed that wind profile data could provide
details of wind fields and short-range forecasts of variables such as temperature and hu-
midity temporally and spatially [28]. Data assimilation using the WRF model also aided
in simulations of Typhoon Megi [29], low-level winds, and the intensity and location of
rainfall [30]. Ground-based wind profile observations, such as those from lidar devices,
have high potential for data assimilation in the atmospheric boundary layer [31-33]. How-
ever, high-resolution data from lidar wind profilers are rarely assimilated into numerical
weather prediction models, and are also rarely used for ATs prediction.

This study aimed to improve the forecasting of ATs near Pingtung Airport. To achieve this
goal, Doppler lidar wind profiler observations were assimilated in the 3DVAR system of the
WRF model [34] for ATs and rainfall prediction during the summer season. An AT event on
5 August 2018 under weak synoptic weather conditions at Pingtung Airport, which is located in
southwestern Taiwan, was analyzed. The observational data, configuration of the WRF model,
data assimilation system, verification method and experimental design are described in
Section 2. The results and conclusions are presented in Sections 3 and 4, respectively.

2. Methods
2.1. Study Area and Period

Southern Taiwan covers the areas of Chiayi, Tainan, Kaohsiung, and Pingtung from
north to south (Figure 1). The study area was located near Pingtung Airport (22.7° N,
120.5° E, Figure 1), which has a higher percentage of rainfall associated with ATs than
airports in eastern [35] and northern Taiwan [36]. Another reason for choosing this airport
was that it is one of the four airports in Taiwan equipped with a Doppler lidar wind profiler.
Pingtung Airport has a relatively flat terrain that serves as a good location to observe the
effects of local circulations, such as the sea-land breeze and mountain—valley breeze, under
weak synoptic weather conditions. An AT event on 5 August 2018, near Pingtung Airport
was analyzed. The selected event day featured weak synoptic weather conditions that were
mainly affected by local circulation. A detailed discussion of the event day is presented in
Section 3.1.

2.2. Observational Data

A Doppler lidar wind profiler (LeoSphere Windcube 100S, Leosphere, France) with
high spatial resolution (<25 m) and temporal resolution (25 s) was used in the data assimi-
lation system of the WRF model. The 134 AWSs in southern Taiwan (Figure 1) provided
surface measurements of pressure, wind direction, wind speed, and precipitation. The
wind information from 134 AWSs was adopted to understand the environment fields of the
event day. The 12-h accumulated rainfall measurements from the 134 AWSs were analyzed
and compared with model simulations with or without data assimilation of the lidar wind
profiler at Pingtung Airport. Composite radar reflectivity maps were obtained from the Tai-
wan Central Weather Bureau (CWB; https:/ /www.cwb.gov.tw /V8/C/W/OBS_Radar.html,
accessed on 22 December 2021).
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Before assimilation in the WRF model, the data of wind profiler with high vertical
resolution were processed by two steps: (1) quality control and; (2) vertical thinning of
profile data. Firstly, a quality control method of Ref. [37] was performed on wind profile
data. Wind data were eliminated as the wind speed measurements associated with a
Carrier-to-Noise Ratio’s outside the range of —25 to 5 dB. Secondly, observations of the
wind profiler were thinning as the data closed to the model vertical levels. This step
provided help in reducing the negative impacts due to vertical correlation occurring in
high-density observations [27,28]. After the quality control and vertical thinning of wind
profiler data at Pingtung Airport, the winds were separated into u (east-west direction)
and v (north-south direction) components, and incorporated into model simulated data.
Abnormal winds in Figure 2a were not found in Figure 2b, implying better data quality in
the thinning profile than in the initial profile.
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Figure 2. Comparisons between wind observations of (a) the initial profile and (b) thinning profile at
Pingtung Airport from 0100 to 0400 UTC (0900 to 1200 LST) on 5 August 2018. Abnormal winds are
represented by black circles in (a).

A manually operated surface meteorological station in Pingtung (Figure 1) is also
located in Pingtung Airport. To assess the effect of ATs near Pingtung Airport on the
event day, hourly visibility and precipitation from the Pingtung station and hourly surface
pressure and precipitation from the Cengwen, Yuemei, and Yanpu stations (Figure 1)
were used. The last three stations, located in southern Taiwan in the cities of Tainan,
Kaohsiung, and Pingtung, respectively, were selected as they recorded the most extreme
6-h accumulated precipitation during the event day.

2.3. WRF Model Configuration and Experimental Design in Data Assimilation

In this study, the WRF model (version 3.8.1; Ref. [38]) and a data assimilation system
based on WRF Variational Analysis (WRFVAR, version 3.9.1; Ref. [39]) were used for
forecasting. The Doppler lidar wind profiler data were assimilated into the WRF-3DVAR
system for prediction of the AT event on 5 August 2018.

The WRF model domain is centered on Taiwan, and has 451 x 451 horizontal grid
points with horizontal resolutions of 2 km x 2 km, covering southeast China (19.5°-27.8° N,
116.4°-125.6° E). The domain has 52 vertical layers from the surface to a 20-hPa isobaric
layer using a terrain following sigma coordinate. The physics schemes used in all do-
main include the Rapid Radiative Transfer Model longwave radiation and shortwave
radiation [40], the Yonsei University planetary boundary layer scheme [41], the Unified
Noah land surface scheme [42], and the Goddard microphysics scheme [43] instead of the
cumulus scheme.
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Radar data and surface observations including those from manually operated meteoro-
logical stations and AWSs provided the initial and boundary conditions of the WRF model,
namely the Radar WRF operated by the Taiwan CWB (CWB RWRF). This WRF-3DVAR
system assimilating both radar and surface observations is an assimilation forecasting
system for convective scale and its lateral boundary forcing is updated every 1 h with a
13-h length.

The WRF-3DVAR system can be categorized as a data assimilation system that pro-
vides an analysis x* through minimizing the cost function J(x) [44] as follows.

109 = 3 (x5) B (x5) + 50— HE) Ry = Hlxl) = oo 0

x}:x—xb )

where J(x) is the cost function of the atmospheric state. The background term J, plays a
key role in the performance of data assimilation and it represents the analysis increment
x}. The observation term J, represents the distance between the vector of observation 1°
and the analysis observation vector transformed by the observation operator H|x], which
maps state space to observation space. The analysis increment x} is defined as the distance

between the analysis state x and the initial background field value x”. The terms B and R
are the covariance matrix of background and observation errors, respectively. In practice, R
is often assumed to be static and diagonal, and is provided prior to the assimilation [45]. B
is calculated using the approach of the National Meteorological Center [46] with option 3
(CV3; Ref. [47]) to build the background error covariance in 3DVAR.

To evaluate the impact of the data assimilation methods of the lidar wind profiler on
AT prediction near Pingtung Airport, three groups—C1, C2 and C3—were used in our
experimental design. In the C1 group, the experiments did not include data assimilation
(Table 1) and the initial and lateral boundary conditions with a horizontal resolution of 2 km
were obtained from the Taiwan CWB RWREF. Subsequently, 12-h forecasts on a 2-km grid
were launched at the starting times of 0100, 0200, 0300, and 0400 UTC on 5 August 2018, for
the experiments NDAO1, NDA02, NDAO03, and NDA04, respectively (0100-1300, 0200-1400,
0300-1500, and 0400-1600 UTC, respectively; Table 1 and Figure 3).
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Figure 3. Schematic diagram of data assimilation-forecast strategy for the 2-km mesh for experiments
of C1(NDAO1, NDA02, NDAO3 and NDA04), C2(DA01, DA02, DA03 and DA04) and C3 (CDAO1,
CDAQ2 and CDAO03). The black box represents the major impact period of the thunderstorm event.
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In the C2 group, a single data assimilation strategy [48] suitable for the current operat-
ing procedure at the weather center was used. For the experiments DA(01, DA02, DA03
and DAO04, the outputs of the Taiwan CWB RWRF at 0100, 0200, 0300 and 0400 UTC were
adopted, respectively, as the first guess (Figure 3). This step in the C2 group was the
same as that in the C1 group; however, the following steps were different. The wind data
at 63 different vertical levels above ground level (from 50 to 1600 m with an interval of
25 m) from the wind profiler at Pingtung Airport were assimilated into the 2-km-resolution
domain, and the method of the National Meteorological Center [46] is adopted with option
CV3 [47] to estimate background error covariance for assimilation of wind profiler obser-
vations. Finally, 12-h forecasts on a 2-km grid were launched at the starting times of 0100,
0200, 0300, and 0400 UTC on 5 August 2018, for the experiments DA01, DA02, DA03, and
DA04, respectively (Table 1 and Figure 3).

Table 1. Design of experiments.

Group Experiments Assimilation Time Forecast Time
NDAO1 Without assimilation 0100-1300 UTC

c1 NDAO02 Without assimilation 0200-1400 UTC
NDAO03 Without assimilation 0300-1500 UTC

NDAO4 Without assimilation 0400-1600 UTC

DAO01 0100 UTC 0100-1300 UTC

2 DAO02 0200 UTC 0200-1400 UTC
DAO03 0300 UTC 0300-1500 UTC

DA04 0400 UTC 0400-1600 UTC

CDAO01 0100-0400 UTC (hourly) 0400-1300 UTC

C3 CDAO02 0200-0400 UTC (hourly) 0400-1400 UTC
CDAO03 0300-0400 UTC (hourly) 0400-1500 UTC

In the C3 group, the data of Doppler lidar wind profiler were assimilated hourly
starting from 0100 UTC, 0200 UTC, and 0300 UTC, respectively, and all of them ended
at 0400 UTC. Finally, the 9-h, 10-h, and 11-h forecasts on a 2-km grid were launched
at 0400 UTC, respectively, for experiments of CDA01, CDA02, and CDAO3 (Table 1 and
Figure 3).

2.4. Verification Methods

The forecasts of precipitation at the surface were verified against the observations
of the 134 AWSs in southern Taiwan (Figure 1) over the model domain. Forecast per-
formance of precipitation was evaluated using root-mean-square error (RMSE), Pearson
product-moment correlation coefficient (PPMCC; Ref. [49]), and Spearman rank correlation
coefficient (SRCC; Ref. [50]). Verification scores used were the threat score (TS; Ref. [51])
and bias score (BS; Ref. [49]). The calculation methods for the aforementioned coefficients
and scores are defined as follows.

2
i1 (P; —0Oy)
n

RMSE = 3)

ity (Pi - F) (Oi — 6)
=\2 =2
VI (- P)* /2L, (0, - O)
where P;, O; and n refer to the predicted value, observed value and the number of observa-

tions, respectively. P, and O, refer to the sample mean for predicted value, and the sample
mean for observed value, respectively.

PPMCC = 4)

6Y0, df

SRCC = 1-—=5
n(n“—1)

Q)
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where d; refers to the difference between the two ranks of prediction and observation.
TS =C¢/(F+0 - C) (6)

BS =F/0 @)

where F, O, and C refer to the numbers of forecast points, observed points, and correctly
forecast points with precipitation occurrence (hits; binary value is one), respectively.

The TS ranges from zero (no skill) to one (perfect skill). The BS ranges from positive
infinity (over-forecasting) to negative infinity(under-forecasting), with a score of one repre-
senting the best performance of the model. The RMSE ranges from zero to positive infinity.
The smaller the RMSE is, the better the model performance is. The PPMCC ranges from
—1to 1, with 1 representing the best performance of the model. The SRCC ranges from —1
to 1, with 1 representing the perfect monotonic relationship (a direct association) between
observed and simulated data.

To verify forecast performance in comparison with the observations of 134 the AWSs,
the 6-h accumulated precipitations from 0500 UTC to 1100 UTC (the black box of Figure 2),
the major impact period of the AT event, were adopted from the 12-h precipitation oper-
ational forecasts of the WRF model. The quantitative precipitation forecast (QPF) skills
such as TS and BS under data assimilation simulations for 6-h accumulated precipitation
with thresholds of 5, 15, 10, and 20 mm were also calculated. Similar to the calculations
of the RMSE, PPMCC, and SRCC, the TS and BS calculations were first performed by
interpolation from the model grid data to station locations.

3. Results
3.1. Overview of the Event Day

When synoptic forcing is weak, most of the convection is triggered by diurnal heating
during summer months in Taiwan [52]. On 5 August 2018, a weak synoptic-scale forcing en-
vironment was dominant in southern Taiwan. As ATs on the event day had a major impact
during 0500-1100 UTC with a maximum precipitation intensity during 0600-0800 UTC,
the following discussion mainly focused on the period of 0600-0800 UTC.

After sunrise, a sea breeze began to form in the coastal areas of southern Taiwan due to
the increasing difference between the air temperature over land and over sea. As indicated
by surface wind observations at 0600 UTC (1400 LST; Figure 4a), the sea breeze formation
in southern Taiwan increased the surface wind speed as the prevailing winds and the sea
breeze were from the northwest, and the observed peak wind speed in the southern coastal
regions of Taiwan was 8-12 kt. However, the wind speed decreased as the wind moved
inland. The convective activity around the mountains in southern Taiwan was enhanced
after the air from the sea breeze was forced to move upward along the mountains. High
composite radar reflectivity greater than 45 dBZ (Figure 4d) signifying intense precipitation
that was closely associated with thunderstorms, was largely observed in the mountain
regions of Chiayi, Kaohsiung and Pingtung. Due to the effect of convection cells with high
composite radar reflectivity of 45 dBZ, intense precipitation occurred, which reduced the
horizontal visibility of the Pingtung meteorological station located at Pingtung Airport
(Figure 1) from 10 km to 8 km (Figure 5a).

Surface wind observations at 0700 UTC (1500 LST) revealed that the convective activity
increased sharply on the land surface (Figure 4b), and the convection cells with high
composite radar reflectivity (>45 dBZ) moved west toward the coast of southern Taiwan.
As the onshore wind was strengthened due to the sea breeze effect, the convergence zone
occurred at a smaller scale. Convergence lines (Figure 4e) formed rows of showers or
thunderstorms, including over Chiayi, Tainan, Kaohsiung and Pingtung, and maximum
surface wind speeds (Figure 4b) were approximately 18-22 kt over the area in the northeast
of Pingtung Airport. Even though no obvious rainfall variations occurred in Pingtung
Airport, horizontal visibility at the Pingtung weather station (star sign in Figure 1) gradually
decreased from 8 km to 7 km (Figure 5a).
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Figure 4. Surface wind observations (kt; vector) at (a) 0600, (b) 0700, and (c) 0800 UTC and composite
radar reflectivity (dBZ; shaded) at (d) 0600, (e) 0700, and (f) 0800 UTC on 5 August 2018 from
134 AWSs. The location of Pingtung Airport (Pingtung meteorological station) was depicted as red
star in (a—c) and white star in (d—f), respectively. The blue lines in (a—c) indicated the convergence

line of ATs. Wind speeds more (less) than 8 kt were colored in red (black).
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Figure 5. Observed hourly visibility (km; blue line) and accumulated precipitation (mm; red bar)
at (a) Pingtung meteorological station, and observed hourly surface pressure (hPa; blue line) and
accumulated precipitation (mm; red bar) at the (b) Cengwen, (c) Yuemei and (d) Yanpu AWSs from
0400 to 1500 UTC (1200 to 2300 LST) on 5 August 2018.

Surface wind observations at 0800 UTC (1600 LST) revealed the convergence line
(Figure 4c) along the coast area. The composite radar reflectivity (Figure 4f) of Pingtung
indicated that the row of thunderstorm had passed over Pingtung Airport. Under the
influence of thunderstorm, horizontal visibility at the Pingtung meteorological station
decreased from 7 to 5 km (Figure 5a). To reduce the risk of aviation accidents, pilots in
Pingtung Airport are prohibited from flying under visual flight rules and are required to
obey the instrument flight rules when horizontal visibility is less than or equal to 5 km.
Therefore, although the observed maximum hourly rainfall was only approximately 2.5 mm
(Figure 5a) during 0700-0800 UTC, the reduced horizontal visibility of 5 km exerted a great
impact on aviation operations.

As the thunderstorm moved offshore and began to weaken, the horizontal visibility
at the Pingtung meteorological station during 0900-1200 UTC (1700-2000 LST) increased
from 6 to 9 km (Figure 5a). Under the impact of the thunderstorm from 0600 to 1200 UTC,
storm cells resulted in short-duration intense rainfall in many areas and caused a decrease
in atmospheric visibility. The 6-hr accumulated precipitation during 0600-1200 UTC at
Cengwen (Figure 5b), Yuemei (Figure 5c), and Yanpu (Figure 5d) was 55, 77.5, and 43 mm,
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Pressure(hPa)

1009

respectively, and the 1-hr maximum precipitation occurred at 1600 UTC for the three
stations. The precipitation measured at the Cengwen, Yuemei, and Yanpu station fit the
requirements of a short-duration intense rainfall event as the rainfall exceeded 30 mm
during a 12-h period (Yang et al., 2017). The Pingtung meteorological station recorded
precipitation of less than 30 mm in six hours. However, the horizontal visibility of Pingtung
Airport less than 5 km reached the condition of prohibiting pilots to fly. The reduced
horizontal visibility at Pingtung Airport might have been due to strong rainfall around the
area (Figure 4f). As the thunderstorm approached, the surface pressure continued to drop
greatly for the Cengwen (Figure 5b), Yuemei (Figure 5c), and Yanpu (Figure 5d) stations
until the front passed completely. The lowest surface pressures measured by the three
stations were 989.2, 990.7, and 998.6 hPa at the Cengwen (Figure 5b), Yuemei (Figure 5c),
and Yanpu (Figure 5d) stations, respectively, during the afternoon from 0500 to 0700 UTC.

The observed, DAO1 assimilated, NDAOQ1 non-assimilated hourly surface pressure,
temperature and dew-point temperature of Pingtung Airport from 0100 to 0900 UTC (0900
to 1700 LST) on 5 August 2018 are shown in Figure 6. The changes of surface pressure
(Figure 6a), temperature (Figure 6b) and dew-point temperature (Figure 6¢) were quite
similar in observations, simulations with data assimilation and without data assimilation.
Although the rainfall time was 1600 LST at Pingtung (Figure 5a), surface pressure (Figure 6a)
and temperature (Figure 6b) dropped rapidly from 0400 to 0600 UTC (1200 LST to 1400 LST),
due to the sea breeze effect associated with cool moist air. Then the dew-point temperature
(Figure 6¢) increased to promote cloud development and block solar radiation.
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Figure 6. The observed (solid lines), DAO1 assimilated (dot lines) and NDAOQ1 non-assimilated
(dashed lines) hourly surface (a) pressure, (b) temperature, (c) dew-point temperature of Pingtung
Airport from 0100 to 0900 UTC (0900 to 1700 LST) on 5 August 2018.

Compared with DAQ1 assimilated simulations, the changes of surface pressure (Figure 6a)
and temperature (Figure 6b) of NDAO1 non-assimilated simulations during 0100-0700UTC
were closer to those of observations, which were caused by stronger sea breeze in DA(1 than
in NDAO1 simulations and will be examined in Figures 8-10. However, further examination
of the time period during 0500-1000 UTC in DA01 and NDAO1 simulations revealed that the
surface pressure (Figure 7a) and temperature (Figure 7c) of DAO1 assimilated simulations
after 0700 UTC were closer to those of observations than those of NDA(1 non-assimilated
simulations, which were caused by the effect of more accurate precipitation in DAO1 than
in NDAO1 simulations. More accurate rainfall forecast in the model simulations tends
to have variables such as atmospheric pressure and temperature closer to observations.
The DAOQ2 simulations performed better in rainfall forecast than the DA0O1 and DAO3
simulations, and will be further examined in the following sections. Compared with the
DAO1 (Figure 7a,c) and NDAQ2 (Figure 7b,d) simulations, the changes of surface pressure
(Figure 7b) and temperature (Figure 7d) in the DA02 simulations had a closer distribution
to those of observations.
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Figure 7. The hourly surface pressure for (a) observations (solid lines), DAO1 (dot lines) and NDAO1
(dashed lines) simulations, and for (b) observations (solid lines), DA02 (dot lines) and NDAO2 (dashed
lines) simulations of Pingtung Airport from 0500 to 1000 UTC (1300 to 1800 LST) on 5 August 2018.
(c,d) are similar to (a,b), but for the hourly surface temperature. Note that Figure 7a,c are similar to
Figure 6a,b, respectively, but different in the time span.

In summary, on 5 August 2018, the sea breeze gradually increased in southern Taiwan
in the afternoon as the sun continued to warm the land. Convective motions with high
radar reflectivity were driven. At 0700 UTC, a row of thunderstorms formed over Chiayi,
Tainan, Kaohsiung and Pingtung and reached the mature stage (Figure 4e). Wind speeds
(Figure 4b) near the surface increased along the east and west sides of the thunderstorm,
and a clear convergence zone was established (Figure 4b), which was geographically located
in the regions of 120.4° E-120.9° E and 22.4° N-22.6° N (Figure 4e). At 0800 UTC, as sea
breezes gradually changed into land breezes along the coastal regions (Figure 4c—f), the
thunderstorm moved west and became weaker, and the northwesterly wind changed to a
weak southeasterly wind at many stations. Aviation operations had a great change from
visual flight rules to instrument flight rules at Pingtung Airport in the afternoon, as the
observed horizontal visibility reduced from 8 to 5 km in 2 h (0600-0800 UTC) under the
influence of the ATs.

3.2. Verification of the ATs

In this section, the 6-h accumulated precipitation from forecasts launched between
0500 and 1100 UTC, the major impact period of ATs, was verified. We first compared groups
C1, C2 and C3 in predicting the location, intensity, and wind field of the ATs. Subsequently,
verification methods were used to evaluate the forecast performance of each group.

Compared with the observations (Figure 8l), the simulated accumulated precipitation
of group C1 without data assimilation (NDAQ01-04) revealed incorrect positions and un-
derestimated precipitations of the ATs (Figure 8a—d). In contrast to group C1, there was
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significant improvement with respect to the distribution of precipitations of ATs in the
3DVAR experiments of data assimilation for groups C2 (Figure 8e-h) and C3 (Figure 8i-k).
In group C3, CDAO1 (Figure 8i), CDAO2 (Figure 8j) and CDAO03 (Figure 8k) experiments
used the same initial time as that of DA04 (Figure 8h). However, CDA02, assimilated during
0200-0400 UTC, and CDAQ3, assimilated during 0300-0400 UTC, had stronger intensity of
precipitation than that of DA04. The overall forecasting abilities of precipitations between
observations and CDA02, CDA03 and DA04 simulations were pretty close. The quantitative
comparison between them will be further examined in Section 3.3. The precipitation in
CDAQ1 assimilated during 0100-0400 UTC periods was underestimated on the west coast
close to Tainan due to significant northeasterly at 0100 UTC, causing downdraft and a
stable atmosphere in the leeward side of the mountains.

©| \Y @] @]
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121.0% 120%

121.°% 126%

CDAO02 CDAO03 Obs

Figure 8. The simulated accumulated precipitation (mm) during 0500-1100 UTC (1300-1900 LST)
on 5 August 2018, (a-d) NDAO1-NDAO4, (e-h) DA01-DA04, (i-k) CDA01-CDAO03 simulations,
and (1) observations.

The observed and simulated 10-m wind field and lowest model-level radar reflectivity
for the C1 and C2 AT forecasts are illustrated in Figures 9 and 10, respectively. Panels in the
top row in both figures represent the observed ATs, and panels in the other rows illustrate
the forecasted ATs. Compared with the observed data (Figure 9a—c), the C1 simulations
without data assimilation revealed incorrect tracks of the AT movement toward the west
coast of southern Taiwan during 0600 UTC, 0700 UTC, and 0800 UTC, and the simulated
onshore wind was clearly underestimated for the experiments of NDAO1 (Figure 9d—f),
NDAO2 (Figure 9g-i), NDAO3 (Figure 9j-1), and NDAO04 (Figure 9m-o0). A substantial
improvement with respect to the distribution of wind fields and the intensity and locations
of ATs was evident in the C2 simulations with data assimilation in the 3DVAR experiments
of DA0O1, DA02, DA03, and DA04.
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Figure 9. The observed and simulated 10-m wind (in arrow; intervals of 5 kt) and lowest model-
level radar reflectivity (in color; dBZ) from 0600 to 0800 UTC (1400 to 1600 LST) on 5 August 2018,
(a—c) observations, same as Figure 4, (d—f) NDAO1, (g-i) NDAO02, (j-1) NDAO03, and (m—o0) NDA04
simulations. Additionally shown are the approximate location of Pingtung Air Force Base (black star)
and vertical cross-section planes (black line) for subsequent figures. The lines between x and x” are
plotted for further comparison of vertical distribution of convective cells near Pingtung Airport.
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Figure 10. The observed and simulated 10-m wind (in arrow; intervals of 5 kt) and lowest model-
level radar reflectivity (in color; dBZ) from 0600 to 0800 UTC (1400 to 1600 LST) on 5 August 2018,
(a—c) observations, same as Figure 4, (d—-f) DAO1, (g-i) DA02, (j-1) DA03, and (m-o0) DA04 simulations.
Additionally shown are the approximate location of Pingtung Air Force Base (black star) and vertical
cross-section planes (black line) for subsequent figures. Similar to Figure 9, the lines between x and x’

are plotted for further comparison.
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At 0600-0800 UTC in the C2 group, the AT entered its mature stage. From 0600
to 0700 UTC, the onshore wind was strengthened by the sea breeze effect on the coasts
of Tainan, Kaohsiung, and Pingtung in the experiments of DAO1 (Figure 10d,e), DA02
(Figure 10g,h), DAO3 (Figure 10j,k), and DA04 (Figure 10m,n), and the maximum surface
wind speed ranged from 8 to 12 kt. From 0700 to 0800 UTC, as the AT developed and
moved to the west, the wind on the east side of the ATs shifted to east-southeast in the
experiments of DAOQ1 (Figure 10e,f), DA02 (Figure 10h,i), DAO3 (Figure 10k,1), and DA04
(Figure 10n,0).

A vertical cross-section of the precipitation radar echoes in the C1 experiments without
data assimilation, NDAOQ2 (Figure 10a—c) as an example, the locations of AT development
were farther west, the ATs moved much faster, and precipitation radar echoes of ATs
dissipated quicker than those of observations. A vertical cross-section of the precipitation
radar echoes in the C2 experiments (Figure 11) revealed that the onshore wind from the
west coast and downdrafts collided on the surface, triggering deep convection with high
radar reflectivity as in Ref. [52], especially for the experiments of DA02, DA03, and DA04.
The ATs associated with deep convection with sufficient convergence extended from near
the surface to above 10 km vertically (Figure 11). In contrast to the C1 experiments, the C2
experiments DA(02, DA03, and DA04 revealed substantial improvements and successfully
forecasted the mature stage of ATs at 0700 UTC, which was characterized by vigorous
updrafts and downdrafts [53-55]. Compared with the observations, DA02 exhibited more
accurate results in forecasting the locations and intensities of ATs and the associated wind
fields than did the other three experiments of DA01, DA03, and DA04.
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Figure 11. Vertical cross section of maximum reflectivity and horizontal wind vector of NDA02
simulations at (a) 0600, (b) 0700, and (c) 0800 UTC (from 1400 to 1600 LST) on 5 August 2018, along
the northwest-to-southeast plane (from x to x’) depicted in Figure 9. The title of each chart showed
the accurate location of reflectivity we selected and the approximate location of Pingtung Air Force
Base was depicted as black star.

To have a common basis for comparison of vertical cross sections of the precipitation
radar echoes between the C2 and C3 experiments, it is better to use the same initial forecast
time of model simulations. Therefore, DA04 (Figure 12j-1) of C2 experiments and CDA03
(Figure 13a—c) of C3 experiments, which both had the same initial forecast time and better
forecast performance, were used as examples for comparisons. In contrast to the C2 DA04
experiment, the C3 CDAOQ3 experiment was similar in the locations of convective cells
but quite different in the convective intensity. At 0700 UTC (Figure 13b), the convective
intensity of the C3 CDAO03 experiment at the east of Pingtung Airport was weaker than that
of the C2 DA04 experiment (Figure 12k). However, two convective cells formed at the west



Atmosphere 2022, 13, 1341 16 of 23

of Pingtung Airport in the C3 CDAO3 experiment were stronger than those at the same
location in the C2 DA(04 experiment.
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Figure 12. Vertical cross section of maximum reflectivity and horizontal wind vector from 0600 to
0800 UTC (1400 to 1600 LST) on 5 August 2018, (a—c) DAO01; (d—f) DA02; (g-i) DA03; (j-1) DA04
simulations along the northwest-to-southeast plane (from x to x’) depicted in Figure 10. The title of
each chart showed the accurate location of reflectivity we selected and the approximate location of
Pingtung Air Force Base was depicted as black star.
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Figure 13. Vertical cross section of maximum reflectivity and horizontal wind vector of CDA03
simulations at (a) 0600, (b) 0700, and (c) 0800 UTC (from 1400 to 1600 LST) on 5 August 2018, along
the northwest-to-southeast plane (from x to x’) depicted in Figure 10. The title of each chart showed
the accurate location of reflectivity we selected and the approximate location of Pingtung Air Force
Base was depicted as black star.

The quantitative analysis of the overall rainfall of the model simulations with data
assimilation under the C2-C3 experiments in southern Taiwan examined in the next section
will demonstrate that the performances of CDA02 and CDAO3 in the C3 experiments were
better than those of DA02 and DAO3 in the C2 experiments.

3.3. Quantitative Analysis for Precipitation Forecast

An evaluation of the model QPF was conducted using the scores of TS, BS, RMSE,
PPMCC and SRCC, as defined in Section 2.4. The surface forecasts of the C1, C2 and C3
experiments were compared with the AWS observations. At the thresholds of 5, 10, 15, and
20 mm, the differences between the forecasts and observations for the 6-h accumulated
precipitation were compared to examine forecast performance.

Compared with group C1, groups C2 and C3 revealed substantial improvement in TS,
with higher scores closer to one for the different thresholds of 6-h accumulated precipitation
(Figure 14a). Among the C2 experiments, DA(O2 had the highest TS at the threshold of 5
mm but a lower TS at the thresholds of 10, 15, and 20 mm. DAO3 had the highest TS at the
threshold of 5 mm but a lower TS at the thresholds of 10, 15, and 20 mm. DA04 had a TS
higher than or comparable to that of the other experiments for the thresholds of 5, 10, and
15 mm but a lower TS at thresholds of 20 mm. Among the C3 experiments for most of the
thresholds, CDAO1 had the lowest TS, and CDA02 and CDAO03 had highest TS.

Forecasting performance under different experiments was better if the BS was closer
to one (Figure 14b). All C1 experiments with a BS < 1 provided an underestimated forecast
for the different thresholds. C2 experiment DA04 and C3 experiment CDA04 also had a
BS <1 and featured an underestimated forecast. However, C2 experiments of DA01, DA(02
and DAO3 and C3 experiments of CDA02 and CDAO3 generally had BS > 1 and produced
an overestimated forecast. Similar to the TS (Figure 14a), at the thresholds of 15 and 20mm,
the BS had better scores close to one in the group C2 than in the group C1 (Figure 14b).
Among the C2 experiments, DA04 had the highest skill of the BS at all thresholds, followed
by DA02 and DAO1 (Figure 14b). Among the C1 experiments, NDA03 and NDA04 had
better skill of the BS at the thresholds of 5 and 10 mm (Figure 14b).
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Figure 14. (a)Threat Score (TS) and (b) Bias Score (BS) of C1, C2 and C3 experiments for the 6-h
accumulated precipitation (mm) against the corresponding AWS observations during 0500-1100 UTC
(1300-1900 LST). Verification thresholds are 5, 10, 15, and 20 mm.

For the C1 and C2 group experiments, TS and BS tended to be higher at the thresholds
of 5 and 10 mm than at 15 and 20 mm. Higher thresholds with lower scores might be due to
the low forecast quality or lower number of observation stations for verification for the 6-h
accumulated precipitation. For the thresholds of 5, 10, 15, and 20 mm, the station numbers
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RMSE

(5]
(S5

18 4

16 4

(percentage of station numbers for different thresholds relative to the total station numbers)
were 70 (52%), 18 (13%), 12 (9%), and 8 (6%), respectively.

A smaller RMSE indicates superior forecasting performance in the experiments.
PPMCC and SRCC values closer to one also indicate better forecasting performance. The
RMSE values (Figure 15a) revealed that the C2 experiment DA(04 and C3 experiment CDAO1
performed better than other experiments due to lower RMSE. In contrast, C2 experiments
DAO01 and DAO3, and C3 experiment CDA02 had higher RMSE.

0.5
104
+ 03
el
L + 0.2 S
[
-9
+ 0.1
A& ——RMSE + 0
----PPMCC
} t t t t t t t { t -0.1
NDAOI DAOI NDA0O2 DA02 NDAO3 DA03 NDAO4 DAO04 CDAO1 CDA02 CDAO3
Experiments
(a)
0.6
0.5
04
0.3
0.2
0.1 —_SRCC
0 1 1 1 : : 1 1 1 1 1

NDAO1 DAOI NDAO2 DA02 NDAO3 DA0O3 NDA04 DA04 CDAO1 CDA02 CDAO3

Experiments

(b)

Figure 15. (a) RMSE (black line) and PPMCC (black dashed line) and (b) SRCC of C1, C2 and C3
experiments for the 6-h accumulated precipitation (mm) against the corresponding AWS observations
during 0500-1100 UTC (1300-1900 LST).

The PPMCC values (Figure 15a) revealed that C2 performed better than C1 in all
four experiments, with significant improvement in DA03 and DA04. Among all the
experiments, CDAO3 was the best-performing one. Among C2 experiments, DA04 was the
best-performing, with an RMSE of 16.3 mm and a correlation coefficient of 0.3.
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The spatial variability of the SRCC between the forecasted and observed 6-h accu-
mulated precipitation (Figure 15b) revealed that a positive correlation between forecasted
and observed 6-h accumulated precipitation across the study area was found in all C1, C2
and C3 experiments. Compared with the group C1, the C2 group exhibited a much higher
correlation between forecasts and observations in the experiments of DA02, DA03, and
DAO04, but not DAO1. The higher correlation (SRCC values closer to 0.5) with statistical
significance (p < 0.05) was observed in DA02, DA04, CDA02 and CDAOQ3. Overall, RMSE,
PPMCC, and SRCC analyses demonstrated that the simulations with data assimilation
under C2 and C3 experiments performed better than those without data assimilation under
C1 experiments. C2 experiment DA04 and C3 experiments performed best among all the
experiments, implying that the performance of precipitation prediction gradually increased
as the implementation time of data assimilation became closer to the target period of 0500
to 1100 UTC, that is, the occurrence of ATs.

4. Discussion and Conclusions

The main goal of this study was to evaluate the performance of experiments with and
without data assimilation for predicting the ATs near Pingtung Airport on 5 August 2018.
In the experiments with data assimilation, the 3DVAR system of the WRF model was
assimilated with observation data from the Doppler lidar wind profiler in Pingtung Airport.

During the major impact period of 0500-1100 UTC (1300-1900 LST) on 5 August 2018,
ATs triggered by sea breeze circulation gradually formed in southern Taiwan and reached
their mature stage at 0700 UTC, resulting in a single, quasi-stationary line of convection
along the west coast. Short-duration intense rainfall of more than 30 mm during 12 h was
observed in data collected from the AWSs of the Cengwen, Yuemei, and Yanpu stations.
This reduced horizontal visibility to <5 km at the Pingtung meteorological station, which
limited pilots to fly only under the instrument flight rules instead of visual flight rules. The
change of flight rules exerted a great impact on aviation operations.

Compared with the C1 experiments without data assimilation (NDAO1, NDAOQ2,
NDAO3 and NDAO4), the C2 experiments (DA01, DA02, DA03 and DA04) and the C3
group experiments (CDAO1, CDA02, CDAO3) that used the 3DVAR system with wind
profiler data exhibited greatly improved simulation accuracy of the locations, intensity of
ATs and wind fields produced by the local circulations of the sea breeze and the mountains
in southern Taiwan in the horizontal and vertical directions.

The model QPF was also greatly improved in the experiments with data assimilation.
The TS of the C2 experiments exhibited consistently higher skills at the thresholds of 5, 10,
15 and 20 mm than did those of the C1 experiments. Similarly, the BS of the C2 experiments
had mostly higher skills at the various thresholds. For all the C1 and C2 experiments,
TS and BS tended to be higher at the thresholds of 5 and 10 mm than those of 15 and
20 mm. The analyses of PPMCC and SRCC also revealed the better model performance
in the C2 and C3 group experiments with data assimilation. Among the group C2, the
DAO04 experiment performed best in the analysis of BS, TS, RMSE, PPMCC and SRCC
and performed comparable to the DA02 experiment in the analysis of BS. Thus, the DA04
experiment had the overall better evaluation than other experiments of DA0O1, DA02 and
DAO03. However, the TS was higher in CDA02 and CDAO03 in DA04, which implies that as
the implementation time of data assimilation approaches the occurrence time of ATs, the
forecast performance of short-duration intense rainfall is greatly improved.

As in the study of Ref. [56], our findings suggest that assimilation of Doppler lidar
wind profiles into a WRF-3DVAR system creates conditions that favor the development of
ATs and upscale growth. Although the results of this study are only supported by a single
case, they provide valuable clues to improve the prediction of ATs by using the assimilation
of lidar wind profiler data at Pingtung Airport. In the future, more case studies of the
assimilation of lidar wind profiler data should be conducted to improve the accuracy and
applicability of the results.
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