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Abstract: In this study, a dual-polarimetric radar observation operator is established and modified
for the Taiwan area for the purpose of model verification. A severe squall line case during the
Southwest Monsoon Experiment Intensive Observing Period 8 (SOWMEX IOP#8) on 14 June 2008,
is selected and examined. Because the operator is adopted from the use of the midlatitude region,
sensitivity tests are performed to obtain the optimal setting of the operator in the subtropical region.
To accurately capture the dynamic structure of the squall lines, the ensemble-based data assimilation
system, which assimilates both radial wind and reflectivity data, is used to obtain the optimal analysis
field on the mesoscale for evaluating the performance of model simulation. The characteristics of two
microphysics schemes are investigated, and the results obtained using the schemes are compared
with the S-band dual-polarimetric radar observations. The horizontal and vertical cross-sections show
that the analyses resemble the observations. Both schemes can replicate the polarimetric parameter
signature such as Zpgr and Kpp columns. When comparing model simulation with polarimetric
parameters through the drawing of contour frequency by altitude diagrams (CFADs), the results
reveal that the single moment microphysics scheme performs better than the double moment scheme
in this case. However, the reflectivity field in the stratiform area is more accurately captured when
using the double moment scheme. Furthermore, validation with polarimetric variables (Zy, Zpr and
Kpp) histograms shows underestimation of the Kpp field in both schemes. Overall, this study indicates
the benefit of assimilating radial wind and reflectivity data for the analyses of severe precipitation
systems and the necessity of assimilating polarimetric parameters for the accuracy of microphysical
processes, especially complex microphysics schemes in subtropical region.

Keywords: dual-polarimetric radar parameters; radar data assimilation; model validation

1. Introduction

Meteorological radar can make observations of high spatial and temporal resolution, which aid
weather surveillance and nowcasting. In the traditional Doppler weather radar, reflectivity (Zy) and
radial wind (V) observations provide crucial information for analyzing weather systems, enabling
comprehension of the formation and structure of severe weather [1]. Furthermore, radar data also
improve forecasts when applied to echo extrapolation nowcasting [2,3] and data assimilation (DA)
techniques [4-6]. Dual-polarimetric weather radar offers more information than Doppler radar, such as
the differential reflectivity (Zpr), specific differential phase (Kpp), and co-polar correlation coefficient
(prv)- These polarimetric radar parameters provide information such as the shape of hydrometeors and
liquid water content distribution in the atmosphere; they also enable the distinguishing of meteorological
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weather signals. In addition, the polarimetric parameters can be applied in several aspects. For example,
previous studies [7,8] pointed out that using polarimetric radar parameters such as Zpgr and Kpp,
the performance of quantitative precipitation estimation (QPE) resulted in better outcome than using
Zp only. Besides, polarimetric radar parameters also provide extra information so that precipitation
identification (PID) [9] and quality control (QC) [10] are developed for distinguishing the non-weather
signal and differentiating the precipitation types. Study of [11] found the characteristic distribution of
dual-polarimetric radar in supercell cases, determining the Zpr column, Zpp arc, and tornado debris
signature. These characteristics are helpful when taking disaster-related precautions.

Meteorologists often use numerical weather prediction (NWP) models, which contain sophisticated
dynamic and thermodynamic equations, to simulate, understand the mechanism behind, and construct
a conceptual model of weather systems [12]. As model resolution increases, the microphysics scheme
becomes more crucial. Considering the diabatic process with water phase changes, microphysics
schemes can affect the latent heat release, precipitation, and radiation absorption and release [13,14].
Two main types of microphysics scheme, bulk microphysics schemes [13,15-18] and spectral (bin)
microphysics schemes [19], currently dominate the field of numerical weather prediction (NWP).
Spectral microphysics schemes enable simulation of sophisticated drop size distributions (DSDs),
but the computational costs are massive. Therefore, these schemes are applied mostly for research
purposes, such as aerosol impact and more precise DSDs, rather than operational usage. By contrast,
bulk microphysics schemes are more practical because DSDs are fit using a gamma distribution.
These schemes divide hydrometeors into several classes, such as water vapor, cloud water, cloud ice,
rain, snow, hail, and graupel. Each type of hydrometeor can have an exclusive DSD. The DSD can be
represented as follows:

N(D), = N, D*e(-A+D), (1)

This equation indicates the gamma distribution of a DSD [20]. D represents the diameter of
hydrometeors; x indicates the type of hydrometeor; N(D) is the number of hydrometeors with a
particular diameter; and Ny, A, and p represent the intercept, slope, and shape parameters, respectively.
These three parameters dominate the DSD of hydrometers. For most microphysics schemes, the shape
parameter is set to 0 so that the DSD equation becomes

N(D), = Noye™P), )

Equation (2) is the simplified form of a DSD, also called the exponential type of DSD or
Marshall-Palmer distribution [21]. Complicated cloud physics processes are involved in the microphysics
schemes so that these hydrometeors interact. Bulk microphysics schemes can be divided into single
moment and multimoment microphysics schemes. Double moment microphysics schemes, a type
of multimoment scheme, are often employed in NWP. In single moment microphysics schemes,
the hydrometeor mixing ratio is the only prognostic variable, meaning that the intercept and shape
parameters are fixed. By contrast, double moment microphysics schemes can predict the mixing ratio
and total number concentration. Observations made by disdrometers have revealed that the DSD varies
with rainfall intensity, weather system, and region [22,23]. For instance, light rainfall contains more
small raindrops and fewer large raindrops compared with heavy rainfall. Because of the flexibility
in the intercept and slope parameters, DSD simulations can be diverse and more realistically reflects
observations. Several studies have inferred that the use of a double moment scheme is more suitable and
precise for weather systems than the use of a single moment scheme. Previous study of [24] reported
that the use of a single moment microphysics scheme leads to excessive cold pool strength and area
because of the tremendous effect of evaporation. Another study [25] indicated that double-moment
schemes can better simulate stratiform area precipitation, cold pool structure, and leading convective
lines in mesoscale convective systems (MCSs) than can single moment schemes.

Because radar parameters are not direct model variables, linking numerical models to observations
is necessary for model verification and DA. The research [26] proposed the concept of a polarimetric
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radar data simulator (PRDS), which can convert the hydrometeor mixing ratio and total number
concentration into polarimetric parameters. A supercell cell case was tested in observing system
simulation experiments (OSSEs). The results revealed that the location of the hail mixing ratio maximum
overlapped occurrence of the minimum Zpg, and the position of the rain mixing ratio maximum and
Kpp maximum were the same, indicating that the PRDS successfully converted the model output
variables into polarimetric parameters. In the same year, scholars [27] used a system called synthetic
polarimetric radar (SynPolRad), in which the T-matrix method was used to simulate the propagation
of radar electromagnetic waves in the atmosphere. SynPolRad can convert model outputs into Zpg,
the linear depolarization ratio (Lpr), and reflectivity. In comparison with observations, the performance
of liquid-phase hydrometeors more closely matched the characteristics of weather systems. However,
the distribution of ice-phase hydrometeors contained clear position errors. The study [28] suggested the
application of a forward operator to a spectral (bin) microphysics scheme and tested it using a real case.
The results demonstrated that the simulation conducted using the bin model of polarimetric parameters
was superior to the bulk models. However, the bin model microphysics scheme was too complex
and thus the computational cost was immense. In another study [29], a moment-based warm rain
observation operator was designed. The relationship between the moments and polarimetric parameters
was established on the basis of more than 2 million disdrometer data collected globally. The meaningful
statistical data and low-uncertainty data showed that the combination of the sixth moment and ninth
moment outperformed the combination of the zeroth moment and third moment in bulk microphysics
schemes. These forward operators provided a connection between the model variables and dual
parameters. With the dual-polarimetric forward operators in particular, the model simulation results
could be converted into polarimetric variables. Consequently, comparison of microphysics schemes has
become a new research spotlight. Several studies [30-32] have indicated that double-moment schemes
can simulate polarimetric signatures such as the Zpr arc and Zpgr column in supercells. The fixed
intercept parameter in single moment schemes inhibits DSD flexibility; therefore, the true observational
DSD cannot be mimicked. Additionally, some scholars [33] indicated that microphysics schemes
underestimate the liquid water content compared with the observed Kpp. Therefore, by comparing
with polarimetric variables, microphysics schemes have been discovered to still have uncertainties that
must be improved. By assimilating polarimetric parameters, several studies [34-36] have discovered
that polarimetric signatures such as the Zpg arc and Zpg column and DSD-related variables are more
consistent with observations.

In Taiwan, the weather radar network will soon be completely upgraded to dual-polarimetric
radars. Various studies regarding the application of Doppler radars have reported the benefit to rainfall
evaluations of rainfall estimation [37] and DA techniques [38,39]. The application of polarimetric
radar data has mainly focused on QPE [40], the PID technique [41], and DSD retrieval [42,43] for
microphysical studies. Few studies have applied these data to the validation of model forecasts and
DA when using dual-polarimetric parameters. The study [44] directly employed a PRDS to assimilate
polarimetric radar data in a typhoon case in Taiwan. The present study selects the case of a squall
line severe weather system. Sensitivity tests first illustrate the necessity of a setup threshold for the
PRDS when examining model outputs to observations over the Taiwan area. Then, radial wind and
reflectivity observations are assimilated to ensure the precipitation system is close to reality, and the
optimal setting of the PRDS is employed to evaluate the performance of a convection-permitting model
when using two microphysics schemes and dual-polarimetric variables. The article is organized as
follows. The model setting and DA strategy are detailed in Section 2. The PRDS and sensitivity test are
presented in Section 3. The results of simulations are examined in Section 4. Section 5 is the discussion.
Finally, the conclusions are given in Section 6.

2. Case Overview

The case of an MCS during Southwest Monsoon Experiment intensive observing period 8
(SOWMEX-IOPS8) in 2008 is investigated. SOWMEX began on 15 May and ended on 30 June 2008.
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Around May and June, the moist and warm southwesterly frequently causes heavy rainfall events in
Taiwan. Consequently, the purpose of SOWMEX is to determine (1) the development mechanism of MCSs
caused by the southwesterly; (2) the interaction between the southwesterly and complex terrain in Taiwan;
(3) the dynamic, thermodynamic characteristics and microphysics processes during the southwesterly;
and (4) development of the radar DA technique and improvement of the quantitative precipitation
forecast (QPF) in Taiwan. Therefore, abundant observations are available for the experimental period,
such as data from the National Center of Atmospheric Research (NCAR) S-band dual-polarimetric
radar (S-POL) deployed on the southwestern coast of Taiwan. IOP8 began at 0000 UTC on 14 June and
ended at 0000 UTC on 17 June. The stationary front was located along the southeastern coast line of
China (Figure 1a), and southwesterly flow notably influenced Taiwan (Figure 1b). The skew-T diagram
obtained at 0600 UTC during IOP8 (not shown) reveals a strong southwesterly flow (3040 knots)
with abundant water vapor content (approximately 15 g/kg), and thus Taiwan was situated in an
unstable area (convective available potential energy (CAPE) > 1600 J/kg). In addition, the 500-hpa chart
(Figure 1c) revealed that a trough was located near western Taiwan, fueling the development of severe
systems. The 200-hpa chart showed that the difluence area was located in the upper air of Taiwan
(Figure 1d). In summary, all conditions at the synoptic scale indicated a favorable environment for the
development of severe weather.
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Figure 1. The weather chart of SOWMEXIOPS case at 0000 UTC, 14 June in 2008. (a) surface, (b) 850 hPa,
(c) 500 hPa, and (d) 200 hPa. (Provided by Central Weather Bureau.).
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Figure 2 illustrates the evolution of a squall-line system on 14 June 2008. At 0930 UTC, three squall
line systems (A, B, and C in Figure 2a) were captured by the NCAR S-POL. Squall line A was made
landing and causing rainfall for southern Taiwan. Squall lines B and C were developing and moving
toward Taiwan. These squall-line systems formed and affected southern Taiwan, causing extremely
heavy rainfall that lasts 6 h. The accumulated rainfall was 150 mm per day, and some mountainous areas
received more than 200 mm per day on 14 June ([41] Figure 2). Studies have focused on the mechanism
of the severe weather system [45], analysis of microphysics properties through observations [41],
application of QPE [46], and QPF [47,48]. The present study is the first to simulate polarimetric
variables and validate model behavior using these variables.
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Figure 2. Evolution of squall-line systems on 14 June 2008, observed by the S-band dual-polarimetric
radar (S-POL) reflectivity (1.1 degree PPI): (a) 0930 UTC, (b) 1000 UTC, (c) 1030 UTC, and (d) 1100 UTC.
The black dashed box and red box indicate the data coverage selected in the vertical cross-section in

Section 4.2 and contoured frequency by altitude diagram (CFAD) discussed in Section 4.3.

3. Methodology and Experiment Design

3.1. Model Configuration

In this study, a non-hydrostatic and compressible model, Weather Research and Forecast (WRE, [49,50])
version 3.9.1, is employed. Three nested domains are applied; the horizontal resolutions are 27, 9,
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and 3 km for domain #1 (D01, 181 x 151), domain #2 (D02, 166 X 157), and domain #3 (D03, 210 x 210),
respectively (Figure 3a). In total, 52 layers with terrain-following coordinates are given in the vertical
direction, and the model top is set at 10 hPa. The following physical parameterizations are used in
this study: the Rapid Radiative Transfer Model (RRTM) longwave scheme [51], Dudhia shortwave
scheme [52], Yonsei planetary boundary layer scheme [53], and Grell-Freitas cumulus parameterization
scheme [54]. In addition, two microphysics schemes are selected to examine the performance: the
Goddard cumulus ensemble (GCE) scheme [16] and Morrison scheme [13]. Both the GCE and Morrison
schemes consider five classes of hydrometeors (cloud water, rain, cloud ice, snow, and graupel/hail).
In both microphysics schemes, graupel is selected as the rimed category species for the default setting in
WRE. The GCE scheme is a single-moment microphysics scheme that predicts the hydrometeor mixing
ratio only, whereas the Morrison scheme is a complete double-moment microphysics scheme in which
the mixing ratio and total number concentration are prognostic variables. Initial and lateral boundary
conditions (every 6 h) are provided by National Centers for Environmental Prediction—Global Forecast
System (NCEP-GFS) 1° x 1° reanalysis data obtained from 0000 UTC on 14 June to 0000 UTC on
15 June 2008.

Domain Configuration
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Figure 3. (a) [llustration of domain coverage in D01, D02, and D03. The horizontal resolution is 27,
9, and 3 km in D01-03, respectively. (b) Locations of radar sites (red dots); the shading indicates the
terrain height.

3.2. WRF Local Ensemble Transform Kalman Filter Radar Assimilation System (WLRAS)

Anensemble DA system, called the WRF Local ensemble transform Kalman filter Radar Assimilation
System (WLRAS) [38], is used. The WLRAS is based on the concept of the local ensemble transform
Kalman filter (LETKF) [55]. WREF is used to conduct model forecasting during the forecast step in DA
cycles. The WLRAS enables multiple radar data to be assimilated and adjusts the model’s prognostic
variables—such as horizontal and vertical wind, geopotential height, potential temperature, mixing ratio,
and number concentration of hydrometeors—through cross-variable background error correlations.
Furthermore, different localization radii are applied to model prognostic variables in the WLRAS.
Horizontal and vertical localization radii are established to select particular observations within a
certain distance to ensure more precise correction of variables and increase the computational efficiency.
The horizontal and vertical localization radii are given, referring to a previous study [38], in this
research (Table 1). The observation errors for reflectivity and radial wind are assumed to be 5 dBZ and
3 m/s, respectively. Before assimilation, model variables are converted into observation variables and
interpolated into observational space using the observation operators (described in Section 3.4).
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Table 1. Horizontal and vertical localization radii and inflation settings of each prognostic variable in
the Weather Research and Forecast-local ensemble transform Kalman filter system.

Prognostic Variables U&V W\PH\T 4.\ \9; q,\ S\qg
horizontal localization radius (km) 36 12 24 12
vertical localization radius (km) 4
inflation 1.08

3.3. Radar Data QC and Process

In this study, five radars—RCWEF, RCCG, RCKT, S-POL, and NCU—are employed, the locations
of which are shown in Figure 3b. RCWE, RCCG, and RCKT are S-band ground-based Doppler radars
belonging to the Central Weather Bureau (CWB). NCAR S-POL is a dual-polarization S-band radar.
Finally, NCU is a C-band dual-polarimetric radar operated by National Central University. For each
radar, reflectivity and radial wind data are subjected to QC. For data from the CWB radars, ground
cluster, sea cluster, and noise signals have been removed [56]. For the S-POL and NCU data, the value
of pry over 0.85 (NCU) and 0.92 (S-POL) is applied to filter out non-meteorological signals. In addition,
the radial wind fields of all radars are unfolded by the Rakit (Radar Kit), which is developed by Radar
Laboratory of National Central University.

After QC, the radar data are processed in the form of super-observations [38,57,58], which comprise
the following steps: (1) Divide the PPI coverage into several areas. The coverage is partitioned every
5 km along the radial direction and every 5° of the azimuth angle. (2) Split into small areas. The values
of variables in a particular area are calculated by using an inverse-distance weighting method with
respect to the center of the area. The super-observation data are distributed more densely near the
center of the radar and become sparse away from the radar center. Nevertheless, the super-observations
retain the characteristic of weather systems and reduce computational costs.

3.4. Observation Operator

As mentioned in Section 3.2, converting the model variables into observation variables in
observational space is necessary for the purpose of assimilation. Spatial interpolation is performed by
finding eight grid points that enclose the observation point with inverse-distance weights. The model
variables are then converted into observation variables. The following introduces the radial wind and
reflectivity operator.

The formula for converting wind components in the model into radial wind is presented in
Equation (3); x, y, and z are the distances from the center of radar in the three dimensions, and u, v,
and w are the zonal, meridional and vertical wind. Whereas v; is terminal velocity of rain, which is
calculated as in Equation (4). In (4), po is the pressure at the surface, p is mean pressure at that height,
pa is the air density, and g, is the rain mixing ratio.

NI—=

Vi = [ux+ oy + (w—vt)z]/(x2 + 3 —I—ZZ) , 3)

o = 54(p0/7)"* (pagr) ™%, o)

The observation operator of dual-polarimetric parameters used in this research was first proposed
by [26]. This operator converts model variables, such as the mixing ratio and total number concentration,
of hydrometers into radar variables (reflectivity, differential reflectivity, and specific differential phase).
Several characteristics are considered to match the observations. Here, we briefly introduce some
features of the operator, but the details can be found elsewhere [26,44]. (i) Considering the oblate
shape of raindrops, a raindrop axis ratio relationship that changes with drop diameter is applied in the
T-matrix method which can simulate the propagation of radar electromagnetic waves in the atmosphere.
Besides, the raindrop axis ratio is obtained from the observation of continental US. Consequently,
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the operator simulates the horizontal and vertical reflectivity as dual polarimetric radar observations.
In addition, the Rayleigh scattering approximation is employed to simulate the reflectivity of ice-phase
hydrometeors in the horizontal and vertical directions, and a constant axis ratio of 0.75 is set for
snow and hail particles. After retrieving the backscattering amplitudes, a power law function is fitted
for calculation purposes. The backscattering amplitude of hydrometeors in horizontal and vertical
directions can be expressed by Equations (5) and (6).

‘fa,x| = Oxq D‘Bx’” ’ (5)

)fb,x| = ax,bDﬁx’h/ (6)

The | fu,x| and | fb,x| represent for the horizontal and vertical backscattering amplitudes, x represents
for the type of hydrometeor (rain, snow graupel/hail, rain-snow and rain-graupel/hail), and « and 8
stand for the coefficients of fitting power law function. The value of o and f please refer to section 3.C
of [26]. (ii) The melting effect is considered in the operator. As the ice-phase particles fall into the region
with temperature higher than 0 °C, they begin to melt. Therefore, a thin layer of water covers the surface
of the ice-phase particles. Because of the differing ability to reflect electromagnetic waves, radars may
misidentify the melting particles as large rain drops, resulting in enlarged reflectivity signals. This is the
so called “brisectionght band” effect, which is relatively ubiquitous in radar observations. The operator
checks a certain grid point and examine whether rain and ice-phase particles coexisted. Afterward, the
conversion fraction according to the amounts of rain and snow/hail particles is calculated, and the
mass of both types of particle merge together, so the mixture “rain-snow” or “rain-hail” is decided.
(iii) The canting angle effect is considered in the operator. The particles themselves tumble and tilt
when they fall to the ground. This effect has an impact on the horizontal and vertical backscattering
energy received by radars. Considering the aforementioned effects, the model variables are converted
into observation variables using the following formulas:

42,2 Ny, . _ _
Zyy =~ A PO (2 + 1) (mmm ™), 7)
7'(4|Kw(
40*a,)2No, - _
Zv,r — r—hzorAr (Zﬁrb"rl)l"(zﬁrb + 1)(77’171’1671’1 3)[ (8)
n4|Kw|
2880A4N, _ _
Zpyy = —ZWAX 7 (Aozm2 + Bay? + 2Caxaaxb)(mm6m 3), )
n4|Kw(
2880A*N, _ _
vx = =N % (Bag® + Acgy® + 2Carzattyy ) (mm®m =), (10)
n4|Kw(
1801 _ S
Kppx = ——axNoxAx (o) T (B +1)(° k™), (11)

Equations (7) and (8) are the formulas of the rain species for horizontal and vertical reflectivity
while Equations (9) and (10) represent for the snow, graupel/hail, rain-snow and rain—graupel/hail
species. Equation (11) shows the formula for specific differential phase. A is the radar wavelength
(10.7 cm in this research); Ky, is the dielectric coefficient of water; A, B and C are the coefficients for
canting angle effect; a and By are the nondimensional coefficients. Ay and Ny, are the slope parameter
and intercept parameter in the DSD, respectively, and are calculated using Equations (12)—(14):

A [npr0xr<y - 4)]#14 W)
6paqx
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1
_ [—”p"N“‘r(” a 4)}3 (13)
6paqxT (1 + 1)
Nox = Nix # AT/ T(u+1) (14)

where g, and Ny, are the model outputs, representing the hydrometeor mixing ratio and total number
concentration, respectively; u is the shape parameter; and I' is the gamma function. For single moment
schemes with a fixed intercept parameter, Equation (12) can be used to obtain the slope parameter.
In double moment schemes, Equations (13) and (14) must be employed.

In the final step, the contributions from rain, snow, hail, rain-snow, and rain-hail are summed.
To determine the reflectivity and differential reflectivity, the contributions are summed in a linear scale
and then converted into a logarithmic scale. The specific differential phase is simply summed to yield
the total contribution.

3.5. Experimental Design

For the sensitivity tests of the observation operator, two deterministic forecasts and the GCE and
Morrison schemes are employed. The forecasts cover 0000 UTC on 14 June to 1100 UTC on 14 June.
For validation of the convective-permitting model, two sets of experiments are conducted for both the
GCE and Morrison schemes, and each experiment has 50 ensemble members. To generate ensemble
members, the WRF Data Assimilation System (WRFDA) [59-61] version 3.9.1 is applied to perturb the
initial conditions in DO1. After obtaining a set of ensembles in D01, the finer domains are interpolated
from the coarser domain; that is, D02 is obtained from D01 and D03 from D02 for each member.
The strategy of radar DA is illustrated in Figure 4. The first 10-h model integration for the period 0000
UTC to 1000 UTC on 14 June is treated as a spin-up period for all experiments. The experiments of
radar DA begin with the cycling procedure (1-h period) from 1000 UTC to 1100 UTC on 14 June 2008,
and radar data are provided every 15 min. The final analysis is obtained by taking the ensemble mean
in DA runs for the comparison in Section 4.

Begin forecast at Deterministic forecast
0000UTC 14t June, 2008. to 1100UTC 14" June, 2008.
(For sensitivity tests)

A A A 4 4
Data Assimilation run (DA) forecast
to 1000UTC 14" June, 2008.

(For model validation) Cycling begin at 1000UTC
End at 1100 UTC, 5 cycles

Figure 4. Schematic design of the experiments. There are 50 ensemble members in each experiment.
Deterministic forecasts for the sensitivity test start from 0000 UTC on 14 June and end at 1100 UTC on
14 June 2008. An experiment with data assimilation (DA) starts from 0000 UTC to 1000 UTC on 14 June
2008, and radar DA is from 1000 UTC to 1100 UTC every 15 min for the cycling procedure. For both
DA experiments, the ensemble means at 1100 UTC are obtained for validation with observation in the
subsequent research.

4. Results

The observation operator designed in a previous study [26] is based on climatological information
(e.g., temperature and relationship of raindrop axis ratio) in the mid-latitude region. Because microphysics
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processes and characteristics could be different in mid-latitude and subtropical areas [42], examining the
setup of polarimetric radar observation operators when applying them over Taiwan area is necessary.
Therefore, some parameters and thresholds are investigated through sensitivity tests, and the optimal
setting is obtained for the subsequent experiments.

After modification of the operator, the reflectivity and radial wind are assimilated to enable
correction and adjustment of the dynamic and thermodynamic fields so that the analysis field is
close to the observation field. The differences in microphysics schemes and performance can then be
investigated in simulations of the polarimetric radar parameters.

4.1. Sensitivity Tests of the Operator

The deterministic forecast mentioned in Section 3.5 is used to demonstrate the result of sensitivity
tests. The deterministic forecast at 1100 UTC on 14 June shows that the location of the squall-line
system was the center of the Taiwan Strait (not shown). Compared with radar observation (Figure 2d),
the model simulation reveals both the temporal and spatial phase errors. Therefore, a strategy
as [62,63], which ignored the position error and selected the main precipitation area between model
and observation, is applied to compare the model simulation and observation. As a result, without
assimilating radar data to correct the position error, we select a domain with area the same as the red
box in Figure 1d and that covers the main convection and stratiform zone for the sensitivity tests.
Contoured frequency by altitude diagrams (CFADs) [64] of reflectivity are employed to examine the
vertical structure of the weather systems. The data selection and grouping threshold used when
manufacturing the CFADs are shown in Table 2. The domain selected in observation fields is illustrated
in Figure 2d (S-POL), indicated by the red box. The size of the selected domain in deterministic forecasts
is the same as the selected area in S-POL, and the domain covers both the convection and stratiform
areas of squall lines. S-POL data are interpolated to 3- and 0.25-km horizontal and vertical resolution,
respectively. The analysis height is from 1 to 15 km above sea level (ASL). By investigating the CFAD,
the signal of the bright band structure in reflectivity fields is revealed, and whether the conversion
ratio of mixed-phase hydrometeors in the operator is more suitable can be evaluated. The default
value of the transfer ratio in this study [26] is 0.5 and 0.4 for rain-snow and rain-hail, respectively.

Table 2. Data selection range and interval for reflectivity, differential reflectivity, and specific

differential phase.

Radar Variables Reflectivity Differential Reflectivity  Specific Differential Phase
data selection range —1~66 dBZ —-0.6~4.6 dB —0.01~1.01 °/km
interval for groups 1dBZ 0.05 dB 0.01 °/km

Figure 5 shows the CFAD of observed and simulated reflectivity at lower than 8-km height at
1100 UTC on 14 June 2008. Following the method in [65], the 25% (solid line), 50% (long-dashed line),
and 75% (short-dashed line) accumulated frequency percentages are presented to enable statistical
evaluation of data dispersion. Clearly, the observed reflectivity indicates a slight increase in the
percentage at approximately 5 km, which indicates the height of 0 °C. When applying the default
setting of the observation operator [26], the simulated reflectivity in Figure 5b displays the bright band
structure around the same height (~5 km). In this article, the bright band structure obtained using
the Morrison scheme is clearer than that obtained using the GCE scheme; thus, the Morrison scheme
is selected for the subsequent sensitivity tests. However, a distinct discontinuity distribution is also
revealed. The enhanced reflectivity signal is result from the melting snow and graupel. The mixing
phase hydrometers are often regarded as large raindrop due to the surface of which shedding a thin
layer of water. Since the fraction of mixing phase is tunable in the operator, the maximum conversion
fraction of the mixing phase is modified and examined if the structure between 3 and 5 km can be
improved to be closer to the observation. Figure 5c,d show the CFADs of modification obtained by
halving the maximum conversion fraction of both mixing-phase hydrometeors (reducing from 0.5 to
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0.25 for rain—snow and from 0.4 to 0.2 to rain-hail species) and considering no mixing effect. Figure 5c
shows that the peak values of the 25%, 50%, and 75% lines are reduced by approximately 3-5 dBZ.
However, a discontinuous distribution remains within the 3-5-km heights. Moreover, no bright band
structure exists in Figure 5d, which was obtained by considering the absence of melting particles.
The result of the sensitivity tests of the maximum conversion fraction suggests that the fraction
influences the reflectivity near the melting level.
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Figure 5. CFADs of reflectivity at 1100 UTC in 14 June 2008: (a) S-POL reflectivity; and model simulated
reflectivity with (b) the original setting used in a previous study [26]; (c) reduction of the maximum
fraction by a factor of 2; and (d) no hydrometeor mixing considered. The selected data area is shown as
a red box in Figure 2d.

In double moment schemes, total number concentration is another factor affecting reflectivity.
In the situation of the same mixing ratio, a larger total number concentration results in a smaller
mean mass diameter of particles. Here, the minimal total number concentration of mixed-phase
hydrometeors is investigated. Figure 6 shows the results of a sensitivity test for the adjustment of the
total number concentration; Figure 6a—c represent the minimum total number concentration as 10/m?,
100/m3, and 1000/m3, respectively. As long as the mixed-phase hydrometeors are considered, a portion
of the total number concentration must also be converted. The conversion proportion is the same as the
mixing ratio conversion fraction calculated using coexisting hydrometeors. However, the total number
concentration of mixed-phase hydrometeors is only converted from the total number concentration of
snow or hail species. The reason is that when ice-phase hydrometeors melt, the liquid water simply
attaches to the surface of the ice particles without liquid particle numbers decreasing. In addition,
a specified threshold of the total number concentration is essential for preventing an unrealistic total
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number concentration or excessively simulated reflectivity. If the total number concentration does not
exceed the threshold, the mixed-phase hydrometeors are not considered at that grid point. Figure 6a
shows that the bright band structure is less discontinuous than that presented in Figure 5b, proving that
some of the extreme reflectivity values have been corrected. Figure 6¢ shows that the threshold is so
high that the bright band is almost absent. In Figure 6b, we infer that the bright band structure is more
suitable for this case because the CFAD is less discontinuous than that in Figure 6a. When performing
DA in this experiment, the setting of the threshold is 100/m?.
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Figure 6. CFAD results of sensitivity tests on the number concentration of mixed-phase hydrometeor

filtering. The filter threshold at each grid point is less than (a) 10/m?, (b) 100/m3, and (c) 1000/m?3.
The selected data area is shown as a red box in Figure 3a.

4.2. Performance of the Analysis Against the S-POL

Figure 7 shows the results of analyzed reflectivity fields in a 1.1° elevation sweep at 1100 UTC on
14 June 2008, in the GCE (Figure 7a) and Morrison (Figure 7b) experiments. The observations at 1100
UTC (Figure 2d) show two squall lines approaching Taiwan. Squall line B landed in southwestern
Taiwan, and strong reflectivity (>45 dBz) appears as a Y-shaped feature, indicating a strong convection
area along the southwestern coast. Squall line C is located offshore of Taiwan behind squall line A.
Both squall lines have strong reflectivity, which is up to 45-50 dBZ, and broad stratiform areas are
distributed to the west of the main convection area. Because the reflectivity field is assimilated into
the convection-permitting model, the simulated reflectivity field at the analysis time (1100 UTC) is
expected to resemble the observations; the simulated reflectivity obtained using the GCE (Figure 7a)
and Morrison (Figure 7b) schemes favorably captures the Y-shaped strong convection structure of
squall line B near the coast. In addition, simulation using the GCE scheme obtains clearer squall line
structure than that using the Morrison scheme. In the analysis using the Morrison scheme, the Y-shaped
structure is slightly different from the observation, and the southern part of the precipitation system is
excessively weak.

Next, the vertical structure of the squall line is evaluated. Because the simulated reflectivity
reflects the precipitation system favorably when using either the GCE or Morrison scheme, Zpr and
Kpp are further examined. Figure 8 shows the average vertical cross-section (indicated by a rectangle
enclosed by dashed black boxes in Figures 2d and 7) of reflectivity Zy (Figure 8a,d,g), differential
reflectivity Zpg (Figure 8b,e,i), and the specific differential phase Kpp (Figure 8c,f,h) of the observed
and analyzed fields at 1100 UTC on 14 June 2008. The observation data have been interpolated to the
same resolution as the model data. The red line in Figure 8d—iindicates the 0 °C isotherm, and the
black line represents the upward motion at speed 1 m/s for each interval.
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Figure 7. Analyzed reflectivity distribution with a 1.1° elevation at 1100 UTC on 14 June 2008:
(a) Goddard cumulus ensemble (GCE) scheme and (b) Morrison scheme. The dashed black line
indicates the cross-section in Figure 5, and the red rectangle is the selected data area of the CFAD.
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Figure 8. Average cross-section of radar parameters in the dashed black area in Figure 3: (a—c) Zpy,
Zpr and Kpp from S-POL observations, respectively; (d—f) same as (a—c), but for model simulated
dual-polarization parameters with the GCE scheme; and (g—i) same but with the Morrison scheme.
The red line indicates the 0 °C isotherm. The black contour illustrates the upward motion, with 1 m/s
for each interval.

In the average cross-section of Zy in S-POL (Figure 8a), the weak bright band structure is still
observed between 119.4° E and 119.8° E. The strong convection area (45 dBZ) near 120.3° E has up to
7-km height. The stratiform area is located behind the main convection. Viewing the Zy cross-section
results obtained using the GCE (Figure 8d) and Morrison schemes (Figure 8g), the characteristics of
the squall-line system are captured after radar DA. The bright band structure in the Morrison scheme
result is much stronger than that in the GCE scheme result. Both schemes can handle the position of
strong convection areas, and the system can develop up to 9-km height.
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In the S-POL observations, the stronger Zpr (Figure 8b) and Kpp (Figure 8c) signals overlap near
the strong convection area. The peak of Zpg is approximately 1.2 dB, revealing that the raindrops are
mainly spherical. The Zpr distributions obtained using the GCE (Figure 8e) scheme resemble the Zy
distribution obtained using the GCE scheme (Figure 8d), because these radar parameters are converted
using the hydrometeor mixing ratio. In the Morrison scheme (Figure 8f), the polarimetric parameters
are composed of the mixing ratio and total number concentration, and thus the Zpg pattern does not
resemble the Zy pattern (Figure 8c). The benefit of the double moment is that the size sorting effect is
considered. The slightly deviated position of the high Zpr value from Zg can be seen at the main core
of the convection.

The Kpp in the S-POL observation (Figure 8c) can be up to 1°/km, indicating that the region has
high liquid water content. Above 6-km height, Kpp is enhanced, implying that this phenomenon is
caused by the irregular shape of rimming crystals and large raindrops. The Kpp distributions obtained
using both schemes (Figure 8h,i) are almost the same and located in the core convective area. However,
both GCE (Figure 8h) and Morrison (Figure 8i) simulated Kpp above 6-km ASL could not duplicate
similar patterns as the S-POL observations (Figure 8c). This is due to the current operator considered
the shape of ice-phase hydrometeors as elliptic as previous study [26], leading difficulties to presenting
polarimetric variables in cold-rain processes.

Near the main convection area in S-POL (Figure 8a), the distributions of Zpr (Figure 8b) and Kpp
(Figure 8c) form a vertical column-like structure that extends 6 km. We suspect that this structure
is owing to strong vertical velocity that brings large raindrops to upper levels. A sufficiently strong
upward motion keeps large raindrops in the air, resulting in high Zpgr and Kpp. In both analyses,
the high-Zppr area (Figure 8e,f) corresponds to the main updraft area, proving that the Zpg column
signature is reproduced in both analyses. Additionally, the strong Kpp column structure is simulated
in both schemes (Figure 8h,i) and occurs in the main updraft area. The Kpp column is near the strong
convection area, which is reasonable because of the high liquid water content near that area. The results
illustrate that the polarimetric signature can be replicated in the model to some extent.

4.3. Statistical Verification of System Structure Using the CEAD

To evaluate the performance of the model statistically, CFADs are plotted that illustrate the
characteristics of the model simulation and observations. The coverage of selected data for CFAD
is shown by the red boxes in Figure 2d (S-POL observation) and Figure 7 (Analysis field). Besides,
the polarimetric data range and interval are shown in Table 2. Figure 9 shows the S-POL CFAD of Zy
(Figure 9a), Zpg (Figure 9b), and Kpp (Figure 9c) at 1100 UTC on 14 June 2008. Figure 10 displays the
radar variables at 1100 UTC on 14 June 2008, of the CFAD for the DA experiments when using different
microphysics schemes. When examining the variables Zpr and Kpp, the CFAD is only demonstrated
below 6-km ASL. This is because complex cold rain processes result in the observation operator having
difficulty simulating the higher level Zpg and Kpp. Therefore, we follow previous studies that have
focused on the warm rain region [32,33].
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Figure 9. CFADs of S-POL observations at 1100 UTC on 14 June 2008: (a) reflectivity, (b) differential
reflectivity, and (c) specific differential phase.
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Figure 10. CFAD of the analysis field (DA) at 1100 UTC on 14 June 2008: (a—c) reflectivity, differential
reflectivity, and specific differential phase, respectively, in the GCE scheme. (d—f) same as (a—c) but for
the Morrison scheme.

In Figure 9a, focusing on the warm rain area first, the 50th percentile below 5-km ASL is approximately
28 dBZ. The reflectivity is concentrated between 21 and 37 dBZ. The maximum reflectivity is approximately
48 dBZ. At 5-km ASL, the probability of high reflectivity is greater, indicating that the bright band
structure is located near 5-km ASL. In the upper layer, the echo is maintained within 10-20 dBZ. For
the Zy CFAD:s after DA (Figure 10a,d), the 25th, 50th, and 75th percentiles are close to the observation,
although the 50th and 75th percentiles are slightly underestimated in both schemes. Furthermore, the
bright band structure is enhanced at 5-km ASL in the model, with increasing Zy probability indicating the
existence of mixed-phase hydrometeors. In the mid-level (5-9 km), Zp is overestimated by approximately
5 dBZ in the GCE scheme (Figure 10a) and 10 dBZ in the Morrison scheme (Figure 10d). In higher air
(above 9 km), the analyses show that the estimated probabilities of Z are near approximately 10 dBZ,
underestimated when compared with the observation. Nonetheless, the analysis fields in both schemes
are relatively reliable in this research, indicating that the thermodynamic fields match the observation
after DA.

The Zpr CFAD in S-POL (Figure 9b) shows the 50th percentile at approximately 0.5 dB in the warm
cloud region, indicating that the raindrops tend to be spherical. The maximum Zpg is approximately
1.5 dB. Therefore, judging from the Zy and Zpg values, the DSD in this event may indicate small but
highly concentrated raindrops. In the Zpr CFADs (Figure 10b,e), both schemes overestimate Zpg
after DA. The GCE scheme (Figure 10b) maintains the Zpr value at 1.2 dB, whereas the Zpg in the
Morrison scheme (Figure 10e) increases with decreasing height ASL. The behavior of Zpg can be
explained as follows. In the GCE scheme (Figure 10b), when calculating the polarimetric variables,
only the hydrometeor mixing ratio is considered because of the single moment setting. Consequently,
the mixing ratio increases during DA cycles. Because of the fixed intercept parameter and increasing
mixing ratio, the overall raindrop size increases, as reflected by an increasing mean droplet diameter.
Therefore, the outcome leads to increased Zpg. In the Morrison scheme (Figure 10e), the increased
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mixing ratio causes increased Zpg, whereas the extra parameter, the total number concentration, also
affects Zpg. Apart from the mixing ratio, the default setting of the PRDS causes the overestimation
of Zpr. As the operator is being constructed, the raindrop axis ratio relationship is applied in the
T-matrix method to retrieve the backscattering amplitude functions. We mentioned in Section 3 that
the default axis ratio relationship is derived from the observations made in the contiguous United
States. The raindrops are elliptical in shape and large in diameter. Considering the observations made
in Taiwan, such as the S-POL Zpr CFAD (Figure 9b), the differences in cloud microphysics processes
and DSD features between the United States and Taiwan can be obtained.

Regarding the Kpp CFAD in S-POL (Figure 9c), half of the data are limited to 0.1°/km, and the
75th percentile is at approximately 0.2°/km. Kpp can be treated as a proxy of liquid water content;
however, it is not sensitive in the low rainfall rate region for S-band radar, such as the stratiform
area [66]. Therefore, we simply distinguish the convective and stratiform areas in accordance with
another study [67]. The result shows that the Kpp of the convective area is between 0.3°/km and
0.5°/km (not shown). Although the low Kpp may be affected by non-meteorological signals, we still
assume that the Kpp data can represent the true atmospheric situation, because the radar data are
processed with sufficient QC. In the Kpp CFAD analyses (Figure 10c,f), the frequency of high Kpp
is captured by the DA system although the 75th percentile is constrained below 0.05°/km. In this
section, polarimetric variables such as the differential reflectivity and specific differential phase are
investigated. The general pattern in the simulated Zy may be the same, but further inspection of the
other polarimetric variables such as Zpr and Kpp can uncover the details in each microphysics scheme.

4.4. Inspection of the Differences in Microphysics

In this section, we discuss the different behavior during DA. In the GCE scheme, only the hydrometeor
mixing ratios are predicted. Therefore, during the analysis step of DA cycling, the DA system modifies the
mixing ratio directly. Additionally, the polarimetric radar observation operator only utilizes the mixing
ratio for the radar parameter conversion in the GCE scheme. Consequently, the modification of radar
parameters is clear and direct. Figure 11 presents the scatter plots (with correlation coefficient) between
rain mixing ratio increment and radar parameter increment in the GCE scheme (Figure 11a—c represent
Zy, Zpr, and Kpp, respectively). The q—Zp and q,—Zpg relationships are similar; positive (negative)
increment corresponds to increases (decreases) in Zy and Zpg. The outcome is intuitive because all the
raindrops size are growing (shrinking) as mixing ratio increasing (decreasing). The q,—Kpp increment
relationship is a strong correlation. Kpp is proportional to the liquid water content, which is similar to the
rain mixing ratio in the model. This is one reason the analysis field of the GCE scheme is closer to S-POL
observations than that of the Morrison scheme. Figure 12 presents the Morrison scatter plot between the
increment of mixing ratio or total number concentration and the radar parameters. Figure 12a—c show
the 9,~Zn, -—Zpr, and q,—Kpp increment relationships, whereas Figure 12d—f show the Ny-Zy, Ni-Zpg,
and N—Kpp counterparts. The relationships between g, and the polarimetric variables resemble those
in the GCE scheme. However, the Morrison scheme is a double-moment scheme, meaning the use of
two model variables during conversion to the radar parameters. The g,—Zp (Figure 12a) and q,—Zpgr
(Figure 12b) relationships are thus less strongly correlated compared with the relationships in the GCE
scheme. At first, we suspect that the double moment scheme would outperform the single moment
scheme owing to the flexibility of DSDs. However, the analysis did not meet our expectation. The total
number concentration and radar variables are nearly uncorrelated, especially N;—Zp (Figure 12d) and
Ni—Zpr (Figure 12e). The result illustrates that as reflectivity is assimilated, the impact upon N; is relatively
weak. However, the N;—Kpp (Figure 12f) shows stronger correlation compare to Zy and Zpg, indicating
that the modification of N; could improve the Kpp value slightly. When we investigated the CFAD in the
previous section, the Zpgr CFAD in the Morrison scheme becomes worse after DA. We infer that when the
double moment scheme is applied, more radar observations such as Zpr and Kpp are required to provide
extra information. That is, if a sophisticated double moment scheme is used, assimilating the reflectivity
only is insufficient.



Remote Sens. 2020, 12, 3004 17 of 25

increment QR/ZH scatter plot increment QR/ZDR scatter plot increment QR/KDP scatter plot
Correlation coefficient R = 0.708211 15 Correlation coefficient R = 0.704799 40 Correlation cosfficient R = 0.968435

0.20 —

ZH increment (dBZ)
ZDR increment (dB)

-0.20

KDP increment (deg/km)
o
3

P
p

T T T -1.5 T T -0.40 T T
-0.0008 -0.0004 -0.0000 0.0004 0.0008 -0.0008 -0.0004 -0.0000 0.0004 0.0008 -0.0008 -0.0004 -0.0000 0.0004 0.0008
QR increment (kg/kg) QR increment (kgfkg) QR increment (kg/kg)

(a) (b) (c)

Figure 11. Relationships in increment between rain mixing ratio (4r) and radar variables (Zy, Zpg and
Kpp) in cycle 5 of the GCE experiment for 1100 UTC on 14 June 2008: (a) 4,—Zy relationship, (b) ,~Zpr
relationship, and (c) 4,—Kpp relationship. Regression line (black) and the correlation coefficient (R)
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Figure 12. Relationships in increment between the rain mixing ratio or rain total number concentration
and radar variables in cycle 5 of the Morrison experiment for 1100 UTC on 14 June 2008: (a) g-—Zy
relationship, (b) q,—Zpg relationship, (c) 3,—Kpp relationship; (d—f) same as (a—c) but for total number
concentration. Regression line (black) and the correlation coefficient (R) are marked.

Although the analysis field in the Morrison scheme is not optimal, we can obtain the characteristic of
microphysics schemes by simulating the polarimetric radar parameters. In Section 4.2, the Z; comparison
in the horizontal direction shows a similar pattern to the reflectivity. However, in reality, the same
reflectivity may be obtained for fewer large drops or numerous small drops. That may represent a different
microphysics feature if we investigate the polarimetric parameters further. Figure 13 demonstrates the
vertical distribution of the area-mean hydrometeor variables (mixing ratio, total number concentration,
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and mean mass diameter which is calculated by Eqaution 15) at cycle 5, 1100 UTC June 14. The area
is marked as the red rectangle in Figure 6. The total number concentration in the GCE scheme is
calculated from the mixing ratio by using Equations (12) and (14). On average, the rain mixing ratio
in the GCE scheme (Figure 13a) is twice that in the Morrison scheme (Figure 13d), whereas the total
number concentration is also larger in the GCE scheme (Figure 13b), approximately triple that in
the Morrison scheme (Figure 13e). The total number concentration is constant in the GCE scheme
(Figure 13b) but decreases as the height decreases in the Morrison scheme (Figure 13e). Using the
mixing ratio and total number concentration, the mean mass diameter can be calculated as follows:

(15)

The mean mass diameter combines the DSD parameters and is more intuitive to evaluation of
the difference between microphysics schemes. The results indicate that the raindrops in the Morrison
scheme (Figure 13f) are larger than those in the GCE scheme (Figure 13c). Furthermore, the mean
mass diameter increases as ASL decreasing in the Morrison scheme (Figure 13f), indicating that the
collision—coalescence process is more obvious in the Morrison scheme. By contrast, the mean mass
diameter is held as constant in the GCE scheme (Figure 13c). The outcome is relatively similar to the
Zpgr CFAD: a larger D, corresponds to larger Zpg. Similar situations are discovered near the melting
layer to 8-km ASL. The larger size of snow and graupel results in higher reflectivity near the melting
level to 8-km ASL in the Morrison scheme (Figure 10d). In addition, the Kpp CFAD in the GCE scheme

(Figure 10c) is larger than that in the Morrison scheme (Figure 10f) owing to the higher mean rain
mixing ratio in the GCE scheme (Figure 13a).
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Figure 13. Vertical distribution of the mean mixing ratio (g/kg), total number concentration (/m3),
and mean mass diameter (mm) with respect to rain, snow, and graupel hydrometeors at 1100 UTC
on 14 June 2008. The area is indicated by the red box in Figure 6. The sky blue, red, and green lines

represent rain, snow, and graupel, respectively. The upper and lower rows present the results of the
GCE and Morrison schemes, respectively.
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4.5. Histograms

CFAD analyses provide a general pattern of validating model performance. The simulated
polarimetric parameters are evaluated by histograms which provide a qualitative comparison between
observations and model simulations. Besides, the precipitation system is divided to convective and
stratiform area for further evaluation. The method used herein refers to that in a previous study [33].
The method is described as follows. (1) The observation data are rearranged from low to high values
and the total number of observational data counted. Then, the Oth, 10th, up to the 100th percentile
data are selected for grouping criterion. (2) The model data are sorted into 10 groups by the selected
criterion in the previous step (i.e., the first group contains the model data whose value is between Oth
and 10th, and so on). (3) The model data number in each group is counted and summed to obtain the
total model grid point data number. (4) This total model number is divided by 10, and a number for the
reference number in each group is obtained. The number in each group should be close to the model
reference grid point number. If a certain group number exceeds (is smaller than) the reference number,
the variables are overestimated (underestimated). Finally, we determine the analysis performance
in each group and whether the analysis has under- or overestimated in the group. For simplicity,
we normalize the group number by dividing with reference number. Consequently, we can check much
more easily and quickly in each group. Furthermore, by dividing the total observation number with
the total model grid point number, the ratio can indicate whether the entire model makes an under-
or overestimation. If the ratio is close to 1, the analysis field approaches the observation distribution
in whole aspect. If particular groups are selected, for example, data over 80% define a strong or
convective area. We can employ this method to understand the characteristics of different weather
system classification regions.

Figure 14 shows the histogram validation of the GCE and Morrison analysis fields in combination
with three heights ASL: 1.5, 2.5, and 3.5 km. Three heights are selected for the reason of increasing the
sample, and the warm rain area structures are investigated. The performance of Zy in both scheme
analysis fields is almost identical, and the distributions in each interval are overestimated slightly. In the
Morrison scheme, former 80% intervals behave much better than in the GCE scheme. Furthermore,
the first 10% interval indicates that the Morrison scheme has the flexibility to simulate the stratiform
area DSD, which has been reported by many studies [13,31]. However, both schemes underestimate
the convection area, specifically the reflectivity echo at higher than 40 dBZ, showing that the analysis
fields of both schemes still require improvement. In the Zpg field, both schemes overestimate the
value, and the last interval has 7.68 and 8.47 times the reference grid points. The reason for the
overestimation of Zpg is mentioned in Section 4.3. In the Kpp field, the two schemes underestimate the
amount, indicating that the liquid water content is much lower compared with in the observations.
Underestimation of liquid water content in model simulation was also reported in another study [33].
When checking the last 10% of data with values higher than 0.42°/km, representing the convection
area, the GCE scheme performs better than Morrison scheme. This result is mainly due to the rain
mixing ratio and Kpp being strongly related to the liquid water content. The DA system can provide
important distributions, even though we only assimilated radial wind and reflectivity.
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Figure 14. Histogram validation of the analysis field in both schemes: (a—c) Zy, Zpg, and Kpp in the
GCE scheme, respectively; (d—f) same as (a—c) but for the Morrison scheme. The black lines indicate the
normalized distribution number in each interval. The red lines indicate the grid point ratio between
the observation and analysis field.

5. Discussion

In this case study, sensitivity tests illustrated that for evaluating the performance of model simulation
objectively, it is necessary to setup the threshold of parameters in the dual-polarimetric observation
operator. The studies [42,68] indicate that the DSD characteristic in Taiwan is closer to maritime
precipitation, which featuring high number concentration and medium drop size. After excluding total
number concentration <100/m> of model grid point in mixing-phase area, the simulated bright band
level is smoother and closer to S-POL observation.

Examining the performance of numerical simulations, the analysis fields of GCE and Morrison
schemes show similar structure and intensity of squall lines to radar reflectivity after radar data is
assimilated. Results show that simulated Zy of GCE (single moment) could be as good as the Morrison
(double moment) scheme (Figures 7a and 8a,d,g), and simulated Zpg of GCE has less bias than that of the
Morrison scheme. In addition, the vertical cross-sections of Zpg and Kpp illustrates that the polarimetric
signatures in the main convection area could be replicated in both schemes. However, compared to the
simulated radar parameters with the S-POL CFAD, both schemes overestimated Zpg, especially the
Morrison scheme. This is due to the hydrometeor variables of mixing ratio and number concentration
is dependent in the single moment GCE scheme. This is confirmed when the increment of model
variables and simulated dual-polarimetric parameters are examined (Figures 11 and 12). The simulation
with Morrison scheme, whose total number concentration is prognostic, shows an unrealistic results
comparing to retrieved total number concentration field (not shown). Besides, the distribution of the
Kpp CFAD in GCE more resemble to S-POL observation than that in Morrison scheme when both
scheme underestimate the 75th percentile. Overall, results indicate that if double moment scheme is
desired to be applied in the numerical model simulation, dual-polarimetric parameters, such as Zpg
and Kpp, are essential to be assimilated for obtaining better hydrometeor variables.
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Further investigation on the vertical distribution of mixing ratio, total number concentration and
mean mass diameter, the results show the characteristics in microphysics schemes. The comparison
of the mean mass diameter revealed that the mean drop size was greater in the Morrison scheme
(Figure 13). These results explain the larger bias of Zpr CFAD in the analysis with Morrison scheme
(Figure 9 versus Figure 10). In addition, the mean mass diameter in Morrison is larger than that
in GCE while the amount of rain mixing ratio in GCE is larger than that in Morrison (Figure 13).
Therefore, Kpp CFAD in the analysis with GCE scheme has greater value than the Morrison scheme
(Figure 10c versus Figure 10f). By separating the squall line system into convective and stratiform areas
through histograms (Figure 14), different characteristics of physical processes in the two regions could
be identified. The histogram results revealed that the Morrison scheme can simulate the stratiform
more precisely than the GCE scheme. Conversely, the GCE scheme exhibited superior performance
in convective areas compared with the Morrison scheme, because the data distribution was closer to
the observed distribution. One should notice that whereas the Zpr and Kpp value are compared with
S-Pol CFAD, we mainly focused on the performance of warm-rain in the analysis. The reason is that
the assumption of polarimetric operator on the shape of snow and graupel/hail particles resulted in the
difficulties in simulating the Zpgr and Kpp value correctly.

6. Conclusions

In this study, a sophisticated dual-polarimetric observation operator for radar data was applied
to Taiwan. A squall line case during the SOWMEX in 2008 was investigated, and the results of
the convection-permitting model were verified using NCAR S-POL data. To accurately capture the
precipitation system, radar reflectivity and radial wind were assimilated in the WRF model at 3-km
resolution. In addition, two microphysics schemes were applied to evaluate the performance of
simulations using radar observations.

In this application of the polarimetric radar observation operator in Taiwan, sensitivity tests were
conducted to obtain the proper settings for this weather system in Taiwan. When examining the
Morrison scheme, the maximum conversion fraction of mixing hydrometers was discovered to be the
minor reason for discontinuity in the CFAD reflectivity, and adjusting the total number concentration
played a major role in improving the bright band structure. The sensitivity test shows that while
calculating the total number concentration of mixing-phase hydrometeors, a particular threshold
can prevent unrealistic and discontinuous bright band structure happening. The proper threshold
(i.e., 100/m3) was given and used in the remainder of the experiments for model verification.

Based on the proper setup of the operator in this event, more evaluations were performed
in the two microphysics schemes when comparing the model simulation with dual-polarimetric
variables. The structures of reflectivity were similar between the GCE and Morrison schemes, and both
schemes resembled the S-POL CFAD. However, both schemes overestimated Zpr compared to the
observations, especially for the Morrison scheme. The investigation of the increment of total number
concentration further revealed that assimilating radial wind and reflectivity data could only modify
number concentration slightly. Moreover, the comparison of the mean mass diameter illustrated that
the mean drop size was greater in the Morrison scheme. Therefore, the Zpr CFAD had larger bias in
the Morrison scheme. The histogram of polarimetric variables provided a quantitative comparison and
also described the difference of GCE and Morrison scheme by separating convective and stratiform
area. The Morrison scheme matched the stratiform area of observation more precisely than the GCE
scheme. Whereas, the GCE scheme performed better in convective areas compared with the Morrison
scheme, owing to Kpp distribution was closer to the observation.

In one case study, it was discovered that assimilating radial wind and reflectivity data may not be
sufficient for enabling the optimal mesoscale analysis, especially for a double moment microphysics
scheme. In future work, dual-polarimetric parameters will be assimilated, and the performance
of numerical models both for analysis and short-term forecasting will be examined. In addition,
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different types of severe weather system (e.g., typhoon, frontal system, and thunderstorm) should be
investigated and validated.

Author Contributions: C.-R.Y. wrote the first manuscript, assisted data curation, and performed the formal
analysis, software coding, and visualization for this research article. K.-S.C. conceptualized the research, performed
the formal analysis and validation, reviewed and edited this article, supervised and administered the project, and
provided the funding and computer resources. C.-C.T. helped establish the observation operator of this study and
reviewed and proofread the article. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan grant numbers MOST
108-2111-M-008-026, and 109-2111-M-008 -018.

Acknowledgments: We appreciate three anonymous reviewers for invaluable comments which improve the
quality of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Houze, R.A.; Rutledge, S.A., Jr.; Biggerstaff, M.I.; Smull, B.F. Interpretation of Doppler weather-radar displays
in midlatitude mesoscale convective systems. Bull. Am. Meteorol. Soc. 1989, 70, 608-619. [CrossRef]

2. Germann, U.; Zawadzki, I. Scale dependence of the predictability of precipitation from continental radar
images. Part I: Description of the methodology. Mon. Weather Rev. 2002, 130, 2859-2873. [CrossRef]

3. Germann, U.; Zawadzki, I. Scale dependence of the predictability of precipitation from continental radar
images. Part II: Probability forecasts. J. Appl. Meteorol. 2004, 43, 74-89. [CrossRef]

4. Lee, J.-W.,; Min, K.-H.; Lee, Y.-H.; Lee, G. X-Net-Based Radar Data Assimilation Study over the Seoul
Metropolitan Area. Remote Sens. 2020, 12, 893. [CrossRef]

5. Sun,].,; Crook, N.A. Dynamical and microphysical retrieval from Doppler radar observations using a cloud
model and its adjoint. Part I: Model development and simulated data experiments. J. Atmos. Sci. 1997, 54,
1642-1661. [CrossRef]

6. Snyder, C.; Zhang, F. Assimilation of simulated Doppler radar observations with an ensemble Kalman filter.
Mon. Weather Rev. 2003, 131, 1663-1677. [CrossRef]

7. Seliga, T.A.; Bringi, V.N. Differential reflectivity and differential phase shift: Applications in radar meteorology.
Radio Sci. 1978, 13, 271-275. [CrossRef]

8.  Sachidananda, M.; Zrni¢, D.S. Rain rate estimates from differential polarization measurements. J. Atmos.
Ocean. Technol. 1987, 4, 588-598. [CrossRef]

9. Vivekanandan, J.; Zrnic, D.S,; Ellis, S.M.; Oye, R.; Ryzhkov, A.V,; Straka, J. Cloud microphysics retrieval
using S-band dual-polarization radar measurements. Bull. Am. Meteorol. Soc. 1999, 80, 381-388. [CrossRef]

10. Lakshmanan, V.; Karstens, C.; Krause, ].; Tang, L. Quality control of weather radar data using polarimetric
variables. J. Atmos. Ocean. Technol. 2014, 31, 1234-1249. [CrossRef]

11.  Kumjian, M.R.; Ryzhkov, A.V. Polarimetric signatures in supercell thunderstorms. J. Appl. Meteorol. Climatol.
2008, 47, 1940-1961. [CrossRef]

12. Ke, C.-Y,; Chung, K.-S.; Wang, T.-C.C.; Liou, Y.-C. Analysis of heavy rainfall and barrier-jet evolution
during Mei-Yu season using multiple doppler radar retrievals: A case study on 11 June 2012. Tellus A Dyn.
Meteorol. Oceanogr. 2019, 71, 1571369. [CrossRef]

13.  Morrison, H.; Thompson, G.; Tatarskii, V. Impact of cloud microphysics on the development of trailing
stratiform precipitation in a simulated squall line: Comparison of one- and two-moment schemes.
Mon. Weather Rev. 2009, 137, 991-1007. [CrossRef]

14. Hong, S.; Dudhia, J.; Chen, S. A revised approach to ice microphysical processes for the bulk parameterization
of clouds and precipitation. Mon. Weather Rev. 2004, 132, 103-120. [CrossRef]

15. Lin, Y.; Farley, R.D.; Orville, H.D. Bulk parameterization of the snow field in a cloud model. ]. Clim.
Appl. Meteorol. 1983, 22, 1065-1092. [CrossRef]

16. Tao, WK,; Simpson, ].; Baker, D.; Braun, S.; Chou, M.D,; Ferrier, B.; Johnson, D.; Khain, A.; Lang, S.; Lynn, B.;
et al. Microphysics, radiation and surface processes in the Goddard Cumulus Ensemble (GCE) model.
Meteorol. Atmos. Phys. 2003, 82, 97-137. [CrossRef]

17.  Milbrandt, J.A.; Yau, M.K. A multimoment bulk microphysics parameterization. Part I: Analysis of the role
of the spectral shape parameter. J. Atmos. Sci. 2005, 62, 3051-3064. [CrossRef]


http://dx.doi.org/10.1175/1520-0477(1989)070&lt;0608:IODWRD&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2002)130&lt;2859:SDOTPO&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(2004)043&lt;0074:SDOTPO&gt;2.0.CO;2
http://dx.doi.org/10.3390/rs12050893
http://dx.doi.org/10.1175/1520-0469(1997)054&lt;1642:DAMRFD&gt;2.0.CO;2
http://dx.doi.org/10.1175//2555.1
http://dx.doi.org/10.1029/RS013i002p00271
http://dx.doi.org/10.1175/1520-0426(1987)004&lt;0588:RREFDP&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1999)080&lt;0381:CMRUSB&gt;2.0.CO;2
http://dx.doi.org/10.1175/JTECH-D-13-00073.1
http://dx.doi.org/10.1175/2007JAMC1874.1
http://dx.doi.org/10.1080/16000870.2019.1571369
http://dx.doi.org/10.1175/2008MWR2556.1
http://dx.doi.org/10.1175/1520-0493(2004)132&lt;0103:ARATIM&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1983)022&lt;1065:BPOTSF&gt;2.0.CO;2
http://dx.doi.org/10.1007/s00703-001-0594-7
http://dx.doi.org/10.1175/JAS3534.1

Remote Sens. 2020, 12, 3004 23 of 25

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Milbrandt, J.A.; Yau, M.K. A multimoment bulk microphysics parameterization. Part II: A proposed three-
moment closure and scheme description. J. Atmos. Sci. 2005, 62, 3065-3081. [CrossRef]

Khain, A.; Pokrovsky, A.; Pinsky, M.; Seifert, A.; Phillips, V. 2004 Simulation of effects of atmospheric aerosols
on deep turbulent convective clouds using a spectral microphysics mixed-phase cumulus cloud model.
Part I: Model description and possible applications. J. Atmos. Sci. 2004, 61, 2963-2982. [CrossRef]

Ulbrich, C.W. Natural variations in the analytical form of the raindrop size distribution. J. Clim. Appl. Meteorol.
1983, 22, 1764-1775. [CrossRef]

Marshall, ].S.; Palmer, WM.K. The distribution of raindrops with size. J. Meteorol. 1948, 5, 165-166. [CrossRef]
Tokay, A.; Short, D.A. Evidence from tropical raindrop spectra of the origin of rain from stratiform versus
convective clouds. |. Appl. Meteorol. 1996, 35, 355-371. [CrossRef]

Bringi, V.N.; Chandrasekar, V.; Hubbert, J.; Gorgucci, E.; Randeu, W.L.; Schoenhuber, M. Raindrop size
distribution in different climatic regimes from disdrometer and dual-polarized radar analysis. J. Atmos. Sci.
2003, 60, 354-365. [CrossRef]

Dawson, D.T.; Xue, M.; Milbrandt, J.A.; Yau, M.K. Comparison of evaporation and cold pool development
between single-moment and multi-moment bulk microphysics schemes in idealized simulations of tornadic
thunderstorms. Mon. Weather Rev. 2010, 138, 1152-1171. [CrossRef]

Putnam, B.].; Xue, M,; Jung, Y.; Snook, N.; Zhang, G. The analysis and prediction of microphysical states
and polarimetric radar variables in a mesoscale convective system using double-moment microphysics,
multinetwork radar data, and the ensemble Kalman filter. Mon. Weather Rev. 2014, 142, 141-162. [CrossRef]
Jung, Y.; Zhang, G.; Xue, M. Assimilation of simulated polarimetric radar data for a convective storm using
ensemble Kalman filter. Part I: Observation operators for reflectivity and polarimetric variables. Mon. Weather
Rev. 2008, 136, 2228-2245. [CrossRef]

Pfeifer, M.; Craig, G.C.; Hagen, M.; Keil, C. A polarimetric radar forward operator for model evaluation.
J. Appl. Meteorol. Climatol. 2008, 47, 3202-3220. [CrossRef]

Ryzhkov, A.V.; Pinsky, M.; Pokrovsky, A.; Khain, A.P. Polarimetric radar observation operator for a cloud
model with spectral microphysics. J. Appl. Meteorol. Climatol. 2011, 50, 873-894. [CrossRef]

Kumjian, M.R.; Martinkus, C.P; Prat, O.P; Collis, S.; van Lier-Walqui, M.; Morrison, H.C. A moment-based
polarimetric radar forward operator for rain microphysics. J. Appl. Meteorol. Climatol. 2019, 58, 113-130.
[CrossRef]

Jung, Y.; Xue, M.; Zhang, G. Simulations of polarimetric radar signatures of a supercell storm using a
two-moment bulk microphysics scheme. J. Appl. Meteorol. Climatol. 2010, 49, 146-163. [CrossRef]

Jung, Y.; Xue, M.; Tong, M. Ensemble Kalman filter analyses of the 29-30 May 2004 Oklahoma tornadic
thunderstorm using one- and two-moment bulk microphysics schemes, with verification against polarimetric
radar data. Mon. Weather Rev. 2012, 140, 1457-1475. [CrossRef]

Johnson, M.; Jung, Y.; Dawson, D.; Xue, M. Comparison of simulated polarimetric signatures in idealized
supercell storms using two-moment bulk microphysics schemes in WRFE. Mon. Weather Rev. 2016, 144,
971-996. [CrossRef]

Putnam, B.J.; Xue, M.; Jung, Y.; Snook, N.; Zhang, G.; Kong, F. Simulation of polarimetric radar variables
from 2013 CAPS Spring experiment storm-scale ensemble forecasts and evaluation of microphysics schemes.
Mon. Weather Rev. 2017, 145, 49-73. [CrossRef]

Jung, Y.; Xue, M.; Zhang, G.; Straka, ].M. Assimilation of simulated polarimetric radar data for a convective
storm using the ensemble Kalman filter. Part II: Impact of polarimetric data on storm analysis. Mon. Weather
Rev. 2008, 136, 2246-2260. [CrossRef]

Putnam, B.; Xue, M.; Jung, Y.; Snook, N.; Zhang, G. Ensemble Kalman filter assimilation of polarimetric radar
observations for the 20 May 2013 Oklahoma tornadic supercell case. Mon. Weather Rev. 2019, 147, 2511-2533.
[CrossRef]

Zhu, K.; Xue, M.; Ouyang, K.; Jung, Y. Assimilating polarimetric radar data with an ensemble Kalman
filter: OSSEs with a tornadic supercell storm simulated with a two-moment microphysics scheme. Q. J. R.
Meteorol. Soc. 2020, 146, 1880-1900. [CrossRef]

Zhang, J.; Howard, K.; Chang, P.-L.; Chiu, PT.-K.; Chen, C.-R.; Langston, C.; Xia, W.; Kaney, B.; Lin, P-F.
High-resolution QPE system for Taiwan. In Data Assimilation for Atmospheric, Oceanic and Hydrological
Applications; Park, S.K., Xu, L., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 147-162.


http://dx.doi.org/10.1175/JAS3535.1
http://dx.doi.org/10.1175/JAS-3350.1
http://dx.doi.org/10.1175/1520-0450(1983)022&lt;1764:NVITAF&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1948)005&lt;0165:TDORWS&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1996)035&lt;0355:EFTRSO&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2003)060&lt;0354:RSDIDC&gt;2.0.CO;2
http://dx.doi.org/10.1175/2009MWR2956.1
http://dx.doi.org/10.1175/MWR-D-13-00042.1
http://dx.doi.org/10.1175/2007MWR2083.1
http://dx.doi.org/10.1175/2008JAMC1793.1
http://dx.doi.org/10.1175/2010JAMC2363.1
http://dx.doi.org/10.1175/JAMC-D-18-0121.1
http://dx.doi.org/10.1175/2009JAMC2178.1
http://dx.doi.org/10.1175/MWR-D-11-00032.1
http://dx.doi.org/10.1175/MWR-D-15-0233.1
http://dx.doi.org/10.1175/MWR-D-15-0415.1
http://dx.doi.org/10.1175/2007MWR2288.1
http://dx.doi.org/10.1175/MWR-D-18-0251.1
http://dx.doi.org/10.1002/qj.3772

Remote Sens. 2020, 12, 3004 24 of 25

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tsai, C.-C.; Yang, S.-C.; Liou, Y.-C. Improving quantitative precipitation nowcasting with a local ensemble
transform Kalman filter radar data assimilation system: Observing system simulation experiments. Tellus A
2014, 66, 21804. [CrossRef]

Chang, S.-F; Sun, J.; Liou, Y.-C,; Tai, S.-L.; Yang, C.-Y. The influence of erroneous background, beam-blocking
and microphysical nonlinearity on the application of a four-dimensional variational Doppler radar data
assimilation system for quantitative precipitation forecasts. Meteorol. Appl. 2014, 21, 444-458. [CrossRef]
Chen, J.-Y.; Chang, W.Y.; Wang, T.-C.C. Comparison of quantitative precipitation estimation in northern
Taiwan using S- and C-band dual-polarimetric radars. Atmos. Sci. 2017, 45, 57-82. (In Chinese)

Chang, W.-Y,; Lee, W.-C.; Liou, Y.-C. The kinematic and microphysical characteristics and associated
precipitation efficiency of subtropical convection during SOWMEX/TiMREX. Mon. Weather Rev. 2015, 143,
317-340. [CrossRef]

Chang, W.-Y.; Wang, T.-C.C.; Lin, P--L. Characteristics of the raindrop size distribution and drop shape relation
in typhoon systems in the western Pacific from the 2D video disdrometer and NCU C-band polarimetric
radar. J. Atmos. Ocean. Technol. 2009, 26, 1973-1993. [CrossRef]

Feng, Y.-C.; Bell, M. Microphysical characteristics of an asymmetric eyewall in major Hurricane Harvey
(2017). Geophys. Res. Lett. 2019, 46, 461-471. [CrossRef]

Tsai, C.-C. Sensitivities of quantitative precipitation forecast for Typhoon Soudelor (2015) near Landfall to
polarimetric radar data assimilation. Remote Sens.. under review.

Xu, W,; Zipser, E.J.; Chen, Y,; Liu, C; Liou, Y.; Lee, W.; Jou, B.].-D. An orography-associated extreme rainfall
event during TIMREX: Initiation, storm evolution, and maintenance. Mon. Weather Rev. 2012, 140, 2555-2574.
[CrossRef]

Liao, H.H.; Wang, T.-C.C. The quantitative precipitation estimation research using the X-band radar data
during a SOWMEX/TiMREX IOP8 Case. Atmos. Sci. 2013, 41, 65-89. (In Chinese)

Tai, S.-L.; Liou, Y.-C.; Sun, J.; Chang, S.-F.; Kuo, M.C. Precipitation forecast using Doppler radar data, a cloud
model with adjoint, and the weather research and forecasting model—Real case studies during SOWMEX in
Taiwan. Weather Forecast. 2011, 26, 975-992. [CrossRef]

Yang, S.; Chen, S.; Chen, S.; Huang, C.; Chen, C. Evaluating the impact of the COSMIC RO bending angle
data on predicting the heavy precipitation episode on 16 June 2008 during SOWMEX-IOP8. Mon. Weather Rev.
2014, 142, 4139-4163. [CrossRef]

Skamarock, W.C.; Klemp, ].B.; Dudhia, J.; Gill, D.O.; Barker, D.M.; Duda, M.G.; Huang, X.-Y.; Wang, W.;
Powers, ].G. A Description of the Advanced Research WRF Version 3; NCAR Tech. Note NCAR/TN4751STR;
UCAR Communications: Boulder, CO, USA, 2008; 113p.

Powers, ].G.; Klemp, J.B.; Skamarock, W.C.; Davis, C.A.; Dudhia, J.; Gill, D.O.; Coen, J.L.; Gochis, D.J.;
Ahmadov, R.; Peckham, S.E.; et al. The Weather Research and Forecasting Model: Overview, system efforts,
and future directions. Bull. Am. Meteorol. Soc. 2017, 98, 1717-1737. [CrossRef]

Mlawer, E.J.; Taubman, S.J.; Brown, P.D.; Iacono, M.].; Clough, S.A. Radiative transfer for inhomogeneous
atmospheres: RRTM, a validated correlated-k model for the longwave. ]. Geophys. Res. 1997, 102, 16663—-16682.
[CrossRef]

Dudhia, J. Numerical study of convection observed during the Winter Monsoon Experiment using a mesoscale
two dimensional model. J. Atmos. Sci. 1989, 46, 3077-3107. [CrossRef]

Hong, S.-Y.; Noh, Y.; Dudhia, J. A new vertical diffusion package with an explicit treatment of entrainment
processes. Mon. Weather Rev. 2006, 134, 2318-2341. [CrossRef]

Grell, G.A,; Dévényi, D. A generalized approach to parameterizing convection combining ensemble and
data assimilation techniques. Geophys. Res. Lett. 2002, 29, 1693. [CrossRef]

Hunt, B.R.; Kostelich, E.J.; Szunyogh, I. Efficient data assimilation for spatiotemporal chaos: A local ensemble
transform Kalman filter. Physica D 2007, 230, 112-126. [CrossRef]

Chang, P-L; Lin, P-F,; Jou, B.J.-D.; Zhang, ]. An application of reflectivity climatology in constructing radar
hybrid scans over complex terrain. J. Atmos. Ocean. Technol. 2009, 26, 1315-1327. [CrossRef]

Lindskog, M.; Salonen, K ; Jarvinen, H.; Michelson, D.B. Doppler radar wind data assimilation with HIRLAM
3DVAR. Mon. Weather Rev. 2004, 132, 1081-1092. [CrossRef]

Zhang, F.; Wang, Y.; Sippel, ].A.; Meng, Z.; Bishop, C.H. Cloud-resolving hurricane initialization and prediction
through assimilation of Doppler radar observations with an ensemble Kalman filter. Mon. Weather Rev. 2009,
137,2105-2125. [CrossRef]


http://dx.doi.org/10.3402/tellusa.v66.21804
http://dx.doi.org/10.1002/met.1439
http://dx.doi.org/10.1175/MWR-D-14-00081.1
http://dx.doi.org/10.1175/2009JTECHA1236.1
http://dx.doi.org/10.1029/2018GL080770
http://dx.doi.org/10.1175/MWR-D-11-00208.1
http://dx.doi.org/10.1175/WAF-D-11-00019.1
http://dx.doi.org/10.1175/MWR-D-13-00275.1
http://dx.doi.org/10.1175/BAMS-D-15-00308.1
http://dx.doi.org/10.1029/97JD00237
http://dx.doi.org/10.1175/1520-0469(1989)046&lt;3077:NSOCOD&gt;2.0.CO;2
http://dx.doi.org/10.1175/MWR3199.1
http://dx.doi.org/10.1029/2002GL015311
http://dx.doi.org/10.1016/j.physd.2006.11.008
http://dx.doi.org/10.1175/2009JTECHA1162.1
http://dx.doi.org/10.1175/1520-0493(2004)132&lt;1081:DRWDAW&gt;2.0.CO;2
http://dx.doi.org/10.1175/2009MWR2645.1

Remote Sens. 2020, 12, 3004 25 of 25

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Barker, D.M.; Huang, W.; Guo, Y.-R.; Bourgeois, A.].; Xiao, Q.-N. A three-dimensional (3DVAR) data
assimilation system for use with MM5: Implementation and initial results. Mon. Weather Rev. 2004, 132,
897-914. [CrossRef]

Barker, D.; Huang, X.Y,; Liu, Z.; Auligné, T.; Zhang, X.; Rugg, S.; Ajjaji, R.; Bourgeois, A.; Bray, J.; Chen, Y.;
et al. The Weather Research and Forecasting model’s community variational/ensemble data assimilation
system. Bull. Am. Meteorol. Soc. 2012, 93, 831-843. [CrossRef]

Huang, X.Y.; Xiao, Q.; Barker, D.M.; Zhang, X.; Michalakes, J.; Huang, W.; Henderson, T.; Bray, J.; Chen, Y,;
Ma, Z; et al. Four-dimensional variational data assimilation for WRF: Formulation and preliminary results.
Mon. Weather Rev. 2009, 137, 299-314. [CrossRef]

Fan, J.; Han, B.; Varble, A.; Morrison, H.; North, K.; Kollias, P.; Chen, B.; Dong, X.; Giangrande, S.E.; Khain, A.;
et al. Cloud-resolving model intercomparison of an MC3E squall line case: Part —Convective updrafts.
J. Geophys. Res. Atmos. 2017, 122, 9351-9378. [CrossRef]

Han, B; Fan, J.; Varble, A.; Morrison, H.; Williams, C.R.; Chen, B.; Dong, X.; Giangrande, S.E.; Khain, A.;
Milbrandt, J.A.; et al. Cloud-resolving model intercomparison of an MC3E squall line case: Part II. Stratiform
precipitation properties. J. Geophys. Res. Atmos. 2019, 124, 1090-1117. [CrossRef]

Yuter, S.E.; Houze, R.A,, Jr. Three-dimensional kinematic and microphysical evolution of Florida cumulonimbus.
Part II: Frequency distributions of vertical velocity, reflectivity, and differential reflectivity. Mon. Weather Rev.
1995, 123, 1941-1963. [CrossRef]

Min, K.; Choo, S.; Lee, D.; Lee, G. Evaluation of WRF cloud microphysics schemes using radar observations.
Weather Forecast. 2015, 30, 1571-1589. [CrossRef]

Bringi, V.N.; Huang, G.; Chandrasekar, V. A Methodology for estimating the parameters of a gamma
raindrop size distribution model from polarimetric radar data: Application to a squall-line event from the
TRMM]/Brazil Campaign. J. Atmos. Ocean. Technol. 2002, 19, 633—645. [CrossRef]

Steiner, M.; Houze, R.A; Yuter, S.E. Climatological characterization of three-dimensional storm structure
from operational radar and rain gauge data. J. Appl. Meteorol. 1995, 34, 1978-2007. [CrossRef]

Lee, M.T,; Lin, PL.; Chang, W.Y,; Seela, B.K.; Janapati, J. Microphysical characteristics and types of precipitation
for different seasons over North Taiwan. J. Meteorol. Soc. Jpn. Ser. 11 2019, 97, 841-865. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1175/1520-0493(2004)132&lt;0897:ATVDAS&gt;2.0.CO;2
http://dx.doi.org/10.1175/BAMS-D-11-00167.1
http://dx.doi.org/10.1175/2008MWR2577.1
http://dx.doi.org/10.1002/2017JD026622
http://dx.doi.org/10.1029/2018JD029596
http://dx.doi.org/10.1175/1520-0493(1995)123&lt;1941:TDKAME&gt;2.0.CO;2
http://dx.doi.org/10.1175/WAF-D-14-00095.1
http://dx.doi.org/10.1175/1520-0426(2002)019&lt;0633:AMFETP&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1995)034&lt;1978:CCOTDS&gt;2.0.CO;2
http://dx.doi.org/10.2151/jmsj.2019-048
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Case Overview 
	Methodology and Experiment Design 
	Model Configuration 
	WRF Local Ensemble Transform Kalman Filter Radar Assimilation System (WLRAS) 
	Radar Data QC and Process 
	Observation Operator 
	Experimental Design 

	Results 
	Sensitivity Tests of the Operator 
	Performance of the Analysis Against the S-POL 
	Statistical Verification of System Structure Using the CFAD 
	Inspection of the Differences in Microphysics 
	Histograms 

	Discussion 
	Conclusions 
	References

