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During PECAN
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Jingyu Wang2 , and Theodore M. McHardy1
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National Laboratory, Richland, WA, USA

Abstract This study analyzes the precipitation and ice cloud microphysical features of three common
modes of linear mesoscale convective systems during the Plains Elevated Convection at Night (PECAN)
campaign. Three cases, one for each linear mesoscale convective system archetype (trailing stratiform,
leading stratiform, and parallel stratiform precipitation), are selected. We focus primarily on analyzing ice
cloud microphysical properties and precipitation rates (PRs) over the classified convective core (CC) and
stratiform rain (SR) regions, as well as the two stratiform regions that developed behind (SR1) and ahead
(SR2) of the convective line relative to the stormmotion. In the three selected cases, the ice water path (IWP)
and PR have strong correlations in the CC, but not in the SR. In terms of the temporal evolution of the mean
IWPs and PRs, both CC and SR IWPs, as well as CC PRs, reach peaks quickly but take a longer time to
dissipate than the increase period. For all the three cases, both SR1 and SR2 IWPs are 20–70% of their
corresponding CC values in both the leading stratiform and parallel stratiform cases and up to 95% for the
trailing stratiform case, while all of their PRs are only 7–25% of their CC values. These values suggest not
only that the SR PRs may depend on IWPs but also that the microphysical properties of ice particles such as
habit and size distribution may play an important role. Utilizing cloud‐resolving simulations of these
systems may provide better understanding of the physical meanings behind the results in the future.

1. Introduction

Mesoscale convective systems (MCSs) are a substantial contributor to total precipitation in the United States
and globe during the summer months (Fritsch et al., 1986). In the Central Great Plains, MCSs account for
30–70% of the total precipitation, and they are often associated with severe weather hazards, such as flash
flooding, hail, severe winds, and tornadoes (Fritsch et al., 1986; Houze, 2004; Schumacher & Johnson,
2005). The accurate forecasting of MCS's precipitation is therefore crucial for the accurate prediction of these
hazard events.

The rainfall potential of an MCS could be affected by many factors that range from large‐scale forcing to the
microphysical processes occurring within the system. Large‐scale forcing generally affects the morphology
of MCS organization. Houze et al. (1990) noted that linear MCSs, particularly the systems with leading con-
vective lines that occurred over the midlatitudes, are more commonly associated with heavier rainfall
amounts as well as the greater rainfall area because of the large region of stratiform rain (SR) behind them.
Parker and Johnson (2000) classifiedMCSs into three categories based on the orientation of SR relative to the
convective line's movement: trailing stratiform (TS), leading stratiform (LS), and parallel stratiform (PS), as
shown in the Figure 1. In their study, they found that some of the MCSs that consist of a convective line with
LS rain produced heavy rainfall as a consequence of slower movement (Pettet & Johnson, 2003).
Schumacher and Johnson (2005) observed two specific MCS morphologies that most frequently produced
extreme rainfall events over east of RockyMountains. One type is a convective line, often oriented east‐west,
with trailing convective elements. The second type has a back‐building or quasi‐stationary area of convec-
tion that produces a region of SR downstream. These two types of MCSs account for 51.2% of the total 116
MCSs that produced extreme rainfall events in their study. These results suggest that the rainfall intensity
and rainfall amount of an MCS are related to the organization of the convective and stratiform parts of
the system.
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Key Points:
• The stratiform regions behind the

convective lines have higher IWP
values but lower precipitation rates
than those ahead of the lines in
all cases

• The MCS structure and the temporal
evolution of ice properties are
associated with the upper‐level
storm‐relative wind

• IWP and precipitation rate in the
convective region may have a strong
positive correlation
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In terms of small scale, the rainfall intensity and amount could be affected by the icemicrophysical processes
when ice particles grow and sediment into low layers. These larger ice particles can survive longer distances
when falling into dry layers and eventually enhance the precipitation mass and precipitation rate (PR;
Heymsfield, 1977). Using radar and in situ aircraft measurements, studies (Carbone & Bohne, 1975;
Heymsfield, 1977) have found that the ice cloud microphysics and precipitation development in the strati-
form region are related to the magnitude of vertical velocity; that is, both considerably higher ice water con-
tent (IWC) values and PRs are found in stratiform ice clouds with faster updraft velocities. Based on these
findings, studies (Ferraro et al., 2000; Heymsfield, 1977; Weng et al., 2003; Zhao et al., 2001) have derived
retrieval algorithms using IWC or/and ice water path (IWP) to estimate the rain rate.

On the other hand, the microphysical processes, especially the ice particle formation and growth processes
under various environmental conditions, may play an important role in determining stratiform precipitation
characteristics of an MCS. This is because the stratiform region is formed when ice particles generated from
convective cells are advected by the outflow and depositional growth occurs (Herzegh & Hobbs, 1980).
Parker and Johnson (2004) examined the microphysical structures of two common archetypes of linear
MCSs using model simulations. They found that MCSs containing a convective line with TS precipitation
have a mirror‐image resemblance to MCSs that have a convective line with LS precipitation because these
two modes of the MCSs are sustained by opposite directions of storm‐relative inflow.

There exists a linkage between the ice microphysics, the MCS morphology, and the precipitation as dis-
cussed above. This study first intends to explore the linkage between these three factors by investigating
how the microphysical properties (i.e., IWC and IWP) vary in different MCSmorphologies and then to study
the relationship between the ice microphysics and precipitation properties within the stratiform region.
Three MCS events that occurred during the Plains Elevated Convection at Night (PECAN; Geerts et al.,
2016) field experiment are analyzed in this study using the MCS classification method developed in
Parker and Johnson (2000). Figure 1 shows the schematic diagram of the three classified MCS archetypes
in terms of their convective, stratiform, and anvil components. The following three cases have been

Figure 1. Schematic diagram of idealized life cycles for three linear mesoscale convective system archetypes adapted from
Parker and Johnson (2000): (a) trailing stratiform (TS), (b) leading stratiform (LS), and (c) parallel stratiform (PS). Colors
indicate convective, stratiform, and anvil components of the systems.
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selected to be representative of three different organization modes: Unofficial Field Operation (UFO) 8A LS
case on 2 July 2015 in MO; UFO10 TS case on 7 July 2015 in southern MO and northeastern OK; and
Intensive Observing Period (IOP) 23 case with PS precipitation structure on 10 July 2015 in the TX/OK
panhandles. Previous studies primarily utilized model simulations to study the precipitation and microphy-
sical structures of LS and TS storms (Parker & Johnson, 2004). In this study, all analyses will be conducted
based on observations and retrievals. We hope the results from this study help obtain better understanding of
the differences inMCSs with different morphologies and provide insights for model evaluation and improve-
ments in future studies.

This study is organized as follows. Section 2 introduces the data used in this study and the IWC retrieval
algorithm. The MCS classification method is briefly presented in section 3. Section 4 describes three selected
cases during PECAN. The precipitation and ice cloud microphysical properties in the stratiform regions for
each case are analyzed and intercompared and the potential relationships between precipitation and ice
cloud microphysical properties are also discussed in section 4. Section 5 compares the IWC retrievals from
a radar reflectivity‐based algorithm and polarimetric variable specific differential phase‐based algorithm.
The uncertainties of the IWC retrieval algorithm will also be addressed in this section. Finally, the conclu-
sions are summarized in section 6.

2. Data
2.1. MRMS Products

The Multi‐Radar Multi‐Sensor (MRMS) system was developed at the National Severe Storms Laboratory
(NSSL) (Zhang et al., 2016). The system integrates data streams from multiple radars, satellite, lightning,
and rain gauge and upper air observations, to produce severe weather and precipitation products for improv-
ing severe weather forecasts and decision‐making capabilities (Zhang et al., 2016). Three products from the
MRMS system are used in this study. One is the 3‐D mosaic radar reflectively merged from S‐band Next‐
Generation Radars (NEXRADs), which is created by ingesting quality‐controlled 3‐D volume scan data from
about 180 operational radars within the contiguous United States and southern Canada. The 3‐D reflectivity
mosaic is produced at 31 levels (from 0.5 km to 19 km above ground level (AGL)) and has a temporal resolu-
tion of 10 min and a spatial resolution of 1 km × 1 km. The vertical resolutions are 0.5 km from 0.5 to 9 km
AGL and 1 km above 9 km. The radar reflectivity data are used for tracking MCSs and as input data for
calculating the IWC, as well as classifying the system into convective core (CC), SR, and anvil cloud (AC)
regions based on a classification algorithm (Feng et al., 2011).

The second product is the radar‐only quantitative precipitation estimation (QPE), which provides 2‐min
surface PR at a spatial resolution of 1 km × 1 km (Zhang et al., 2016). The surface PR is derived from the
seamless hybrid scan reflectivity and calculated using a Z‐R relationship determined by the assigned preci-
pitation type of that reflectivity pixel. Note that large uncertainties may be associated with the radar‐only
precipitation estimates related to the Z‐R parameters (Ahmed & Schumacher, 2015; Liu & Zipser, 2008).
The results from Zhang et al. (2016) andWang et al. (2016) show that the radar‐only MRMS and Q2 (the pre-
decessor of MRMS) estimates do have significant wet biases compared with surface disdrometer and gauge
measurements when estimating precipitation related to the convective processes. To address this issue, the
hourly local gauge bias‐corrected radar QPE product is used to adjust the minute‐level radar‐only estima-
tions. The local gauge bias is corrected by computing the differences between the hourly radar‐gauge preci-
pitation estimates at each gauge location. Then the point differences are interpolated to MRMS grids and
subtracted by the hourly radar QPE field (Zhang et al., 2016). In this study, the radar‐only estimates are
summed and averaged to get the hourly rain rate. The weight is calculated by using computed hourly
radar‐only QPE divided by gauge bias‐corrected radar QPE, and then the weight is applied to adjust the
minute‐level radar‐only estimates. The rain rate and rain area of minute‐level radar‐only QPE have been
reduced by this process. More detailed information on the precipitation type classification process, Z‐R
relationships used, interpolation method used, and quality control process related to construct the MRMS
QPE products can be found in Zhang et al. (2016).

2.2. MERRA‐2 Reanalysis

The Modern‐Era Retrospective Analysis for Research and Applications, version 2 (MERRA‐2) is the latest
atmospheric reanalysis developed at National Aeronautics and Space Administration's (NASA's) Global
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Modeling and Assimilation Office (Gelaro et al., 2017). MERRA‐2 is generated using the Goddard Earth
Observing System Model Version 5 data assimilation system, which assimilates data from various observing
systems, such as radiosondes and radiances from satellites (Molod et al., 2015). Details of the development of
the reanalysis, data, and models used in MERRA‐2 are described in Molod et al. (2015) and Gelaro et al.
(2017). Hourly assimilated meteorological fields, including sea level pressure, 500‐hPa geopotential height,
and 250‐hPa wind fields at a spatial resolution of 0.5° (latitude) × 0.625° (longitude) are used in this study
to provide the synoptic backgrounds associated with MCS cases.

2.3. Radiosonde and RaXPol Radar Data Collected During PECAN

Radiosonde data collected by PECAN Integrated Sounding Array (PISA) are used to track the changes in
temperature and surface wind during the system evolution. Radiosondes launched at NSSL mobile sites at
0000 and 0310 UTC 2 July were used for the LS case; soundings released from two fixed PISA (FP; FP2
and FP6) at 0000 UTC 7 July were used for the TS case; data collected from three FP sites and four mobile
PISA (MP) sites at 0000 (FP2, FP5, MP1, MP4, and CSU), 0300 (FP2, MP1, MP4, and NSSL1), and 0600
(FP2, FP3, FP5, MP2, and MP4) UTC were used for the PS case.

The specific differential phase Kdp data from Rapid X‐band Polarimetric (RaXPol) Radar operated by the
University of Oklahoma are collected during the PECAN project and used to retrieve the IWC of MCSs.
These retrieved IWCs are then compared with the IWC retrievals from the S‐band radar reflectivity factor
used in this study. For the MCS cases investigated in this study, the RaXPol data are only available for the
PS case during 0309 to 0520 UTC 10 July 2015. The specifics on the RaXPol can be found in Pazmany
et al. (2013).

3. Methodology
3.1. IWC Retrieval Algorithms

This study employs the IWC retrieval algorithm described by Tian et al. (2016). The algorithms were origin-
ally developed based on S‐band NEXRAD reflectivity and empirical relationships from aircraft in situ mea-
surements with the aim of retrieving the ice cloud microphysical properties for the SR and thick anvil
regions of deep convective systems (Tian et al., 2016). The IWC is retrieved based on a ratio between IWC
and an equivalent radar reflectivity factor (Ze). This retrieval algorithm has been evaluated using the results
from Hogan et al. (2006). It was further evaluated with aircraft‐measured IWC values from two field cam-
paigns, the Mid‐latitude Continental Convective Clouds Experiment (MC3E) and the Bow Echo and
Mesoscale Convective Vortices Experiment (BAMEX). Compared with the aircraft in situ measurements,
the uncertainty of IWC retrievals is ~40% during the MC3E, while a positive bias is found during the
BAMEX around 30% (Tian et al., 2016). The retrieval algorithms are capable of characterizing IWCs over
the SR regions of midlatitude continental convective systems. The retrieved IWPs based on radar reflectivity
are also used to compare with satellite‐retrieved IWPs to help quantify the uncertainties in the satellite
retrievals (Tian et al., 2018).

In this study, the IWC values are calculated using the 3‐D mosaic reflectivity. The ice‐phase‐dominated
layers are determined by locating the heights at which temperatures are below −10 °C from the sounding
data collected during PECAN. The heights of 6,525, 6,872, and 6,606 m are the corresponding heights of
−10 °C for the LS, TS, and PS cases, respectively. The IWPs retrieved from NEXRAD radar reflectivity are
then obtained by vertically integrating reflectivity‐based IWC profiles starting from 6.5 km for the LS and
PS cases and 7 km for the TS case to the radar echo top (the height of 0 dBZ radar echo). The layers having
temperatures between −10 to 0 °C are excluded from this study because the aggregation processes near the
melting band likely result in a significant increase in radar reflectivity. If these layers were included in the
retrievals, it would result in large positive biases in the retrieved IWCs because the retrieval algorithm is pri-
marily dependent on the radar reflectivity. Therefore, the bias of the retrieved IWCs should be smaller than
the results presented in Tian et al. (2016) because the IWP values are integrated from the 0 °C in their study.

To further evaluate our IWC retrievals, we adopt the algorithm developed by Lu et al. (2015) to retrieve IWC
values from polarimetric observable Kdp where IWC can be estimated as a function of Kdp, elevation angle,
and wavelength for different ice crystal habits. IWC retrieval errors are found to be less than 10% when the
exact crystal type is known (e.g., dendrites, plates, and columns with specific nominal thickness) or 30%
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when the general type of ice crystal is known (e.g., planer or columnar).
To compare the IWC and IWP retrievals from the two different algo-
rithms, the IWCs are first calculated from Kdp and then linearly interpo-
lated to the same horizontal and vertical grids of the Ze‐retrieved IWCs
for matching time periods. IWPs are obtained using the same method as
mentioned above. In this study, the ice particles are assumed to be planer
type when applying the Lu et al. (2015) method. This is because for a tem-
perature range between−8 and−22 °C, the predominate ice crystal habits
are plates and dendrites as found in Bailey and Hallett (2009) based on the
field and laboratory data sets.

3.2. CSA Classification

The CC, SR, and nonprecipitating AC regions of an MCS are identified
using the classification method developed by Feng et al. (2011) based
on the intensity of radar reflectivity starting from 2.5 km AGL. The
method starts with a convective/stratiform separation technique based
on Steiner et al. (1995), where the reflectivity at each radar grid box
is compared with a background intensity. A convective flag is assigned
to the grid point if it has a reflectivity greater than the background
intensity and exceeds 43 dBZ. Grid points that have echoes greater
than 10 dBZ and are not classified as CC are designated as SR (Feng
et al., 2011). Low‐level stratus clouds and cirrus clouds are labeled
based on their echo base and top heights (below 3 km for stratus
and above 6 km for cirrus). Grid points that have no gap in reflectivity
in the vertical direction and having a single layer with an echo base
below 3 km and an echo top above 6 km are defined as
transitional anvil.

3.3. Case Selection

Three PECAN MCS cases, each corresponding to a different MCS archetype, are selected and analyzed in
this study: the 1–2 July 2015 (UFO8A) LS case, the 6–7 July 2015 (UFO10) TS case, and the 9–10 July
2015 (IOP23) PS case. These three cases were chosen because they had relatively linear structures that match
the classifications from Parker and Johnson (2000). Figure 2 shows the study domain of each case with an
instantaneous shape of the system where each system went through the initiation, development, and dissi-
pation processes within the selected domain. The domain of the LS case (blue) is from 96°W to 88°W and
34°N to 40°N; the domain of the TS case (red) is from 105°W to 90°W and 31°N to 42°N; and the domain
of the PS case (green) is from 106°W to 95°W and 32°N to 40°N.

First, radar data not associated with the primary MCS in each case (e.g., other cells or preexisting reflectivity
values) are eliminated. Next, IWC values from the−10°layer to radar echo top height are calculated based on
the method of Tian et al. (2016). The convective stratiform anvil (CSA) classification is applied to the radar
reflectivity to define the SR, CC, and AC regions for each case. Then, during the time periods when the con-
vective cells are linear in shape and separate the entire stratiform region into two parts, the stratiform
region behind the convective line is defined as SR1, and the stratiform region ahead of the convective line
is defined as SR2. This step is done by applying a chi‐squared linear regression to grid boxes that are flagged
as CC (convective line) in the CSA classification. The last step is to collocate the IWC and precipitation
values for the SR1 and SR2 regions. Considering the possible mismatches between the CSA classification
and radar‐derived precipitation due to surface wind, the grid boxes that were classified as SR but had PRs
greater than 10 mm/hr have been excluded from the analysis for SR. The 10‐mm/hr threshold is often used
to discriminate convective precipitation (Han et al., 2019; Leary & Houze, 1979; Penide et al., 2013; Wang
et al., 2018), and previous studies have found that less than 3% of rain rates classified as stratiform are above
the 10‐mm/hr threshold (Wang et al., 2018). The total precipitation amount of pixels having rain rates
greater than 10 mm/hr account for less than 8% of the total stratiform precipitation amount in our analysis.

Figure 2. The study domain of each case. The shaded color represents the
radar reflectivity at one time step (2 July 0330Z for the leading stratiform
case, 7 July 2100Z for the trailing stratiform case, and 10 July 0200Z for the
parallel stratiform case). The blue box represents the study domain of the
2 July leading stratiform case; the red box represents the study domain of the
7 July trailing stratiform case; and the green box represents the study
domain of the 10 July the parallel stratiform case.
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To investigate the relationship between precipitation and ice cloud microphysical properties from a broader
point of view, the temporal distributions of IWP values, as well as PRs for the stratiform and convective
regions, have been explored in this study. Also, to study how the development of the convective line may
affect the evolution of the system, the analyses are performed from the time of convection initiation to the
system dissipation. In order to investigate the similarities and differences in the SR1 and SR2 regions among
the three MCS modes, the vertical distributions of IWC as a function of time and the probability density
functions of IWP and PR in the SR1 and SR2 regions are discussed.

4. Results
4.1. System Characteristics
4.1.1. UFO8A 2 July 2015: LS
Several discrete convective cells developed around 1 July 2200 UTC in central Missouri. The system initiated
west of a warm front (not shown). According to MERRA‐2 analysis (Figure 3a), the system developed at the
right exit region of a jet streak at 250 mb with a surface low located west of the region of convective initiation
(CI). Figure 4a shows the mature and dissipating stages of the convection from NEXRAD reflectivity at
2.5 km, the output from the CSA classification, retrieved IWCs at 8 km, and PRs. The system exhibited a
south‐eastward propagation and had a lifetime of approximately 17 hr. The convective system was fully
developed by 0310 UTC, which is well defined by the CSA algorithm (Figure 4a2). As expected, a much
larger SR region was produced by the MCS ahead of its convective line than that behind (Figure 4a3). A
radiosonde launched slightly ahead of the storm at 0310 UTC (Figure 4b) showed a southerly surface
wind with a surface temperature of 26.6 °C and a dew point temperature of 23.6 °C. The convective line
was maintained for about 2 hr before breaking down around 0510 UTC (not shown). By 0600 UTC, the
surface wind shifted from northward to southwestward, and the difference between temperature and dew
point temperature decreased as the balloon launch occurred within the storm (Figure 4a5). Figures 4a3
and 4a4 clearly show that the IWC and PR values over the CC region are much larger than those in the
SR regions, whereas the differences between the SR1 and SR2 regions are not significant. The tempospatial
evolution of this LS system is similar to the case study in Parker and Johnson (2000).
4.1.2. UFO10 7 July 2015: TS
The case on 7 July 2015 was a typical cold front case, where a northeast‐southwest oriented cold front
extended from Quebec, Canada, down to NewMexico. With the aid of the large‐scale forcing along the fron-
tal boundary, the primary linear convection initiated at northwest KS around 1300 UTC 6 July (upper right
orange box in Figure 3b). In addition, there was a shortwave trough located at eastern CO on MERRA‐2
500 mb chart, which favored the generation of a new convection around the TX‐NM border around 1800
UTC (lower left orange box in Figure 3b). The whole TS system had a lifetime of approximately 25 hr with
the emergence of the primary convective line from 2000 UTC to 0400 UTC next day. The system had the
same orientation of the cold front and slowly traversed over the Great Plains. At 2100 UTC 6 July (not
shown), a TS system had already developed in the northeastern part of the domain. Meanwhile, several con-
vective cells initiated and formed a new system over northern TX. A linear system developed along the cold

Figure 3. Synoptic map based on the Modern‐Era Retrospective Analysis for Research and Applications, version 2 (MERRA‐2), reanalysis showing sea level pres-
sure (SLP, black solid line), geopotential height at 500 mb (red solid line), wind fields at 250 mb with color‐contoured wind speeds (>30 kt) for the (a) leading
stratiform, (b) trailing stratiform, and (c) parallel stratiform cases. The orange boxes indicate the locations of convection initialization.
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Figure 4. The mature and dissipation stages of (a) the 2 July leading stratiform (LS) system, (b) the 7 July trailing strati-
form (TS) case, and (c) the 10 July parallel stratiform (PS) case. The time steps are labeled in each figure. From the first to
fourth columns are radar reflectivity at 2.5 km, the convective stratiform anvil (CSA) classification, ice water content
(IWC) distribution at 8 km, and precipitation rate at surface, respectively. The surface temperature, dew point tempera-
ture, and wind observed by the sounding are included in the radar reflectivity plot when available.
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front in the gap between the new system and the existing TS system, and
finally, these discrete cells merged together at 0000 UTC 7 July
(Figure 4b2) and formed a continuous convective line. At 0000 UTC,
two radiosondes were launched after the system passed by, showing a
northeasterly wind (Figure 4b1). The northeastern part of the system con-
tained a clear convective line toward the front of the system, while the
southwestern part had somewhat discrete convective cells that seemed
to wrap around the leading edges. By 0500 UTC, the system went into
the dissipation stage, and there was no clear convective line at this time
—only discrete convective cells existed in the upper and middle parts
of the system. However, new convection was initiated at the bottom part
of the system. The radiosonde located at the west side of the system
observed a continuous decrease in surface temperature from 22.5 to
19.2 °C at 0600 UTC (not show), indicating a surface cold pool was pro-
duced under the TS region.

Compared with the LS case, this case (TS) nearly mirrors the spatial structure of the LS with small SR2 and
large S1 regions. The IWC and PR values over the SR1 region are slightly higher than those over the SR2
region, which is different from the LS case.
4.1.3. IOP23 10 July 2015: PS
This case is very similar to the 26 May 1996 PS case presented in Parker and Johnson (2000), in that the
system formed along the TX‐NM border and slowly propagated through the TX Panhandle as shown in
Figure 4c. For the PS case selected in this study, two convective cells initiated in eastern NM at 2000 UTC
9 July 2015. More widespread initiation occurred later, and the linear MCS was formed at 0030 UTC. The
system was formed on the eastern side of a dry line, and a warm front was located north of the convective
system (not shown). The system had a lifetime of 18 hr where the clear convective line was developed at
0040 UTC and broken at 0330 UTC. The humidity was relatively low at this time as the measured air tem-
perature was around 7 °C higher than the dew point temperature. A linear MCS, with a clear convective line
located in the center of an SR region, was formed at 0300 UTC as demonstrated in Figure 4c2. The system
had a northeastwardmotion and was slightly tilted to the east. The newly formed storm produced an outflow
boundary that extended to its eastern side. At 0600 UTC, the linear structure collapsed, but more convective
cells were still forming at the upper right part of the system. With the system passing by, the moisture in the
air increased, leading to slightly increased dew point temperatures.
4.1.4. Thermodynamics and Dynamics Characteristics
Table 1 summarizes the thermodynamic variables collected from sounding data. Many studies (Lepore et al.,
2014; McCaul et al., 2005; Takemi, 2007) have proven that the precipitation intensity can sometimes be
inferred from the thermodynamic conditions. As this study focuses on investigating the relationship
between the precipitation and ice microphysical properties, it follows that if this relationship can be deter-
mined, and if the precipitation information could be inferred from the thermodynamic variables, then the
ice microphysical properties could also be indirectly determined. As shown in the table, the environment
for the LS case is more favorable for convective development as it has the highest most unstable convective
available potential energy value as well as the lowest lifted condensation level and level of free convection.
The TS case has the highest precipitable water vapor value of 56.82 mm, followed by the LS and PS cases.

Figure 5 shows the relative humidity (RH) and wind profiles based on the before‐system sounding data for
the selected three cases. These soundings were released at 0059, 0000, and 0000 UTC for the LS, TS, and PS
cases, respectively, and were located within 20 km ahead of the systems. Inversions in RH profiles are found
below 5 km in all cases. At higher levels, RH values decrease gradually with height and show less variation
compared with the lower‐level profiles. A very dry environment with RH values between 0% and 20% is
found for the LS case (gold) at altitudes between 5 and 7 km, while higher RH values at the upper tropo-
sphere are found for the TS case (green) than for the other two cases. The wind speeds and directions at
different layers vary significantly from case to case with relatively small changes at low and middle levels
in the LS case. A northwesterly jet is found at 10 km, which is consistent with the system's southeastward
propagation. This strong upper‐level background wind exceeds the storm propagation speed, resulting in
the faster storm‐relative motion in the upper stratiform region, causing the stratiform region ahead of the

Table 1
The Values of Thermodynamic Variables Collected From Radiosonde for
Three Selected Cases

Field 0702 LS 0707 TS 0710 PS

MUCAPE 4363.2 2466.8 3131.2
MUCIN −24.9 −17.0 −0.1
LCL 919 850 830
LFC 888 801 831
PW 48.39 56.82 38.51

Note. Variables include most unstable convective available potential
energy (MUCAPE, J/kg), most unstable convective inhibition (MUCIN,
J/kg), lifted condensation level (LCL, hPa), level of free convection
(LFC, hPa), and precipitable water (PW, mm).
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convective line. The TS case experiences a strong southerly surface wind, and the bottom of the TS system
moves faster than the air aloft, which leaves the SRs and anvil regions behind the CC, forming the TS
structure. Strong wind shear is also found at the upper troposphere in the TS case, which may be related
to the system's longer lifetime when combining the higher RH condition at the levels >15 km. These
environmental conditions allow continuous growth of detrained hydrometeors by deposition, supporting
further development of SRs and anvil regions (Feng et al., 2012).

As for the PS case (purple), a southwesterly wind parallel to the convective line is found between 3 and
8 km. The northeastward spread of the PS system is likely associated with the wind at these levels. The
hodograph helps illustrate the storm‐relative winds at different levels. Parker and Johnson (2000) con-
cluded that the stratiform precipitation configuration associated with each mode was roughly consistent
with the advection of hydrometeors, which is determined by the wind directions at middle and upper levels.
Figure 7 illustrates the storm‐relative wind profiles derived from the hodographs demonstrated in Figure 6.
Relative to the location of the convective line, the LS system experienced rear‐to‐front storm‐relative winds
at heights of 10 and 15 km, resulting in the advection of the ice hydrometeors to the SR2 region. On the
contrary, the TS case experienced the front‐to‐rear storm‐relative winds, which leads to the advection of
ice hydrometers to the SR1 region. As for the PS case, the storm‐relative winds at heights of 5 and 10 km

Figure 5. (a) The relative humidity (RH, %) profiles (left), (b) wind profiles in knot, and (c) hodographs of the three
selected cases based on the sounding observations. The numbers shown by the points in hodographs are the corre-
sponding height, and the wind intensity unit is in knot. LS = leading stratiform, TS = trailing stratiform; PS = parallel
stratiform.
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are found to be parallel to the convective line, but the storm‐relative winds at levels of 15 and 20 km are in
the opposite direction.

4.2. Precipitation and Ice Microphysical Properties
4.2.1. Time Evolution of PRs and IWP Values
Figure 7 shows the time series of IWC (top row) and PR (bottom row) for the selected cases. The unshaded
areas represent the time periods with a clear connective line and the classified SR1 and SR2 regions, while
the shaded areas are the time periods without a clear convective 1ine. For the 2 July LS case, the maximum
IWP and PR (dashed lines) occurred 0400 UTC over the CC region. The CC IWPs increase from 2.6 kg/m2

at 2200 UTC to 16.7 kg/m2 at 0400 UTC and then decrease to 2.6 kg/m2 at 1430 UTC. In the meantime, the
CC PRs increase from 2.4 to 26.3 mm/hr during the period 2200 to 0400 UTC and decrease to 9.0 mm/hr at
1400 UTC. These results suggest that there is a strong positive correlation between IWP and PR over the
CC region. For the SR region, IWP reaches a peak later, while PR reaches peak earlier than in the CC
region. IWPs in the SR region increase from 1.9 kg/m2 at 2200 to ~3.9 kg/m2 at 0430 UTC and decrease
to 1.3 kg/m2 at 1430 UTC. The corresponding PRs increase from 1.6 to 4.0 mm/hr at 0130 UTC and
decrease to 2.2 mm/hr at 1400 UTC without strong temporal correlation with IWPs. Although the magni-
tude of increasing and decreasing amounts of IWPs and PRs is almost the same for the two time periods,
the decreasing period is almost twice as long as the increasing period, indicating that IWP and PR increase
much faster than they decreased. The CC IWP and PR peak are nearly an order of magnitude higher
than those over the SR region. For the unshaded area, we further classify SR1 (behind the convective line)
and SR2 (ahead of) and compare their corresponding IWPs and PRs. For these two separated SR regions,
the IWPs over the SR2 region are much higher (~ 0.6 kg/m2) than those over the SR1 region, whereas
the PRs over the SR2 region are smaller than those over the SR1 region with a mean difference
around 0.5 mm/hr.

For the 7 July TS (middle) case, both CC IWP and PR, as well as SR IWP, reach their peaks at around 2200
UTC. The CC IWP and PR increased by 8.6 kg/m2 and 16.5 mm/hr, respectively, from 1300 to 2200 UTC, and
decreased by 8.7 kg/m2 and 7.8 mm/hr from 2200 to 0600 UTC. The SR IWP increased by 2.3 kg/m2 from
1300 to 2230 UTC and decreased by 2.0 kg/m2 from 2330 to 1430 UTC, while the PRs kept nearly constant
of ~2.5 mm/hr from 1600 to 1400 UTC.

For the 10 July PS case (right), the CC IWPs increased from 2.1 to 9.3 kg/m2 from 2000 UTC to 2130 UTC and
then decreased to 2.6 kg/m2 at 1300 UTC. In the meantime, the CC PRs increased from 4.5 mm/hr at 2000
UTC to 15.8 mm/hr at 2130 UTC and then decreased to 10.0 kg/m2 at 1300 UTC. Compared with the other
two cases' IWPs, the SR IWPs varied within a small range from 1.5 to 3.1 kg/m2. During the time period
when the two SR regions were well separated by the convective line, the SR2 IWPs were higher than those
over the SR1 region during 0400 to 0230 UTC, but SR1 had slightly higher PRs than had SR2, which is con-
sistent with the results in both the LS and TS cases.

The common characteristics are briefly summarized as follows. The CC IWP and PR have strong temporal
correlations for all three selected cases, but it is not obvious for the SR regions. Both CC and SR IWPs, as

Figure 6. The storm‐relative wind profiles for the (a) leading stratiform (LS), (b) trailing stratiform (TS), and (c) parallel
stratiform (PS) cases, respectively. The storm‐relative wind vectors in m/s at the surface, and heights of 5, 10, 15, and
20 km.
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well as CC PRs, reach peaks quickly but take more time to dissipate. There are less variations for SR PRs in
all three cases, slightly fluctuating at ~2 mm/hr based on the averaged values. The CC IWP and PR peaks for
these three cases are 9–17 kg/m2 and 16–25 mm/hr, which are nearly three times and an order of magnitude
higher than the SR peaks (3–4 kg/m2 and 2–3mm/hr), respectively. No significant differences in IWP and PR
are found among these three cases.

Based on the unshaded areas in Figure 7, the SR1 PRs are higher than the SR2 PRs, but its IWPs are lower
than those over the SR regions for all cases. The higher PRs in the SR1 region are more likely related to the
rear inflow or more substantial detrainment of moisture from CCs, which could enhance the deposition pro-
cess and form larger hydrometeors that precipitate more efficiently at the rear part of the system. Among all
three cases, the PS case has the lowest PR and IWP in both the SR1 and SR2 regions, while the LS case has
highest PR and IWP. The retrieved IWPs and PRs are positively correlated with convective available poten-
tial energy (CAPE) values. Many studies have proven that CAPE is a good indicator of the precipitation
intensity (McBride & Frank, 1999; Yano et al., 2005). Utilizing the simulations from cloud‐resolving models
of these systems may provide better understanding of the physical meanings behind the results in the future.

To further demonstrate the time evolution of IWPs and PRs of the SR1 and SR2 regions, their values are
normalized by the corresponding CC IWP and PRs at each time step as shown in Figure 8. The CC region
is a more direct indicator of the convective life cycle of a system, and the normalized values can quantita-
tively represent the SR values relative to the convective activity. The ratios of convective coverage to total
stratiform coverage at each time step are also provided in Figures 10a–10c. It is obvious that the convective
activities reached their peaks when the convective line was clearly developed as the convective area
coverages were the highest in the beginning and then decreased for all three selected cases. As a result,
increasing trends in both IWP and PR are observed over the SR1 and SR2 regions. Consistent with those
in the unshaded areas shown in Figure 7, SR2 IWPs are much higher than those over the SR1 region,
but the SR1 PRs are slightly larger than those over the SR2. Furthermore, Figure 10 illustrates that both
SR1 and SR2 IWPs are representative of 20–70% of their corresponding CC values in both the LS and PS
cases, and up to 95% for the TS case, while their PRs are only 8–25% of their CC values. These values
further confirm not only that the SR PRs may depend on IWPs but also that the microphysics properties
of ice particles such as hydrometer types and size distribution may play an important role (Han et al.,

Figure 7. The time series of averaged (top row) ice water paths (IWPs) and (bottom row) precipitation rates for (left column) the 2 July leading stratiform case,
(middle column) the 7 July trailing stratiform case, and (right column) the 10 July parallel stratiform case over the classified stratiform rain (SR) and
convective core (CC) regions within the corresponding domain as shown in Figures 4–6. The unshaded areas represent the time periods with a clear convective line
for each case as shown in Figures 4–6 where the blue and red solid lines represent the SR1 and SR2 regions, respectively, while the shaded areas are the times
without the presence of a clear convective line. The black solid and dashed lines represent the domain averaged SR and CC IWP and precipitation rate (PR),
respectively. The values shown on each plot represent the mean values of PR (unit: mm/hr) or IWP (kg/m) for the SR1 and SR2 regions. SR1 = the stratiform region
behind the convective line; SR2 = the stratiform region ahead of the convective line.
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2019). The variation in IWP values may also be represented by the differences in the thermodynamic
properties shown in Table 1.

Based on the grid values as well as the temporal mean values for the SR, SR1 and SR2, and CC regions,
the correlation coefficients are calculated between IWP and PR and shown in Table 2. Both positive and
negative relationships are found for all four regions varying from −0.051 to 0.334 based on the grid values
(first row in each case) and −0.560 to 0.896 based on averaged means (second row in each case).
However, the correlation values do not show consistency from case to case for both averaged and pixel
values. For example, in both calculations, stronger positive correlations between IWPs and PRs are found
in the CC regions for all three cases, while based on all grid values, slightly better agreements are found
for the SR IWP and PR in the TS and PS cases, and low correlation values are found in both the SR1 and
SR2 regions.

To examine if the relationships between these two variables are significant, the t values from Student's t test
are calculated based on the equation below:

Figure 8. The time series of (tow row) the ratios of convective to stratiform coverages, (middle row) normalized ice water path (IWP), and (bottom row)
normalized precipitation for (left column) the 2 July leading stratiform case, (middle column) the 7 July trailing stratiform case, and (right column) the
10 July parallel stratiform case. Blue and red solid lines represent the SR1 and SR2 averaged IWP and precipitation values divided by their corresponding
convective core IWP and precipitation values at time step. SR1 = the stratiform region behind the convective line; SR2 = the stratiform region ahead of the
convective line.
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t ¼ r
ffiffiffiffiffiffiffiffiffi

n−2
p
ffiffiffiffiffiffiffiffiffiffi

1−r2
p ; (1)

where r is the Pearson correlation coefficient and n is the number of records in each sample set. Very large t
values are found in correlation coefficient values calculated from the grid value because of the large sample
sizes, except for the SR1 and SR2 regions in the LS case. Therefore, the null hypothesis (r = 0) should be
rejected for most of the cases. As for the mean IWP and PR values, the correlations are still found significant
for the CC region, indicating that the CC IWPs and PRs may have a strong positive linear relationship.
4.2.2. Distributions of PRs and IWP for SR1 and SR2 Regions
Figure 9 shows the probability density functions and cumulative distribution functions (CDFs) of IWP (left)
and PR (right) differences over the SR1 and SR2 regions for the three cases. The values shown here are the
differences between the value from each grid box in the SR1 and SR2 regions by subtracting the mean IWP
and PR computed over the entire SR region at each time step. As illustrated in Figures 7 and 8, SR1 has lower
mean IWPs but higher PRs; the results in Figure 9 are consistent with the previous results except for the IWP
difference in the PS case. The distributions of IWP differences in the LS and TS cases show a phase shift
between the SR1 and SR2 regions, where SR1 skews to the negative values and SR2 skews to the positive
values. In the PS case, the SR1 IWPs are similar to the mean SR values, while SR2 IWPs tend to have larger
variations. In terms of the precipitation, the SR1 regions tend to have higher PR relative to the mean SR PR
in the three cases, and their PR distributions do not show an obvious shift as found in the IWP distributions.

The two‐sample Kolmogorov‐Smirnov test is performed to examine if the CDFs of IWP and PR in the SR1
and SR2 regions are similar. The maximum absolute distances between SR1 and SR2 CDFs and the critical
distance values at 0.05 significance level are shown in Table 3. For both IWP and PR CDFs, the maximum
distances are much larger than the critical distances. Thus, the distributions of IWP and PR in SR1 and
SR2 should be different from each other.
4.2.3. The Relationship Between PRs and IWC Values
Asmentioned above, the correlation coefficients between IWPs and PRs are not consistent from case to case.
Considering that the IWPs are integrated from the IWC values above the melting layer, the ice cloud micro-
physical properties from different layers may have different effects on the precipitation properties. Thus, it is
necessary to investigate the impact of different levels of IWCs on the surface PRs. The time series of IWC
profiles above 6.5 km (LS and PS) and 7 km (TS) for the SR1 and SR2 regions, and their differences
(SR1 − SR2) at each level are presented in Figure 9 for the three cases. The level with less than 50 pixels
at each time step has been excluded from this figure. In the LS case (left), the IWC values decreased with
altitude in both the SR1 and SR2 regions but increased steadily with time until the convective line is broken.
The SR2 IWC values at lower levels increased much faster than those in the SR1 region, resulting in negative
differences. For the TS case (middle), the cloud top height is higher than that for the other two cases. The
convective line persisted for more than 8 hr where the SR1 IWCs at lower altitudes (7 to 9 km) initially
increased and reached their peaks at around 2240 UTC and then gradually decreased with time. For the

Table 2
The Correlation Coefficients (r) Between the IWP Values and PRs Calculated Based on the Matching Grids (First Row in Each Case), as well as the Correlation
Coefficients Calculated Based on the Mean Values of IWP and Precipitation Averaged at Each Time Step for SR1, SR2, SR, and CC Regions (Second Row in Each Case)

SR1 SR2 SR CC

Case r t r t r t r t

0702 LS −0.051 −5.083 0.038 4.489 0.185 329.151 0.312 205.954
0.205 0.645 0.278 0.960 0.636 2.733 0.896 6.692

0707 TS 0.254 583.856 0.246 318.147 0.301 1272.241 0.334 442.793
−0.154 −1.057 −0.108 0.737 0.134 0.917 0.881 12.630

0710 PS 0.269 113.137 0.245 123.287 0.331 649.727 0.234 148.77
0.724 4.065 −0.560 2.618 0.174 0.684 0.744 4.312

Note. For SR1 and SR2 regions, the r values are calculated during the times when two regions were separated by the convective line. For SR and CC regions, the r
values are calculated for the entire process. The t values are also calculated based on the r values and number of samples. IWP = ice water path;
PR = precipitation rate; SR1 = the stratiform region behind the convective line; SR2 = the stratiform region ahead of the convective line; SR = stratiform rain;
CC = convective core; LS = leading stratiform; TS = trailing stratiform; PS = parallel stratiform.
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Figure 9. Probability density functions (PDFs) and cumulative density functions (CDFs) of SR1 (blue) and SR2 (red) (left column) ice water path (IWP) and
(right column) precipitation differences by subtracting the mean IWP and precipitation values of the entire stratiform rain (SR) region from each time step for
(top row) the 2 July leading stratiform case, (middle row) the 7 July trailing stratiform case, and (bottom row) the 10 July parallel stratiform case. SR1 = the stra-
tiform region behind the convective line; SR2 = the stratiform region ahead of the convective line.
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SR2 region, the IWCs at lower levels show less variation compared with
those for SR1, with values between 0.9 and 1.1 g/cm3 before 0300 UTC.
Figure 9 shows mostly negative differences at lower levels and positive
differences at upper levels between the SR1 and SR2 IWCs before 2300
UTC, and more significant negative differences are found after that in
the TS case. The PS case exhibits different IWC vertical distributions
compared with the LS and TS cases (Figure 10), as IWCs between 6.5
and 8 km decreased before 0200 UTC and then increased until the
convective line broke in the SR2 region. This changing pattern results in
negative differences in the earlier period and negative to slightly negative
differences in the later period between the SR1 and SR2 IWCs. Note that
the IWC increase approaching the melting level in the SR1 region in the
PS case is not as severe as in the SR2 region, while a significant increase

can be seen in both SR1 and SR2 regions for the other two cases. In the PS case the IWC values at lower levels
are smaller than those in the LS and TS cases, probably because the convection was less intense.

The IWC behavior observed here can also be explained by the storm‐relative air flow shown in Figure 6. The
IWC values in the lower levels of both SR regions increase with time in all three cases, which can be expected
due to the production of ice particles by the CC region during the development of the system and following
advection of storm‐relative wind to the SR regions. Experiencing deposition processes, ice particles grow and
fall to the lower levels of the system. In the LS case, the increase of IWCs is more significant in the SR2
region. The system experienced rear‐to‐front winds at heights of 10 and 15 km relative to the convective line
as shown in Figure 6. More ice hydrometeors are therefore carried by the airflow moving frontward to the

Figure 10. Time series of vertical distribution (from −10 °C layer to 19 km) of ice water content (IWC) values over the SR1 and SR2 regions and their difference
(SR1 − SR2) for (left column) the 2 July leading stratiform case, (middle column) the 7 July trailing stratiform case, and (right column) the 10 July parallel stra-
tiform case.

Table 3
The Two‐Sample KS Test of the IWPs and PRs in the SR1 and SR2 Regions

0702 LS 0707 TS 0710 PS

Parameter D Dα D Dα D Dα

IWP 0.301 0.005 0.101 0.001 0.258 0.004
Precipitation 0.108 0.031 0.050

Note. D is the maximum distance between the two CDFs,Da is the critical
distance at significance level of 0.05. KS = Kolmogorov‐Smirnov;
IWP = ice water path; PR = precipitation rate; SR1 = the stratiform
region behind the convective line; SR2 = the stratiform region ahead of
the convective line; LS = leading stratiform; TS = trailing stratiform;
PS = parallel stratiform; CDF = cumulative distribution functions.
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SR2 region, resulting in a faster increasing of IWC in SR2 than in SR1. In the TS case, the advection of the ice
hydrometeors is more likely controlled by the winds at heights of 15 and 20 km because the cloud top height
of this system can be up to 19 km, much higher than that in the LS and PS cases. At these levels, the front‐to‐
rear flow carries the ice particles downstream from the convective line to the rear part of the system; thus,
the IWCs in the SR1 region are increasing during the beginning to the middle of the process. Then, the
convective line begins to break down, and the convective structure is no longer sustained. As a result of a
weakening CC, the background environmental flows may dominate the flows within the storm. As illu-
strated in Figure 5, northwesterly and southwesterly environmental winds were observed at levels
between 15 and 18 km for the TS case. Therefore, the IWCs in the SR2 region are much higher than those
in the SR1 region before the convective structure collapsed. The changing pattern in IWC vertical distribu-
tion is more complicated in the PS case than in the TS and LS cases; the time composite wind profiles are
needed to better explain the findings here.

5. Discussion of Uncertainties in IWC Retrieval Algorithm

Retrievals of IWC using Ze may lead to large uncertainties because the relationships between IWC and Ze are
sensitive to the ice particle size distributions. This is not true for the IWC retrievals using Kdp (Aydin & Tang,
1997; Lu et al., 2015; Ryzhkov & Zrnic, 1998). Here the IWCs and IWPs retrieved from two algorithms (Lu
et al., 2015; Tian et al., 2016) are compared for the PS case in order to help quantify the uncertainties of the
Ze retrievals.

Figure 11 shows the plan position indicator (PPI) scan of the Ze IWC retrievals and Kdp IWC retrievals from
the two algorithms at 7 km. The differences in the input variables of the two IWC retrieval algorithms result
in the differences in the IWC distribution. Ze‐based IWC retrievals are higher than the Kdp‐based retrievals,
particularly over the southwest and east parts of radar scan. Although some differences exist, larger IWCs are
found located to the southwest of the radar scan in both algorithms.

Figure 12 summarizes the statistical results of a comparison between IWPs from the two algorithms. The CC
and SR separation are from CSA outputs based on NEXRAD radar reflectivity, which is the same as the pre-
vious analyses. The probability density functions of IWP retrieved by Ze skew more toward the high values,
resulting in larger mean IWP values for both the SR (bias = 13.1%, bias is defined as (Ze‐IWP − Kdp‐IWP)/
Kdp‐IWP) and CC (bias = 70.2%) regions. The IWP difference in the CC region is more significant because
the Ze‐estimated IWPs could reach up to 24 kg/m2, while the Kdp‐derived IWPs seem to have an upper
boundary of ~9 kg/m2. The majority of the samples are located around 6 kg/m2 for both Ze‐retrieved and
Kdp‐retrieved IWPs. The Ze‐retrieved IWPs are nearly 1.5 times the Kdp estimates for values below
4 kg/m2 range in the SR region (Figure 12b). The correlation coefficients between two IWP retrievals are
~0.5 for both the CC and SR regions.

Figure 11. The ice water content (IWC) retrievals at the altitude of 7 km from (a) the Tian et al. (2016) method using Ze and (b) the Lu et al. (2015) method using
Kdp, and (c) their differences. NEXRAD = Next‐Generation Radar; RaXPol = Rapid X‐band Polarimetric.
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The IWP values estimated by Ze are generally higher than those estimated by Kdp, and the differences are
more significant for the CC region. If the Kdp retrievals are treated as the reference values and positive
biases are taken into account for the above analysis, the findings related to IWP/IWC in the SR region
are likely to be less affected compared with those in the CC region. This is because these analyses are done
based on the area‐averaged value at each time step (i.e., Figures 7 and 10). Meanwhile, the normalized IWP
values in Figure 8 could have larger uncertainties due to the errors in CC IWP retrievals. However, it is
arguable whether the Kdp‐estimated IWPs in the CC region are trustworthy because Kdp tends to have
values near 0 in the presence of spherical ice particles (i.e., graupel or hail) and may result in small
IWC values.

6. Conclusion

This study analyzed the precipitation and ice cloud microphysical properties from three selected linear
MCS cases during PECAN, representing the LS, TS, and PS MCSs as defined in the Parker and Johnson
(2000). Each system is further classified into the CC, SR, and AC regions. The main focus of this study
is on analyzing the ice cloud microphysical properties and PRs over the classified CC and SR regions, as

Figure 12. Probability density functions (PDFs) and cumulative density functions (CDFs) for ice water path (IWP) values retrieved from two different algorithms
for the (a) stratiform rain (SR) and (c) convective core (CC) regions. The density scatterplots of IWP retrievals for the (b) SR and (d) CC regions. The values shown
are the correlation coefficients (r) and the number of samples (n).
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well as the two SR regions that develop behind (SR1) and ahead (SR2) of the convective line relative to the
storm motion. Using radar‐derived PR estimates and retrieved IWCs from the layer with temperature
below −10 °C to radar echo top height, the time evolution and structure of PRs, IWPs, and IWCs from
the three selected MCSs are investigated in this study. The Ze‐retrieved IWCs and IWPs are also
compared with the ones derived from the polarimetric observable Kdp to identify the potential uncertain-
ties with Ze‐estimated IWCs/IWPs. The main findings are summarized as follows:

1. For the three selected cases, IWP and PR have strong correlations within the CC but not within the SR.
Both CC and SR IWPs, as well as CC PRs, reach peaks quickly but take a longer time to dissipate. There
are less variations for time‐averaged SR PRs, slightly fluctuating around ~2 mm/hr. The CC IWP and PR
peaks are 9–17 kg/m2 and 16–25 mm/hr, which are much higher than the SR peaks (3–4 kg/m2 and
2–3 mm/hr). No significant differences in IWP and PR are found in these three cases.

2. For all three cases, both SR1 and SR2 IWPs are 20–70% of their corresponding CC values in both the LS
and PS cases and up to 95% for the TS case, while all of their PRs are only 7–25% of their CC values. These
values further confirm that not only are the SR PRs dependent on IWP but also the microphysical proper-
ties of ice particles such as hydrometer types and size distribution may play an important role. Utilizing
the simulations from regional or cloud‐resolving models of these systemsmay provide better understand-
ing of the physical meanings behind the results in the future.

3. The change of IWC profiles over time can be explained by the storm‐relative flow. The ice particles at
higher altitudes are carried by the flow from the CC region to the SR region. The LS system had rear‐
to‐front storm‐relative flows near the cloud top; as a consequence, the IWC values of the SR2 region
are higher and increase faster than those of the SR1 region with the development of the storm.
Contrary to the LS system, the TS system experienced front‐to‐rear storm‐relative winds; therefore, the
IWC values of the SR1 region were increasing from the beginning to mature stages of the convective
activity. When the convective line begins to collapse and the convective activity becomes weaker, the
environmental winds become dominant and transport the ice particles in the opposite direction; thus,
the increased IWC values over the SR1 start to slow down but the SR2 IWCs begin to increase before
the convective line fell apart.

In this study, most analyses are based on the radar‐reflectivity‐retrieved products; therefore, a significant
amount of uncertainty could be realized during the generalization of the results. The retrieved IWCs for
the SR region have been validated in Tian et al. (2016, 2018) and showed uncertainties around 20% to 40%
against the in situ measurements. These uncertainties are consistent but smaller when compared to the
Kdp‐retrieved IWCs and IWPs for the SR region. However, the uncertainty of IWCs for the CC region is hard
to quantify as there are no independent aircraft in situ measurements (the uncertainties of Kdp retrievals are
also hard to be quantified under this situation) or other reliable retrievals that could be used as a reference.
The uncertainties of IWCs/IWPs in the CC region are likely to be higher than those in the SR region since the
algorithm was originally developed to retrieve the ice properties in the SR and thick AC regions, which is
also indicated by the more significant overestimations with regard to the Kdp‐estimated IWCs/IWPs if their
values are considered more reliable. In this study we only used the IWPs of CC to demonstrate the time evo-
lution of the selected systems; the majority of analyses were focused on the SR regions, so we believe the
major conclusions in this study related to the ice particle behaviors should not be significantly affected by
the CC results.

Although uncertainties exist, we believe themost suitable way of realizing the performance of these analyses
should be using the current methods in this paper, at least under the current situation. This is because the
good coverage of the NEXRAD network allow researchers to investigate the full processes of convective
events that occurred at discrete locations at high spatial and temporal resolutions, unlike the polarimetric
radar observations, which are limited to certain locations and times. Moreover, uncertainties associated with
the input radar observables tend to be smaller in Ze than in Kdp because of the well‐developedmethodologies
in retrieving, processing, and quality controlling the raw observations. On the other hand, the uncertainties
inKdp could lead to greater uncertainties in retrieved IWC.With the recent dual‐polarization upgrades to the
NEXRAD network and more matured techniques in retrieving and processing the polarimetric observables
in the future, the accuracy of the current retrieval algorithms could be improved and the analyses could be
performed with more confidence.
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In situ measurements such as aircraft data would be beneficial to support the findings of ice cloudmicrophy-
sical properties in this study. However, the aircraft observations collected for these three cases during
PECAN are only available for liquid properties. It should be noted that the MCS cases investigated in this
study are limited, and it is not clear whether the current findings are representative of all MCSs that fall into
these three archetypes. Therefore, for future studies, statistical analysis will be performed on more MCS
cases for each type but may be done on a coarser temporal resolution because of the computational require-
ments. Using regional model (i.e., the Weather Research and Forecasting Model) simulations of these three
MCS cases in the future could also provide support to the results found in this study and may also provide
additional insight into how their precipitation and microphysical properties are similar to or different from
case to case.
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