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Abstract

The low levels of supercell forward flanks commonly exhibit dctidifferential
reflectivity (Zpr) signatures, including the lo#pr hail signature, and the hidlpr “arc”. The
Zpr arc has been previously associated with size sorting of raindrape presence of vertical
wind shear, and this model is here extended to include size sortiag.ofdealized simulations
of a supercell storm observed by the KOUN polarimetric radat dane 2008 are performed
using a multi-moment bulk microphysics scheme, in which sizengadiallowed or disallowed
for hydrometeor species. Several velocity-diameter relationdioipshe hail fall speed are
considered, as well as fixed or variable bulk densities that pagraupel-to-hail spectrum. A
polarimetric emulator is used to derive polarimetric fields from the hydemnetate variables.

It is found that size sorting of hail has a strong impadsy and can result in Zpr arc
from melting hail even when size sorting is disallowed in the fiald. The lowZpr hail core
only appears when size sorting is allowed for hail. The meamselative wind in a deep layer
is found to align closely with the gradient in mean mass diansétieoth rain and hail, with a

slight shift toward the storm-relative mean wind below the mglevel in the case of rain. The

best comparison with the observed 1 June 2008 observed supercell is obtained when rain and hail

are both allowed to sort and the bulk density and associated fall spee for hail is predicted

by the model microphysics.
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1. Introduction

Dual-polarized radars have many advantages over their giolglazed counterparts,
particularly an enhanced ability to distinguish between diffetgoe¢s, sizes, and shapes of
hydrometeors within precipitating systems (Balakrishnan and Z2880; Herzegh and Jameson
1992; Ryzhkov and Zrnic 1998; Ztnhiand Ryzhkov 1999; Strake al. 2000; Bringi and
Chandrasekar 2001; Zrnat al. 2001; Ryzhkowt al. 2005; Tessendost al. 2005; Heinselman
and Ryzhkov 2006; Parit al. 2009) as well as distinguishing between hydrometeors and other
non-meteorological scatterers, such as insects, birds, dust, arsl(éaipri Ryzhkowt al. 2005;
Gourley et al. 2007). Several polarimetric variables can be derived fromirtfoemation
provided by the horizontally and vertically polarized beams and thiéarential interactions
with hydrometeors. Among these, the differential reflectidiyy (the ratio of radar reflectivity
factors at horizontal and vertical polarizations, Seliga and Briiffy6) is useful for
distinguishing between regions of hail and rain. Further, it is sulztamositive (depending on
the radar wavelength) for rain distributions skewed toward larggeoldrops. In combination
with other polarimetric variableZpr yields much information about the particle (or drop) size
distribution (P[D]SD) of rain, which aids in improving radar-derivathrrate relations (e.qg.,
Bringi et al. 2004; Giangrande and Ryzhkov 2008) and understanding of microphysical
processes and their relationship to the kinematics of storms, vehtble subject of the present
study.

Among precipitating cloud systems, supercell thunderstorms praghme of the most
severe weather on the planet, including large hail, damaginghdthi@me winds, and tornadoes.
Recent studies have shown that supercells systematically ydisptéain (possibly unique)

polarimetric signatures, which have yielded significant insight theo complex interplay of
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kinematics and microphysical processes within these storramji& and Ryzhkov 2008;
Romineet al. 2008). One of the most common polarimetric signatures noted sotbaledZpr
“shield” or “arc™. This signature appears within the forward-flank reflectivitgion at low
levels (below ~1-2 km AGL) and is characterized by signifipasitive values oZpr collocated
with low-to-moderate reflectivity. Kumjian and Ryzhkov (2009; 2012, &iéze KR09 and
KR12, respectively), used a simplified bin sedimentation model topnetetheZpr arc as a
result of enhanced size sorting of rain associated with the dwwanlgvel shear in the inflow
environment of the supercell storm, and also demonstrated a positingdatton with the
magnitude of the low-level storm relative helicity and the “strengthh®@Zpr arc.

KR09 and KR12 limited their investigation to idealized rain shafth miescribed initial
distributions aloft. In typical supercell storms, most of the isaderived from the melting of ice
particles, particularly snow, graupel and hail. Romine et al. (200&)eir study of the 8 May
2003 Oklahoma City tornadic supercell, attributed the source of daogs in theZpg “shield”
as melted graupel. Kumjian et al. (2010, hereafter KRMS10) ajdeidy identify the source
of rain in theZpr arc as melted graupel in their study of the 1 June 2008 weltdamoma
nontornadic supercell. Below the melting level, a given area of th@pgation region may
include contributions t&Zpr from both rain and partially melted graupel or hail. Thg
signature of the latter can vary significantly depending on tleedfizthe hydrometeors and the

amount of water coating. For relatively dry, large, and tumbliiigtbaes, th&Zpg is near 0. At

! Whether theZpg “arc” and “shield” are the same feature or not remains an open
guestion. While this work does not address this question directlyinaiat folausible that the
Zpr “arc” may be a small-scale enhancement of Zbe “shield” that may not be explicitly
resolved with the resolution of the models used in this study. Fuiore may address this
guestion.
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the other end of the spectrum, small, nearly completely meltedtdragk transition to a
maximum stable large rain drop (Rasmusaead. 1984, hereafter RLP84), and thus exhibit high
Zpr. It remains an open question how much of the low-level (~0-2 km) enh@pged the
forward flanks of supercells can be attributed to melting graopehail vs. rain. Other

polarimetric variables, such as the cross-correlation coefticigy and specific differential

phaseKpp, are also helpful in this regard: the former is sensitive kumds of rain and hail and
the latter to the presence of liquid water, whether in raindrops arshell of liquid water on
melting graupel and hail.

A major challenge in numerical modeling of convective storms idrdsment of the
rimed ice category or categories (graupel or hail or both), particassiymptions about the bulk
density and fall speeds (e.g., Gilmetal. 2004). The impact of environmental shear on sorting
of the graupel and hail fields above the melting level has bedivegtaunexplored, particularly
how it then contributes to shaping the distribution of rain and meltingpgraand hail sizes
below the melting level, which can modify the obser¥gdthere in complex ways. The depth
of the shear layer in supercell environments often extends well dabeveelting level [O(3-5
km)], and thus substantial sorting of graupel and hail may occur |diegebmelting occurs.
Motivated by these questions, we investigate the impact ofssiderg and melting on the
magnitudes o¥Zpr below the melting level through the use of numerical sinwrat Our first
approach is to examine 3D idealized numerical simulations of lcostrved supercell: the 1
June 2008 nontornadic supercell that was the subject of KRMS10. We shothéndasic
polarimetric features (with an emphasis on ZBg field) in the low levels of the forward flank
can be reasonably reproduced by a triple-moment (3M) bulk microghysieme, particularly

when the bulk density of the rimed ice category is predicted,rrdthe held fixed as is usually
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the case. Then, to simplify the analysis and in an attempvealk the essential physics, we
make use of relatively simple environmental setups that arenismant of the steady 3D

precipitation shaft experiments of KR09, but include the use of \@ifgih speed relations for

graupel and hail. In both sets of experiments, similar to KR12nvestigate the impact of size
sorting by sedimentation and demonstrate the separate impaotsirad 8f graupel and hail on

hand, and rain on the other, on the low-l&g] signatures.

This paper is organized as follows. Section 2 describes aspébesmilk microphysics
scheme and the polarimetric emulator used to defpgefrom the model microphysics fields.
Sections 3 and 4 describe the methodology and results of the supenaidkien experiments
and 3D precipitation shaft experiments, respectively. Firsdlition 5 summarizes the paper,

and discusses questions to guide future work.
2. Microphysics Scheme and Polarimetric Emulator

a. Microphysics scheme

The microphysics scheme used in this study is an upgraded vefgloa multi-moment
(MM) scheme described in Mansell et al. (2010, hereafter MZRiE)eloped at NSSL, which
itself is based on an earlier scheme of Ziegler (1985). Theséhkme allows for multiple
options at runtime to control various microphysical processes ang lelvebmplexity, such as
the number of moments predicted, whether only one rimed ice catég@ypel or halil,
depending on density and fall speed assumptions), or two (graupel ignardancluded, and
whether the bulk densities of graupel and hail are allowed to vary,gaotbars. Up to three
moments of the gamma size distribution are predicted for grawpkhrd rain, the't, 3¢, and
6" moments, following the approach of Milbrandt and Yau (2005b, hereaft@5h), but only

the first two moments for the remaining species. The closinense for the&Z rate equations
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108 mainly follows the approach of MYO5b (see Appendix A), and the readeherwise referred to
109 MZB10 for a description of the microphysics scheme. In the custeidy, we utilize only one
110 rimed ice category in any given simulation for the bulk ofgkperiments. However, since the
111 variation of the fall speeds with density can be substantial, nwestigate the impact of
112 maintaining fixed bulk densities for rimed ice of 500 k& (graupel) and 900 kg th(hail),
113 respectively on the one hand, and allowing the rimed ice cgtégerary in density (a spectrum
114  of graupel-to-hail), as in MZB10. For convenience, throughout the paper,ustmnfixed bulk
115 densities, the term “graupel” will be used for the low-deni§0(kg n°) slower-falling case,
116  while the term “hail” will be used for the high-density (900 rkg) faster-falling case. In the
117 variable-density experiments, the term “hail” will be used,ntyabecause, as will be seen, the
118 density and fall speeds have already risen to the “hail-pket of the spectrum by the time the
119 hydrometeors have fallen much below the melting level owing tinttiease in density during
120 melting. These configurations of the scheme will be refedédroughout the rest of the paper
121 as the “NFD” and “NVD” schemes (for NSSL Fixed Density &d8SL Variable Density,
122 respectively, after Yussoef al. 2013).

123 A quantity that will be used throughout this paper is the mean opasslume) diameter

124 D, which is defined as

P 1/3
125 D, = [—p“q" ] : (1)

TpxNTx
126 wherep, is the air densityg, is the mass mixing ratio (the subscriptefers to any given
127 hydrometeor category), is the bulk hydrometeor density, amg ,is the total number
128 concentration. This form @, is valid for constant density spheres. As described in (Milbrandt
129 and Yau 2005a, hereafter MY05a), this quantity serves as a proXefantount of size sorting
130 that has occurred in the hydrometeor distribution, when compared ioititg value aloft.

6



131 Physically speakind)m represents the diameter of the particle whose mass isteghal of the
132 ~mean mass of the distribution.
133 The terminal velocity of graupel and hail is assumed to follgwaer law with respect

134 to diameter of the formv(D) = yaD?, wherea and b are typically empirically derived

0.5
135 constants, angd = (2—0) is the density correction factor, wherg= 1.204 kg it andp,, is the

136 air density. The power law relationships used in this study are summarized ih &gl Table 1.
137 The labels A,B,C, and D in Fig. 1 are used in the experimeninganomenclature to be
138 discussed later in the paper. Curves A and B are derivedtimtarminal velocity relation for
139 graupel and hail as used in Wisner et al. (1972) and adopted by MZB&9 depend on the
140 assumed hydrometeor bulk density and drag coefficient, with incgetesminal fall speeds for
141 all diameters as the bulk density increases. Thus curve A represemms| gnath a fixed density
142  of 500 kg n?® and likewise curve B for hail (900 kg Curves C and D are from Ferrier (1994)
143 for graupel and hail, respectively. When graupel and hail fowead to vary in density, the
144  resulting fall speed curves lie between the lowest density (17@°kgurve and the high-density
145 curve (lower and upper black dashed lines in Fig. 1, respectivdlig)s variability in the
146 assumed fall speed relations has consequences for the distribugi@upél and hail (also noted
147 explictly by Milbrandt and Morrison 2013) and on the distributiorZgf in the simulations in
148 this study.

149 Several recent studies (Wacker and Seifert 2001; Dawsah 2010; Mansell 2010;
150 Milbrandt and McTaggart-Cowan 2010; KR12) have demonstrated the followingctérstics
151 of typical bulk microphysics schemes in regards to the sizawggorocess: 1) single-moment
152 (1M) schemes are incapable of parameterizing size sortingyg@net al. 2010), 2) double-

153 moment (2M) schemes without a correction mechanism (e.g., Ma2B&l) or diagnostic
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formula for the gamma shape parameter (MY05a; Milbrandt and Mcitaggavan 2010)
grossly overestimate size-sorting, and 3) Triple-moment (3M)nsebeare able to closely
approximate an analytical bin solution for pure sedimentation (MYOBi#hrandt and
McTaggart-Cowan 2010, KR12). The lack of size sorting in a 1M sehsra consequence of
the use of a single predicted variable (g, the total mass), frbichvall other PSD-related
variables (includind,) are diagnosed. In contrast, the size-sorting mechanism in d0kv
scheme works by allowing each predicted moment of the sizédigin to sediment at its own
moment-weighted fall speed, such that mean size can evolve indepgrde¢otal mass. For a
2M scheme that predicts; and g, the mass-weighted fall speed is greater than the number-
weighted fall speed, allowing moctgto reach lower levels faster thal increasingdD,, toward
the ground (MY05a). Similarly, in a triple-moment (3M) schemé pinadictsN;, g, andZ, the
reflectivity-weighted fall speed is generally greater tha mass-weighted fall speed, resulting
in an increase of the shape parametan(Eq. Al) in the gamma distribution during size sorting.
A larger shape parameter narrows the size distribution artd fianther size sorting by causing
the weighted fall speeds to be closer in value. A 2M schemendbdsave this feedback, and
can exhibit unrealistically largB,, during the size-sorting process unless mitigating steps are
taken (e.g., MY05a, Mansell 2010).

Therefore, in the context of MM bulk schemes a 3M scheme istist appropriate for
studying polarimetric radar signatures that depend on sizegafiects. For this reason, we
utilize the 3M version of the NFD and NVD scheme for the expartmin this study, but we
alternately enable or disable size sorting by either alloaihgredicted moments to sediment at
their appropriately-weighted fall speed (hereatfter, the “@veriments), or by forcing all three

predicted moments to instead sediment at the mass-weightexpdalll, effectively making the



177  process of sedimentation only 1M for these experiments (hereafter, the “1M” experimentsg W
178 emphasize however, that &l experiments all other processes are still fully 3M, and all three

179 moments are tracked independently in the model.

180 b. Polarimetric emulator

181 To derive polarimetric fields from the model hydrometeor fields,employ a modified
182 version of the polarimetric emulator of Jung et al. (2010, hereBfi&t0). In what follows, we
183 stress that the emulator is applied to the model hydrometeds Betirely “offline”. That is, no
184 feedback from the emulator is provided to the model; it is anegntiragnostic procedure. The
185 JXZ10 emulator uses the T-matrix method (Waterman 1969; Vivekanagidah 1991;
186 Mishchenko 2000) to create scattering amplitude look-up tables toydalbmeteor categories as
187 a function of particle diameter and assumed liquid water fracatitimei case of the ice categories.
188 The emulator can accommodate radar wavelengths at X-, C§-badds, but we examine only
189 the S-band case in this study, since the KOUN radar with which comparisansa@de is S band.
190 The hydrometeor PSD moments from the model output are used to theriirgercept, shape,
191 and slope parameters for the assumed gamma distribution. Then Hdrydaemeteor category,
192 the emulator discretizes the distribution by computing the numdeceatration in equally
193 spaced equivolume diameter bins from the model PSD at each grid pithaugh the model
194 hydrometeor distributions assume spherical particles, the emalies for variable axis ratios
195 as a function of diameter for the purposes of the scattering amplitude calculati@tsount for
196 wet surfaces on snow, graupel, and hail for the schemes that dopfttlgxpredict it, the
197 emulator employs a diagnostic method whereby a mixture of thearal ice fields is used to

198 derive a water fraction on melting ice.
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Improvements were made to the JXZ10 emulator for the purposdsso$tudy. The
changes mainly concern how small to medium sied ¢2 cm) hail particles are treated under
conditions of melting or wet growth, and how the diagnosed water frastiyoplied across the
hail distribution. JXZ10 specified a fixed axis ratio for hailswmé all diameters of 0.75,
regardless of assumed liquid fraction, although they did provide forraasecin the standard
deviation of the canting angle with increasing liquid fraction, tooant for the stabilization
effects of the liquid water torus (RLP84). The laboratory investiga of RLP84, however,
indicate that initially spherical hailstones@f= ~1.5 cm or less decrease rapidly in axis ratio as
they melt due to the buildup of a horizontal water torus, transitictovwgrd the equilibrium
shape of a large ~8 mm raindrop, with an axis ratio of ~0.55. KurajidnRyzhkov (2008)
pointed out that these “small, wet hailstones are sensed asajraitbps, characterized by very
high Zpr”. Borowska et al. (2010) and Ryzhkov et al. (2011) accounted for thesedestics
of melting halil in their polarimetric emulator by utilizinghnéar approximations between the
aspect ratio of a dry hailstone and that of a raindrop into wheleittually melts, based on the
laboratory investigations of RLP84, and by decreasing the width afitiiteng angle distribution
from 40-50° for dry hail to 10° for completely melted hail. In our gtwaeke follow an approach
very similar to that of Ryzhkov et al. (2011) for computing the asgt and width of the
canting angle distribution for melting hail with the following malifferences: 1) the linear
decrease of the canting angle distribution width is applied feeniactions between 0 and 0.5,
and is set to 0° above that threshold, and 2) a value of 60° is used for completely dhindlayil.
we note that th&pr of melting hail will vary with different assumptions about axdtos and
width of the canting angle distribution, particularly the latter. pg#gormed several tests (not

shown) in which these parameters were varied over reasonalgesrand found that the

10
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gualitative natures of the signatures were not altered. We leave funtrestigation of this issue
to future work.

The water fraction is diagnosed via an iterative method. fiksteguess, liquid water is
“borrowed” from theqg; field and added to the, field (in the more general case of multiple ice
species at a point, the rainwater is distributed amongst theediffspecies weighted by their
fraction of the total ice mass), up to a maximum of 90% of time(taiavoid complete depletion
of the existing rain field, which is done only for computational converjeriRasmussen and
Heymsfield (1987) developed a formula for the maximum water milgsthat can exist on a
melting hailstone with ice core mask (see their equation 6), and is shown in Fig. 2 along with
corresponding axis ratios and canting angle widths at maximumr raiction used in the
emulator.

The critical water mass, expressed as a function of thematsd of the melting hailstone

M; (where the masses are in kg), is given by:
M, =2.51x10"+0.1220M, (2)

We integrate (2) over the entire (discretized) distributiothef melting hail to determine the
maximum water fraction allowed for the entire distribution, deh&tg.i:= Mw/(My, + M;). For
the case that the available water from the rain exceggs the computedr,; is used as the
next guess and the process is iterated until convergence, gidltinfinal diagnosed water
fractionF,. Otherwise, the original first guess is usedHgrThe total number concentrations of
both rain and hail are adjusted during this process to preserve the mean mass.diamete
After F,, for the hail distribution is determined, this available liquidtev is then
distributed amongst the discrete size bins of Hajli,(i = 1 Nin, WhereNyi, is the number of

discrete bins) in the following manner: 1) for hail diam&gK 8 mm, the hailstone is assumed

11



245 to be completely melted and the water mass is added back tguikalent rain bins 2) foby, >

246 8 mm M, from (2) is computed and multiplied by the raRgi; = F /Fueit. The former is

247 performed to ensure the emulator treats this portion of the wabegrand hail spectrum as rain,
248 while the latter ensures that the remaining water fragiafistributed across all (discrete) hail
249 sizes. Thus, our diagnostic water fraction approach differs finaof JXZ08 by allowind-;

250 to vary in a physically consistent manner across the graupdiansize distribution, instead of
251 assuming a constait, for each bin. To summarize, the diagnostic water fraction technique
252 takes water from the rain field at a given grid point and appglies the graupel and/or hail
253 distribution up to either 90% of the rain water available, or todted amount the distribution

254  can “hold”, based on (2), whichever is less.

255 3. 1June 2008 Supercell Experiments

256 a. Methodology

257 The 1 June 2008 western OK nontornadic supercell was well observed KYDtIN S-
258 band dual-polarized radar; its polarimetric signatures wer@qursly documented by KRMS10,
259 making it a case well suited for our purposes. We perform a series adedesimulations using
260 a single sounding environment described by a RUC analysis point fisoxounding valid
261 0100 UTC 1 June 2008 (Fig. 3). The overall supercell (SC) simulatiomgamnvention is
262 patterned after the template SC#R#[Y][X], where the # reptesthe number of moment-
263 weighted fall speeds used for sedimentation of rain (R) and grdagielor both (Y=G,H,GH),
264 respectively, and X=A,B,C,D, or VD (i.e. indicating either one offtked bulk densities and
265 fall speeds in Fig. 1 or variable density and fall speed aed t graupel or hail). All
266 simulations discussed in this section are summarized in Tahled Zetails are described in

267 Table 3. We will first examine the results of the “refeegnexperiment SC3R3HVD (3M
12



268 sedimentation with variable density graupel/hail). We then focusvorséts of experiments.
269 The first set is designed to test the impact of varyirigsfadeds and bulk densities for the rimed
270 ice category, over the range of curves shown in Fig. 1, \with experiment using a fixed fall
271 speed curve and bulk density. The second set of experimentsgeeatksd test the impact of
272 size sorting of rain and graupel/hail by systematicallovalhg (3M sedimentation) or
273 disallowing (1M sedimentation) size sorting in one or both categoriVe present results at 70
274 min of simulation time, roughly midway between the decay of th&alirdbnvective pulse and
275 the beginning of the decay phase of the storm, when the stormtedhguiasi-steady classic
276 supercell structure similar to the observations (Fig. 4). Qitmexs during the mature stage of

277 the supercell (not shown) exhibit qualitatively similar structure.

278 b. Results of reference experiment

279 We first present results of the reference experiment (SC8R3tNd compare with the
280 observed supercell. FieldsDfZpr, Kpp, andpny are shown in Fig. 4 for the observed supercell
281 and corresponding plots for experiment SC3R3HVD at 932 m AGL and 7.0Timé simulation
282 and observations exhibit generally good qualitative agreement inotirevel polarimetric
283 signatures. Visible in both the observed and modeled storm is Zplppr < ~ 2 dB) hall
284 signature (hereafter the “hail core”) in the core of the storm justfNiedook echo (Fig. 4c,d).
285 The modeled storrdpr magnitudes (~ 1-1.5 dB) are somewhat higher than the observed §{~ 0 dB
286 in this region. Potential reasons for this discrepancy, all ofwihiwlve substantial uncertainty,
287 include 1) the hail diameters may be under-predicted, 2) the oldsé&syeould be negatively
288 affected by differential attenuation or nonuniform beamfillinga8)previously mentioned, the
289 assumed canting angle distribution width may be inaccurate, thedssumed hail axis ratios

290 may be inaccurate. A thorough investigation of these importargsss left to future work. A

13
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Zpr arc is also apparent on the south edge of the forward flank in bathgbeved and modeled
storms (Fig. 4c,d), although the magnitud&Zgf in the arc is O(1 dB) lower in the simulation
than in the observations (4.5-5 dB vs. 5-5.5 dB). In addition, a secondary enbahgelative

to the surroundings) dpr ~ 4 dB is apparent in both the observed and modeled storms on the
north side of the hail core, running roughly parallel tozhgarc, which join together to the east

in the forward flank. By examining the rain and hail mean volummeters, along with the
diagnosed water fraction on hail (Fig. 5), we can see thatharc is in a region dominated by
relatively large rain and similarly-sized partially-meltéail, while the hail core is indeed
dominated by relatively large and dry hail.

Turning to theKpp field (Fig. 4e,f), while the observations appear to be suffdromg
nonuniform beam filling problems in the core of the storm (near -112,5 lkg. 4e), outside
of this region theKpp values and distribution in the forward flank are very similar to the
simulation, with the highe$¢pp values (> 6 deg ki) found along the major axis of the forward
flank in both cases. In the observed storm, regions of relativelylowFig. 4g) are found
juxtaposed, as expected, with &g in the hail core (c.f. Fig. 4c), consistent with relatively
large, dry, tumbling hailstones. In addition, a close examination gfithéeld as one moves
ESE down the forward flank near the edge, shows there areegtdhs of moderately lowyy
(~0.95) that are collocated with highhr associated with th&pgr arc, again, in both the
simulation and observations. This suggests that at least e observedpr arc at this level
contains a mixture of partially melted small graupel or hadl large rain, since pure rain would
be expected to haygy ~ 1. A similar region of lowesy overlapping th&pgr arc region can be
seen in the simulation (Fig. 4h), again in a region of relatikstye rain and similarly-sized

partially-melted hail (Fig. 5).
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However, in SC3R3HVDpny magnitudes are overall higher than the observations (Fig.
4h), suggesting that the model and/or polarimetric emulator is mbtircey enough of the
diversity in hydrometeor type or behavior. To test this fritvd model side, we performed
another simulation, SC3R3GHVD, which is similar to SC3R3GVD but with both the grangbel
hail categories included (hence the “GH” in the name). Againpnesent plots oF,Zpgr,Kpp,
andpyy for this simulation in Fig. 6. The addition of the separatedaéfigory has a substantial
effect onpyy, Nnamely, lowering it to values near 0.9 in the core, clos#redmbservations. This
can be explained simply by the added diversity in hail sizeserwfractions, and assumed
tumbling characteristics by allowing two separate rimedlis&ibutions to exist at a given grid
point. In addition, the region of highegtg (> 4.5 dB) in theZpr arc is reduced in size from
SC3R3HVD and its orientation better approximates the observed tinantdhe magnitudes of
Zpr In the hail core are reduced to ~0.5 dB, again closer to the obeasvétif. Fig. 4c). On
the other hand, reflectivity magnitudes in the core are overgteed{> 70 dB), possibly due to
an over-prediction of hail diameters or mass mixing ratio (not shoWesting this hypothesis is
difficult, however, without direct observations of hail size distridmgiand precipitation rates in
this case and others. In any case, a clear trend toward an ichpaeemetric representation in
the simulated supercell is seen when the number of rimed igodateis increased from one to

two.

c. Results of experiments varying bulk graupel/hail density and fall speeds

To better assess the sensitivity of the low-level polarimétatures to the nature of the
rimed ice category, we next investigate the impact of edfitensity for the rimed ice category
and varying the fall speed relations between the four labelec<s in Fig. 1. (experiments

SC3R3YX, where Y=G,H, and X = AB,C, or D). Neglecting the ateon in density and
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337 associated fall speed for the rimed ice category resutiegraded reflectivity structure and in
338 particularZpr signatures (Fig. 7) as compared with SC3R3HVD and the observed storfng(c.
339 4). For the purposes of this discussion we will mainly be focusimtheZpr field. Overall,
340 experiment SC3R3HB (Fig. 7c,d) compares most favorably to SC3R3El¥. Fig. 4), due to
341 the relatively high assumed fixed density (900 ki) mnd fall speeds in these experiment, which
342 are similar to the predicted bulk density in SC3R3HVD at thiell (not shown). The
343 magnitudes oZpg in the arc with fall speed A (SC3R3GA, Fig. 7b) are subsiinteduced
344 relative to that of SC3R3HVD (c.f. Fig. 4), due to the presencelatively dry, large graupel
345 (Fig. 8b,Dmg ~ 8-12 mm) where SC3R3HVD instead has relatively wet, sniadlié (Fig. 5b,
346 Dnn ~ 5-6 mm). This difference is a consequence of the relatigel fixed density assumed
347 (500 kg m®) which results in largeD g for the same mass mixing ratio, as well as the lower fal
348 speeds relative to SC3R3HVD and more downstream transport fee@yy. The largeDuy
349 also causes less water to be diagnosed on the graupel s&itac8d), and results in low&pr.
350 In keeping with this trend, fall speed C (SC3R3GC) exhibits analistieally large forward
351 flank region with aZpg arc that is “smeared” over a large east-to-west edgm@ompared with
352 the observations (c.f. Fig. 4b). Again, this result is a consequetice e¥en lower fall speeds
353 for graupel assumed in this experiment (c.f. curve “C” in Fig. 1). Thewedlaslow increase of
354 V4 with diameter for this curve also means that less sizengaréin occur over a given range of
355 graupel diameters and explains the relatively broad gradienf3.gn(Fig. 8f). Finally,
356 experiment SC3R3HD exhibi&r signatures somewhat intermediate between the low-density
357 slow-falling graupel experiment (SC3R3GA) and the high-denfast;falling hail experiment

358 (SC3R3HB), again due to lower fall speeds assumed (compare @irt@ curve “B” in Fig. 1).
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359 To summarize, the choice of the fall speed curve and bulk denstydopel or hail has
360 a profound impact on the resulting low-level polarimetric signatureése simulated supercell:
361 the higher-density, faster-falling hail-like species gemeregsult in polarimetric signatures
362 which are closer to the observed polarimetric observations thaoviee-tiensity, slower-falling
363 graupel-like species, when compared to the variable densigyenee simulation and the

364 observed supercell signatures.

365  d. Results of size-sorting experiments

366 Next we examine the experiment sets that use either a singlegdweaghted fall speed
367 for sedimentation (i.e., size-sorting disabled) or the threep(@poariately-weighted fall speeds
368 (i.e., size-sorting enabled, as in SC3R3HVD). In general, as onefrgoeslisallowing size
369 sorting completely (SC1R1HVD, first row in Figs. 10-12) to allayvinfor both rain and halil
370 (SC3R3HVD, last row in Figs. 10-12, there is a substantial improvemehe fidelity of the
371 Zprsignatures (Fig. 10 right column) as compared with observationg-ig. 4, left column).
372 In contrast, the reflectivity structure (Fig. 10 left comnandKppfields (Fig. 11, left column)
373 are relatively insensitive to these changes across expesirdgatdoes not depend directly on
374 the total hydrometeor mass at a given grid point, but does stroegend on hydrometeor
375 properties (such as oblateness or tumbling characteristicsthéraselves depend on the PSD.
376 In contrast botlZ andKpp do depend on total hydrometeor mass (as well as the PSD). This
377 additional dependence on hydrometeor mass may help explain thel taerabf sensitivity
378 (especially inrKpp) to size sorting, which strongly modifies the PSD.

379 The two experiments that disallow sorting in the hail fiel@YR1HVD and SC3R1HVD,
380 first two rows in Figs. 10-12) exhibit relatively poor agreemeriheZpr field with the observed

381 structure, with broad, relatively weak gradientsZisk over most of the forward flank (Fig.
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10b,d), and little evidence of an enhandgd arc or lowZpg hail core. In addition, the field
displays a broader region of magnitudes < 1 than the other expevifeentpare Fig. 11b,d
with Fig. 11f,h), which is due to the broader region of (relativelyllymeupel in the forward
flank. The former is reflected in th&y, field in both experiments (Fig. 12b,d), which displays
relatively small values (2-4 mm, close to the average vabig abt shown) and weak gradients.
In SC3R1HVD, the effects of rain sorting are evident with @eg@ south-to-north decrease in
Dnr in the forward flank (Fig. 12c), but this has little overalpant on th&Zpg field, likely due
to the contribution from hail. In contrast, SC1R3HVD (Figs. 10-12 tluvd) is very similar to
the reference simulation SC3R3HVD (Fig. 10-12 last row) in regardise presentation of the
Zpr arc and lowZpgr hail signature, and both compare favorably to observations (c.f. 4ay
The pyyin the hail core in these simulations (Fig. 11fh) is also lodvesiative to the no-hail-
sorting runs (Fig. 11b,d), in closer agreement with observations {iglg Even though the rain
field is not allowed to sort in SC1R3HVD, the pattern @f, between these latter two
experiments is remarkably similar (Fig. 12e,g). This stroeghbgests that sorting in the hail
field is the dominant factor in controlling the location of the larges drops and associated
polarimetric radar presentation, at least in regards tdgharc andZpr hail core signatur&pr
(Fig. 10f) is somewhat over-predicted, however, on the northwest flartkeostorm as
compared with both SC3R3HVD (Fig. 10h) and the observations (Fig. 4ck r&sult is
reflected in theD field, which shows largeDd,, in this region in SC1R3HVD (Fig. 12e) than
in SC3R3HVD (Fig. 12g). Thus, while size sorting in the graupeia hail category appears
most important in regards to the two main signatures of interest to this $teiyjs a noticeable
impact from rain sorting as well in the overdlr presentation. Finally, we again note that in

both SC1R3HVD and SC3R3HVD, a secondary region of enha#@ggd(relative to the
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surroundings) north and northeast of the hail core is evident. This sgnatar result of a
mixture of relatively small, partially melted hailstones thate “sorted out” on the north side of
the hail core and relatively large raindrops. This northern enhmamteofZpr can be viewed as
representing a transition zone between the relatively large,ailryohits immediate south and

progressively smaller raindrops and completely melted hailstones to its north.
4. 3D Sedimentation Experiments

a. Methodol ogy

Although the impact of size sorting of rain and graupel/hail on forflan# polarimetric
signatures is evident in the full supercell experiments, weénvastigate their impacts in a more
simplified framework that better reveals the underlying physits this end, we perform four
idealized experiments--mirroring those of the size-sorting seflexperiments above--wherein
a constant hail source at the top boundary (set at 12 km AGL) isechparsd the hail falls and
melts in the same horizontally-homogeneous background wind and thermodymarfile as
used for the supercell experiments (Fig. 3). These expesnaeatidentified by the naming
template 3D#R#HVD with otherwise the same convention as used preyvicusl are
summarized in Table 4. Horizontal and vertical grid spacingsarstant at 500 m and 200 m.
Based on the reference supercell experiment (SC3R3HVD), we impose antairsular source
region of hail at the 12 km level utilizing a cosine-squared fandbr g,, with a maximum of 8
g kgt in the center. The mean volume diam@&g is set to a constant 2 mm, the gamma shape
parameter is set to zero, and the initial bulk density is;s800 kg nt. The top boundary
source region is assumed to be moving with the same speed andnligetthe simulated
supercell (black star in Fig. 3). While the halil is allowethtband melt into rain, for simplicity

no dynamic or thermodynamic feedback to the environment is allowbe simulations are run
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428 out to 1800 s, which was found to be sufficient to reach a steddyirstl cases. Our goal is to
429 produce a simplified model of the forward flank precipitation regiosupkrcells removed from
430 the main updraft, in which vertical motions play a relatively mnmobe, and sedimentation and
431 melting of hail into rain in the presence of substantial environmemtal shear are presumably
432 the most important microphysical processes.

433 We emphasize here that we do not wish to discount the importascee &forting by the
434  storm updrafin the region of the updraft itself, a mechanism examined in previous studies (e.g.,
435 Milbrandt and Yau 2005, KR12), and it is well known that maximum haéssare strongly
436 correlated with updraft strength. Indeed, the maximB. g in the supercell experiments are
437 close to the updraft region (see magenta contours in Fig. 5b and kgt 8alumn), and the
438 updraft determines the initial sizes and distribution of graupelhail aloft before the particles
439 fall out and advect downstream into the forward flank. Our analysissiead concerned with
440 the further sorting of graupel and hail once it is advected dosamstrof the updraft region
441  (outlined by magenta contours in Figs 4-11) into the broad forwark.fl Throughout this
442 section, we analyze horizontal cross sections at 700 m AGL thrinegprecipitation shafts, a
443 height at which th&pg arc in a supercell would be expected to be apparent. For breeityill

444  focus on th& andZpg fields in the following analysis.

445 c. Results

446 We see the same basic patternZ,itZpr (Fig. 13),Dmr, andDyyg (Fig. 14) as in the
447  corresponding full supercell experiments, which lends support to ourltegiethat size sorting
448 graupel/hail is the dominant mechanism modulating the distfiagt signatures identified
449 previously, at least in the forward flank region, with additionaatf from rain size-sorting. In

450 particular, both 3D3R3HVD and 3D1R3HVD have very similgg signatures (Fig. 13f,h), with
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the main difference being in the northern third of the precipitaiait, where 3D1R3HVD has
higherZpr (Fig. 13f) associated with largBr, (Fig. 14e) than in 3D3R3HVD (Fig. 13h and
Fig. 14q, respectively). This difference is due to the lackzefsorting of rain in 3D1R3HVD,
and is in agreement with the corresponding results from the slipexperiments discussed
previously.

Referring to the rain terminal velocity curve in Fig. 1, sees that for rain diameters
larger than ~4 mm, little change in terminal velocity occurs,thusl limited size sorting of these
larger drops will occur, while substantial size sorting of these debgtsve to drops smaller than
~4 mm will indeed occur. This explains why the highg region on the southeast flank of the
idealized precipitation shaft--where the distribution is dominated byrldrges--in 3D1R3HVD
and 3D3R3HVD is so similar, and accordingly why the greatestatrifam size sorting on rain
occurs in the smaller-drop region in approximately the northerd thirthe shaft. More
specifically, in the area of highestr (> 4.5 dB) centered near the coordinates (22,20) km in Fig.
13,h, the hail is nearly completely melted (not shown) @pgl approaches that of large rain
drops (~6-8 mm, Fig. 14f,h). In the same ai®g,is near its maximum allowed size (6 mm,
Fig. 14e,g). This juxtaposition of nearly completely melted llswet hail and large rain drops
is what ultimately explains the higtyr in this region.

Additional insight is gained when we examine the gradients of s molume diameter
of hail and rain and compare them with the storm-relative meaah ovier the entire depth of the
precipitation shaft, and over the depth of the sub-melting layer (debipehe wet-bulb zero
level of ~ 3 km), respectively. When only hail is allowed to §8@1R3HVD, Fig 13,14 third
row), the gradients dd,, andDy, align in a similar direction, close to the direction of the mea

storm-relative wind vector in the 0.7-12 km layer (magenta veatoFsg. 14). When instead
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only rain is allowed to sort (experiment 3D3R1HVD, Fig. 13,14 second tbevgradient in the
Dy field (Fig. 14c) aligns more closely with the sub-melting ll€@e7-3 km) mean storm
relative wind vector (black vectors in Fig. 14). When both hail andaee allowed to sort
(3D3R3HVD, Fig. 13,14 last row), the situation is very similar to 3BHRD, except that the
gradient inD.y is shifted slightly toward the direction of 0.7-3 km storm re&atmean wind
vector (compare Fig. 14g with Fig. 14e). This basic situation is also evidentfurl gepercell
experiments, as can be seen by examining the storm-relatiae wiad vectors for the deep
(magenta) and shallow (black) for each of the size sorting exeets (Fig. 12). In the
supercell simulations, however, perturbations to the environmental prvofde by the storm
itself cause these mean wind vectors, and thus the size-spditgyn, to vary somewhat
spatially. Finally, these patterns Dy, andDyy are reflected in an overall slight shift in the
higherZpg toward the downwind (in the deep layer sense) right side of tegiation shaft for
3D3R3HVD (Fig. 13h), relative to 3D1R3HVD (Fig. 13f).

We also note in th&pg field for 3D1R3HVD and 3D3R3HVD an area of I&yr0n the
upwind side of the precipitation shaft (Fig. 13f,h) that is raflecdf the largesDy, and thus
PSDs dominated by relatively large and dry hail (Fig. 14f@pmparing with the observed
storm structure for this case (Fig. 4c), one can see a ajivaitagreement in the relative
locations and magnitudes of the I&@yr hail core and th&pr arc. Finally, it is worth noting
again that disabling size sorting for hail substantially d#ggathe low-levelZpr field as
compared with the observations; large and dry hail is not allowédotd out”, leading to a
muted or absent lowpg hail signature in the low levels (Fig. 10,13b,d). We note in passing that

this latter result is sometimes observed in tornadic storms (KR08).
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496 5. Summary and Conclusions

497 This study investigated the impact of size sorting of meltaiband rain in the presence
498 of environmental shear on the qualitative nature of the resultingdesl polarimetric fields
499 (with an emphasis 0#pR) in supercell forward flanks through the use of numerical simulation
500 and a sophisticated polarimetric radar emulator operating on tuelnmicrophysics state
501 variables. The goals were 1) characterize features innthibased polarimetric fields, 2) explain
502 the physical cause of these features as a function of @iiegsand melting behavior, and 3)
503 broadly compare them with observed features, particularlyZgpearc or shield commonly
504 observed in the forward flank region of supercell thunderstorms, anda$s&c lowZpr hail
505 signature near the storm reflectivity core. The aforementiooads gvere accomplished by
506 systematically investigating a series of idealized superadl simple precipitation shaft
507 simulations using a triple-moment bulk microphysics scheme andhgaagisumptions about the
508 graupel/hail bulk density and fall speeds, and whether size sortgglieaved in the hail and/or
509 rain fields.

510 From the results of the numerical experiments, we make the followpecific

511 observations and conclusions:

512 1) The Zpr presentation of simulated supercell forward flanks below the ngelti
513 level depends strongly on the characteristics of graupel aneghhthé model
514 microphysics scheme. In particular, variation of the fall d@a&l bulk density
515 has a profound effect on the resultidgr signatures. When the rimed ice
516 category is more graupel-like, the forward flank region is too hrgeatiients
517 in Zpr are weak, and the lo¥pr hail core signature is too expansive,
518 restricting or masking th&pr arc. However, when the rimed ice category is
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2)

3)

more hail-like, theZpg arc and a lowZpr hail core that is much closer to the
observations in size, magnitude, and location are produced. The bestaesult
obtained for the full triple-moment scheme with separate graupelhaihd
categories and predicted bulk density and fall speeds.

The low-levelZpg signatures in simulated supercell forward flanks are strongly
modulated by sustained size sorting in the presence of environmenta
shear. Although size sorting in both the rain and graupel/hadsfied
important, it is the sorting of the graupel and hail fields thatgheater impact
on simulating both th&pg arc and hail core. Sorting of the rain field mainly
modulates th&pr magnitudes on the left flank of the (right-moving) supercell.
These findings extend the arguments of previous studies investigagisge-
sorting mechanism in the development of Zag arc by implicating sorting of
hail and graupel over that of rain.

The idealized 3D sedimentation experiments revealed the sanus @s the
supercell size-sorting simulations. In addition they revealedtlleadirection
of the gradient in mean volume diameter of hBil{) and rain D) in the
precipitation shafts in this study closely aligned with the ayeistorm-relative
wind taken over a deep (~0.7-12 km) layer when only hail is allowsdrto

In contrast, when only rain is allowed to sort, the gradiemqnaligns most
closely with the mean storm-relative wind in the shallow subtnge(t0.7-3
km) layer, consistent with KR0O9 (see their Fig. 15). When bothalnailrain
are allowed to sort, the direction of tbg, gradient is intermediate between

the above two situations, but biased toward the deep-layer stotaerefean
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4)

5)

wind. This suggests that a qualitative picture of the neamsstorm-relative
wind profile can be achieved by hydrometeor mean diametemsagstl from
polarimetric variables.

The simulateKpp field is qualitatively unaffected by size-sorting, consistent
with its known sensitivity to the total amount of liquid water pnése a radar
volume but not as much (relatively speaking) to the PSD or to thenoesf
hail. In contrast, regions of simulateg, < 1 are strongly tied to the presence
of graupel or hail mixed with rain. For the bulk of the simulatitrad predict
only one rimed ice category the best qualitative agreemdtit the
observations results when the category is more hail-like, ash#asase with
the Zpr field, but the overall predicted magnitudes are too high in the tal c
region. Results are improved when two rimed ice categorigyagéeted, and
the additional predicted hydrometeor diversity driygs values down to
values closer to the observations.

The sorting of smaller [O(5-10 mm)] hailstones toward the flaftk of the
(right-moving) supercell and their subsequent melting into larigen@s can
produce a secondary region of enhanggglseparate from the traditionalpgr
arc”. This feature has been tentatively identified in the stisjgpercell of the

current study (the 1 June 2008 storm), and may be present in others as well.

Based on these conclusions, we propose a conceptual model encapsulatiagi¢he

physics of th&pg signatures in the low-levels of supercell thunderstorm forward flanks, which is
shown in Fig. 15. The relative degree of size sorting in the haitan fields at a given height

depends strongly on the wind shear above that height over the depthfaifitigeprecipitation.
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In addition, the direction of the horizontal gradient in the mean-volliaraeter of hail and rain
at a given height appears to be related to the direction ofaime stlative wind vector averaged
over the depth of the precipitation shaft above that height, but makengeds to be done to
guantify this relationship. A similar argument was made reggrttie orientation of thépg arc
in KR09. Thus the relative location of the largest hail in a sujpeand the total amount of
sorting may be at least partially determined by the magniandedirection of the deep-layer
storm-relative mean winds. We again note that in some cases, the hailrsigméte low-levels
may be muted or not present (KR08) due to complete melting of hail.

These conclusions on the impact of size sorting on the PSD chistassteof rain and
hail would be worth testing for more supercell environments, and bin mofietelting hail
would be particularly useful for evaluating the bulk model resditee study raises other
outstanding questions such as 1) how important is the storm updraft andirsiaced
perturbations to the near-storm wind shear (i.e., near the mesoeyah affecting the PSD of
hail and rain near that feature, as opposed to the preexisting ensmm@hiwind shear, 2) can a
guantitative relationship between the modeled PSD gradients (sugbaasified by mean-
volume diameter and shape parameter in the case of the gantntautthé) and the storm
relative environmental winds be found and how useful might this infaméae in diagnosing
near-storm wind profiles, and 3) how do these effects feed back tuvéhall thermodynamic
and dynamic structure of the storm, such as the cold pool struactdretrength, and tornadic

activity?

Appendix A: Description of updated microphysics scheme.
The multimoment microphysics scheme (MZB10) uses a general gammdistribution

(Cohard and Pinty 2000; MY05a; Seifert and Beheng 2006):
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3hx X X x X~
588 Ni s TV DT oxp [ = (4,D,)%], (A1)

589 wherea andu are the first and second shape paramedgrs,is the particle total number
590 concentration, and the slope paramétecan be defined from the zeroth and third moments of

591 the distribution as

1/3

592 A, = ["(‘;‘T:” for p, = 1, (A2)
(ax+3)(ax+2) (ax+1)1/3
593 A =| = | for u, =173, (A3)
0

594 wherev, is the mean particle volume:

__ Palx
595 vy = 0 (A4)
596 Microphysical interactions are described by MZB10. The model was updated with the

597 more general warm-rain equations of Cohard and Pinty (2000) to allow a choice fiar uae
598 the original gamma of volum@:, = 1) or a gamma of diametén,. = 1/3). The current results
599 useu, = 1/3. The calculation of sixth moment (reflectivity) tendencies follows MY 05H) @it
600 addition tendency for graupel and hail. Graupel and hail may have predicted meda partic

601 density, which in turn affects the reflectivity moment via the relationship

602 7, = 4@ Pat)” (A5)

Cx NTx
603 wherec, is the coefficient of the mass-diameter relationshj§D) = c, D%. For graupel and
604 hail,d, =3, andc, = (%)px. Graupel and hail uge, = 1/3, for whichG(a) is

_ (6+a)(5+a)(4+a)
T B+a)2+a)(1+a)’

605 G(a)

(A6)

606 Following MYO05b, Eq. A5 can be differentiated with respeat,toNr ,, and additionally

607 toc, for some procesA:
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_ 9 Gk dcx

A Nrxcy dt |4

l, (A7)

2
_ Adx ANT
A NT xCx dt

The microphysical processes actually adjust the particle vollipre p,q,/p,), SO

dZy _ 2 dx dqx
atl. = G(a)pg [2 2
A NT xCx dt

rather than adjusi, for each process that affects particle density, a net change in density is

calculated as

dex _ mdpx _ T px(to+At)—pyx(to)
at 6 dt 6 At ' (A8)
_ Padx(to)
px(to) ==, 557, (A9)
_ Palax(to)+Aq]
Px(to + At) = ETACSIYIR (A10)

whereAq andAV are the net changes to mass mixing ratio and particle volume (Mansell and

Ziegler 2013). The densify, is limited within the allowed range, ,,,;, t0 px max for the particle

type.

Acknowledgement: This work was primarily supported by the National Research Gloand
National Science Foundation Postdoctoral Fellowships (AGS-1137702) awardee first
author, the NOAA National Severe Storms Laboratory, and was Ipartapported by
NOAA/OAR under NOAA-University of Oklahoma  Cooperative  Agreement
NA110AR4320072, and NSF grant AGS-1046171. We acknowledge Terry Schuur and other
NSSL engineers and scientists who maintain and operate the Kgléximetric radar for
providing high-quality data. We thank Patrick Marsh for providing portmfnthe python code
used in the analysis. We thank Drs. George Bryan, Hugh Morrison, David DolesllRGmine,
and Robin Tanamachi for helpful comments and discussions on earfiemgeof this work, and
to the anonymous reviewers whose reviews significantly improved #misaript. Graphics
were generated using Matplotlib (Hunter 2007).

28



630

29



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

References

Balakrishnan, N., and D. S. Zrnic, 1990: Use of polarization to chawterecipitation and
discriminate large haill. Atmos. i, 47, 152-51540.

Borowska, L., A. Ryzhkov, D. Zrniféa, C. Simmer, and R. Palmer, 2010: Atienuand
differential attenuation of 5-cm-wavelength radiation in meltivagl. J. Appl. Meteor.
Climatal., 50, 59-76.

Bringi, V. N., and V. Chandrasekar, 20(Holarimetric Doppler Weather Radar. Cambridge,
636 pp.

Bringi, V. N., T. Tang, and V. Chandrasekar, 2004: Evaluation of a newpetarcally based
Z-R relation.Journal of Atmospheric and Oceanic Technology, 21, 612-623.

Cohard, J.-M., and J.-P. Pinty, 2000: A comprehensive two-moment warm nysicgulk
scheme. I: Description and tes§s.J. Roy. Meteor. Soc, 126, 1815-1842.

Dawson, D. T., M. Xue, J. A. Milbrandt, and M. K. Yau, 2010: Comparison of eviamoind
cold pool development between single-moment and multimoment bulk misiophy
schemes in idealized simulations of tornadic thunderstdvtas. Wea. Rev., 138, 1152-
1171.

Ferrier, B. S., 1994: A double-moment multiple-phase four-class bullscbeme. Part I
DescriptionJ. Atmos. ci., 51, 249-280.

Giangrande, S. E., and A. V. Ryzhkov, 2008: Estimation of rainfall basetieonesults of
polarimetric echo classificatiod. Appl. Meteor. Climatol., 47, 2445-2462.

Gilmore, M. S., J. M. Straka, and E. N. Rasmussen, 2004: Precipitatiortaimyedue to
variations in precipitation particle parameters within a simple microgphgshemeMon.

Wea. Rev., 132, 2610-2627.

30



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

Gourley, J. J., P. Tabary, and J. Parent du Chatelet, 2007: A fuzzyalggicthm for the
separation of precipitating from nonprecipitating echoes using pw#aic radar
observationsJournal of Atmospheric and Oceanic Technology, 24, 1439-1451.

Heinselman, P. L., and A. V. Ryzhkov, 2006: Validation of polarimetric hadctien. Wea.
Forecasting, 21, 839-850.

Herzegh, P. H., and A. R. Jameson, 1992: Oserving precipitation through daragimn radar
measurementgull. Amer. Meteor. Soc., 73, 1365-1374.

Hunter, J. D., 2007: Matplotlib: A 2D graphics environme@bmputing In Science &
Engineering, 9, 90-95.

Jung, Y., M. Xue, and G. Zhang, 2010: Simulations of polarimetric radaatsres of a
supercell storm using a two-moment bulk microphysics scheméppl. Meteor.
Climatol., 49, 146-163.

Kumjian, M. R., and A. V. Ryzhkov, 2008: Polarimetric signatures in supéncelderstormsJ.
Appl. Meteor. Climatol., 47, 1940-1961.

——, 2009: Storm-relative helicity revealed from polarimetricaratheasurements. Atmos.
i, 66, 667-685.

——, 2012: The impact of size sorting on the polarimetric radar vasiablé&tmos. <ci., 69,
2042-2060.

Kumjian, M. R., A. V. Ryzhkov, V. M. Melnikov, and T. J. Schuur, 2010: Rapid-scarr-supe
resolution observations of a cyclic supercell with a dual-polanizai/SR-88D.Mon.
Wea. Rev., 138, 3762-3786.

Mansell, E. R., 2010: On sedimentation and advection in multimoment bulkphigics.J.

Atmos. ci., 67, 3084-3094.

31



677 Mansell, E. R., and C. L. Ziegler, 2013: Aerosol effects on simuldteth ®lectrification and
678 precipitation in a two-moment bulk microphysics modeAtmos. Sci., In press.

679 Mansell, E. R., C. L. Ziegler, and E. C. Bruning, 2010: Simulatedr#ieation of a small
680 thunderstorm with two-moment bulk microphysidsAtmos. Sci., 67, 171-194.

681 Milbrandt, J. A., and M. K. Yau, 2005: A multi-moment bulk microphysics ipatarization.

682 Part 1l: A proposed three-moment closure and scheme descriptiéwmos. <ci., 62,
683 3065-3081.

684 ——, 2005: A multi-moment bulk microphysics parameterization. Parhalysis of the role of
685 the spectral shape parameteiAtmos. Sci., 62, 3051-3064.

686 Milbrandt, J. A., and R. McTaggart-Cowan, 2010: Sedimentation-induced emolailk
687 microphysics schemed. Atmos. <., 67, 3931-3948.

688 Milbrandt, J. A., and H. Morrison, 2013: Prediction of graupel density in la oidrophysics
689 schemeJ. Atmos. Sci., 70, 410-429.

690 Mishchenko, M. 1., 2000: Calculation of the amplitude matrix for a nonsgiguarticle in a
691 fixed orientation Appl. Opt., 39, 1026-1031.

692 Naylor, J., and M. S. Gilmore, 2012: Convective initiation in an ideatthk®ad model using an
693 updraft nudging techniqu&lon. Wea. Rev., 140, 3699-3705.

694 Park, H. S., A. V. Ryzhkov, D. S. Zfiand K.-E. Kim, 2009: The hydrometeor classification
695 algorithm for the polarimetric WSR-88D: description and applicatioart MCS.Wea.
696 Forecasting, 24, 730-748.

697 Rasmussen, R. M., and A. J. Heymsfield, 1987: Melting and sheddimgugfed and hail. Part I:

698 Model physicsJ. Atmos. <ci., 44, 2754-2763.

32



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

Rasmussen, R. M., V. Levizzani, and H. R. Pruppacher, 1984: A wind tunnel ameititiz
study on the melting behavior of atmospheric ice particlesEEXperiment and theory for
spherical ice particles of radius > 50f. J. Atmos. i, 41, 381-388.

Romine, G. S., D. W. Burgess, and R. B. Wilhelmson, 2008: A dual-polarizatamrrased
assessment of the 8 May 2003 Oklahoma City area tornadic supktael\Wea. Rev.,
136, 2849-2870.

Ryzhkov, A., M. Pinsky, A. Pokrovsky, and A. Khain, 2011: Polarimetric radarneddsen
operator for a cloud model with spectral microphysiksAppl. Meteor. Climatol., 50,
873-894.

Ryzhkov, A. V., and D. S. Zrnic, 1998: Discrimination between rain and snow avit
polarimetric radard. Appl. Meteor., 37, 1228-1240.

Ryzhkov, A. V., T. J. Schuur, D. W. Burgess, and D. S. Zrnic, 2005: Polagmeirnado
Detection.J. Appl. Meteor., 44, 557-570.

Ryzhkov, A. V., T. J. Schuur, D. W. Burgess, P. L. Heinselman, S. E. Giangramt®, &.
Zrnic, 2005: The Joint Polarization Experiment: Polarimetric rinf@asurements and
hydrometeor classificatio®ull. Amer. Meteor. Soc., 86, 809-824.

Seifert, A., and K. D. Beheng, 2006: A two-moment cloud microphysicaggerization for
mixed-phase clouds. Part 1: Model descriptMeteor. Atmos. Phys., 92, 45-66.

Seliga, T. A, and V. N. Bringi, 1976: Potential use of radar diffeal reflectivity
measurements at orthogonal polarizations for measuring preapitatiAppl. Meteor.,

15, 59-76.

33



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

Straka, J. M., D. S. Zrnic, and A. V. Ryzhkov, 2000: Bulk hydrometeor itta¢é®n and
guantification using polarimetric radar data: Synthesis ofioglat]. Appl. Meteor., 39,
1341-1372.

Tessendorf, S. A., L. J. Miller, K. C. Wiens, and S. A. Rutledge, 2005:2Bhéune 2000
supercell observed during STEPS. Part I: Kinematics and micrephysAtmos. Sci., 62,
4127-4150.

Vivekanandan, J., W. M. Adams, and V. N. Bringi, 1991: Rigorous approach tonpetiaci
radar modeling of hydrometeor orientation distributiahgppl. Meteor., 30, 1053-1063.

Wacker, U., and A. Seifert, 2001: Evolution of rain water profileaultieg from pure
sedimentation: Spectral vs. parameterized descripAtonos. Res., 58, 19-39.

Waterman, P. C., 1969: Scattering by dielectric obstaglesFreqg., 38, 348-352.

Wisner, C., H. D. Orville, and C. Myers, 1972: A numerical model of kbearing cloud.J.
Atmos. i, 29, 1160-1181.

Yussouf, N., E. R. Mansell, L. J. Wicker, D. M. Wheatley, and D.tdnssud, 2013: The
Ensemble Kalman Filter analyses and forecasts of the 8 May 2Q&Hhdma City
tornadic supercell storm using single and double moment microphysiesnesMon.
Wea. Rev., In press.

Ziegler, C. L., 1985: Retrieval of thermal and microphysical vaggloh observed convective
storms. Part I: Model development and preliminary tesfingtmos. Sci., 42, 1487-15009.

Zrnic, D. S., A. Ryzhkov, J. Straka, Y. Liu, and J. Vivekanandan, 2001: Tespngcedure for
automatic classification of hydrometeor typdsurnal of Atmospheric and Oceanic

Technology, 18, 892-913.

34



742  Zrni¢, D. S., and A. V. Ryzhkov, 1999: Polarimetry for weather surve#laadarsBull. Amer.
743 Meteor. Soc., 80, 389-406.
744

745

35



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

List of figures
Fig. 1. Terminal velocity-diameter relations for rain, graupedl hail, as used in the
NFD and NVD schemes. The letter labels are used in theieygrd names to indicate which
fall speed relation for graupel or hail is assumed for the MKkperiments. For the NVD
experiments, the graupel/hail density is allowed to vary betwesnwo curves given by the
DIACK AASNE [INES. ... .ttt e e e e e e e 39
Fig. 2. Characteristics of melting hail in the polarimegmeulator: maximum allowed
water fraction (thin black line), hail axis ratig at maximum water fraction (thin dashed line),
and normalized canting angle distribution width (thick dashed line) fasciion of diameter of
the melting particle. The ice core density of the meltingigharis assumed to be 910 kg®rfor
the purposes of the maximum water fraction calculation. Also showreference is the axis
ratio of raindrops, as a function of diameter (thin dotted line; for diametersttems 8 mm, the
fully melted hail takes on the axis ratio of the correspondimgirap) and the assumed fixed dry
hail axis ratio of 0.75 (thick DIack lIN€). ..o 40
Fig. 3. 1 June 2008 nontornadic supercell sounding (RUC point sounding valid at 0100
UTC): (a) Skew-T, and (b) hodograph. The black star on the hodograph esditzt
approximate observed STOrM MOLION. .........iii i e e e e e e aaaaaa 41
Fig. 4. Left column: representative radar images of the 1 2008 northwest OK
nontornadic supercell (0.0° elevation, valid 02:55:43 UTC) from the KOUNmghlatized radar:
a) reflectivity at horizontal polarization (dBZ), c) differaitireflectivity (dB), e) specific
differential phase (deg kM, and g) cross-correlation coefficient. Thin magenta contours

indicate vertical velocity at ~3 km AGL in 10 m sncrements, starting at 10 m'.s For

36



768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

reference, the 30 dBZ reflectivity contour (black) is overlaidh-d). Right column: as in left
column but for experiment SC3R3HVD at 4200 s and ~732 M AGL. ......cocovvvviiiiiieiiiiiiiiee e, 42
Fig. 5. As in right column of Fig. 4, but for (a) rain mean volunaengiterD, (mm), (b)
hail mean volume diamet®, (mm), and (c) fraction of liquid water on h&y. Thin black
contours indicate reflectivity (10 dBZ increment, starting at 1@)dBThe bold solid (dashed)
contour indicateZpr = 4.5 (2.0) dB. Thin magenta contours indicate vertical velocityd d&m
AGL in 10 m $' increments, Starting at 10 .S.......ccooviveieeeeeeee et en e 44
Fig. 6. As in Fig. 4 but for experiment SC3R3GHVD, which includesragpaariable
density graupel and hail CatEQOIES. ........euuuuieiiiiiiie e 45
Fig. 7. ReflectivityZ (color fill, dBZ, left column) and Differential reflectivit¥pr (color
fill, dB, right column) for (a-b) SC3R3GA, (c-d) SC3R3HB, (e-f) SG&Z, and (g-h)
SC3R3HD. Reflectivity in 20 dBZ increments, starting at 10 dBsvsrlaid with black
contours, and vertical velocity in 10 rit sxcrements is overlaid with magenta contours in the
right column. Each row is labeled by the corresponding fall speee @and graupel/hail bulk
density used and labeled IN Fig. L. ... 46
Fig. 8. Asin Fig. 7 but for (left column) rain mean volume diamter(color fill, mm),
and (right column) graupel/hail mean volume diamBkgfin.........ccovevriviiriiiiiiiiiiiiiiiiceeeiiee, 47
Fig. 9. As in Fig. 7 but for fraction of liquid water on graupel/R&iyp. ..................... 48
Fig. 10. As in Fig. 7 but for the SC#R#HVD suite of simulations. feber of
sedimentation moments for rain and hail predicted in each experismkaiteled on the left of
BACK TOW. .ttt e oottt ettt e e oo oo e e e oo rrr e et e et e e e e e eaeaaes 49

Fig. 11. As in Fig. 10 but fdfpp (left column) angbyy (right column). ..........ccoeeeeenenn. 50

37



790

791

792

793

794

795

796

797

798

799

800

801

802

803

Fig. 12. As in Fig. 10 but for (left column) rain mean volume diami@ge (color fill,
mm) and (right column) hail mean volume diamddgy (color fill, mm). The 0.7-3 km (black)
and 0.7-12 km (magenta) storm-relative mean wind vectors are overlaid in 5 km insrenteht
Fig. 13. As in Fig. 10 but for the idealized steady 3D sedimentatize-sorting
experiments (3D#R#HVD, where the # is the number of sedimentabaments) at 1800 s and
40O 1 4 1N ] PP UPP PP PRPPPPIN 52
Fig. 14. As in Fig. 12 but for the 3D#R#HVD eXperiments. .........cccoeevveeeeeeeiiiieeeeeeiiiinnnns 53
Fig. 15. Schematic summarizing the main conclusions of the stadlygrgdient of rain
mean mass diameter from largest (blue) to smallest (wlateng with low-level (~1-3 km)
storm-relative mean wind vector, (b) gradient of hail mean masseder from largest (red) to
smallest (white), along with deep-layer (~1-9 km) storm-nedatnean wind vector, and (c)

corresponding tyPICAIDR SIGNATUIES. .....ooieie ittt e e e e e e e e e e e e e e tae b a s e e e e e e eaeaaeeeeeenneees 54

38



804

805
806
807
808
809
810

30

28

26

|

T T T T T T T

T

— Rain

— MZB10; p = 500 kgm~* Graupel--A

MZB10; p = 170 kgm> Graupel

MZB10; p = 900 kgm > Hail--B

24
— Ferrier (1994) Graupel--C P .

221 _ . Ferrier (1994) Hail--D -
20

18
16
14
12
10

Terminal velocity (ms!)

o N B~ O @

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Diameter (mm)

Fig. 1. Terminal velocity-diameter relations fairr, graupel, and hail, as used in the
NFD and NVD schemes. The letter labels are usdbdarexperiment names to indicate
which fall speed relation for graupel or hail isased for the NFD experiments. For the
NVD experiments, the graupel/hail density is allowte vary between the two curves
given by the black dashed lines.

39



811
812

813
814
815
816
817
818
819
820
821

T'Fu'.ma.r'o—/o—d

1.00 —— . — . . — . ;
0.95F - |
090 - -
0.85F - :
0.80} :
0.75 -
0.70}
0.65}
0.60}
0.55}
0.50}
0.45}
0.40} -- oo, :
0.35} - 1
0.30} ! :
0.25} ! .
0.20} ! .
0.15} ! .
0.10} p :
0.05} ! :
0OQb—r— o

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

D (mm)

- -
- - - -
—
-
-

- = ThatF ]

w,max

..... ,r.r ]

Fig. 2. Characteristics of melting hail in the polarineegmulator: maximum
allowed water fraction (thin black line), hail axis ratip at maximum water
fraction (thin dashed line), and normalized canting angle distributidii \{thick
dashed line), as a function of diameter of the melting particlee i€e core
density of the melting particle is assumed to be 910 Rdanthe purposes of the
maximum water fraction calculation. Also shown for referent¢basaxis ratio of
raindropsr; as a function of diameter (thin dotted line; for diameterstlems 8
mm, the fully melted hail takes on the axis ratio of the correspgndindrop)
and the assumed fixed dry hail axis ratio of 0.75 (thick black line).

40



822

PlIcl=828 TlIcl[C]=19 Shox=-6 Pwat[cm]=3 Cape[J]= 5376
A B = -

Y & & .
Qv v “V

150

(wy)) WBloH
T T T

T T T T
-30 -20 -10 0 10 20 30 40

V winds ms”

©® A o »~ ©
|||||||||||I|||I|||I

_12 | | | | I | | | | | | | | I | | | 1 I | | | | I

-10 0 10 20 30 40
823 U winds ms™ _ _ _ _
824 Fig. 3. 1 June 2008 nontornadic supercell sounding (RUC point sounding valid at 0100
825 UTC): (a) Skew-T, and (b) hodograph. The black star on the hodograph isdicate
826 approximate observed storm motion.
827

41



60

828 km km
829 Fig. 4. Left column: representative radar imagédhe 1 June 2008 northwest OK

830 nontornadic supercell (0.0° elevation, valid 024%:UTC) from the KOUN dual-
831 polarized radar: a) reflectivity at horizontal patation (dBZ), c) differential reflectivity

42



832 (dB), e) specific differential phase (deg Kmand g) cross-correlation coefficient. Thin
833 magenta contours indicate vertical velocity at ~3 km AGL in 10'increments, starting
834 at 10 m &. For reference, the 30 dBZ reflectivity contour (black) is @erin (b-d).
835 Right column: as in left column but for experiment SC3R3HVD at 4266d ~732 m
836 AGL.

837

43



838
839

840
841
842
843

OFNWRUION00OC

o oo umoutmo o o o

o
w

© o o000
NN m

?
i

0.3

0.2

0.1

40 20 20 60 0.0
km

Fig. 5. As in right column of Fig. 4, but for (gin mean volume diametéx,, (mm), (b)
hail mean volume diameté&.y, (mm), and (c) fraction of liquid water on h&. Thin
black contours indicate reflectivity (10 dBZ increm, starting at 10 dBZ). The bold
solid (dashed) contour indicat&r = 4.5 (2.0) dB. Thin magenta contours indicate
vertical velocity at ~3 km AGL in 10 ni'sncrements, starting at 10 rit.s

44



844
845

846
847

6.0
5.5
5.0
4.5
4.0
35
3.0
2.5
2.0
1.5
1.0
0.5
0.0

1.00
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91

40 50 ' . ' ' 0.90

Fig. 6. As in Fig. 4 but for experiment SC3R3GHMWhich mcludes separate variable
density graupel and hail categories.

45



848
849

850
851
852
853
854
855

80.0

70.0

£60.0

D s0.0

40'010 20 30 40 50 60 70 10 20 30 40 50 60 70

km km
Fig. 7. ReflectivityZ (color fill, dBZ, left column) and Differential flectivity Zpr (color

fill, dB, right column) for (a-b) SC3R3GA, (c-d) S&3HB, (e-f) SC3R3GC, and (g-h)
SC3R3HD. Reflectivity in 20 dBZ increments, stagtiat 10 dBZ is overlaid with black
contours, and vertical velocity in 10 rit ;crements is overlaid with magenta contours
in the right column. Each row is labeled by theresponding fall speed curve and
graupel/hail bulk density used and labeled in Eig.

46



856
857

858
859

40'010 20 30 40 50 60 7010 20 30 40 50 60 70

km km
Fig. 8. As in Fig. 7 but for (left column) rain arevolume diametdd,, (color fill, mm),

and (right column) graupel/hail mean volume diamBigyn.

47



FW_

00 0.2 04/|_(|)6 0.8 1.0

~J
|
fla

80.0
70.0F

£ 60.0

D s0.0}

4 . | | | | |

0 010 20 30 40 50 60 70
860 km

861 Fig. 9. Asin Fig. 7 but for fraction of liquid wex on graupel/hafFWyp.
862

48



863
864

865
866
867

1R
3H|

80.0

70.0

£60.0

3Rs0.0f
3H4o.ol(g) R

O 20 30 40 50 60 70 10 20 30 40 50 60 70

km km
Fig. 10. As in Fig. 7 but for the SC#R#HVD suite simulations. The number of

sedimentation moments for rain and hail predicte@ach experiment is labeled on the
left of each row.

49



KDP (* km) Py

0.0 1.5 3.0 4.5 6.0 0.90 0.92 0.94 0.96 0.98 1.0C

3H40 (g) L L I ! L I
'%.O 20 30 40 50 60 70 10 20 30 40 50 60 70

868 km km
869 Fig. 11. Asin Fig. 10 but fdfpp (left column) angbny (right column).

870

50



871
872

873
874
875
876
877

|

|

|

L
L
L
A
Xy
L%
Ny
Ay
L
L
L
A
Xy
L%
Ny
Ar
L
L

AR SRR A - tv(.,).,.\,'v\/'vvvp\,
0 0O 30 40 50 60 70 10 20 30 40 50 60 70

km km
Fig. 12. As in Fig. 10 but for (left column) ramean volume diametdd,, (color fill,

mm) and (right column) hail mean volume diamddgy, (color fill, mm). The 0.7-3 km
(black) and 0.7-12 km (magenta) storm-relative meard vectors are overlaid in 5 km
increments.

51



878
879

880
881
882

20 40

R|
3H|

35.0

30.0f

£ 25,0}

3R
20
3H

OF

km

10 15 20 25 30 35 40

10 15 20 25 30 35 40
km

Fig. 13. As in Fig. 10 but for the idealized stga®D sedimentation size-sorting
experiments (3D#R#HVD, where the # is the numbegedimentation moments) at 1800

sand 700 m AGL.

52



S

V4

3R
20

1R
3H

35.0]

30.0

25.0

.0

3H

883

DMR(m m)
1.5 3.0 4.5

T

v oy

LR

1

\,L,\,.\,,\,,\,,L,L,L.k,(d)
[ S S .

LS G S S -
LS S S -
S G S -
LS S S -
LS S S S

Il | |

>
L

v Wy

NN

Y

I I I I I

v oy

NN

km

s = \Q_!f’,.m \»\»\,\,—
10 15 20 25 30 35 40 10 15 20 25 30 35 40

km

884 Fig. 14. Asin Fig. 12 but for the 3D#R#HVD expeents.

885

53



886
887

888
889
890
891
892

Low-level
@) Storm-rc?latlve (b)
mean wind

transition zone

Fig. 15. Schematic summarizing the main conclusions of the stajlygrgdient of rain
mean mass diameter from largest (blue) to smallest (wiiteng with low-level (~1-3
km) storm-relative mean wind vector, (b) gradient of hail meansndgsmeter from
largest (red) to smallest (white), along with deep-laydr9-~km) storm-relative mean
wind vector, and (c) corresponding typi@ak signatures.

54



893

894
895

Table 1. Summary of fall speed relations for rain, graupel, and hail.

Category Fall speed relation ax bk
Rain vy = ya,(1 —exp(—b,D)) [10 516.575
Graupel - A v,, = va,DPs _ (Arg9 — 0.5

p tg 14 g ag (3CDpa)' CD =0.8

Hail - B Vs = va, DPh _ (2Png _ 0.5

th = Yan a, = (3CDpa), Cp =0.45
Graupel - C Vg = yayDP 19.3 0.37
Hail - D Ve, = ya,DPn 206.984 0.6384
Variable v =ya Dbag/n — (2pPrg — _ 0.5
Mk tg/n =Yg/ agm = (3222), Cp = 0.45-1.0
graupel/hail Pg/n =170 =900

55



896 Table 2. Summary of supercell experiments using the 1 June 2008 enwitonme

897 shown in Fig. 3. Fall speed/density labels correspond to the lahehsss in Fig.
898 1
Experiment Description
identifier
SC3R3GA 3M rain, 3M graupel; “A” density/fall speed
SC3R3HB 3M rain, 3M hail; “B” density/fall speed
SC3R3GC 3M rain, 3M graupel; “C” density/fall speed
SC3R3HD 3M rain, 3M hail; “D” density/fall speed
SC1R1HVD 1M rain, 1M hail; Variable density/fall speeds
SC1R3HVD 1M rain, 3M hail; Variable density/fall speeds
SC3R1HVD 3M rain, 1M hail; Variable density/fall speeds
SC3R3HVD 3M rain, 3M hail; Variable density/fall speeds
SC3R3GHVD 3M rain, 3M graupel, 3M hail; Variable density/fall speeds
899
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Table 3. Idealized simulation characteristics

Domain size

100 km x 100 km (horizontal), 20 km vertica

Grid spacing

1 km horizontal; stretched from 200 m at the
bottom to 500 m at the top in the vertical; 50
vertical levels

Boundary conditions

Open lateral; free slip bottom and top

Timestep

4 s (large), 2/3 s (small)

Radiation, surface physics, Coriolisforce

None

Subgrid-scale turbulence parameterization

1.5 order prognostic TKE closure

Microphysics

NSSL Variable/Fixed Density Multi-moment
scheme (Ziegler et al. 1985, Mansell et al.
2010)

Convectiveinitiation procedure

Updraft nudging (Naylor and Gilmore 2012)
10 m $' applied over the first 900 s in an
ellipsoidal region (30x30x6km); center
placement at 40x40x1.5 km relative to SW

o

corner of domain.
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Table 4. As in Table 1 but for the 3D sedimentation experiments.

Experiment Description

identifier
3D1R1HVD 1M rain, 1M hail; Variable density/fall speeds
3D1R3HVD 1M rain, 3M hail; Variable density/fall speeds
3D3R1HVD 3M rain, 1M hail; Variable density/fall speeds
3D3R3HVD 3M rain, 3M hail; Variable density/fall speeds
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