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Abstract

Compared to warm-rain processes which is well understood in decades of
advancement, cold-rain microphysics of precipitation is still challenging task in
numerical model simulation. The deficient knowledge in cold—rain processes may result
in incorrect ice-phased drop size distribution (DSD) of various hydrometers simulated
in microphysics scheme. Past studies have proven the inseparable relationship between
polarimetric variables and storm microphysics. In the research, Morrison two moment
scheme which is a double-moment (DM) scheme is selected to simulate a MCS located
at southwest Taiwan on 14 June 2008 (SOWMEX-IOPS). The simulation is validated
quantitatively with the NCAR s-band polarimetric measurements and DSD retrievals
of raindrops and snow particles. Simulation results from Morrison scheme are found
overestimating the reflectivity (Zun) comparing to observation. The analysis reveals
that stronger Zun is due to the exaggerated mean snow particle sizes (mass-weighted
diameter, D > 0.7 mm), even though model underestimates the snow mixing ratio (q).
The increments of mixing ratio and Dm of snow particle which contributed from
different cold-rain microphysical processes are analyzed. The autoconversion of
graupel from cloud-riming snow is one of the dominating processes. Two sensitivity
experiments including snow concentration and coefficient of collection efficiency of
snow for cloud (eci) were performed. The results indicate only slightly improvements

of the simulated snow DSD.
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Chapter 1: Introduction

Cloud microphysics is a critical factor in atmosphere science. The cloud
microphysics consists two main parts: warm-rain and cold-rain processes. Warm-rain
processes contain the development of precipitating rain without the ice-phased particles.
Cold-rain processes, on the other hand, focus on the ice-phase microphysics (Straka
2009). Compared to warm-rain processes which is well understood in decades of
advancement (Kessler 1969; Berry and Reinhardt 1974; Ziegler 1985; Cohard and Pinty
2000; Morrison and Grabowski 2007), numerical simulations of various cold-rain
processes are still challenging to atmospheric science community. The cold-rain
processes are difficult to be formulated in numerical model due to inherent complexity
of ice-phased hydrometeor (Morrison and Grabowski 2008). Furthermore, cold-rain
microphysics play an important role in deep convection. The concentration and mass
of ice-phased particles are significantly affected by different cold-rain processes. For
example, aggregation of snow decreases snow number concentration yet the auto-
conversion from ice to snow increases the concentration. Hence, the aggregation of
snow and auto-conversion from ice to snow processes are considered as sink and source
of snow concentration, respectively. Deviation in the source or sink of ice-phased
variables can led to inaccurate concentration, mass flux, and so on. As the incorrect ice-
phased particle simulated by numerical model above the melting layer, this error
consequently propagates to the warm-rain process beneath melting layer (Chen 2018).
It is essential to simulated proper characteristics of ice-phased particles above 0-degree

1sotherm.

Seldom observational data can provide detail of microphysical characteristics with

high spatiotemporal resolution, especially above freezing level. Numerical simulation,



on the other hand, can provide adequate spatiotemporal resolutions results. Yet,
simulation is still suffered from insufficient spatial resolution. Numerical mode
simulation still contains many uncertainties due to deficient understanding of
microphysics. Therefore, the imperfect numerical solutions are validated with
appropriate observations for further improvements. A consistent performance of
simulation with observation ensures the fidelity of numerical model result. Nonetheless,
contradiction between simulation and observation reveals the shortcoming of numerical
model and provides a chance to advance the formula and parameters of microphysical

schemes in numerical model.

In numerical model, microphysics parameterization scheme responses for physics
process in micro scale. That is, the warm-rain and cold-rain process. The capability of
microphysical scheme to illustrate nature characteristic is a significant task. Validation
must be conduct to understand if the microphysical scheme be handled properly. Since
microphysics variables show high spatial variability, radar observations of RHI scan
with high resolution is suitable for comparison. Also, past researches have proven
polarimetric radar data can better reveal the storm microphysical processes (Johnson et
al. 2016). The inseparable relationships between radar observations and microphysical
properties justify the validation of microphysical scheme with polarimetric variables.
Specific spatial pattern of polarimetric variables, namely polarimetric radar signature,
are corresponding to particular signature of microphysical processes. For example, size
sorting effect of large size of raindrops fall faster to surface, thus higher values of Zpr
can be found near surface. In the perspective of simulation, reproducing these
signatures exhibits that the model and microphysical scheme can reconstruct both storm
dynamics and microphysics properly (Johnson et al. 2016). In short, polarimetric radar

observations provide key information of microphysical processes. Furthermore, the



signatures of polarimetric radar observations serve as the basis to understand whether
particular parameterization scheme correctly treats the associated cloud microphysical

processes.

Microphysical features of various type of particle include the drop size distribution
(DSD), density, shape, orientation of particles and falling behavior (e.g., caning angle).
Polarimetric radar observations are highly associated with these features and hence can
be used to examine the microphysics parameterization scheme. However, numerical
model cannot simulate polarimetric variable directly. The polarimetric variables need
to be simulated from prognostic variables of model with the polarimetric operator.
Validations not only can be conducted on polarimetric variables, but also can be
conducted on the DSD parameters. Retrieval schemes enable revealing the DSD
parameters from polarimetric measurements. In microphysics parameterization scheme,
microphysical processes increase or decrease the number concentration (Nt) and mixing
ratio of each hydrometeor species. The number concentration and mixing ratio, deeply
affected by these processes, corresponding to specified DSD. Therefore, the validation
of simulated DSD parameters provides alternative approach to directly examine the

simulated microphysical processes of microphysics scheme.

Among many bulk microphysical schemes, Morrison two moment scheme is one
of the few that simulates both the mixing ratios and number concentrations of ice, snow,
rain, and graupel. Since both number concentration and mixing ratios of hydrometeor
species evolve as a result of microphysical processes, Morrison scheme show higher
potential to better handle microphysical processes than those which only simulate mass
mixing ratio. Also, Johnson et al. (2016) and Morrison et al. (2009) have proven that

microphysical schemes which predict both number concentration and mixing ratio



(double moment scheme, DM) perform better than those only predict mixing ratio
(single moment scheme, SM). Morrison scheme should be more capable in
microphysical simulation theoretically; however, the fact is not as expected in all
studies. Yu (2019) compared the performance of microphysics schemes including
Goddard, WSM6, WDM6, and Morrison with polarimetric operator during Southwest
Monsoon Experiment intensive observing period 8 (SoOWMEX IOP8). In the validation
of Zun and Zpr, SM scheme such as Goddard and WSM6 perform better than Morrison
and WDMB6, that is, the DM scheme. Therefore, detail examination and understanding
of Morrison scheme simulation is required, especially the cold-rain microphysics which

is not focused in Yu (2019).

In the study, simulation of the mesoscale convective system (MCS) in southwest
Taiwan on 14 June 2008 (SoWMEX IOP8) is validated with the NCAR S-band
polarimetric radar (SPOL) radar data. Morrison scheme with double moment is chosen
to reconstruct the microphysical processes via WRF simulation. Besides, high
spatiotemporal resolution data of RHI scans from NCAR SPOL polarimetric radar is
applied for validation. The polarimetric variables observed are highly related to
microphysical condition and are regarded as the reference truth to examine the
performance of Morrison scheme. Also, retrievals of polarimetric variables provide a
more intuitive validation to the simulated DSD. Finally, two sensitive experiments

toward microphysical processes are designed in attempt to improve the simulation.



Chapter 2: Case and data

2.1 Case overview

The MCS case chosen in the study is a prefrontal squall line on 14 June 2008
which is the first day of the SOWMEX IOP8(14-17 June). The MCS observed by NCAR
SPOL radar propagated from southeast China and exhibit northeast-southwest line
pattern before landing on the southwest coast of Taiwan (Fig. 2.1).

In synoptic overview, a quasi-stationary mei-yu front is near Taiwan. Also, the
500-hPa trough and 850-hPa cyclone cause strong low- to middle-level southwest flow
(Xu et al. 2012). According to Davis and Lee (2012), the northerly and northeasterly in
the lowest 50-hPa veered into southwesterly flow at 850-hPa imply the warm-advection
that assist the development of the MCS. Xu and Zipser (2015) found the precipitation
from the MCS was stronger than other cases during SOWMEX experiment. Moreover,
from the pronounced radar reflectivity around the melting layer, vigorous cold-rain

microphysics processes and significant updraft must exist in the MCS on 14 June.

2.2 Sounding data

The sounding data of 14 June were collected by several ground-based stations of
Taiwan (Fig. 2.2). The time interval between each launch are about 3 hours; therefore,
there were 8 sounding per day. Sounding of Pingtung station which is the nearest station
to SPOL radar are used in the study. All of the sounding data were processed by Paul et
al. (2010) to remove bias. The data were then interpolated into 0.25 km interval from
surface to 10 km height. Variables such as temperature and air density are calculated
for determining melting layer height and retrieving microphysics characteristic from

dual-polarimetric radar variables.



2.3 Radar data

2.3.1 RHI strategy

In order to obtain detail information of storm microphysics, radar data with range-
height-indicator (RHI) are investigated. The RHI measurements analyzed in the study
are NCAR SPOL. Observational variables like reflectivity factor at horizontal
polarization (Zun), differential reflectivity (Zpr), and specific differential phase (Kpp)
provided by the SPOL radar are regarded as reference truth to examine the simulation
from model. These variables and other dual-polarimetric variables are introduced detail
in Appendix (A.1). From 0736 to 0913 UTC is the only valid period of consecutive RHI
scans from SPOL radar on 14 June. The time interval between each set of RHI scans
are about 6 to 23 minutes. Each set includes 8 to 11 RHI scans and the azimuthal angle

of them range from 11 to 40 degree, that is, the northeast of the SPOL radar.

2.3.1 Radar data processing

In the quality control, the data with LDR over than 0.0 dB or pyy, less than 0.5
are removed. After removing the non-meteorological data, the data are interpolated into
a two-dimension domain (x-z coordinate). The vertical dimension of the domain ranges
from 0 to 10 km height with the interval equal 0.25 km. On the other hand, the
horizontal dimension ranges from 10 to 60 km to radar center with the 0.25 km interval.
The data of SPOL radar are available from 0 to over 100 km range distance. However,
to avoid the beam smoothing problem, only data with range distance less than 60 km

are analyzed in the study. The interpolation follows the algorithm:

=N w(d))var;
Ziév w(d;)

var(x,z) =

2.1



1

wd) =25 (22)

var can be Zuu, Zpr, or Kpp. d; is the distance from the ith grid point to the location
of interpolation point. var; is the value of ith grid point. Weight (w) of interpolation
is selected to be the inverse distance to the fourth power (1/d;*). This weight is designed
to ensures retaining the texture of weather system. Profile of Zun (x-z coordinate)
before (left) and after (right) the interpolation are demonstrated in Figure 2.3. It

illustrate that the interpolated data is similar to original RHI scan.



Chapter 3: WRF simulation

3.1 Model setup

The Weather Research and Forecasting (WRF) Model is the numerical model for
weather simulation and prediction. In this study, the fully compressible and non-
hydrostatic model of version 4.2.1 is used for the simulation. Numerical model handles
physics of different scales of weather systems, and as the grid resolution increases,
microphysics that can be directly represented in model grids. That is, the model allows
the cloud development and evolution by including the explicit equations of interactions
and transitions of different hydrometeor species (Stensrud 2007). The grid spacing in
the simulation of this study are 9, 3, and 1 km corresponding to 421x421, 451x451,
and 430x521 grid points for the three nested domains assumed (Fig. 3.1). Also, the
vertical dimension has 49 layers to ensure sufficient resolution resolving the signatures
around the melting layer. Therefore, it is suitable to apply microphysics scheme in all
domains. Morrison two moment scheme is chosen in the study to simulate

microphysical processes in three domains.

In the study, the simulation starts from 1800 UTC 13 and stop at 1700 UTC on 14
June 2008. The initial and boundary conditions are from NCEP final analysis (GFS-
FNL). The spatial and temporal resolution of GFS-FNL are 1 degree and 6 hours
respectively. The entire simulation was constructed from three run with time step equal
15,10, and 15 secs for the biggest domain (Fig. 3.2) to save computational time. Finally,
the analysis in the simulation will focus in the period from 1030 to 1400 UTC during

which the MCS happens.



3.2 Microphysics scheme

Microphysics scheme in model is responsible for the evolution of drop size
distribution (DSD) and the associated dynamics and thermodynamics in micro-scale.
According to different treatment toward DSD, parameterization of microphysics can be
done by two methods: bin model and bulk model. Bin model calculates the DSD
explicitly, on the other hand, bulk model represents the DSD with a prescribed
distribution. For example, Morrison two moment scheme with bulk method assumes
exponential distribution for rain, ice, snow, and graupel species. The simplification of
the DSD led to less computational cost (Morrison et al. 2005). Morrison two moment
scheme utilizes an exponential DSD with two factors: no and A.

n(D) =nyxe*? (3.1
no is the intercept parameter and A is the slope parameter. D is the diameter of particle.
n is the number concentration of particles in diameter D. Besides the no and A, one can
derive the DSD from mixing ratio (q) and total number concentration (n;) under
exponential assumption. In fact, the convert formula enables transforming parameters

from np and A to q and n¢and vice versa:
N 32
q=Tpy—— .
* /14pair

n

In Morrison two moment scheme, prognostic equations simulate q and n: at each
time step at each grid point in the domain. There are two variables q and n needed to
determine the DSD time evolution and spatial variation; thus, Morrison scheme is called
the double moment scheme (DM). In contrast, single moment scheme (SM) determine
the DSD by only one prognostic variables. Although SM scheme consumes less
computational resources, it is limited in represent the variation of DSD in atmosphere

compared to the DM scheme in theory.



Chapter 4: Methodology

The validation of simulations rely on the polarimetric radar observations; however,
the observational variables are fundamentally different from the microphysical
variables simulated in model. Prognostic variables associated with microphysics in
model are mixing ratio (q) and total number concentration (n;) of each species. The
model variables q and n; describe the integrated mass and number on the drop size
distribution (DSD) respectively. On the other hand, observed variables such as Zumn,
Zpr, and Kpp are associated with the signal received by radar and are dependent on
various microphysical conditions. Hence, the model variables cannot be compared
directly with the measurements. In order to quantitatively compare the simulated results
to the radar measurements, two methods are carried up in the study: polarimetric
operator and DSD retrieval. The former calculates simulated model variables into
simulated polarimetric variables; on the contrary, the latter turns the observed
polarimetric variables into g, n¢ or others parameters of DSD, that is, the “retrieved”
model variables. The connation inside the two methods, the former examines simulation
on a more general perspective of microphysics, while the latter gives a more intuitive
validation on the simulated DSD which is on behalf by q and n¢ or others related

parameters.

4.1 Polarimetric operator

Polarimetric variables come from the received scattering power and correlations
of various radar signals within the radar resolution volume. The radar signal is a
collection of ensemble of scattering hydrometeors (Ryzhkov and Zrnic 2019).
Therefore, polarimetric variables are highly associated with the hydrometeors size
distribution (DSD) in the atmosphere. The algorithm, namely T-matrix method,
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calculates polarimetric variables from DSD information with prescribed assumptions
about hydrometeor characteristics (such as particle density, shape, and orientation). T-
matrix method is the numerical solutions of Maxwell’s equations which describes the
behavior of electromagnetic waves like propagation and backscattering. Also, T-matrix
method is still applicable when the Rayleigh approximation fail in the resonance region,
(Mishchenko et al. 1996). Although T-matrix method retains wider application, it is
costly in computation resources. For the reason, in the study, look-up tables of
polarimetric variables includes Zun, Zpr, and Kpp are generated from T-matrix method
in advance (Johnson et al. 2016). Therefore, one can find the correct polarimetric
variables in tables from the DSD parameters without much computation in the

polarimetric operator.

As aforementioned in Chapter 3 (3.1), total number concentration and mixing ratio
of various species simulated in Morrison scheme can convert to the DSD parameters
(no and A ) at each grid points. Thus, the parameters of DSDs are used as input indexes
of look-up tables to find the polarimetric variables in each grid points. The DSD is a
significant factor that constitute the polarimetric variables, yet not the only factor.
Particle characteristics like shape, orientation, density, phase and so on also play a role
in determining the polarimetric variables. For example, hydrometeor shape is related
with Zpg, and the dielectric constant which is associated with the hydrometeor phase is
positive correlated with Zun. In the study, several look-up tables of polarimetric
variables were generated in advance with T-matrix method according to the species
characteristics. Hydrometeors are classified into five species in Morrison scheme;
therefore, there are five groups of particles with their own characteristics. Rain are
liquid-phase species; therefore, apply the dielectric constant of water. In addition, rain
retains the relationship of diameter size D and axis ratio r (Brandess et al. 2002).
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r = 0.9951 + 0.0251D — 0.03644D? + 0.005303D3 — 0.0002492D* (4.1)

Axis ratio r is used to described the flatness of particles which is the ratio of minor axis
to major axis. On the other hand, snow apply smaller density than the rain cases and the
axis ratio of snow is fixed to be 0.75. Also, because of the irregular shape of snow, snow
keeps higher standard deviation of canting angle (20 degree) than the rain cases (0
degree). For graupel, standard deviation of canting angle is 60 degree and axis ratio is
set to be 0.75 which is the same as snow. As for cloud and ice, their contribution to
polarimetric variables are negligible because of their insignificant size for S-Band radar.
Thus, characteristics and DSDs of cloud and ice will not be discussed in the content.
And the look-up tables of ice and cloud won’t be generated as the tables of rain, snow,
and graupel. More details about rain, snow, and graupel characteristics description used

in the study can be found in Jung et al. (2008).

In the operator of this study, polarimetric variables of rain, snow, and graupel can
be found in their look-up tables according to their DSD parameters. Variables output
from the polarimetric operator include Zun, Zpr, and Kpp which are constructed from

the Zun, Zpr, and Kpp of rain, snow, and graupel respectively.

Zy = 10[0910(ZH,7‘ +Zys + ZH,g) (dBZ) (4.2)

Zy Zyr+Zys+Zyg
Zpr = 10log (—) = 10log < ' ' = | (dB) (4.3)
DR 10 7, 10 Zyr + Zys + Zyg

Kpp = Kppr + Kpps + Kppg  (44)

The cloud and ice species in Morrison scheme with small particle size for S-band radar
are disregarded for polarimetric variables calculation. Overall, the calculations of Zum,

Zpr, and Kpp are valid above the melting layer. However, the calculations fail below
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the 0-degree isotherm where melting process alerts the characteristics of ice-phased
particles. Problems arise when same assumptions of snow and graupel characteristics
used above and below the melting layer. Therefore, it is necessary to separate the
melting species from the subzero ice-phased species. All species in Morrison scheme
exist in pure state; therefore, it is difficult to deal with the change of particle

characteristics caused by the melting process.

A compromised solution without modification of Morrison scheme is to include a
melting model in the polarimetric operator (Jung et al. 2008). In the application, two
additional species: rain-snow (melting snow) and rain-graupel (melting graupel) are
introduced in the melting model in the polarimetric operator. Part of the mixing ratio of
rain q, and snow ¢ are redistributed into the mixing ratio of rain-snow g, by the

factor F.

F = Fpax [min (Z—Z—)]OS . Epy =05 (45)

qrs = F(qr + q5) (4.6)

Since the microphysical scheme used in Jung et al. (2008) is SM; therefore, only mixing
ratio of rain-snow need to be determined. However, Morrison scheme used in the study
predicted both mixing ratio and total number concentration (DM). Therefore, there are
two variables need to be determined. In the study, the same distribution factor is applied

in both mixing ratio and total number concentration of rain-snow 7 ..
Ngrs = F(nt,r + nt,s) (4.7)

Also, the total number concentration and mixing ratio of rain-graupel n;,, and ¢4

come from part of the total number concentration and mixing ratio of rain and graupel.
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03
F=F,ux [min (q—g,ﬂﬂ (4.8)

ar dg
rg = F(qr + qg) > Nrg = F(nt'r t nt'g) (4.9)

The dielectric constant of rain-snow mixture used for T-matrix calculation is

determined from the liquid-water fraction of the species f,,.

_ Fq, _ qdr
F(qr+9qs) qr+qs

fw (4.10)

The liquid-water fraction of the rain-snow mixture increase from 0 to 1 when snow
melts completely after falling through the melting layer. Also, the dielectric constant of
rain-graupel mixture comes from the similar water fraction but for melting graupel.

__Fa&r
F(Qr""lg) qT+q9

fw (4.11)

The assumed characteristics of melting species result in the polarimetric look-up tables
of rain-snow and rain-graupel with the T-matrix method. Znn, Zpr, and Kpp of melting
species can be found in look-up tables from their DSD parameters derived from their
mixing ratio and total number concentration. Finally, the total Zun, Zpr, and Kpp are
constructed from the Zun, Zpr, and Kpp of rain, snow, graupel, rain-snow, and rain-

graupel.

Zy =10l0g10(Zyr + Zys + Zy g + Zuys + Zyrg) (dBZ)  (4.12)

Z—H> = 1010g10 <ZH,r T ZH’S + ZH'g + ZH,rs + ZH,rg

7 — 10l < dB)(4.13
DR Oglo Z ZV,T' + ZV,S + Zv,g + ZV,TS + ZV,T'g) ( )( )

%
Kpp = Kppr + Kpps + Kppg + Kpprs + Kpprg  (4.14)

Melting process in Morrison scheme happens only when the temperature is higher than
0°C. Therefore, the melting model only works below the 0-degree isotherm in the

polarimetric operator. These designs of the melting model generate melting snow and
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graupel (lower panel of Fig. 4.1) has consist simulation results (upper panel of Fig. 4.1)

where snow and graupel melting processes can be found.

4.2 Polarimetric retrieval

The relationship of polarimetric variables and microphysical variables can guide
us obtain the “simulated” polarimetric variables from the model mixing ratio (q) and
total number concentration (n). The relationship evidences the native of polarimetric
variables to the DSD which is associated with q and n,. Hence, one can find the
“retrieved” q and n; or other parameters of DSD from the polarimetric observation with
the connection. Polarimetric retrieval which converts polarimetric measurements into
DSD parameters is another approach to quantitatively validate model performance.
Similar to polarimetric operator, algorithms of polarimetric retrieval are based on
several assumptions of hydrometeor characteristics. The uncertainty of assumptions
plays significant role in the case of ice-phased particles (ice, snow, and graupel). The
inherent complexity of hydrometeor above the melting layer make the retrieval difficult.
In order to mitigate the bias from mistake assumptions, various retrieval methods with

different assumptions are applied above melting level in this study.

One of the retrieval methods used in the study is established on the look-up tables
of the polarimetric operator. As a consequence, derivation of the DSD parameters is
based on the same assumptions with the polarimetric operator used in the study. Since
it is hard to separate the polarimetric variables of different species in observation,
validations are only conducted in stratiform area. The identification of convective and
stratiform area follows the method developed by Steiner et al (1995) (Appendix A.2).

In stratiform region, polarimetric variables above melting layer can be all regarded as
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the contribution from snow. By excluding the convective area with strong updraft, the
graupel can be eliminated to reduce retrieval uncertainty. Besides, the contribution of
ice and cloud species are negligible because of their insignificant size. Therefore, snow
is the dominated species above melting layer and “retrieval” variables such as q and n;

of snow can be retrieved from the observed polarimetric variables.

In the polarimetric retrieval method based on look-up tables operator, the contours
of Zun and Kpp measurements are found in the snow tables and then the DSD
parameters of their intersection are calculated into the “retrieval” model variables.
Other retrieval methods also applied in the study include the algorithms developed in
Ryzhkov and Zrnic (2019) and Bukovcic et al. (2020) to palliate the uncertainty in the
assumption of snow characteristics. Also, for altitude lower than the melting level,

retrieval of rain species follows the method mentioned in Lu (2018) (Appendix A.3).

Diftferent from the study in Yu (2018) which only apply polarimetric operator for
validation, polarimetric operator and retrievals are both used in this study. In the warm-
rain cases, the behaviors of hydrometer particles are relatively simple. Thus, the
information of hydrometer characteristics is quite easy to be judge from polarimetric
variables directly. For example, higher Zpr value indicates larger rain-drops size. Also
more liquid water content always accompanies greater Kpp value. Nonetheless, all the
judgements mention before fail in the cold-rain cases. Due to the complex
characteristics of ice-phased particles, it is hard to get the microphysical conditions
from polarimetric measurements with such straightforward relationships. The cold-rain
microphysics of Morrison scheme is focused in this study. Thus, it necessitates the
polarimetric retrieval which can derive the DSD information quantitatively from their
complex relationships above the melting level.
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Chapter 5: Results

5.1 Validation with SPOL radar

5.1.1 The validated region and time of the MCS in simulation

It is common for model to generate incorrect location and arriving time of weather
system. Therefore, it is important to decide an appropriate analyzing domain and time
period for simulation to have a fair comparison between observation and simulation.
Since the area sampled by the RHI scan distribute around the northeast of SPOL radar,
a fan-shaped domain that cover the scanned area for comparison is determined for the
simulation (Fig. 5.1). Simulated data within the domain will be validated with the RHI
measurements. Besides the analyzing domain, due to incorrect arriving time, it is

necessary to select a suitable time period for comparison.

The analyzed MCS was observed by SPOL radar in the RHI scan mode from 0736
to 0913 UTC. According to the sounding of Pingtung station, the 0-6 km wind shear
decline first and then raise from 0300 to 1200 UTC (Fig. 5.3). The decrease and increase
of 0-6 km wind shear may result from the approaching and landing MCS (squall line)
from southeast China. The period that SPOL radar sampled in RHI mode (0736 to 0913
UTC) happens when the wind shear raises and the magnitude of the wind shear range
from 8 to 10 m/s. In the simulation, the timing that squall line arrived in Taiwan straits
are several hours late. However, the mean 0-6 km wind shear in the analysis domain of
simulation demonstrates similar behavior with the sounding of Pingtung during the
squall line arriving period (Fig. 5.4). In the study, simulation of 1330 to 1400 UTC are
selected and considered as the same period when the RHI data available (0736 to 0913
UTC). The magnitude of 0-6 km wind shear in 1330 to 1400 UTC of simulation ranges
from 8 to 11 m/s which is close to the values of sounding (8 to 10 m/s). Also, both
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simulation of 1330 to 1400 UTC and observation of 0736 to 0913 UTC have the same
increasing tendency of wind shear. Finally, in the maximum Zun distribution,
simulation in 1330 UTC (Fig. 5.5) shows an inverse V-shaped pattern which is similar

to the one measured from SPOL radar in 0800 UTC (Fig. 5.6).

In the following sections, polarimetric variables measured by SPOL radar on 14
June is compared with the simulated polarimetric variables from model output.
Validation of simulation is conducted in the specified region and time period. The
model capability in DSD simulation is examined by the retrieval of SPOL
measurements. In order to retain the accuracy of the retrieval methods, only stratiform
area of the MCS is analyzed. Also, different retrieval methods with different

assumptions are applied to provide a more objective perspective.

5.1.2 Validation in polarimetric variables

Polarimetric variables including Zun, Zpr, and Kpp measured from SPOL radar
are averaged and analyzed in contour frequency altitude diagram (CFAD) from 0736 to
0913 UTC (Fig. 5.7 to Fig. 5.12). The peak of Zun at around 4.5 km can be found in all
analyzing times. This signature of Zun is due to melting of snow causing more liquid
water fraction in the ice-phased particles and hence strengthen the Zun signal that the
radar received. Since particles start to melt only after they fall below the 0-degree
isotherm, it is reasonable that the melting level is a little bit higher than the height of
the Zun peak. Actually, the melting layer height derived from the Pingtung sounding is
about 4.5 to 5 km height (Fig. 5.4) which is higher than or equal to 4.5 km. From 0736
to 0913 UTC, the magnitude of the Zun peak enhanced over time, especially in the early
period (0736 to 0828 UTC). The enhancement of the melting signatures happens

simultaneously when the Zyn above the melting layer also increase. Greater Zyn above
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indicated more or larger ice-phased particles fall to melt which may be the reason that
led to the stronger Zun peak around melting level. Also, Zun below 0-degree isotherm
increase during the early period happens because more raindrops or bigger particles fall
from above. Besides the intensification of Zun, an increasing tendency can also be
found in Kpp, especially in the upper level (7 to 10 km) and Zpr in the lower level (1 to
3 km) in the beginning of the period (Fig. 5.9 and Fig. 5.11 to Fig. 5.12). All of these

phenomena indicate that the MCS is in the developing stage.

Simulated Zun, Zpr, and Kpp which generated through the polarimetric operator
have some similarities with the SPOL measurements (Fig. 5.13 to Fig. 5.15). The
melting signatures simulated are found around 4.5 km as the same with the observation.
Moreover, the magnitude of Zyn peak and the Zyn above and below melting level are
enhanced from 1330 to 1400 UTC. Zpr and Kpp simulated also demonstrate similar
behaviors found in SPOL measurements. In brief, the MCS simulated from 1330 to
1400 UTC strengthens over time which is consistent with the observation. Even though
the simulation catches some phenomena observed, several deficiencies can be found.
Figure 5.16 demonstrates the comparison of mean Zun, Zpr, and Kpp for all time
available from simulation (blue line) and SPOL measurements (gray line). It is
pronounced that the simulated Zun 1s higher the Zyny measurements. Furthermore, the
slope that Zyn decrease with increasing height is much steeper in simulation than the
observation. In the examination of simulated Kpp, the variation and magnitude of
simulated Kpp is less than the measured Kpp above Skm. Finally, the simulation
overestimates the values of Zpr below 4 km and cannot reproduce the increasing Zpr
tendency with height. Value of Zpr above the melting layer are almost only dependent
on particle density and particle shape which are always constant in simulation (Ryzhkov
and Zrnic 2019) (Fig 5.14 and Fig. 5.16). Therefore, it is easy to understand why the
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simulated Zpr is constant above 0-degree isotherm and hence different from the

observation.

5.1.3 Validation in DSD variables

Under exponential distribution assumption, DSD can be represented by two
associated parameters such as no and A or n¢ and q (as mentioned in Chapter 3). Mass
weighted diameter (D) is also one of the parameters that can also characterize DSD.
Besides, Di, features the diameter size in the DSD. In the study, q and Dy, are used to
quantify the magnitude and variation of DSDs. Dy, is not simulated in model directly

and thus need be derived from the simulated q and ny:

1

q X .Dair)§ (5.1)

TPxMy

4
Dm=z=4X(

In the formula, p, represents particles density which equal to 100 kg/m3 for snow
and 1000 kg/m3 for rain. From the simple formula, one can get the model Dy from
the simulated q and n:. In order to validate the DSD simulated by Morrison scheme, the
“true” DSD that composited by reference true q and Dm are need. Therefore, several
retrieval methods are applied in the following content to derive the “retrieved” q and

Dm from the SPOL measurements.

Snow mixing ratio (above 5 km height) and rain mixing ratio (below 5 km height)
are retrieved from the SPOL observations from 0736 to 0913 UTC (Fig. 5.17 to Fig.
5.19). Values of snow mixing ratio varies for different retrieval methods with different
assumptions. However, all of them enhance from 0736 to 0913 UTC. The increasing
snow mixing ratio is likely the reason that led to the Zun strengthen mentioned before
(Fig. 5.7 and Fig. 5.8). Furthermore, increasing snow mass above melting layer
indicates the developing of the MCS again. Regarding the retrieval of rain, the sudden
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peaks of rain mixing ratio in lower level (1 to 2 km) from 0850 to 0858 UTC
corresponds to the increase signature of Kpp in the same time and same altitude (Fig.
5.12 and Fig. 5.19). This is due to the highly positive linear relation between Kpp and
the liquid water content. In contrast to the increasing snow mixing ratio, magnitudes of
snow mass weighted diameter (Dm) are nearly the same from 0736 to 0913 UTC (Fig.
5.20 to Fig. 5.22). Except some extreme values found in 0736 and 0742 UTC (Fig.
5.20), there is no significant change of the snow Dp, retrieved from 0736 to 0913 UTC.
The noisy snow Dp, retrievals may result from the nearly-zero Kpp in 0736 and 0742
UTC (Fig. 5.11). When the value of Kpp approximates to zero, the retrieval algorithm
is relatively vulnerable to the measurement error. And the biased Kpp induces

uncertainty in q and D, retrieval.

The simulated snow (rain) mixing ratio above (below) 5 km height from 1330 to
1400 UTC are demonstrated in Figure 5.23. It is evident that the snow mixing ratio
grow over time. Meanwhile, the values of simulated snow mass weighted diameter (Dm)
are nearly unchanged from 1330 to 1400 UTC (Fig. 5.24). These features are similar
with the behaviors of retrieved snow q and Di, from the SPOL observations. Actually,
from both simulation and retrieval of observations, one can conclude that the MCS
strengthen above 5 km over time because the snow mixing ratio increase while the
diameter of particles remains the same. The mixing ratio of graupel (white dashed line
in Figure 5.23) is negligible compared with the snow mixing ratio. This justifies the
assumption in the study that snow species play more significant role than graupel above
melting layer height in the stratiform area. Although the tendencies of snow q and D,
are similar between simulation and retrievals, the magnitudes of them are diversed. It
is obvious that the model overestimates the snow Dn (Fig. 5.25). In fact, the bias on
snow Dm led to the overestimation of simulated Zun even though the model
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underestimates the snow q. High value of Zyn always accompanies larger particles sizes
and greater number of particles. In the simulation, although the number concentration
(o< q/D,y,) simulated is less than the retrieval, the exaggerated diameter of snow forces
the simulated Zun higher than the observed Zun. The rain simulation may subject to the
discrepancy of snow DSD simulated above melting layer. In fact, similar
overestimation and underestimation also can be noticed in the simulated rain D, and q.
The retrieval of rain D, (gray lines) is higher than the simulation (blue lines) close to 4
km height (Fig. 5.25) may result from the present of melting snow which contaminate
the retrieval of rain species. The values of simulated Zpr are much higher than the SPOL
measured Zpr below 5 km (Fig. 5.16) which also imply overestimation of rain Dy, for
Zpr is always positively related to the rain drop sizes. Rain drops come from the
completely melting snow; therefore, exaggerated size of snow in simulation probably

led to the oversized rain particles.

5.2 Simulated microphysical processes analysis

The validated period (1330 to 1400 UTC for simulation and 0736 to 0913 UTC
for SPOL observation) only include small portion of the MCS simulation in the
analyzed domain. And in the period, simulation overestimates snow Dm and
underestimates snow mixing ratio compared to retrievals from observation. A longer
inspection that includes the period before validated period may provide more complete
understanding of the snow simulation. In Figure 5.26, snow mixing ratio (q) (shaded
color) as well as mass weighted diameter (Dm) (White solid line) from 1030 to 1400
UTC on 14 June are demonstrated to include the earlier development of the entire
system (longer period and without limited in the stratiform area) in the analyzing

domain (same as validated domain). The snow q gradually becomes noticeable after
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1230 UTC. This indicates the MCS begins moving in or developing in the analyzed
domain at around 1230 UTC. However, the simulated Dy, of snow shows few variations
except the growth from around 1320 to 1340 UTC above 7 km height (Fig. 5.26).
Weather system always associated with different microphysical processes; thus,
particles growth or deplete with time. Therefore, it is unrealistic that simulated snow
sizes remain almost the same from 1030 to 1400 UTC. In model, simulated snow
mixing ratio and total number concentration were determined by advection,
sedimentation, diffusion, and microphysical processes. The snow Dp, is then derived
from the mixing ratio and total number concentration simulated. In the following
section, the role of different cold-rain microphysical processes in snow mixing ratio

and D which is dependent on both q and n; are analyzed.

5.2.1 CTRL run
In DM microphysical scheme, each microphysical process is a source or sink of

mixing ratio (q), total number concentration (n) or both of them.

dq d dq

5= (vq) + P (V,) +Vpq + <E)xxx (5.2)
an; d on;
Fr -V (vny) + 37 (Vnt) + Vpn, + (E)xxx (5.3)

The first three terms on the right-hand side of the prognostic equations of q and n; are

advection, sedimentation, and turbulent diffusion. The last terms in two equations

. . 7] an . .
represent microphysical processes. (a_Z) and (—t) are the microphysics rate
XXX XXX

of q (kg/kg sec™!) and n; (m™ sec™!). “xxx” represents particular microphysical process
such as aggregation or deposition which can vary the values of q and n; over time. The
cold-rain microphysical processes of snow are detailed in Appendix (A.4).The
increment or decrement of q and n¢ (Aq and An;) in each time step equal to the product
of microphysics rate and the time step (At, in sec).
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Aq = (E)m x At (5.4)

9
An, = (ﬁ) x At (5.5)
at XXX

Compared to the original q and ny, integration over each time step generates new q, n;
and also the new D which can be derived from the new q and n:. In order to understand
the roles of different cold-rain microphysical processes in snow q and snow Dm, the
increments or decrements of them are decomposed into contributions from different
microphysical processes (Fig. 5.27 and Fig. 5.28). Also, a longer period (1030 to 1330
UTC) before the validation is analyzed to understand the ins and outs that cause the

validated results.

In Figure 5.27, significant increase in the variations of snow mixing ratio from
these microphysical processes don’t appear until 1230 UTC. It consists with time that
snow mixing ratio start to increase (Fig. 5.26). That is, the MCS begins to intensify in
the analyzed domain after 1230 UTC in the simulation. The three dominated
microphysical processes that increase the snow mixing ratio are deposition (green
dashed line), snow accretion with rain and cloud (pink dashed and solid lines). These
processes enhance snow q due to stronger updrafts associated with system development
and more vapor, cloud, and rain in to the upper levels. Deposition which shifts the vapor
into snow is triggered by increasing of water vapor. Also, more rain and cloud increase
the opportunity that snow collects them and hence increase the size and mass of itself
in the accretion terms. The increment of snow Dm turns pronounced at around 1200
UTC (Fig. 5.28). Accretion terms of rain and cloud are not only significant in snow
mixing ratio increment but also play important roles in snow Dn. Another noticeable
process in variation of snow Dy, is the autoconversion of cloud, snow to graupel (red

solid line). Similarly, the enhancement of this graupel autoconversion process resulted
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from more cloud transported upward. This autoconversion term increase the snow D,
by removing smaller snow; hence the remaining large snow led to the larger diameter
derived. However, autoconversion of cloud, snow to graupel can sometimes decrease
the snow Dn, if the diameter of removed snow is greater than the current Dm. Actually,
the diameter of removed snow is around 0.6 mm according to the formula used in
Morrison scheme (Ikawa et al. 1991). The detail derivation of the formula is described

in Appendix (A.5).

5.2.2 Sensitivity experiments

In attempt to understand the reason of Morrison scheme overestimating the snow
D while underestimating the snow mixing ratio; also, to examine the response of
Morrison two moment scheme after modifications associated with the microphysical
processes, sensitivity experiments are designed and applied in this study. Figure 5.29
demonstrates the distribution of snow Dn and n¢ from SPOL retrieval and model
simulation above 5 km height during the validation period (0736 to 0913 UTC or SPOL
retrievals and 1330 to 1400 UTC for simulation). With the exponential distribution
assumption of DSD, the snow water content only relies on the Dy, and n. Snow water
content equals snow mixing ratio multiplied by dry air density. The tilted yellow lines
are the contour of snow water content and hence were determined from the coordinated
values of Dy, (x-axis) and n (y-axis). Figure 5.29 indicates that the Morrison scheme
tends to generate oversized snow particles and lower number concentration compared
with the SPOL retrievals in the validated period (1330 to 1400 UTC). Actually, we can
find that the simulated D of snow is nearly unchanged before and during the validated
period (1030 to 1400 UTC), even when the snow mixing ratio is nearly zero (1100 to
1230 UTC) in Figure 5.26. Overall, the snow D, of SPOL retrievals distribute from 0.2

to 1.27 mm and most of their Di value are equal or less than 0.6 mm. In contrast, most
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of the snow Dp, in simulation are greater than 0.8 mm (Fig. 5.29). This means that the
autoconversion (snow, cloud to graupel) process mentioned before tends to increase
snow Dy, in the simulation (Dn>0.6 mm, detailed in Appendix A.5) while decrease or
unchanged the snow Dy, of SPOL retrieval (Dn<0.6mm). It is easy to imagine that if
model generated oversized and fewer snow particles previously, the autoconversion

term will intensify the overestimation of snow D, in the later time steps.

In order to avoid the vicious circle, total number concentrations of snow are
multiplied by 100 and 1000 while retain the magnitude of snow mixing ratios to lower
the snow Dm in two sensitivity experiments: NS100 and NS1000. The sensitivity
experiments restart from 1200 to 1400 UTC and the modifications of snow n; are only
applied in 1200 UTC, that is, the beginning of the integration of the sensitive tests. In
the upper left picture of Figure 5.30, we can find that the Dy, of NS100 (blue contour)
and NS1000 (red contour) distributed almost less than 0.6 mm compared with the CTRL

run (black contour) at 1200 UTC because of the n modification.

Besides the sensitivity experiments that revise the snow n¢ to control the influence
of the autoconversion term, additional three experiments are designed to reduce the
microphysics rates of the autoconversion process directly. In fact, the coefficient for the
collection efficiency of snow for cloud (eci) affects the riming degree of snow particles
and hence influence the process that riming snow converts into graupel. According to
the formula used in Morrison two moment scheme, the microphysics rate of the
autoconversion process is proportional to the square of eci (Appendix A.3). Kajikawa
(1974) derived the eci dependency on the snow and cloud particles size in laboratory.
The corresponding eci value of the simulated snow and cloud D according to the
function from Kajikawa (1974) is smaller than 0.1. However, the default constant of eci
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in Morrison two moment scheme is 0.7. Therefore, three additional sensitivity
experiments that alter eci from 0.7 into 0.5, 0.3, and 0.1 (ECIO5, ECI03, and ECIO1)
are restarted from 1200 to 1400 UTC. The three sensitivity experiments associated with
eci revision are expected to lower the magnitude of snow D, by lessen the microphysics
rates of the autoconversion of graupel from snow and cloud. All tests run in the study

are arranged in table 5.1.

In NS100 and NS1000, the reduced snow D in 1200 UTC return into the larger
size quickly once the integration start (Fig. 5.30). The results indicate that the initially
separated distributions of CTRL (black contour), NS100 (blue contour), and NS1000
(red contour) gradually coincide together from 1200 to 1300 UTC. The recovery of
NS100 and NS1000 also accompany the increasing snow mixing ratio compared with
CTRL; however, their distributions are exactly the same at 1300 UTC. The increment
of snow mixing ratio and D from different microphysical processes at 1201 UTC are
showed in figure 5.31. Compared to the CTRL (upper left and right), NS100 (middle
left and right) and NS1000 (bottom left and right) generate stronger increment of snow
mixing ratio and snow Dn. Although the snow Dr, increment of graupel autoconversion
(red solid line) indeed decrease, the increment in both snow mixing ratio and Dy, of
deposition (green dashed line) greatly increase compared with the CTRL. The
deposition (process of vapor to snow) is probably the reason which pushed NS100 and
NS1000 back to the greater snow Dn simulated despite the approximated-zero
increment from the autoconversion of graupel. Consequently, NS100 and NS1000

generated similar results with the CTRL one at 1300 UTC.

For the ECIO5, ECI03, and ECIO1 experiments, on the other hand, perform better
than the CTRL run. However, the smaller snow Dp, that we desired in the simulation is
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insignificant compared with the CTRL (left of Fig. 5.32). No matter if eci is set to 0.5,
0.3, or 0.1, the snow Dy, are indeed smaller than the snow Dy, in CTRL. Besides, ECIOS,
ECI03, and ECIO1 simulate slightly higher snow mixing ratio than the CTRL one (texts
in right of Fig. 5.32). The increment of oversized snow D of ECI experiments (left of
Fig. 5.33) are suppressed compared with the CTRL run (bottom left of Fig. 5.28), and
the increments of suppressed snow Dm were indeed resulted from the smaller graupel
autoconversion term (red solid line). Comparing the smaller eci values experiments
compared with the default one, the results indicate that not only depressed the snow D,
but also increase the cloud D, (Fig. 5.34). In Morrison two moment scheme, cloud is
the only SM species; therefore, the D of cloud can almost reflect the magnitude of
cloud mixing ratio simulated whereas the total number concentration of cloud is
constant. Smaller eci led to less cloud droplets collected by snows and hence more cloud
mixing ratio retained and finally greater cloud Dm found. The phenomenon is most

pronounced in ECIO1 which has the smallest eci value.

In brief, two types of sensitivity experiment (NSxxx and ECIxx) are designed to
improve the DSD simulation of Morrison scheme; however, fail to suppressed
simulated snow Dm. Although the ECIxx experiments indeed decrease the snow Dy, and
increase the snow mixing ratio, the improvements are limited. All these imply that the

underlying cause of bias in Morrison scheme has not been found.
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Chapter 6: Conclusion and discussion

6.1 Conclusion

In this research, the simulation with Morrison two moment scheme is validated
with the polarimetric measurements from SPOL radar. Polarimetric variables have been
proven to be related with the storm microphysical processes; therefore, polarimetric
variables can examine the performance of microphysics scheme from numerical model.
According to Xu and Zipser (2015), vigorous cold-rain microphysical processes as well
as strong updraft inherent in the MCS on 14 June; hence, the case was chosen in the
study. The MCS was simulated using WRF model with the Morrison scheme which is
double moment (DM) in rain, ice, snow, and graupel. Compared to SM scheme, DM
scheme simulated both mixing ratio and total number concentration rather than just
mixing ratio. Mixing ratio and total number concentration are integration of mass and
number on the whole DSD. Hence, DSD in DM scheme can vary with different mixing
ratio or total number concentration. On the other hand, DSD in SM scheme is only
dependent on mixing ratio. Also, diameter size in DM scheme, unlike the diameter size
in SM scheme, is derived with the two prognostic variables under exponential
assumption and was expected to be more realistic. In brief, DM has potential to perform
better on the DSD simulation which is one of the important characteristics in
microphysics. In the study, simulated results were converted into the simulated
polarimetric variables to compare with the observations. Besides, DSD parameters
including q and D, were retrieved from SPOL measurements to examined the simulated
DSD in Morrison scheme. In order to minimize the retrieval uncertainty, validation is
only conducted in the stratiform area which is distinguished from the convective area

with the method developed in Steiner et. al. (1995).
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The enhancement of simulated Zun and Kpp during the validated period indicates
the strengthen of MCS which is also found in the SPOL measurements. Moreover,
simulation and observations have similar tendencies of the increasing Zun, Zpr, and
Kpp. Although the model catches some phenomena observed, several deficiencies still
can be found. Overestimation of Zuy and Zpr in lower levels are found and both the
magnitude and variation of Kpp underestimate the observations. Also, the variation of
Zpr in upper levels cannot be reproduced by Morrison scheme. Actually, the nearly
constant Zpr in upper level results from the fact that snow characteristics such as
orientation and shape are not considered in Morrison scheme. In the following analysis
on DSD parameters, we can conclude that the raising Zuy and Kpp in upper level
resulted from the increasing snow mixing ratio which can be seen in both simulation
and observation. Moreover, despite the underestimation of snow q in Morrison scheme,
the exaggerated Zun value was still generated from the over-simulated snow Dm.
Further, the oversized snow particles above are probably the reason that led to the

oversized rain drop and overestimation of Zpr below in the simulation.

In the following analysis includes the period before validation, the nearly
unchanged snow Dp is inconsistent with the evolution of snow mixing ratio. To
understand the role of each cold-rain microphysical processes in snow DSD simulation,
increments of snow mixing ratio and Dm contributed from different processes are
analyzed. The autoconversion of graupel from cloud-riming snow is one of the
dominated processes that result in large increment of snow Dn,. Therefore, two kinds of
sensitivity experiments designed according to the autoconversion process are run and
expected to improve the snow DSD simulation. First, in NS100 and NS1000 experiment,
total number concentrations of snow are multiplied by 100 and 1000 to reduce the snow
Dn at the initial time of restart run (1200 UTC 14 June). Second, ECI05, ECIO3, and
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ECIO1 alter the default value of collection efficiency of snow for cloud (eci) from 0.7
to 0.5, 0.3, and 0.1. The smaller eci can reduce the degree of snow riming and hence
depress the increments of Dy, caused by the graupel autoconversion process. The former
(NSxxx) modifies the initial condition of snow Dm while the latter (ECIxx) decreases
the magnitudes of the microphysics rates directly. Even with the modification of the
snow D, proved to be invalid because the snow D and n¢of the sensitivity experiment
and CTRL run converge eventually. Although the DSD simulated from ECI05, ECIO3,
and ECIO1 are closer to SPOL retrievals than the CTRL ones, the improvements are

limited.

To sum up, Morrison two moment scheme doesn’t realize its potential in the snow
DSD simulation, especially the snow Dr,. The validations on both polarimetric variables
and DSD parameters with SPOL observations indicate the overestimation of snow Dp,
and underestimation of snow mixing ratio. Further, the biased snow simulation above
causes negative impact below. The simulated Zpr below melting layer height are found
higher than the measured Zpr. Finally, several sensitive tests are applied in attempt to
improve the simulation; however, fail to achieve the goal. All these imply that the

underlying cause of bias in Morrison scheme has not been found.
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6.2 Discussion

There are some results in the research that are worth further discussion. First, the
method used to differentiate stratiform and convective area is based on the 2 km Zun
(Steiner et. al. 1995). Hence, the credibility of stratiform area distinguished in
simulation may be questioned since the Morrison scheme tends to generate
unreasonable Zyn. In fact, this influence in the analysis of the study is limited. The 10
mm/hr rain rate is often used to separate stratiform area (< 10mm /hr) from convective
area (> 10mm/hr) which can be the reference to examine the method based on Zymn.
In Figure 6.1, most of the data (~90%) classified as stratiform has rain rate less than 10
mm/hr. On the other hand, nearly 50% of convective data has rain rate less than 10
mm/hr. The misclassification of stratiform area is probably due to the overestimation
of Zun in Morrison scheme. Since there is only stratiform area (Chapter 5.1) and all
area (Chapter 5.2) analyzed in the study, the high uncertainty exists in convective area
won’t impact the results much. Another potential problem stems from the fact that
validation is conducted in stratiform area while analysis of microphysical processes is
in all area. The simulation indeed is different from the simulation without convective
area; nevertheless, the difference between them is so small when comparing with the
SPOL retrievals in stratiform area (Fig. 5.29). The retrieved snow Dn, (n¢) in stratiform
area is smaller (larger) than the simulated snow D, (n) even though simulation didn’t

exclude the convective area.

Although the issue about stratiform identification and analysis mentioned above
won’t affect the pivotal conclusions, this study may be defective in partiality for cold-
rain microphysical processes of snow. Actually, not only microphysical processes but

also advection, sedimentation, and diffusion can influence the simulation of snow q and
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n.. In the Chapter 5.2, two kinds of sensitivity tests are performed to suppress the snow
D simulated; nevertheless, the results leave much to be desired. Maybe the
microphysical processes are not the main source or sink of snow properties. Therefore,
it is hard to have significant improvement by changing the coefficient of collection
efficiency for snow. Also, the complex interaction between species (cloud, rain, ice,
snow, and graupel) in Morrison scheme worth more attention. Clearly, a more complete
analysis that include different processes (advection, sedimentation, ...) may assist the

uncover of mechanism of incorrect snow DSD simulation.
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Appendix

A.1 Introduction of polarimetric variables

Polarimetric measurements indicate different physical meaning and are widely
applicable. Five common use polarimetric variables are described here (Zun, Zpr, Kpp,
LDR, and puv). Zun is the radar reflectivity at horizontal polarization in a unit volume

® m™). The variable is positive correlated to hydrometeor sizes and number

(mm
concentration measured. Also, liquid-phased particles have greater Zuyy than the ice-
phased particles. On the other hand, differential reflectivity (Zpr) computed from the
ratio of Zun and Zvv (reflectivity at vertical polarization).
Zpr = 10 xX10g(Zyu/Zvv) (A1)

Zpr is associated with rain drop size below the melting layer and larger rain size exhibits
higher Zpr. However, above the melting layer, the signal of Zpr is smaller and the value
of Zpr is nearly determined by the shape and orientation of ice-phased particles
(unrelated to the DSD characteristic). Specific differential phase (Kpp) is also
dependent on hydrometeor sizes and number concentration. Besides, particles shape
and orientation influence the value of Kpp derived. Since Kpp is proportional to the third
moment of DSD, it is always used to estimate liquid water content or mixing ratio below
the melting layer. Linear depolarization ratios (LDR) and cross-correlation coefficient
(puv) are useful in data quality control. Compared to rain and dry snow (-34 ~ -25 dB),

melting snow has larger LDR (-15 ~ -20 dB); however, the LDR of them still less than

zero. Larger LDR (>0 dB) and smaller puv (< 0.5) are always dominated by noise.
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A.2 Identification of stratiform area

Steiner et. al. (1995) developed algorithms that separate the convective system into

convective and stratiform regions. The convective and stratiform regions are

distinguished on the basis of the intensity and sharpness of the peaks of Zun intensity

at 2 km height. Three criteria for convective area identification are:

v

Intensity: For any grid points in the analyzed domain with Zun equal to or over
than 40 dBZ are regard as the convective centers.

Peakedness: First, average of Zun are taken over the surrounding background of
the grid point. The surrounding area contain grid points within 11 km of radius.
Second, derive the difference of Zun between the center grid point and background
regions. If the difference AZg;; is greater than the specified values AZ , than the

center grid point is determined as a convective center.
AZdif = Zcen — Zbg (A.2)

10,  Zp, <0 dBZ
AZ =110 —Z2,/180, 0<Z,; <4243 dBZ (A.3)
0, Zp, >4243 dBZ

Surrounding area: For any grid points that are identified as the convective centers,
the surrounding area of the points are also considered as the convective regions.

The radius of the surrounding area is intensity-dependent.

Finally, the remain regions that don’t satisfied any of the above three criteria are

identified as stratiform area. In the study, the algorithms are applied in both SPOL

measurements and model simulation to filter out the convective area for further analysis.
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A.3 Polarimetric retrieval methods

A.3.1 Retrieval method of rain species

Mixing ratio and total number concentration of rain species are retrieved with
polarimetric radar measurements below 4.5 km height. And then the DSD parameters
Dm of rain is derived that is analyzed with q in the study. The derivation of D, and q of

rain species follows Lu (2018) and Doviak and Zrnic (2006) respectively.

rain Dy, = Zyy"**(0.0477Z,5° — 0.1445Z,5° + 0.5846Z, + 0.8240)  (A.4)

rain q = pgir X 0.34(KppA)°7%2  (A.5)

In these equations, the Dy, and mixing ratio of rain can be retrieved from the measured

Zun, Zpr, and Kpp.
A.3.2 Retrieval method of snow species

The retrievals of snow species are more difficult than the rain species because of
the inherent complexity of snow properties. Therefore, in the study more than one
retrieval methods and assumptions are applied to give unbiased results. Bukovcic et. al.
(2020) and Ryzhkov and Zrnic (2019) provides several methods to derive snow D and

mixing ratio.

1/2

) (A.6)

Zpp
KppA

snowD,, = —-01+20n n= (
A here means the wavelength of radar (1 of SPOL radar equal to 10 cm) rather than
the slope parameter of DSD. Formula (a) calculates snow Dy from Zpp and Kpp
measured from SPOL radar. According to Ryzhkov and Zrnic (2019), the result of the
retrieval method is sparse from different snow shape and orientation; however, is

affected by the degree of riming. Hence, it is appropriate to applied the equation in
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lower temperature area where the riming seldom happens.

1/3
snow D, = 1.24 [FshapeForient] S

£=(2)" a7)

KDPA

1
Forient = Eexp(_zo_z)[l + eXp(_ZO-Z)] (A.8)

Compared to formula (A.6), formula (A.7) is sensitive to the orientation and shape
specified; nevertheless, is rarely influenced the snow DSD, density, and degree of
riming. Forient 1S parameter of orientation, and is determined from the standard deviation
of canting angle o, smaller o (~10) happens for dendrites or plates, while larger o
(~40) happens for snow aggregates. Fsnape 1s parameter of shape and is affected by the
axis ratio of snow particles. Value of Fshape ranges from 0.4 to 0.1 for axis ratio increases

from 0.4 to 0.8 (Ryzhkov and Zrnic 2019).

-3 KDPA
snow q = 4.46 X 10 =7 .1 + Ppair (A.9)
— ZpR
10.2 x 1073
snow q = 066 (KppA)®¢©Zyy®*® + pair (A.10)
(Forienthhape)

Formula (A.9) and (A.10) derive snow mixing ratio from Kpp and Zpr and Kpp and Zun
respectively. And compared with (A.10), formula (A.9) is less sensitive to the

orientation and shape of snow particles.

Besides the methods mentioned above, the method that developed on the snow
tables of dual-polarimetric operator is also applied in the study. As a consequence,
derivation of the DSD parameters and mixing ratio is based on the same assumptions
with the polarimetric operator. In the polarimetric retrieval method, the contours of Zun
(red solid line and shaded color) and Kpp (white solid line) measurements are found in

the snow tables and then the DSD parameters (no and A ) of their intersection are
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calculated into the “retrieval” model variables q, n¢ ,and finally Dp.

Snow look up tables of Z,; and Kgp

SPOL radar measured Z,,; and Ky

1. | Both Z,, and Kp can find a contour line
on ng and A coordinate

A (m?)

2. | Find the nyand A at the intersect of
two contour lines

3. | Calculate g, Nt, and Dm from ngand A

Logio(ng) (m™)

A.4 Cold-rain microphysics of snow in Morrison scheme

The cold-rain microphysical processes of snow are analyzed in this study (Fig.
5.27, Fig. 5.28, Fig. 5.31, and Fig. 5.31). Several microphysical processes with
insignificant magnitude (such as ice multiplication from snow) compared with others
are not demonstrated and discussed in the analysis. Several processes that influence the

snow mixing ratio or number concentration are described below.

Accretion of cloud or rain droplets to snow (c orrto s)

The gradual collection of cloud or rain droplets as snow particles fall through the
atmosphere. The process led to increase in snow mixing ratio and growth in snow
diameter (D). Also, during the process, the mixing ratio of cloud or rain will decrease.
The process of accretion of cloud droplets to snow (c to s) is represented by pink solid
line in figures. While the process of accretion of rain droplets to snow (r to s) is

represented by pink dashed line in figures.
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Autoconversion of graupel due to collection of cloud or rain droplets by snow
(s,corrtog)

The cloud or rain droplets collected by snow result in the riming snow. Part of the
cloud or rain-riming snows convert into the embryos of graupel. The process causes
part of the snow and cloud or rain mixing ratio transferred into the graupel species. Also,
the total number concentration of snow and cloud or rain will decrease. The process
increase or decrease the D of snow depending on the magnitude of snow D, and the
removed D which can be derived from the removed mixing ratio and total number
concentration of snow (the derivation is described in next section A.5). In the figures
(Fig. 5.27, Fig. 5.28, Fig. 5.31, and Fig. 5.31), autoconversion due to cloud collected
by snow is plotted in red solid line. While autoconversion due to rain collected by snow

is plotted in thin blue dashed line.

Autoconversion of graupel due to collection of snow by rain (r, s to g)
Graupel generation due to collection of snow by rain. The process causes part of
the snow and rain mixing ratio transferred into the graupel species. Autoconversion due

to snow collected by rain is plotted in thick blue dashed line.

Autoconversion of ice crystal to snow (i to s)
Autoconversion of ice crystal to snow transfers mixing ratio and number
concentration of ice species to snow species. The process is represented by thick blue

solid line in figures.

Deposition (v to s)

When the mixing ratio of water vapor greater (less) than the ice saturation mixing

ratio, deposition (sublimation) happens. Deposition process transfer mixing ratio of
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vapor to snow while sublimation transfer the mixing ratio of snow to vapor. Deposition
process led to the snow Dm growth. Green dashed line is used to represent deposition

process in figures.

Collision of ice and rain and add to snow (v, i to s)

The process describes the generation of snow due to the collision of ice and rain
particles. The process increase snow mixing ratio and total number concentration and

is represented by light blue solid line.

A.5 Autoconversion of graupel from cloud-riming snow

The process belongs to cold-rain microphysical processes and hence works only
when the temperature less than 0°C in Morrison scheme. The process will result in
increment (or decrement) of snow mixing ratio (q) and total number concentration (1)
in every time step. The microphysics rates in mixing ratio PGSACW (kg/kg sec™)

and total number concentration NSCNG (m™3sec™1) of the processes are:

PGSACW = CONS17 X dt X ngs X q.% X ag,? + (p X 4°>*?)  (A.11)

241 X X eci’?> X '(2bs + 2
CONS17 = Paso (2b; +2) (A.12)

8 X (pg _ps)

Ps

Pg = Ps

NSCNG = X PGSACW + (mgo+p)  (A.13)

dt or At is the time step in simulation (sec). nys is the intercept parameter of snow.
q. 1s the mixing ratio of cloud species. a;, and b (fixed constant) are the parameter
associated with fall velocity of snow (v = a,,DPs). A, is the slope parameter of snow.
P, Pg, Ps 1s density of air, graupel, and snow respectively. mg, is the mass of initial

graupel.
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The removed mass and total number concentration of snow correspond to the “removed”

mass weighted diameter (D).

1

A 3
s ) ~06mm (A 14)

TpsAng

Dremovea = 4000 X (

Ag; PGSACW x At 4.8 x107'°
An,  NSCNG x At

(A.15)

The snow D, in next time step will increase or decrease is dependent on whether the

current snow Dp, larger than the removed diameter Diemoved OF not in the process.
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Figures

(a) 061400 UTC (b) 061401 UTC (c) 061402 UTC
. , - & " (

Figure 2.1 The maximum Znn of the approaching MCS (squall line) on 14 June 2008

which led to precipitation in southwest Taiwan.
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Figure 2.2 Locations of sounding stations and SPOL radar. Pingtung station is located
in the northeast of the SPOL radar. The blue dashed line circles the SPOL radar with

the range distance equal 60 km.
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(a) RHI Z,,,, 06/14 0736 UTC (b) Z,,,, 06/14 0736 UTC
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Figure 2.3 Zun profile at 0736 UTC on 14 June measured from SPOL radar (left) and

Zun profile after interpolation (right).
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Figure 3.1 Experimental domain setting.
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13 June 2008 14 June 14 June 14 June 2008

1800 UTC 0300 UTC 1400 UTC 1700 UTC
>
time step = 15 sec time step = 15 sec

Figure 3.2 Configuration of time in simulation. An initial run and two restart run

composite the whole simulation.
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Figure 4.1 The upper panel demonstrates the microphysics rates of melting snow
(PSMLT, shaded color) and melting graupel (yellow solid contour: 0.5, 1, 1.5x 1073
g/kg s!). The lower picture demonstrates the mixing ratio of melting snow (QRS,
shaded color) and melting graupel (yellow solid contour: 0.5, 0.1, and 0.2 g/kg). Black
dashed line indicates the melting layer height. Gray shaded area is the terrain area.
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Figure 5.1 The black dashed line circles the area that range distance of SPOL radar less
than 100 km. The shaded color indicates the 0-6km wind shear (m/sec) of simulation at

0000 UTC on 14 June. The shaded area is the validated domain of simulation.
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Figure 5.2 0-6 km wind shear at Pingtung station on 14 June.
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Figure 5.3 Average of 0-6 km wind shear in the validated area (Fig. 5.1) of simulation

on 14 June.
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Figure 5.4 Melting layer height at Pingtung station on 14 June.
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Figure 5.5 Simulated maximum Zun at 1330 UTC on 14 June. The black point indicates
the location of SPOL radar. The black dashed line circles area with range distance less

than 100 km.
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Figure 5.6 Maximum Zun measured by SPOL radar at 0800 UTC on 14 June. The
shaded area is within the 100 km range distance of SPOL radar.
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Figure 5.7 Shaded color is CFAD of Zun measured by SPOL radar from 0736 to 0828

UTC. White solid line is the mean Zun, and white dashed line is the median Zyn.
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Figure 5.8 Shaded color is CFAD of Zun measured by SPOL radar from 0835 to 0913
UTC. White solid line is the mean Zun, and white dashed line is the median Zyn.
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Figure 5.9 Shaded color is CFAD of Zpr measured by SPOL radar from 0736 to 0828
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Figure 5.10 Shaded color is CFAD of Zpr measured by SPOL radar from 0835 to 0913
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Figure 5.11 Shaded color is CFAD of Kpp measured by SPOL radar from 0736 to 0828

UTC. White solid line is the mean Kpp, and white dashed line is the median Kpp.

56



i (a) SPOL 06/14 0835 UTC 0 (b) SPOL 06/14 0843 UTC

9 0.9
8 0.8
0.7
7
10.6
s £
5 5 10.5
o 5 (V]
B T {0.4
4
0.3
3 0.2
—mean —mean
2 - = -median - - -median 0.1
- =-0.05 degree/km - - -0.05 degree/km
1 0
0 0.05 0.1 0.15 0 0.05 0.1 0.15
KDP degree/km KDP degree/km
ib (c) SPOL 06/14 0850 UTC o (d) SPOL 06/14 0858 UTC ;
i
9 0.9
8 0.8
0.7
7
10.6
Eoe £
E’ 5 10.5
o 5 (5]
T T (0.4
4
3
—mean
2 - - -median
= ==0.05 degree/km
1
0 0.05 0.1 0.15 0 0.05 0.1 0.15
KDP degree/km . KDP degree/km

G (e) SPOL 06/14 0905 UTC

0.9

0.8

4
0.3
0.2
——mean
- - -median 0.1
=~ -0.05 degree/km
0

0.7
E E -6
£ £
.‘5’ .ED 10.5
{7} [}
T T {0.4
0.3
0.2
——mean
- - -median - = -median 0.1
= ==0.05 degree/km - - -0.05 degree/km
2 0
0 0.05 0.1 0.15 0 0.05 0.1 0.15
KDP degree/km KDP degree/km

Figure 5.12 Shaded color is CFAD of Kpp measured by SPOL radar from 0835 to 0913

UTC. White solid line is the mean Kpp, and white dashed line is the median Kpp.
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Figure 5.13 Shaded color is CFAD of Zun simulated from 1330 to 1400 UTC. White
solid line is the mean Zun, and white dashed line is the median Zun. Yellow dashed

lines are the reference line (30 dBZ).
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Figure 5.14 Shaded color is CFAD of Zpr simulated from 1330 to 1400 UTC. White
solid line is the mean Zpr, and white dashed line is the median Zpr. Yellow dashed lines

are the reference line (1 dB).
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Figure 5.15 Shaded color is CFAD of Kpp simulated from 1330 to 1400 UTC. White
solid line is the mean Kpp, and white dashed line is the median Kpp. Yellow dashed

lines are the reference line (0.01 degree/km).
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Figure 5.16 Blue solid lines are mean of simulated Zun, Zpr, and Kpp from 1330 to
1400 UTC. Gray solid lines are mean of measured Zun, Zpr, and Kpp from 0736 to

0913 UTC.
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Figure 5.17 The shaded color above 5 km height are CFAD of snow mixing ratio (q)
retrieved from SPOL measurements with the snow tables of polarimetric operator, and
the red dotted line are average of the snow q. Other lines above 5 km height are averages
of snow q from retrieval methods detailed in appendix which derive snow q from Zpr
and Kpp or Zun and Kpp with o equals 10° (dendrites or plates) or 40° (snow aggregates).
The shaded color below 5 km height are CFAD of rain q, and the white dotted line are

average of the rain q (Appendix A.2).
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Figure 5.18 Same as Fig. 5.17 but from 0821 to 0843 UTC.
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Figure 5.19 Same as Fig. 5.17 but from 0850 to 0913 UTC.
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- (a) SPOL Retrieval 06/14 0736 UTC
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Figure 5.20 The shaded color above 5 km height are CFAD of snow mass weighted
diameter (Dn) retrieved from SPOL measurements with the snow tables of polarimetric
operator, and the red dotted line are average of the snow Dm. Other lines above 5 km
height are averages of snow Dn from retrieval methods detailed in appendix which
derive snow Dy, from Zpp and Kpp or Zun and Kpp with g equals 10° (dendrites or plates)
or 40° (snow aggregates). The shaded color below 5 km height are CFAD of rain D,

and the white dotted line are average of the rain Dim (Appendix A.2).
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Figure 5.21 Same as Fig. 5.20 but from 0821 to 0843 UTC.
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Figure 5.22 Same as Fig. 5.20 but from 0850 to 0913 UTC.
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Figure 5.23 Shaded color above (below) 5 km height are CFAD of snow (rain) mixing

ratio, and the white dotted line is the average of the snow (rain) mixing ratio. The white

dashed line is mixing ratio of graupel.
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Figure 5.24 Shaded color above (below) 5 km height are CFAD of snow (rain) mass
weighted diameter, and the white dotted line is the average of the snow (rain) mass

weighted diameter.
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Figure 5.25 Blue solid lines are simulated mixing ratio (left) and mass weighted
diameter (right) from 1330 to 1400 UTC. Gray solid lines are retrieved mixing ratio
(left) and mass weighted diameter (right) from 0736 to 0913 UTC. For altitude higher
(lower) than 5 km, pictures demonstrate mixing ratio and mass weighted diameter of

snow (rain).
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Figure 5.26 White solid lines are simulated mass weighted diameter (mm) of snow.

Shaded color are simulated snow mixing ratio (g/kg).
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Figure 5.27 The increment of snow
mixing ratio from different cold-rain
microphysical processes are averaged in
altitude. Different lines represent different

microphysical processes. The gray area

indicates the sum of them.
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processes are averaged in altitude.
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SPOL retrieval and CTRL
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Figure 5.29 The y-axis coordinate is the snow Dn (Dms), and the x-axis coordinate is
the snow total number concentration (ns) in logarithm scale. Under the exponential
distribution assumption in DSD, the snow water content only relies on the Dms and ngs.
Snow water content equal snow mixing ratio multiplied by dry air density. The tilted
yellow lines are the contour of snow water content (0.0001, 0.001, and 0.01kg) and
were determined from the coordinated values of Dms and ng. The shaded color is the
distribution (%o) of the SPOL retrieval from 0736 to 0913 UTC above 5 km height in
stratiform area. The white solid (dashed) contour is the distribution (%o) of the model

simulation from 1330 to 1400 UTC above 5 km height in all (stratiform) area.
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(a) NS100, NS1000, and CTRL 1200 UTC
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(c) NS100, NS1000, and CTRL 1203 UTC
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e) NS100, NS1000, and CTRL 1207 UTC
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Figure 5.30 The black solid contour is the distribution (%o) of the model simulation
above 5 km height in all area. The blue (red) solid contour is the distribution (%o) of the
NS100 (NS1000) above 5 km height in all area. The tilted gray contours are the snow
mixing ratio. The comparison of snow Dm and n¢ distribution between CTRL and

sensitive tests (NS100 and NS1000) are demonstrated at 1200, 1201, 1203, 1205, 1207,

and 1300 UTC.
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b) NS100, NS1000, and CTRL 1201 UTC
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(b) CTRL 06/14 1201 UTC
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Figure 5.31 The three pictures on the right are the increment of snow Dy, from different
cold-rain microphysical processes in CTRL (upper right), NS100 (middle right), and
NS100 (below right) run. The three pictures on the left are the increment of snow
mixing ratio from different cold-rain microphysical processes in CTRL (upper left),
NS100 (middle left), and NS100 (below left) run. Different lines represent different

microphysical processes. The gray area indicates the sum of these processes.
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Figure 5.32 The three pictures on the

right hand side are the snow mixing ratio

comparison between CTRL and ECIO1 (upper right), ECIO3 (middle right), ECIO5

(below right) run. The three pictures on the left hand side are the snow D comparison

between CTRL and ECIO1 (upper left), ECIO3 (middle left), ECIOS (below left) run. y-

axis coordinate is the frequency of the data above 5 km height. The blue line always

indicate the data of CTRL run, while the red line and the pink area are the data of

sensitive runs (ECIO1, ECI03, and ECIO0S).
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Figure 5.33 The three pictures on the right are the increment of snow mixing ratio from
different cold-rain microphysical processes in ECIO1 (upper right), ECIO3 (middle
right), and ECIO5 (below right) run. Note that the x-axis ranges of them are different
from the ones in Figure 5.27. The three pictures on the left are the increment of snow
Dn from different cold-rain microphysical processes in ECIO1 (upper left), ECI03
(middle left), and ECIO5 (below left) run. Different lines represent different

microphysical processes. The gray area indicates the sum of these processes.
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Cloud D_ 06/14 1330 UTC
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Figure 5.34 The averages of cloud Dy, at 1330 UTC of CTRL, ECI05, ECI03, and
ECIOI in height.
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Figure 6.1 The distribution of rain-rate data in stratiform (blue line) and convective
(red line) area at 1330UTC. The stratiform and convective area are separated by method
based on Zun. Gray dashed line indicates 10 mm/hr, that is, the common used criteria

to distinguish stratiform and convective area.
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