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ABSTRACT

Derived radar reflectivities and fall speeds for four Weather Research and Forecasting (WRF) Model bulk
microphysical parameterizations (BMPs) run at 1.33-km grid spacing are compared with ground-based,
vertically pointing Ku-band radar, scanning S-band radar, and in situ measurements at Stony Brook, New
York. Simulations were partitioned into periods of observed riming degree as determined manually using a
stereo microscope and camera during nine winter storms. Simulations were examined to determine whether
the selected BMPs captured the effects of varying riming intensities, provided a reasonable match to the
vertical structure of radar reflectivity or fall speed, and whether they produced reasonable surface fall speed
distributions. Schemes assuming nonspherical mass—diameter relationships yielded reflectivity distributions
closer to observed values. All four schemes examined in this study provided a better match to the observed,
vertical structure of reflectivity during moderate riming than light riming periods. The comparison of ob-
served and simulated snowfall speeds had mixed results. One BMP produced episodes of excessive cloud
water at times, resulting in fall speeds that were too large. However, most schemes had frequent periods of
little or no cloud water during moderate riming periods and thus underpredicted the snowfall speeds at lower
levels. Short, 1-4-h periods with relatively steady snow conditions were used to compare BMP and observed size
and fall speed distributions. These limited data suggest the examined BMPs underpredict fall speeds of cold-

type snow habits and underrepresent aggregates larger than 4-mm diameter.

1. Introduction

As operational numerical weather prediction con-
tinues a trend toward finer spatial resolution, bulk mi-
crophysical parameterizations (BMPs) are relied upon
to capture numerous microphysical processes and
characteristics of the resulting precipitation. Several
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assumptions are made within these schemes, including
the shape and related parameters of the particle size
distribution, various size—fall speed relationships, and
mechanisms for the production of dry or rimed snow, as
well as graupel. Several studies have examined the
performance of BMPs by comparing characteristics of
simulated ice classes against surface, aircraft, and re-
mote sensing acquired during winter storms. Observa-
tions on 3-4 December 2001 during IMPROVE-2
showed that BMPs in the Weather Research and Fore-
casting (WRF) Model (Skamarock et al. 2008) available
at that time tended to overpredict the snow aloft in the
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snow growth region (Garvert et al. 2005; Lin and Colle
2009). The snowfall speed was found to be too fast in the
Purdue Lin (Lin and Colle 2009) and WRF single-
moment, 6-class scheme (WSM6; Hong et al. 2006)
when compared to the Thompson et al. (2004) scheme.
The revised Thompson et al. (2008) scheme (THOM?2)
incorporated a new mass—diameter relationship and
particle size distribution for snow. Lin and Colle (2011)
developed the single-moment Stony Brook scheme
(SBU-YLIN), which combines the snow and graupel
categories into a single precipitating ice class with cor-
responding riming factor. When compared against THOM?2
and the Morrison et al. (2009) scheme (MORR), Lin and
Colle (2011) found that the Stony Brook scheme reduced
snow amounts aloft, which compared more favorably with
in situ observations acquired over the Oregon Cascades.
Other examinations of simulated and observed
snowfall were performed using observations from the
Canadian CloudSat/Cloud—-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) Valida-
tion Project (C3VP) in Ontario (Skofronick-Jackson
et al. 2015; Petersen et al. 2007). Snowfall observed
during the 22 January 2007 event comprised primarily
lightly rimed dendrites and their aggregates and was
sampled by ground-based and aircraft observations.
Molthan et al. (2010) used C3VP in situ observations
and radar observations from 22 January 2007 to evaluate
the Goddard 6-class scheme with graupel (Tao et al.
2003; Lang et al. 2007) and Molthan and Colle (2012)
extended the evaluation to include the WSM6, THOM?2,
MORR, and SBU-YLIN schemes. Their studies gen-
erally concluded that schemes providing greater flexi-
bility in size distribution parameters, density, or
additional moments improved performance over the use
of constant, assumed parameters. Surface measure-
ments of particle fall speeds during the C3VP event
suggested that diameter—velocity parameterizations of
the THOM2, MORR, and WSM6 schemes overestimated
fall speeds for sizes larger than 1 mm, while the SBU-
YLIN scheme produced fall speeds closest to the ob-
servations (Molthan and Colle 2012). Meanwhile, the
Goddard scheme tended to underestimate fall speeds for
all sizes (Molthan et al. 2010). Whereas the Goddard
scheme tended to underestimate fall speeds in Molthan
et al. (2010), Han et al. (2013) found it provided the best
agreement with observations acquired in snowfall located
above the melting layer of a broader region of stratiform
rainfall, which preceded a cold front affecting western
California. Shi et al. (2010) evaluated the performance
of the Goddard scheme for lake-effect snow observed
during C3VP through comparisons of observed and sim-
ulated C- and W-band radar reflectivities and AMSU-B
brightness temperatures. Comparisons of simulated and
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observed radar reflectivities demonstrated that for lake-
effect bands, the WRF simulation underestimated the
echo-top height of the observed band and failed to iden-
tify numerous, smaller cores of reflectivity. For broader
regions of synoptic-scale precipitation, there was a ten-
dency to overestimate the coverage of the reflectivity
above 20dBZ. Additional analysis of reflectivity con-
toured frequency by altitude diagrams (CFADs) revealed
an overall ability for their simulation to capture the
overall large-scale cloud structures but additional re-
finements to microphysics and smaller-scale features
were needed.

Regional differences in scheme performance high-
lighted in the aforementioned studies warrant additional
evaluations for other phenomena. Studies have evalu-
ated snow and graupel characteristics within BMPs for
events in California, the Pacific Northwest, the Appa-
lachians, and southern Ontario, but no known studies to
date have examined BMP assumptions in simulations of
winter storms in the northeastern United States. Recent
studies have documented the evolution of snowfall mi-
crophysics in such storms as a precursor to model com-
parisons. Stark et al. (2013) observed the evolution of ice
crystal habits through stereo microscope observations of
snow obtained at the surface, corroborated by WSR-
88D cross sections and a vertically pointing Doppler
radar. The degree of riming for ice crystals was assessed
from stereo microscope particle images (Mosimann
et al. 1994). The degree of riming and the prevalence of
dendrites increased with snowband maturity and in-
tensity, corresponding to an increase in the snow-to-
liquid ratio, precipitation, and fall speed. As snowbands
passed, weaker ascent and lower relative humidity
values corresponded to platelike crystals, an overall
decrease in dendrites, and less riming. Colle et al. (2014)
surveyed a dozen winter cyclones across three seasons
that impacted the northeastern United States and re-
lated snow-to-liquid ratios to predominant crystal habits
and the degree of riming. Dominant crystal habits and
variability in riming were noted in relation to frontal
zones and the distance from the cyclone center; thus, a
single event is likely to comprise periods of varying
habit, degree of riming, and snow-to-liquid ratio.

In this study, model simulations of events documented
by Stark et al. (2013) and Colle et al. (2014) are cate-
gorized by the degree of riming present in surface ob-
servations of snowfall. For each 15-min period, an
average degree and range of riming was determined by
visual inspection of stereo microscope images. This time
series is then used to partition radar observations
and model output to represent times when light and
moderate riming occurred over the observation site.
Model performance is then assessed with respect to the
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TABLE 1. Snow particle fall speed variables. Vertical air motion is w and turbulence is E. In the third and fourth equations below, w is
assumed to be constant within a radar resolution volume and a WRF Model grid box.

Name

Description

Reference

Terminal velocity V,

Velocity of hydrometeor in still air (w = 0, E = 0)

Locatelli and Hobbs (1974)

usually measured for individual particles

Settling speed V V=V, + E (w = 0); usually

measured for individual particles

Wang and Maxey (1993); Nielsen (1993)

Doviak and Zrni¢ (1993)

Calculated from scheme assumptions

[ [V(D) + E|Z(D)dD
Mean Doppler velocity V, V, ==L - +w,
Z(D)dD
Jp
within a vertically pointing radar resolution volume
j VAD)Z(D)dD
Computed mean V=22 4w,
reflectivity-weighted [ Z(D)dD
Jp

fall speed V¢

within a WRF Model grid box (E = 0)

J VDym(D)dD
Computed mean Vp=2L__
mass-weighted J m(D)dD
D

fall speed V,,

5

Calculated from scheme assumptions

within a WRF Model surface grid box (w = 0, E = 0)

observed degree of riming from multiple storms and
multiple seasons. Four BMPs are selected based upon
their diverse means of characterizing snow size distri-
butions, fall speed relationships, means for graupel
production, and simulation of riming characteristics
(Molthan and Colle 2012, Tables 1 and 2). Schemes were
selected based upon their frequent use in operational
numerical weather prediction and for continuity with
the previous study to suggest continued improvements
in the simulation of winter weather. Since detailed in situ
aircraft observations are not available for this multi-
season sampling of storms, evaluations are performed
against available ground observations and radar remote
sensing of the reflectivity and particle fall speed. Model
simulations of these quantities and comparison to ob-
servations will clarify whether these schemes capture
variability in the size distribution and fall speed during
periods of varying riming degree, which is necessary to
improve simulations of winter precipitation. Compari-
sons will also identify future opportunities for im-
provement in the simulation of riming processes.

This study is motivated by two key research questions:

o How realistic are selected single- and double-moment
WRF BMPs for simulating snow size distributions, fall
speeds, and radar reflectivity for observed periods of
light and moderate riming during winter storms over
Long Island, New York?

e How does the WRF BMP performance change for
these categories of observed riming, and when large
aggregates are present?

This paper is organized as follows. Section 2 will dis-
cuss the data and methods used in this study. Section 3
will discuss the model verification results, and the con-
clusions are presented in section 4.

2. Data and methods

This study uses several computed and observed vari-
ables related to snow particle fall speed, which we define
in Table 1 for clarity. Differences in these variables need
to be taken into account when comparing among them.
Since the instruments available did not directly observe
small-scale turbulence E and vertical air motion w, we
can only directly compare among the measured and
computed values when we can assume E and/or w are
zero. In low horizontal wind conditions, it is often as-
sumed that w = 0 for surface-based in situ instruments
such as disdrometers. Surface observations for events
described herein were limited to periods of horizontal
wind speeds of 5ms~! or less. In these environments,
small-scale turbulence E will be smaller than typical
snowfall events, following Schreur and Geertsema
(2008), who estimated E as related to half the squared
difference of wind gust and average wind speeds.

a. Observations

Microphysical and radar observations for this study
were taken during the 2009-12 winter seasons at Stony
Brook, New York (SBNY; see Colle et al. 2014, their
Fig. 1), which is on the north shore of Long Island (LI),
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approximately 93 km east of New York City, New York
(NYC). Stark et al. (2013) and Colle et al. (2014) provide
details on the experimental setup and location. A ver-
tically pointing METEK Ku-band Micro Rain Radar
(MRR; Peters et al. 2002) was used at SBNY to observe
the profile of reflectivity and Doppler velocities to
7750 m above sea level every minute. The MRR has
been used to study winter snowstorms in several loca-
tions (Cha et al. 2009; Keighton et al. 2009; Prat and
Barros 2010; Kneifel et al. 2011a,b; Xie et al. 2012;
Maahn and Kollias 2012, Stark et al. 2013; Colle et al.
2014; Maahn et al. 2014; Pokharel et al. 2014a,b; Garrett
et al. 2015). The radar reflectivities from the short
wavelength of the radar (1.25cm) are subject to atten-
uation in heavier precipitation (Loffler-Mang et al.
1999) and in conditions when wet snow builds up on the
antenna (Stark et al. 2013). The latter is the more rele-
vant for conditions during snowstorms. The MRR data
were postprocessed to improve sensitivity and data
quality using the method of Maahn and Kollias (2012).

Observations from the MRR were supplemented by
the WSR-88D at Upton, New York (KOKX). Vertical
profiles of interpolated WSR-88D reflectivity were
computed from level I KOKX data for the vertical
column nearest the verification point of each model
simulation. The WSR-88D data have a coarser native
sensor spatial resolution, about 500 m in the vertical and
horizontal at the 30-km range over the SBU site as
compared to the MRR resolution volume size of 250 m
in the vertical and ~100m in the horizontal. For con-
venience in generating comparisons, the WSR-88D data
were interpolated onto a Cartesian grid with vertical and
horizontal spacings of 250 m and 100 m, respectively.

A Particle Size Velocity (PARSIVEL; Loffler-Mang
and Joss 2000; Loffler-Mang and Blahak 2001; Yuter et al.
2006) disdrometer was placed about 1 m above the one-
story roof surface to collect hydrometeor size and fall
speed distributions. Battaglia et al. (2010) note that the
PARSIVEL measures a “PARSIVEL diameter” based
on the maximum shadowed area of the particle as it passes
through the disdrometer laser beam. In a limited set of
conditions where the snowflake is horizontally aligned, this
measurement is equivalent to the widest horizontal di-
mension of the snow particle; otherwise, the PARSIVEL
diameter represents an estimate of the widest hori-
zontal diameter with an error less than or equal to 20%. In
calm conditions, the PARSIVEL measurement of particle
fall speed is equivalent to the settling speed (Table 1).
Battaglia et al. (2010) determined that the PARSIVEL-
measured fall speed has a variance of less than 20% for
individual particles and tends to underestimate the mean
fall speeds of smaller particles. The larger errors in their
reported fall speeds are less relevant here as their
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FI1G. 1. WRF Model domains used in this study.

instruments were typically operated in windy conditions.
Analysis herein was restricted to winter storms with winds
less than Sms™! to avoid the potential for blowing snow
from the surface impacting the results (D. Kingsmill 2011,
personal communication) and to emphasize periods of
reduced small-scale turbulence.

To further characterize precipitation during these
events, a stereo microscope and camera were used to
observe the snow habits and riming intensities at the
SBU site as described in Colle et al. (2014) and Stark
et al. (2013). The ice habits were categorized into several
main types (needles and columns, dendrites, plates, side
planes, and bullets), and riming was categorized as light,
moderate, or heavy. Heavy riming did occur during
short intervals within three sampled storms, but the
sample size of heavy riming was insufficient for a com-
prehensive analysis.

b. WRF simulations

WREF (Skamarock et al. 2008) version 3.3 was utilized
for simulations of several of the observed winter storms.
The North American Mesoscale Forecast System
(NAM) analysis dataset at 12-km grid spacing (NAM
218 hereafter) and 6-hourly time increments were used
as initial and boundary conditions in the majority of the
simulations; though in a limited number of events, the
Global Forecast System (GFS) analysis data at 0.5° grid
spacing were used because simulations with the NAM
218 data were too dry, or precipitation placement was
not in agreement with the observations. Sea surface
temperature and snow cover data were included in these
initial and boundary condition datasets at model ini-
tialization. The WRF was run using an outermost
36-km-resolution domain with one-way nesting for three
inner domains at 12-, 4-, and 1.33-km grid spacing as
illustrated in Fig. 1. The 1.33-km domain was used in the
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TABLE 2. Initialization time, total run time, and initial and boundary conditions used in the cases simulated with the WRF v3.3 model.

Case Initialization time Total run time (h) Initial and boundary conditions

19-20 Dec 2009 1200 UTC 19 Dec 2009 24 NAM 218
8 Jan 2010 0000 UTC 8 Jan 2010 18 NAM 218
28 Jan 2010 0000 UTC 28 Jan 2010 18 NAM 218
16 Feb 2010 1800 UTC 15 Feb 2010 30 NAM 218
26 Feb 2010 0000 UTC 26 Feb 2010 24 NAM 218
7 Jan 2011 1200 UTC 7 Jan 2011 12 NAM 218
21 Feb 2011 0000 UTC 21 Feb 2011 18 0.5° GFS

21 Jan 2012 0000 UTC 21 Jan 2012 24 NAM 218
11 Feb 2012 0000 UTC 11 Feb 2012 18 0.5° GFS

analysis for this paper. Thirty-nine vertical levels were
used, and the top of the model was 100 hPa. Model
physics included the Betts—Miller—Janji¢ cumulus scheme
(Betts and Miller 1993; Janji¢ 1994) on the 36- and
12-km domains, the Yonsei University (YSU; Hong
et al. 2006) planetary boundary layer scheme, and the
Unified Noah land surface physics package (Ek et al.
2003). Within the 4- and 1.33-km resolution domains, a
convective parameterization was not used, and all
cloud or precipitation processes were simulated with
the WSM6 (Hong et al. 2006), THOM2 (Thompson
et al. 2008), SBU-YLIN (Lin and Colle 2011), or
MORR (Morrison et al. 2009) bulk microphysics
schemes. Molthan and Colle (2012, their Table 1)
provide a detailed overview of the characteristics of
snowfall within the WRF v3.3 schemes used in this
study. The WRF model and BMPs were specially con-
figured to output the particle size distribution intercept
Nos and slope parameter A of the snowfall size distri-
butions, along with parameters necessary to obtain the
radar reflectivity and radar-reflectivity-weighted fall
speeds of precipitating species in each scheme. Molthan
and Colle (2012) provide details on the derivation of the
model reflectivity, size distribution parameters, and
fall speeds.

A list of cases simulated, their respective initialization
times, and their initial conditions are given in Table 2,
which represents a subset of a larger number of storms
evaluated by Colle et al. (2014). The verification point in
the WRF Model was obtained through a bilinear in-
terpolation of 1.33-km resolution grid boxes nearest to
SBNY in each simulation. For the simulations of 19—
20 December 2009, the simulated heavy snowband was
approximately 58 km southwest of the actual location. In
this case, a representative point for SBNY was selected
relative to the simulated snowband. The verification
points for each simulated case and BMP are shown in
Table 3. With the exception of the 7 January 2011 event
(~4h), each simulation included at least 6h of spinup
time to generate precipitation prior to verification.
Other simulations of the 7 January 2011 event with a

longer startup time did not capture the precipitation that
occurred over SBNY.

c¢. Comparisons of volumetric characteristics

Derivations of the model-derived reflectivities and fall
velocities are straightforward and computed using as-
sumptions consistent with each of the BMPs (Molthan
and Colle 2012). Model-simulated properties were cal-
culated for WRF grid boxes with at least 0.001 gkg ' of
hydrometeor mixing ratio, thus, reflectivity and fall
speed distributions correspond to model volumes with at
least a trace of snow, graupel, or rain. Comparison of
model output to observations is more complex as there
are several limitations of the observations that preclude
direct comparison. As noted previously, MRR observed
reflectivity is subject to attenuation when snow accu-
mulates on the MRR antenna. The differences in sensor
spatial resolution between the MRR and WSR-88D will
manifest most strongly when the storm structure is more
spatially heterogeneous and nonuniform beam filling is
present (Rinehart 1991). Though many schemes repre-
sent subgrid variability in clouds through a cloud frac-
tion defined in both the microphysics and radiation
schemes, their representation is not sufficient to account
for the same effects of a nonuniformly filled or partially
filled radar resolution volume. In addition, the model-
derived reflectivities are not subject to instrument sen-
sitivity constraints and can be computed for lower
precipitation ice concentrations than can be detected by
either of the two radars. The cm-wavelength MRR and

TABLE 3. Verification points used for the WRF model validation

results.

BMP Verification point (°N, °W) Location
19-20 Dec 2009
WSM6 40.7220, 73.7655 Queens, NY
THOM?2 40.7720, 73.8754 La Guardia, NY
SBU-YLIN 40.6910, 73.9757 Brooklyn, NY
MORR 40.7428, 73.9908 Manhattan, NY

Remaining simulated events

All 40.9044, 73.1184 SBNY
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FIG. 2. Observed light or moderate riming periods and corre-
sponding simulation times when model profiles were extracted for
performing comparisons.

WSR-88D radars do not have sufficient sensitivity to
observe the nonprecipitating portions of cloud.

We compare the radar reflectivity in the vertical col-
umn from the WRF Model directly over the SBU
measurement site to the radar reflectivity observed by
the MRR and to the vertical column of WSR-88D data
from KOKX taken over the site. Simulations from the
innermost, 1.33-km domain are separated into whether
there was light, moderate, or heavy riming observed at
SBNY (Colle et al. 2014). The set of these profiles is
accumulated into an asynchronous volume of data from
which joint frequency distributions of reflectivity and
height using contoured frequency by altitude diagrams
(CFADs; Yuter and Houze 1995). We truncate the ob-
served CFADs for the MRR and WSR-88D at the alti-
tude where the number of samples is less than 20% of
the maximum number of samples at one level in the
volume (Yuter and Houze 1995). Some differences ex-
isted in the specific timing between the simulated and
observed precipitation, as shown in Fig. 2.

Similarly, we compare joint frequency distributions of
measures of snowfall speed with height between the
model column over the measurement site and the MRR.
The MRR Doppler velocity is not directly equivalent to
the model’s computed mean fall speed. Errors in any
combination of the model vertical air motion, size dis-
tribution, size—fall speed relation, and/or particle density
would vyield errors in the model-computed mean
reflectivity-weighted fall speed (Vg Table 1).

As a net result of these differences, we do not expect
close quantitative matches between the model and ob-
served Z or fall speed variables. Rather, we focus on the
degree of agreement in the trends of the modes of the
distributions with height and changes in the width of
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the distribution with height. We also note large differ-
ences in the trends in maximum Z values with height.
The interplay among the model kinematics, micro-
physics, and latent heat release is such that it is not
possible to attribute differences solely to individual
components within the microphysics parameterizations
such as size distributions and particle densities.

3. Model microphysical evaluation

a. Evaluation of simulations during observed light
riming events

We first examine combined statistics from 21 occur-
rences of light riming within nine events (Fig. 2). For
these time periods with the light riming designation,
surface stereo microscope observations indicate that less
than 1% of particles were graupel (Colle et al. 2014,
their Fig. 6). Colle et al. (2014) showed that cold-type
crystals (side planes and bullets, plates, and needles)
were dominant (~80%) during observed, light riming
periods (~80%), whereas the schemes examined as-
sume slower-falling dendritic habits. Mean profiles and
CFAD:s of simulated hydrometeor categories are shown
in Figs. 3 and 4, respectively, for simulations sampled
during observed periods of light riming. Mean profiles of
cloud ice for the SBU-YLIN and MORR schemes are
similar (Figs. 3a,d) and, frequently, less than 0.05gkg '
within an altitude range of 4-9km (Figs. 4b,n). The
WSM6 produces cloud ice throughout the column
(Fig. 3b), in sharp contrast to the THOM?2 scheme,
which produces the smallest amount of cloud ice, con-
fined to 6-10km (Fig. 3c). In the THOM2 simulations,
cloud ice mixing ratios were smaller than 0.05gkg !, or a
single CFAD joint histogram cell size (Fig. 4j). Though
the four schemes differ in their partitioning of ice mass
into cloud ice, snow, or precipitating ice, they produce a
similar vertical distribution of total snow and ice mixing
ratios. Partitioning of mixing ratios among these cate-
gories exaggerates some of their differences. Rather than
simulating small crystals through the production of the
cloud ice mixing ratio, the THOM2 applies a bimodal size
distribution within the simulated snow category.

The MORR, WSM6, and THOM?2 schemes produce
mean cloud water profiles of 0.02gkg ! or less within
the lowest 4km (Figs. 3a—c), where mean temperatures
range from —15° to 0°C (Fig. 5a). The SBU-YLIN
scheme increases the mean cloud water throughout the
column, to 0.06gkg " at 4km. The increased cloud
water mixing ratio continues through 8 km, which is in-
consistent with surface observations of lightly rimed
particles (Fig. 3d). Cloud water CFADs capture in-
frequent amounts of cloud water content greater than
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FIG. 3. Mean profiles of hydrometeor content for selected microphysics schemes and simulations sampled during observed periods of light
riming shown in Fig. 2. Combined mixing ratios of cloud ice and snow are shown as a black dashed line.

the mean values for each scheme, predominately in the
lowest 4km (Fig. 4). Each scheme shows the greatest
increases in mean snow (or precipitating ice) mixing
ratios between echo top and 4km, where the rate of
increase slows and then decreases toward the surface.
The MORR and WSM6 schemes produce graupel with
mean profile amounts greater than 0.01 gkg ™' confined
to the lowest 4km (Figs. 3a,b), with infrequent occur-
rences of amounts exceeding 0.25 gkg ™' (Figs. 4d,h). The
THOM?2 simulations produced very small amounts of
graupel with mean values less than 0.001 gkg~'. Graupel
is produced by several and different processes within the
MORR, WSM6, and THOM?2 schemes; however, de-
tailed microphysical process budgets for each simulation
are beyond the scope of this study. The SBU-YLIN
scheme represents snow and graupel through a rimed
precipitating ice category but produces excessively high
riming intensities as a result of excessive cloud water
(Fig. 6a). The THOM?2 scheme produces a larger mean
profile of snow and occasional, larger amounts of snow
mixing ratio than the MORR and WSM6 schemes that
produce graupel. Median, liquid-equivalent precipitation
from these schemes ranges from 0.1 to 0.2mmh ™!, with
the highest amounts resulting from the WSM6 scheme
(Fig. 7).

Figure 8 shows the frequency distributions of observed
MRR and WSR-88D reflectivity (Z) along with values de-
rived from WRF simulations during light riming periods. In
the lowest 2km, the most frequently occurring (modal)
values of MRR reflectivity are around 16-20 dBZ (Fig. 8a),
comparable to the WSR-88D reflectivity within the same
altitude range (Fig. 8b). As compared to the MRR, the
WSR-88D has a broader range of Z values at each height,
with small occurrences of values that exceeded those ob-
served by the MRR. The cause for the lack of Z values
greater than 24-28 dBZ in the MRR dataset is not clear.

Simulated reflectivity is highly variable and lacks the
distinct modes observed by the MRR and WSR-88D,
suggesting that observed precipitation structures are
more uniform at various altitudes than the correspond-
ing model simulations during light riming events
(Figs. 8c—f). Both the modal and maximum Z values
observed by the WSR-88D increased between 6- and
1-km altitude, consistent with an increase in particle
sizes via depositional growth and aggregation. The increase
was from 8 to 18 dBZ for the modal values and 18 to
34dBZ for the maximum values. The THOM2 scheme
has a similar trend of maximum values with height, while
the other three schemes have maximum reflectivities
that are too high from 4 to 6km. The THOM2 and
SBU-YLIN schemes produce reflectivity distributions
comparable to observations in the lowest 4 km while the
WSM6 and MORR schemes exceed the observed re-
flectivity distribution from the WSR-88D. The higher
reflectivity values in the WSM6 and MORR simulations
than observed likely result from the prediction of
graupel, representing moderate to heavily rimed parti-
cles in contrast to the observed, light riming.

Figure 9 shows the distributions of observed Doppler
velocity and simulated fall speed variables. Throughout
the vertical column, there is a fairly consistent range in
Doppler velocities observed by the MRR, from 0.3 to
2.0ms™ !, and above 4-km altitude, the mode in MRR
Doppler velocity is less distinct than lower levels
(Fig. 9a). The most frequently observed Doppler ve-
locities of around 1.0ms™ ' are consistent through an
altitude of 4 km. There is broadening of the observed fall
speed distribution to nearly 1.75ms™! below 2km as-
sociated with the increased particle growth and re-
flectivity increase in this layer. The MORR and THOM?2
fall speed distributions are narrower than observed be-
low 2-km altitude (Figs. 9b,d), while the SBU-YLIN
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FIG. 4. CFADs for hydrometeor species obtained from surveyed microphysics schemes during the light riming periods shown in Fig. 2.
Mean profiles of each hydrometeor type are provided as a solid black line. Trace amounts of cloud ice and graupel in the THOM?2 scheme are
shown as mean profiles in Fig. 3. Note that the x-axis scale for the snow or precipitating ice column differs from the remaining panels.

(Fig. 9¢) has a second mode below 5-km altitude at
high fall speed values, which is inconsistent with the
observations. Schemes incorporating a temperature-
dependent size distribution, such as WSM6, THOM?2,
and SBU-YLIN, show trends of increasing fall speed
with decreasing height between 3 and 7 km. The MORR
scheme undergoes less of a change in fall speed with
height and is more consistent with the observations.
Unfortunately, lack of data from the MRR in the lowest
1km precludes validation of the ~0.2ms ™! increase in
fall speed peak frequency for the MORR. At 1-2km,

where the MRR provides observations, the MORR and
WSMB6 simulations provide the best match to MRR fall
speeds (~1.0ms™ "), while the THOM2 and SBU-YLIN

slightly underestimated fall speeds by around 0.25ms ™.

b. Evaluation of simulations during observed
moderate riming events

During moderate riming periods (21 occurrences
within seven events; Fig. 2) the observed snow contained
about 50% dendrites and plates, 20%-25% needles, less
than 10% cold-type crystals, and small amounts (<4%)



NOVEMBER 2016 MOLTHAN ET AL. 4335
10 10
9}t Light Riming 9t Moderate-Light Riming
Moderate Riming
8t 13
7t Tt
E 6 E 6
- =
£ 5} £ 5f
Lol =
£ 4} &L oyt
3t 3t
2t 2t
1t 1t
0 " L . " L : . )
-60 -50 -40 -30 -20 -10 0 -2 -1 0 1 2 3 4

Temperature ("C)

Temperature Difference (“C)

FIG. 5. (left) Mean temperature profiles and standard deviations of temperature during
periods of light and moderate riming shown in Fig. 2, and (right) difference of the mean
temperature profile between moderate and light riming periods.

of graupel (Colle et al. 2014). All schemes increase their
predicted mean snow and combined cloud ice and snow
mass projections (Fig. 10), shown as a higher frequency
of larger mixing ratios, particularly in the lowest 3—4 km
(Fig. 11). Cloud water also increases in all schemes,
particularly in the lowest 2km, along with increases in
the mean profile through 6 km. Increases occur across a
range of temperatures from —15° to 0°C (Fig. 5a), where
the simulations for these moderate riming events aver-
age as much as 1.5°C warmer than light riming cases
(Fig. 5b). The MORR scheme exhibits an increase in mean
cloud water and frequency from 1 to 4 km, where the mean
temperatures range from —15° to —5°C, up to 1.5°C
warmer than light riming cases. Overall, the most frequent
mixing ratio of cloud water remains less than 0.1gkg ',

and the mean value is 0.05gkg ' or less for all schemes
except the SBU-YLIN. The simulated cloud water amount
is less than expected for periods of moderate riming. For
example, Lin and Colle (2009) and Lin and Colle (2011)
showed for two cases over the Washington Cascades that
the observed and simulated cloud water was 0.1-0.3 gkg "
for moderate riming periods. Some of the cloud water in
the SBU-YLIN scheme appears to be erroneously high
(>0.3gkg "), resulting in heavily rimed precipitating ice,
increased precipitation, and a decrease in snow mass by
fallout in the lowest 3km. Excess production of cloud
water may be related to issues with the saturation adjust-
ment process in the SBU-YLIN scheme (Molthan and
Colle 2012). Although the aforementioned schemes pro-
duce some additional snow and cloud water, the MORR

14 . . . . .
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FI1G. 6. CFADs (shaded) and mean profiles (black line) for the unitless riming factor used to
parameterize the mass—diameter and diameter—fall speed relationships for the precipitating ice
category within the SBU-YLIN scheme, partitioned into model simulations of observed
(a) light and (b) moderate riming periods shown in Fig. 2.
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and WSMG6 simulations produce amounts and frequencies
of graupel comparable to light riming simulations with
similar maximum values and frequencies (Figs. 11d,h).
Mean profiles of graupel in moderate riming events are
similar to light riming events for the MORR, WSM6, and
THOM2 profiles (Figs. 10a—).

The CFAD of MRR reflectivity has a distribution mode
below 2-km altitude that is sharper and greater than during
light riming periods (20 dBZ; Fig. 12a). The modal value of
the WSR-88D reflectivity in the lowest 2km is similar at
20-24dBZ (Fig. 12b). Both MRR and WSR-88D distri-
butions of Z indicate a steady increase in the modal value
of reflectivity with decreasing altitude from 6 to 2km. Such
““diagonalization” of the reflectivity CFAD indicates growth
of particles as they descend (Yuter and Houze 1995). As
with light riming cases, the CFAD of WSR-88D reflectivity
included small frequencies of higher reflectivity near the
surface, as high as 32-34dBZ. Similarly, the MRR data
included small frequencies of reflectivity from 24 to 28 dBZ.
All four models exhibit clear modes in the reflectivity dis-
tribution that increased with decreasing height, similar to
the diagonalization seen in the observations; though their
modal values and ranges differ from the MRR and WSR-
88D data. The MORR and WSM6 schemes (Figs. 12c,d)
produce modal and maximum reflectivity exceeding WSR-
88D and MRR observations near the surface (Figs. 12c,d).
The THOM2 and YLIN schemes are a better match to the
observed reflectivity values and trends with altitude in
terms of modal and maximum values (Figs. 12¢,f).

The MRR Doppler velocity distribution produces a
mode that increases with decreasing altitude from to
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1.0ms™! at 4-km altitude to 1.25ms™ " at the surface
(Fig. 13a). The mode in the MRR near-surface Doppler
velocity increases by 0.25ms ™! versus during the light
riming periods. In the WSM6 simulations, an increase in
predicted snow mass and larger particles inferred from
radar reflectivity contributes to an overall increase in
mean fall speeds. Excessive fall speeds above Skm in
WSMB6 likely result from erroneously large particles as-
sociated with simulated reflectivity greater than observed
by the MRR and WSR-88D.

The MORR and THOM?2 schemes produce vertical
profiles of modal fall speeds for the moderate riming pe-
riods similar to their performance during light riming pe-
riods despite increases in snow and graupel content (Figs. 9
and 13). In WSMB6, the modal fall speeds increase between
6 and 2km but do not change much above or below that
layer. The inference is that increases in snow content from
additional riming did not translate to increases in fall
speeds through changes in their diameter—fall speed rela-
tionships. In addition, cloud water is likely underpredicted
during moderate riming events, contributing to an under-
prediction of fall speeds at lower levels even if the schemes
accounted for varied riming conditions. In SBU-YLIN,
riming effects are allowed to influence fall speeds, but
excessive cloud water contributed to high riming factors
and exacerbated fall speed errors previously observed in
light riming events (Fig. 6b). These errors resulted in
isolated occurrences of fall speeds of 1.5-3ms™!, com-
posing as much as 15% of the fall speeds in the lowest
1-2km (Fig. 13e).

¢. Surface size distribution and fall speed

In Figs. 14-16, we compare observed and simulated
surface size distributions and fall speed measures for
four short cases from 1 to 4h in duration. These cases
highlight some details of the representation of particles
as a function of the degree of riming and whether ag-
gregation is present. The BMP scheme size distribu-
tions are average values for the set of 15-min intervals
in each case and are compared to the observed distri-
bution of PARSIVEL diameters (section 2a). For
context, we also show average mixing ratio profiles for
snow, cloud water, and graupel in the lowest 3km. We
compare distributions of PARSIVEL fall speed (or
settling speed, w = 0 and E # 0; Table 1), to a computed
mean mass-weighted fall speed (w = 0, E = 0; Table 1)
for each 15-min model-simulated period that includes
contributions from snow, graupel, and rain.

1) NO RIMING

A period of mainly cold-type crystals (51% side planes
and 20% bullets) occurred from 0145 to 0500 UTC on
16 February 2010, with little or no riming observed. Small
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FIG. 10. As in Fig. 3, but for moderate riming periods shown in Fig. 2.

amounts of plates (~10%) and columns (~10%) were also
observed with light riming. The observed and simulated size
distributions for this period are illustrated in Fig. 14a.
All four BMPs slightly underestimate the number
concentrations of aggregated snow particles with D <
8 mm, with the MORR and SBU-YLIN results closest
to the observed for diameters from 6 to 8 mm. Each
scheme simulates between 0.1 and 0.15gkg ™' of snow
above 1km, but decreases the amount to around
0.05gkg ! at the surface (Fig. 14b). This reduction
results from sublimation, since these cold-type habits
are mainly observed near the outer edges of the
comma head (Colle et al. 2014), where the low levels
are still moistening. The reduction in snow mixing ra-
tio near the surface may contribute to an overall re-
duction in particle number concentrations, as shown
by BMPs that predict lower number concentrations of
particles across all observed size bins.

The observed fall speed distribution is generally be-
tween 1 and 1.5ms ! (Fig. 14c). The MORR and SBU-
YLIN schemes have particle fall speeds clustered
around 1ms™ !, with a few values at ~1.25ms !
(Fig. 14d), while the WSM6 and THOM?2 schemes pro-
duce fall speeds slower than the peak in the observa-
tions, ranging from 0.5 to 0.75ms'. These schemes
simulate a small amount of cloud water (<0.05gkg ")
above 1km (Fig. 14b). There was little riming observed
during this event as well, so the observed fall speeds
(tail > 1.5ms ") are likely related to faster falling cold-
type crystals compared to the conventional plates and
dendrites used in these schemes. Underestimation of
surface fall speeds in this sample of observed crystals is
comparable to the underestimate of fall speeds in the
broader sampling of light riming simulations (Fig. 9);
therefore, schemes may not be accounting for faster fall
speeds for cold-type crystals. The SBU-YLIN includes a
temperature-dependence term for fall speeds, but it is
based on the local temperature and not necessarily
where the snow particles are formed, and the observed

side planes and bullets are likely formed in the middle
and upper levels of the cloud.

2) LIGHT-TO-MODERATE RIMING

A mix of 70% plates and 16% side planes was ob-
served from 1000 to 1200 UTC on 21 February 2011 with
observed riming intensities that range from none to
moderate, with the peak riming intensity occurring at
1115 UTC. The WSM6 scheme slightly underestimates
the number concentrations of particles across all sizes,
and the SBU-YLIN simulates a greater number con-
centration of particles than was observed for all sizes,
with the exception of particles around 2 mm (Fig. 15a).
The MORR and THOM?2 schemes produce number
concentrations of particles similar to the observations
for diameters 1 mm or greater (Fig. 15a).

Each scheme simulates snow mixing ratios of 0.15-
0.25gkg " near the surface (Fig. 15b) and the SBU-
YLIN scheme has a small amount (<0.05gkg™") of
cloud water between 1.5 and 2km. However, in general,
all schemes have very little cloud water, which likely
contributes to the lack of fall speeds greater than
1.5ms ™! (Fig. 15d). Most of the observed fall speeds in
this 2-h period were between 1 and 1.5ms ' (Fig. 15c).
All BMPs concentrate their fall speeds around 1ms ™!
(Fig. 15d), while the observed peak was slightly greater
at ~1.1ms~' (Fig. 15c). The small amount of cloud
water within the SBU-YLIN scheme resulted in an in-
crease in the diagnosed riming factor for the pre-
cipitating ice class and some of the greater fall speeds.
This also likely contributes to larger standard deviations
in the particle size distribution when the scheme tran-
sitioned from between periods of rimed and unrimed
precipitation.

3) LIGHT-TO-MODERATE RIMING AND MANY
AGGREGATES

Figure 16a shows the observed and simulated size
distributions for a time period with 65% dendrites and
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FIG. 11. As in Fig. 4, but for moderate riming periods shown in Fig. 2. Note that the x-axis scale for the snow or precipitating ice column
differs from the remaining panels.

20% plates observed from 1530 UTC 26 February to
0000 UTC 27 February 2010. During this period the
observed degree of riming is light to moderate (0.5-2.5)
and many aggregates of dendrites are also observed (not
shown). The particle size distributions from the exam-
ined BMPs are similar to the observed size distributions
for particles smaller than 4 mm, but the BMPs un-
derestimate the number concentrations of particles
larger than 4 mm. The particle size distribution from the
MORR scheme produces slightly larger particles than
the other BMPs and, thus, a better fit to the observa-
tions. One hypothesis for the underestimation of the

number concentrations of larger (D > 4mm) particles
is a poor representation of snow aggregation, or the shift
to particle size distributions composed of larger particles
at the expense of smaller crystals (Fig. 16b). Each
scheme produces 0.05-0.1 gkg ! of snow below 1 km but
varied in their production of cloud water, ranging from
0.05 to 0.15gkg " of cloud water between 1 and 2km.
Riming of snow is implied by the collocation of snow and
cloud water in the models. An increase in snow content
rather than cloud water might have contributed to larger
numbers of larger particle sizes in the modeled size
distributions.
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FIG. 12. As in Fig. 8, but for moderate riming periods shown in Fig. 2.

Unlike the above cases and the combined CFAD re- between ~0.75 and ~1.1ms ™' (Fig. 16¢), with a tail to
sults, the THOM?2, MORR, and SBU-YLIN schemes fall speeds exceeding 2ms~'. Model-simulated fall
are able to produce more cloud water (0.05-0.15gkg ™ '). speeds are clustered between 0.8 and 1.I1ms™'
The distribution of observed fall speeds peaks at (Fig.16d). The better fall speed prediction in the model,
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FIG. 13. As in Fig. 9 but for moderate riming periods shown in Fig. 2.

including some fall speeds greater than 1ms ™", is likely
the result of better simulation of the cloud water. The
scheme with the least amount of cloud water (WSMO6)
has the worst fall speed prediction near the surface

(peaking around 0.8ms~!). The THOM?2 has several
periods with fall speeds from ~2 to 3ms~ ' for mixing
ratios below 0.1gkg ' (Fig. 16d). These faster fall
speeds result from trace amounts of faster-falling
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graupel, or the brief production of drizzle with 0.005-
0.01gkg ™! of rainwater simulated at the surface be-
tween 2215 and 0000 UTC (not shown). Aggregates and
lightly rimed snow likely composed the smaller peak
(~0.75ms "), while the moderately rimed habits likely
fell within the second peak (~1.1ms™') and the tail of
higher fall speeds. As observed in the CFAD analysis,
larger riming factors in the SBU-YLIN scheme con-
tribute to faster fall speeds of 1.25-1.75ms ' for pre-
dicted snow mixing ratios less than 0.1 gkg ! (Fig. 16d).

4. Conclusions

Reflectivities and fall speeds from four BMPs
(MORR, WSM6, THOM?2, and SBU-YLIN) run down
to 1.33-km grid spacing within the WRF Model were
compared to vertically pointing radar observations at
Stony Brook, New York, for nine snow events that were
partitioned into periods of observed riming intensity.

Comparisons of observed and modeled particle size
distributions and fall speeds at the surface were made
for selected periods with distinct sets of crystal habits.
Motivating research questions sought to examine
whether the selected schemes were able to reproduce
key characteristics of the observed distributions of
reflectivity and fall speed within various categories of
observed riming. During light riming periods, the
WSM6 and MORR schemes produced larger reflec-
tivities (Z) than observed, particularly in the lowest
4km, where they produced higher-density graupel
particles inconsistent with the light degree of riming
observed at the surface. The THOM?2 scheme only
produced trace, insignificant amounts of graupel and
the SBU-YLIN scheme limited the occurrence of
higher riming factors, with a better representation of
observed WSR-88D reflectivity in the surface-4-km al-
titude range. These results encourage a more detailed
examination of graupel sources within the WSM6 and
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70% Plates and 16% Side Planes; 1000-1200 UTC 21 February 2011

10
(a) ——THoM2
4 ——WSME
10 ——MORR
:- ——S$BU-YLIN
T ——Observed
£
T
E
a 1
3 10
10
! . A M L M
10
0 2 4 6 8 10 12 14 16
Diameter (mm)
£ 1500 T
E : —— Observed
w . .
] : :
B 3000 Loovdtvenidonid S s e vvndiend s
N
{
3
z . .
T ) SERRER ATERRE
3
T
]
[
S 0 i i i i i
* 0 05 1 15 2 25 3 35 4

PARSIVEL Settling Speed (Vs, ms')

Height (m)

-1

Total Mixing Ratio (g kg )

3000

2000

1000

0

ot
P

b
Y

e
P

o
~

o

o

 (B) oy
+ - THOM2
i 111 SBU-YLIN
1
(%
Ve
o
1
]
1
] %
PSP (S -1 M B
0 005 01 045 02 025 03 035 04 045
Mixing Ratio (g/kg)
(d)® H . . H ® WORR
: : + WsMe
....... L * THOMZ
!] u_5BU-YLM
»
' :
qy.....
.
..... b e s
tr
] 05 1 1.5 2 25 3 35 4

Mean Mass-Weighted Fall Speed (Vm, m s'')

FIG. 15. As in Fig. 14, but during a period of 70% plates and 16% side planes observed from 1000 to
1200 UTC 21 Feb 2011.

65% Dendrites and 20% Plates; 1530 UTC 26 February 2010 to 0000 UTC 27 February 2010

# of Particles Normalized to 15 min

(a) —THOMZ
4 WS
10 —uoRR
—sBU-1LN
10 —owewi |
E
W s
@
| T
10
10
Yo 2 ¢ 6 & 10 12 14 1
Diameter (mm)
1500 v
(c) - — Observed
1000
500
o5 1 15 2 25 3 35 4

PARSIVEL Settling Speed (Vs, ms')

3000

05

= o =
~ P =

Total Mixing Ratio (g kg )
=

0

01 045 02 025 03 035 04 045
Mixing Ratio (g/kg)

(d)

Fgi

Jg

"lﬁl ot
LI

£ - ®

0.5 1 15 2 25 3 5 4

Mean Mass-Weighted Fall Speed (Vm, m s°7)

FIG. 16. As in Fig. 14, but during a period of 65% dendrites and 20% plates observed from 1530 UTC 26
Feb to 0000 UTC 27 Feb 2010.

VOLUME 144



NOVEMBER 2016

MORR simulations to reduce the generation of higher-
density graupel particles in periods of observed, light
riming. For fall speed variables, MRR observations
captured a consistent mode around 1ms~' in the
lowest 1-2 km. The THOM?2 and SBU-YLIN schemes
produced a consistent mode in the same range, but
underestimated fall speeds by around 0.25ms”'. An
analysis of the 16 February 2010 event suggests that
this may be related to the underpredicted fall speeds
of cold-type snow habits.

During moderate riming, the THOM2 and SBU-
YLIN results were both closer to Z observations in
terms of the most frequent and maximum values at
varying altitudes. The MORR and WSM6 simulations
produced modal and maximum values of Z that ex-
ceeded the observations. As in light riming cases, the
MORR and WSM6 schemes produced higher-density
graupel within the lowest 4 km, which may contribute to
their much higher than observed values of radar re-
flectivity. The MORR, WSM6, and THOM?2 schemes
increased the amount of cloud water between 1 and 4 km
as the observed riming intensity increased from the light
to moderate categories, but the amounts were less than
expected for moderate riming, based on previous field
studies. The SBU-YLIN scheme produced the largest
mean cloud water profile and infrequent occurrences of
higher cloud water amounts from 4 to 6 km, contributing
to an increase in particle density and a slight over-
estimation of the radar reflectivity.

There was relatively little change in the near-surface
fall speeds with increasing riming category among the
MORR, WSM6, and THOM?2 simulations, and as a
result modeled fall speeds underestimated MRR-
obtained surface fall speeds by 0.25-0.5ms '. These
schemes may not produce enough cloud water during
these winter storms to capture the observed riming
processes (e.g., there is little cloud water in the THOM2
scheme), or the snowfall speeds do not account for
increases in particle fall speeds during observed mod-
erate riming periods, likely because they assume dry
snowfall speeds unless the scheme contributes mass to
the graupel category. The THOM?2 and WSM6 schemes
incorporate temperature-dependent particle size dis-
tribution characteristics for snowfall that provided an
increase in fall speeds approaching the surface but
were ~0.25-0.50ms ! slower than the surface obser-
vations. The MORR and THOM?2 simulations produce
similar fall speed distributions with height regardless of
riming category.

Comparisons between surface and simulated particle
size distributions suggest that while BMPs simulate
reasonable number concentrations of particles smaller
than 4 mm, there was an underestimate of the number
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concentration particles larger than 4 mm. It is hypothesized
that underestimation of the number of larger particles re-
sults from BMPs not adequately simulating the aggrega-
tion process, or by allowing for particle size distribution
parameters to evolve to smaller intercept and slope pa-
rameters as aggregation occurs. Fixed parameters of den-
sity and spherical shape may be a limiting factor, though
schemes such as THOM2 and SBU-YLIN that in-
corporate variable bulk density did not markedly improve
performance. Lower-density aggregates cannot be well
represented in a BMP that assumes a fixed density
for snow, such as was used in the WSM6 and MORR
schemes. However, the double-moment MORR scheme
seemed to provide a better comparison to the observa-
tions than other schemes during periods of aggrega-
tion, perhaps benefiting from greater flexibility in the
determination of size distribution parameters by predict-
ing both the mass and total number concentration.
Schemes that predicted higher-density and more heavily
rimed graupel particles during light and moderate riming
periods resulted in excessive radar reflectivity contrary to
radar observations and the lack of these heavily rimed
particles at the surface. However, schemes that produced
more unrimed snow were not able to capture increases in
fall speed during observed moderate riming periods,
suggesting that they were unable to predict the observed
changes in riming degree.

For schemes that favor the production of higher-density
graupel rather than unrimed snow, future work should
examine opportunities for a smoother transition between
the dry and heavily rimed ice categories to improve the
representation of a broader range of riming categories.
Additional vertical levels should be included to better
capture convective-scale processes contributing to the
development of cloud water or small-scale microphysical
variability. Such an examination would be best achieved
with detailed in situ observations from multiple riming
regimes to guide improvements, supplemented by addi-
tional radar remote sensing comparisons where in situ data
are unavailable.
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