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ABSTRACT

A polarimetric signature characterized by a large gradient of Zy, enhanced Zpr
and reduced pp, has been observed at approximately 4.5 km AGL, above the melting
layer in winter stratiform clouds. With a focus on levels above the melting layer, we are
investigating the potential of S-band dual-polarization radar to provide an insight into the
microphysical structure of winter clouds. Vertical profiles and high-resolution RHIs of
the polarimetric variables, Zy, Zpr, pn, and Kpp, observed with KOUN (research
polarimetric radar, located in Norman, OK) during mixed winter precipitation, have been
examined. The focus is on the nature of the enhanced Zpgr signature as well as the ppy,
signature that appears at the same level.

Near-zero values of Zpg at the cloud top suggest the presence of nearly spherical
particles. From the cloud top downward, Zpg increases up to a maximum of 2.5 dB, at
approximately 4.5 km, AGL. These values suggest the presence of horizontally oriented
plate-like crystals. Enhanced Zpg is followed by decreasing of pn, with height. Also, a
slightly increased vertical gradient of Zy is observed. Zpr decreases quite rapidly below
4.5 km, where snow aggregates are expected to be dominant. Since Zpgr is strongly
dependent on particle density, interpretation of this signature requires knowledge about
the nature of growth process of ice crystals at the enhanced Zpr level. The one-
dimensional, two-moment microphysical scheme of ice crystal growth along with the
scattering model is used in attempt to replicate the observed polarimetric signature. The
two-moment microphysical scheme includes the processes of nucleation, deposition,

riming, and aggregation, while the scattering model calculates Zy, Zpgr, prv and Kpp using

Xi



the microphysical scheme’s output. Results from the model show fair agreement with the

observed polarimetric signature from the considered winter case.
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1. Introduction

The significance of polarimetric radar, used for detection, tracking, and analysis of
convective, as well as stratiform storms, is already well known. Polarimetric variables
introduce new information regarding the microphysical and dynamical structure of
convective storms (Kumjian and Ryzhkov 2008a,b; Kumjian and Ryzhkov 2009;
Kumjian et al. 2010). The National Oceanic and Atmospheric Administration’s (NOAA)
research and development polarimetric radar KOUN employs a polarimetric mode with
simultaneous transmission and reception of horizontally (H) and vertically (V) polarized
waves (Doviak et al. 2000). In addition to the standard spectral moments, KOUN
routinely measures the following polarimetric variables: 1) differential reflectivity (Zpr),
2) differential phase (@pp), and 3) copolar correlation coefficient (pny), (e.g., Doviak and
Zrnic, 2006, section 6.8).

One of the most challenging goals of radar polarimetry is icing detection. The
main characteristics of icing conditions are subfreezing temperatures and presence of
supercooled liquid droplets of various sizes. Direct radar detection of smaller-sized
droplets is not possible. The challenge is to understand how detectable are crystals that
grow in icing conditions, or how detectable are the consequences of presence of small
supercooled liquid droplets. The enhanced Zpgr signature above the melting layer,
observed in winter stratiform clouds has been investigated in several other studies (Hogan
et al. 2002; Moisseev et al. 2009; Kennedy and Rutledge 2011). It is important to
understand the real nature of enhanced Zpg signature because it can be used as additional

information in icing detection applications. In this study, data collected during the 2009



winter, indicative of ice crystal habit and dominant growth process are analyzed in an
attempt to provide answers regarding processes that lead to observed polarimetric
signatures above the melting layer. In order to do that a one-dimensional model, coupled
with microphysical and scattering component is used in attempt to reproduce the
observed polarimetric signature.

The following chapter provides the background for cloud physics with a focus on
ice crystal properties, their growth processes, as well as a literature review of relevant ice
crystal studies. The third chapter gives the background for radar polarimetric variables,
their definitions and typical values, but also their characteristics related to analyses of
winter stratiform clouds. The synoptic situation for the studied winter storm is given at
the beginning of the chapter four, followed by the description of the data used for
analysis. At the end of this chapter, studies that used radar polarimetry to investigate
microphysical structure of stratiform clouds are reviewed. Chapter five contains a
description of the microphysical scheme and scattering model that have been used.

Finally, results along with discussion are presented in chapter six.



2. Microphysical properties of ice crystals

Knowledge of the cloud physics is one the most important aspects for accurate
interpretation and understanding of radar data, especially polarimetric data. Radar
polarimetric data can be used for studying the microphysical cloud structure, precipitation
particles and their life cycle from the moment they form until they reach the ground along
with microphysical processes occurring during that cycle. Since the subject of this study
is winter stratiform clouds, this chapter focuses on the ice phase particles and processes.
Ice crystals appear in a great variety of shapes (habits) and related literature is quite
extensive, thus only ice crystal habits that are important for the analysis of the observed

polarimetric data are described.

2.1 Shape, size and concentration of ice crystals
Snow crystals appear in a large variety of shapes. However, detailed laboratory
studies reveal that snow crystals have one common basic shape: hexagonal prism with

two basal planes of type a, and six prism planes of type b, (Fig. 2.1).
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Figure 2.1: Schematic representation of two basic ice crystals shapes. (Adapted from Pruppacher
and Klett 1997)

Faces marked with ¢, d and e (Fig. 2.1) grow quickly to become the crystal’s edges and
corners, whereas faces marked with a and b grow slowly and become the bounding faces
of the crystal. The rate of growth along the crystallographic direction of type a or type b
is a function of temperature and supersaturation with respect to ice (Nakaya 1954; Mason
and Shaw 1955; Kobayashi 1957, 1958; Hallett and Mason 1958). The slowest growing
faces will determine the habit of the crystal. Table 2.1 represents selected ice crystal
habits from the Magono-Lee (1966) classification of natural crystals, relevant to this
study. Some of these habits are included in microphysical scheme that is presented in

Chapter 5.

Table 2.1: Selected ice crystal habits from the Magono-Lee classification of natural crystals.

(Adapted from Magono and Lee 1966)
Cig Pie
N1a 6 Solid thick plate % Ordinary dendritic
Elementary needle crystal
Nic Pla P2c
Elementary sheath Hexagonal Dentritic crystal
plate with plates at ends
Nie Pic P2Ze
Long solid column Crystal with Plate with
broad branches simole extensions
ﬁ Cle * P1d ﬁ P2f
Solid column Plate with
|
s dentritic extensions
B st | B o | | e
Crystal with Two-branched
Hollow column e brantis w3

As shown in Fig. 2.2, with decreasing temperature and with high supersaturation with
respect to ice, crystals change their habit in a cyclic manner from a plate to needle to

column, to a sector plate, to a dendrite, back to a sector plate and again to a column.



These changes in shape are due to a cyclic change in preferential growth direction along
the crystallographic direction of type a or b, and they occur at temperatures near -4 °C, -

9 °C (relatively sharp change) and -22 °C (change in temperature range centered around -

22 °C).
plane ice columnar ) columnar
crystal ice crystal plane ice crystal ice crystal
(NS NN RN NS NN R W
-5 -10 -15 -20 -25 -30
Teperature (°C)

Figure 2.2: Simplified representation of ice crystals habit dependence on temperature. (Adapted
from Ono 1970)

Fig. 2.3 from Young (1993) shows how supersaturation with respect to ice affects the
growth properties of ice crystals. With increasing vapor density excess, and near -15 °C,
ice crystals habit changes from thick plate to thin plate, to a sector plate and to a dendrite.
Near -5 °C and with increasing vapor density excess ice crystal habits vary from a short
solid column, to a hollow column, to a needle. Laboratory observations (Kobayashi
1965a,b; Kumai 1982) have not shown new ice crystal habits at temperature range of -22
°C to -50 °C. Sheaths (long solid columns) appear between -45 °C and -50 °C, at low
supersaturation, but they change into hollow columns for high supersaturation. These
conclusions drawn from laboratory observations initially are supported by a number of
observations of natural ice crystals from different parts of the world (Bailey and Hallett

2009; Korolev et al. 1999).
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Figure 2.3: The growth of natural ice crystals of different habit in different temperature and
humidity conditions based on laboratory observations. (Young 1993)

In general, the size of an ice crystal is characterized by two dimensions: the
diameter (horizontal axis) and the thickness (vertical axis) for plate-like crystals, and the
length (horizontal axis) and the width (vertical axis) for columnar crystals. From
measurements obtained at several locations, the typical size of plate-like crystals range
from 20 um to 2 mm for diameter and 10 to 60 um for thickness. Typical sizes for
columnar crystals range from 20 pm to 2 mm in length, and 10 to 60 um for thickness,
whereas width ranges from 10 to 200 um. Crystals grow in such a manner that if the
diameter (the length) of planar (columnar) crystals increases then the thickness (the
width) also increases.

The newer results from laboratory experiments and over a million CPI images of
in situ observations of ice crystals from a broad range of cloud types resulted in a new

habit diagram (Bailey and Hallett 2008). The new habit diagram given in Fig. 2.4, agrees



well with older diagrams (Magono and Lee 1966; Young 1993) showing that temperature
range of 0 °C to -4 °C and -8 °C to -22 °C is favorable for plate-like crystals, and
temperature range of -4 °C to -8 °C for columns. However, the new habit diagram reveals
that for temperatures below -18 °C, polycrystals of two distinct habit regimes dominate,
plate-like from -20 °C to -40 °C, and columnar crystals from -40 °C to -70 °C. Another
new and important feature of this diagram is the emphasis on the irregularity and
complexity of most single crystals, which is in agreement with observations by Korolev

et al. (1999; 2000).

Polycrystalline Regtme——» Single Crystals

0.6 columnar plate-like
0.5 1
c 0.4f X i
2 |
=
S o3l ® .
g &
=
» -
S 0.2f o 4
| *
[ 3
01 o ,
L *
el ouwp 'Y} s0Qe QGO ccOO
0.0 T T T T T T
-70 -60 -50 -40 -30 -20 -10 0

Temperature, °C

Figure 2.4: The habit diagram constructed from laboratory experiments along with CPI images
of natural ice crystals. (Adapted from Bailey and Hallett 2008)

Ice crystals usually grow in skeletal fashion and thus they have small amounts of
air in capillary spaces. As a result, ice crystals have densities lower than the density of
solid ice, which is 0.917 g cm™. Observations taken by Iwai (1973) and Jayaweera and

Ohtake (1974) show that short columns have densities close to that of solid ice. They



observed that with increasing column length, density decreases rapidly, reaching value of
0.5 g cm™ for length of 1 mm. In the case of needles and sheaths, density is 0.3 to 0.4 g
cm’ for lengths larger than 1 mm.

Aside from vapor and temperature gradients, crystal surface forces are very
important for crystal growth. These forces depend on ice crystal faces and control the
incorporation of water molecules into the ice lattice, as a function of temperature. At an
early stage of crystal growth, if vapor density excess is low to moderate, the crystal habit
is determined by surface kinetic effects. Vapor flux to the corners and edges of the crystal
is successfully redistributed by surface diffusion, so that geometry of the crystal can not
significantly alter. This is not the case when there is high vapor density excess, and
surface diffusion can not compensate for large non-uniform vapor deposition.
Consequently, further growth will be at the corners and edges of the crystal, resulting in
formation of dendrites, stellars, sector plates, etc.

Classifications of ice crystals depict diversity of particle types, but they provide
no information about ice crystal frequency or spatial distribution of occurrence. Korolev
et al. (1999) made aircraft measurements in Arctic clouds within the temperature range
from 0 °C to -45 °C. They divided particles with maximum dimension exceeding 40 pum,
into two categories: pristine (faceted ice single crystal) and irregular crystals. They found
that 97% of ice particles were irregular and evenly distributed in all size categories, and
only 3% were pristine. Possible causes of irregular ice formation are: fluctuations of
supersaturation, freezing of droplets as polycrystals (Hallett 1964), and growth from the
vapor on droplets, which froze individually or by accretion onto other snow crystals.

Korolev et al. (2000) studied the frequency of occurrence of different habits of ice



particles in natural clouds from aircraft observations. They have collected data over the
Great Lakes and in the Canadian and US Arctic over the North Atlantic, near
Newfoundland. Cloud particles were classified into four categories: spheres, irregulars,
needles/columns and dendrites. Classification of particles by size was done for three size
ranges: >125 um, >250 pm, and >500 um. Mostly, data were collected in stratiform
clouds (St, Sc, Ns, As, Ac) related to frontal systems. In a number of flights, 95% — 98%
of all particles were classified as irregular. On average, irregular particles with diameters
>125 pm are more common than those with diameters >500 um. For particles with
diameters >125 pum and >250 um, the fraction of irregular particles gradually increases
from 69% and 63% at 0 °C, to 95% and 97% at -40 °C, respectively (Korolev et al. 2000).

The maximum frequency of occurrence of dendrites was observed at temperatures
ranging from -15 °C to -10 °C, which agrees with laboratory observations. However, in
this temperature range, instead of dendrites, irregular particles were observed in the
majority of cases. Also, a significant number of dendrites were observed in the
temperature range from -10 °C to 0 °C, which does not correspond to the Magono-Lee
diagram (Korolev et al. 2000). The fraction of dendrites can reach 100% in isolated cells
embedded in zones of irregular particles, suggesting that dendritic formation occurs only
in limited conditions. The size of these cells ranges from hundreds of meters to tens of
kilometers.

The maximum frequency of occurrence of needles is in the temperature range of -
5 °C to 0 °C, which is in agreement with laboratory studies. On average, the fraction of
needles is about 6% for diameter >125 pm and >500 um. In many cases, dendrites and

needles at temperatures from -5 °C to 0 °C, and columns at temperatures -45 °C to -40 °C



occurred in isolated cells. Within these cells needles are frequently mixed with irregulars
and rarely with dendrites.

The fraction of spherical particles, within size intervals 125 pum and 500 pm, on
average is 7% to 6%. A fraction of 6 to 20% of spherical particles, associated with
freezing drizzle events, was observed at a temperature of interval -10 °C to 0 °C. At
lower temperatures, the fraction of spherical particles is decreased and reaches 0% at
range -40 °C to -45 °C for diameters >125 um, and similarly for diameters > 500 um.
The estimated average particle number concentrations for ice particles with diameters >
125 pm, 250 um, and 500 um, obtained from Arctic, maritime and continental stratiform
clouds are given in Fig. 2.5 (Korolev et al. 2000). For temperature interval of 0 °C to -35
°C, number concentration of particles with diameters > 125 pm is 3 to 4 I"* and mostly
constant, with a sharp decrease below -35 °C. The concentration of particles with
diameters > 250 um is about 1.5 to 1.8 I and it is constant for temperatures higher than -
30°C, but decreases for temperatures below -30 °C. The concentration of largest particles,
with diameters > 500 pm reaches maximum of 1.2 I"* at -15 °C, and decreases below this

temperature.
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Figure 2.5: Averaged number concentration of cloud particles larger than 125 um, 250 um, and
500 pm measured by the OAP-2DC, during fall 1994, spring 1995/98°, and winter 1997/98’.
(Adapted from Korolev et al. 2000)

Knowing that ice phase occurrence in clouds is more probable with decreasing
temperature, one would expect that ice crystal concentration would rise at low
temperatures. However, very often when glaciation occurs, ice concentration does not
depend much on further decrease in temperature. For a temperature range of -4 °C to -25
°C, the number concentration of ice particles reaches values of 10* per liter, and varies
very little with the cloud top temperature (measured in clouds over the Cascade
Mountains, Washington, Hobbs et. al. 1974b). In some cases, ice concentration does
depend on cloud temperature, but the largest ice concentration appears at -12°C to -14°C
instead at the lowest temperatures (Hobbs et. al. 1980). Fig. 2.6 represents particle size

spectra obtained from snow storms at selected altitudes.
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Figure 2.6: Snow crystal size spectra at selected altitudes, (a) at 6694 m to 6567 m, with
temperatures-27.4to -26.5 °C, (b) at 5668 to 5504 m, with temperatures -22 to -19.9 °C, (c) at
5034 to 4898 m, with temperatures -16.7 to -15 °C. (Adapted from Rauber 1987b)

Maximum concentration occurs for particles smaller than 1 mm, and it decreases rapidly
toward the large size at the end of the spectrum. Changes of ice crystal concentration with

height for the same cloud as in figure 2.6, is given in Fig. 2.7.
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Figure 2.7: Variation of ice crystal concentration with height in snow storms over North
Colorado. (Adapted from Rauber 1987)

2.2 Nucleation and secondary ice production

There are four basic modes for producing ice nuclei (IN): deposition mode,
condensation freezing mode, immersion mode and contact mode. Ice initiation for each
mode occurs at a specific temperature. Also, aerosols with variety of size and chemical
characteristics can act as IN at one or possibly all of the four modes.

In the deposition mode, the environment needs to be supersaturated with respect
to ice. Water vapor gets absorbed directly from the vapor phase onto the surface of the
IN, which transforms into ice at sufficiently low temperatures. In the condensation
freezing mode, an aerosol particle acts as a CCN to form a drop which freezes at some
time during the condensation at temperatures below 0 °C. In the immersion mode, the IN
immerses into a drop at temperatures above 0 °C, but freezes whenever the temperature
of the drop becomes sufficiently low. In the contact mode, IN and cloud droplets come
into contact, due to Brownian, thermophoretic and diffusiophoretic effects, Young

(1974a,b). Brownian motion is a random-walk transport of aerosols due to collisions with

12



air molecules. Thermophoresis occurs due to attraction and repulsion of aerosols particles
by a droplet along temperature gradients (Pruppacher and Klett 1997), whereas
diffusiophoresis occurs along gradients of water vapor (Cotton et al. 1986).

There are numerous observations over the Cascade Mountains (Hobbs 1969;
Hobbs et al. 1974b), over Japan (Isono 1965; Ono 1972; Magono and Lee 1973), in
cumulus clouds over Australia and Tasmania (Mossop 1970, 1971, 1972; Mossop et al.
1967, 1968, 1970, 1972; Mossop and Ono 1969), and in cumulus clouds over Missouri
(Braham 1964; Koenig 1963, 1965), showing that the concentration of ice particles may
exceed the concentration of ice nuclei, which is determined at the cloud top temperature.
The mechanism that explains these observations is called secondary ice production.
Secondary ice production can occur in three ways: 1) mechanical fracturing of fragile
crystals, 2) fragmentation of cloud drops during freezing, and 3) Hallett-Mossop (1974)
multiplication of ice during riming.

The first mechanism is dominant at temperatures ranging from -12 °C to -14 °C,
where fragile and delicate dendritic crystals form. Studies done by Hobbs (1969, 1972,
1974b), Hobbs and Farber (1972), Jiusto and Weickmann (1973), Vardiman (1974) and
Vali (1980) show that the concentration of ice crystals can be significantly increased due
to fracturing mechanism. Such enhanced ice concentrations are also supported by large
amounts of ice crystal fragments collected in clouds and at the ground.

Observations from Japan (Ono 1972), Australia (Mossop 1970, 1972; Mossop et
al. 1968, 1970, 1972), and Missouri (Koenig 1963; Braham 1964) suggested that
increases in ice concentration can also be due to fragmentation of relatively large

individual cloud drops (> 250 um) during freezing. These findings show different ice
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crystal concentration enhancement factors at various temperature ranges involving drop
diameters from 50 pum to 240 um, but the enhancement was finite and quite small.

The third secondary ice production mechanism occurs during riming of ice
particles. Hallett and Mossop (1974), Mossop and Hallett (1974) and Mossop (1976)
demonstrated that this process is very sensitive to and dependent on several factors: drop
size distribution, liquid water content, the velocity of the drops impacting on a riming ice
particle, the air temperature and the surface temperature of the riming ice particle. They
found that significant ice splinter production occurs for liquid water contents of about 1 g
m3, at a temperature range of -3 °C to -8 °C, drop diameters larger than 24 pm, and drop
impact velocities between 1.4 and 3 m s™. One secondary ice splinter is produced per
100 to 250 drops of diameter larger than 24 um, impacting the ice particle under optimal
conditions, (Mossop 1985a,b,c, 1976; Hallett and Mossop 1974; Mossop and Hallett
1974). Mossop (1985a,b,c) and Heymsfield and Mossop (1984) showed that the surface
temperature of the riming ice particle is more important than air temperature and it needs
to be near -5 °C. The rate of secondary ice production depends also on the presence of
droplets with diameters less than 13 um that cover a riming ice crystal, (Mossop 1978).
Secondary ice particles appeared as small columnar crystals. The sequence of events
during this process is captured on motion picture film by Choularton et al. (1980).
Consider a riming ice particle covered by droplets of diameter less than 13 um at a
temperature below -8 °C. If a supercooled drop lands on surface of the riming ice crystal,
it freezes symmetrically, creating an ice shell around the drop. Then, as the interior of the
drop starts freezing, ice shell breaks and produces an ice spike, which fractures. At

temperatures below -8 °C, ice growth inward dominates the ice shell formation and there
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IS no ice spike formation. On the other hand, at temperatures higher than -3 °C, ice shell
formation is not possible, because a drop landing on an ice crystal spreads over the

crystal before it freezes.

2.3 Ice growth processes

An explanation about growth of crystals by vapor diffusion, accretion of
supercooled drops (riming), and aggregation are given in the following subsections.
2.3.1. Deposition

Deposition is the process by which ice particles grow by diffusion of water vapor.
There are three possible scenarios that can occur during depositional growth and they
depend on a proportion between vapor pressure (e), vapor pressure over liquid water (es)
and over ice (e;j). These scenarios are described schematically in Fig 2.8 (Korolev 2007).
In case (1) where e > e > e;, both droplets and ice crystals grow simultaneously as long
as the condition is satisfied. Vertical velocity, which provides simultaneous growth
within mixed-phase clouds ranges from a few cm s™ to a few m s, Korolev (2007). In
case (2) where e; > e > g, droplets evaporate and ice particles grow. In air saturated with
respect to ice, but subsaturated with respect to water supercooled liquid droplets and ice

crystals cannot co-exist in equilibrium.
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Figure 2.8: Schematic diagram of possible proportions between e, e; and e; in a mixed-phase
cloud. Liquid droplets and ice crystals are embedded in water vapor pressure, e. In condition: (1)
both droplets and ice particle grow, (2) droplets evaporate and ice particles grow, WBF process,
(3) both droplets and ice crystals evaporate. (Adapted from Korolev 2007)

Thus, when water vapor evaporates from the drops and deposit on crystals as showed in
Fig. 2.9. This precipitation mechanism was first described by Wegener (1911), Bergeron
(1935), Findeisen (1938), and is therefore named accordingly (WBF process). The result
of WBF is glaciation of a mixed-phased cloud and it can occur in both updrafts and

downdrafts (Korolev 2007).
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Figure 2.9: Schematic description of depositional growth of ice crystals by WBF process.

In case (3) where es > e; > e, both droplets and ice crystals evaporate and it can occur in
downdrafts, which exceed a few m s’. The most possible process that causes
simultaneous evaporation of both droplets and ice crystals is entrainment and mixing with
dry air near cloud boundaries.

The difference between supersaturation with respect to ice and water has
maximum at -12 °C. However, the resulting mass growth rate (dm/dt) occurs at lower
temperature (near -15 °C), because local heating from latent heat release causes the vapor
pressure difference between ice crystal surface and its environment to be reduced
slightly. Growth of crystals by deposition is common in stratus clouds with low
supersaturation and very weak updrafts. Ice particles that have grown by this mechanism
are called ice crystals or snow crystals. Some examples of the type of crystals that grow

by deposition are given in Fig. 2.10.
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Figure 2.10: Examples of ice crystals that grO\;vn by aeposition (steliar crystal with plates at
ends; ordinary dendritic crystal; hexagonal plate; hollow column).

2.3.2. Accretion

Accretion or riming is a process of collecting of supercooled droplets by crystals
(Fig 2.11). Droplets that are involved in riming process have diameters ranging from 10
to 80 um, whereas drops with diameters larger than 80 pum are generally absent
(Pruppacher and Klett 1997). The collision efficiency is higher for larger sizes of the
collecting crystal due to a larger effective sweepout area. If the collector crystal is smaller
than a critical size, the collection efficiency drops to zero. This means that a crystal needs
to have a certain size before riming can occur (Ono 1969; Hobbs et al. 1971a; Kikuchi
1972a; Iwai 1973). The critical size (diameter) for hexagonal plate is about 110 um, and
about 200 pum for crystal with broad branches (Wang and Ji 1992). Columnar crystals

need to grow by deposition until they reach critical width of about 35 pum (Ji 1991).
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Figure 2.11: Schematic description of riming (an ice crystal collecting droplets as it falls).

In the initial stages of riming, as long as the original habit of ice crystal is still clearly
distinguishable, the ice particle is simply called a lightly or densely rimed snow crystal
(Fig. 2.12). When the features of the primary ice particle are no longer visible, the ice
particle is called a graupel particle, a soft hail particle, or a snow pellet. Such a particle
has a white, opaque, and fluffy appearance due to the presence of a large number of air

capillaries in the ice structure, and usually bulk density is less than 0.8 g cm™ (List

1958a,b).

Figure 2.12: Examples of rimed ice crystals (rimed crystal with broad branches; rimed column;
rimed crystal with sector-like branches; rimed hexagonal plate).

2.3.3. Aggregation
Aggregation is the process of collision and coalescence of snow crystals

producing clusters of ice crystals or snowflakes (snow aggregates). This growth process
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is strongly dependent on temperature, as well as on the shape of the ice crystals.
Observations show that snow crystals clump to each often in two ways. If the air
temperature is relatively close to 0 °C, ice crystals “stick” to each other by forming an ice
bond across the surface of contact (Hobbs et al. 1974b; Rogers 1974a,b). This mechanism
is most efficient at temperatures close to 0 °C, when a quasi-liquid film covers the
crystal’s surface. The second way of forming snow aggregates is by an “interlocking
mechanism” that occurs among crystals with dendritic features. Conditions that make this
mechanism most efficient are temperatures ranging from -12 °C to -17 °C, and high ice
supersaturations (Ohtake 1970b,c). Figure 2.13 represents snowflakes formed by

aggregation.
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Figure 2.13: Examples of snow crystals produced by aggregation. (Adapted from Locatelli and
Hobbs 1974).

From field observations of Hobbs et al. and of Jiusto and Weickmann (1973) we know
that the most snowflakes are aggregate planar crystals with dendritic habit features.
Aggregates of columns and needles tend to stay small, whereas aggregates of dendritic
crystals tend to become large. Most of the snowflakes have diameters between 2 and 5
mm, but maximum diameters can reach 15 mm. Magono and Nakamura (1965), Matsuo

and Sasyo (1981b) and Sasyo and Matsuo (1980) studied the density of snowflakes. The
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most frequent values of snow flakes densities were between 0.01 and 0.2 g cm™, but

typical values were ranging from 0.005 to 0.5 g cm™.

2.4 Observed ice crystals characteristics

The evolution of a particle size distribution depends on advection (air motion and
particle fallspeed), the dominant growth particle process (deposition, aggregation,
accretion), and production of new ice particles. Plots of vertical variation of intercept
parameter No versus slope parameter A, (spectral trajectory) obtained by aircraft flights
during winter, show the effect of a growth process on particle size distribution (Lo and
Passarelli 1982). During depositional growth, Ng increases and A decreases slowly,
suggesting the increase in concentration is due to the growth of small particles into
detectable sizes. Large particles grow faster than small particles, thus slope of the
distribution is decreased. In this stage deposition is dominant since particles are small and
collisions are rare. This stage is characterized as stage one of the ice crystals growth

process given in Fig. 2.14.
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Figure 2.14: The vertical variation of N, versus A (i.e. spectral trajectory) obtained by aircraft
observations. (Woods et al. 2007)
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The second stage of growth is characterized by aggregation, where both parameters
decrease due to the depletion of small particles which go into creating the large ones. The
transition from deposition to aggregation is very sudden and occurs around -15 °C, which
is the dendritic growth temperature regime. The third stage is characterized by increase of
both parameters indicating an increase in the number of small particles and a decrease in
the number of large particles. This means that depletion of small particles is balanced by
the secondary ice production mechanism and that large particles (aggregates) are
somehow depleted. Lo and Passarelli (1982) suggested collisional breakup as a secondary
ice production mechanism.

Woods et al. (2008) analyzed snow particle size spectra collected during aircraft
observations (in the Pacific Northwest) at variety of altitudes and temperatures in winter
frontal and orographic precipitation systems. They examined the size spectral parameters
(intercept and slope parameters) as a function of temperature, particle habit and storm
environment. In general, the particle size distribution agrees with an exponential size
distribution. Size spectra parameters for nonfrontal environments result in a greater range
of values compared to frontal environments, due to the more complex microphysical
processes in terrain-induced lifting of air. Woods et al. (2008) observed a tendency for
higher concentrations of small particles and lower concentrations of large particles in
nonfrontal orographic situations. Analysis of size distribution parameters as a function of
temperature showed that both parameters decrease with warming temperatures. However,
the decrease is most significant in temperatures ranging from -30 °C to -10 °C, due to the

effects of aggregation. At temperatures above -10 °C, values of slope and intercept
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parameters are higher, so the temperature dependence is smaller. From their trajectory
analysis, they have concluded that Hallet-Mossop multiplication is responsible for
secondary ice production. Their conclusions are based on observed elevated
concentration of droplets greater then 24um, as well as appearance of needle and column

habit types at temperatures warmer than -10 °C.

3. Radar polarimetric variables

A description of polarimetric variables used in this study and their physical
meaning is given in this section. These variables include: reflectivity factor at horizontal
polarization Zy, differential reflectivity Zpg, cross-correlation coefficient pp,, and specific
differential phase Kpp. ToO decrease noise influence on estimations of Zpg and ppy, the
one-lag estimators are used (Melnikov and Zrnic 2004).

Typical values and characteristics of these variables will be given mostly in terms
of winter weather precipitation. The physical meaning of Zpr and py, at lag one is the
same as for zero-lag estimators (conventional), so an explanation will be given for
conventional estimators. All polarimetric values presented are for S-band radars, unless
stated differently. Material used in this section is from Matthew Kumjian’s thesis (2008),

lecture notes from Alexander Ryzhkov, and Melnikov and Zrnic (2004).

3.1 One-lag estimators
As a result of low signal to noise ratio (SNR) observed in distant precipitation,

light rain, weak clouds and snow, Zpg and pp, estimates can be biased by noise. Desirable
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accuracies for Zpg and pny needed to distinguish between water droplets, snowflakes or
crystals are about 0.1 dB and 0.01, respectively. With the focus on errors occurring at
SNR intervals of 2 to 15 dB, accuracy of Zpr and pn, measurements depends on
uncertainty of the noise levels used in the estimator. In the WSR-88D radars, noise is
measured at high antenna elevation in the absence of precipitation before each volume
scan. Then, radar moments are calculated using the measured noise. The uncertainties in
the noise due to imperfections of radar devices, and noise from clouds and the ground,
produce errors in the estimators. To avoid these errors, the one-lag estimators Zpgr; and
prvi, Which are not biased by noise, can be used instead of conventional ones. The

estimators at lag one are given as (Melnikov and Zrni¢ 2006):

R (T
Zpr, =10 IoglO H

— |th1 (T )| + | th2 (T )|
2RMRMIT (32

where R, and Ry are the correlation functions, Ry and Ry, are the correlation functions

for voltages in the horizontal and vertical channels at lag T (the pulse repetition interval).

3.2. Reflectivity factor

The reflectivity factor at horizontal polarization, expressed in mm® m™, is:

Z,=[D!N(D)dD (33)

where Dy is equivalent spherical diameter, and N(D) is the concentration of particles as a
function of diameter. For convenience the reflectivity factor, Zy is expressed in

logarithmic units (dBZ) as:
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Zy is strongly dependent on particle size and concentration. This equation assumes
spherical, horizontally oriented liquid particles that obey the Rayleigh scattering
approximation. A few large particles in the sampling volume can produce the same Z as
the sampling volume filled with thousands of small particles. Zy alone can not provide
insight into cloud microphysical properties. Typical values of the reflectivity factor of

snow particles are given in Table 3.1.

Table 3.1: Typical values of reflectivity factor Z, differential reflectivity Zpg, cross correlation
coefficient py, , and specific differential phase Kpp for snow.

lce crystals Dry a%%fﬁated Wet agr?cr)(jvgated
Z(dB2Z) <30 < 35 < 55
Zor (dB) <4 00t 03 | 05t2.5
P.. 0.98t 1.0 | 0.97t0 1.0 |0.90 to 0.97
Koe (deg/km) [-0.5t0 0.5 | 0.0t0 0.05 | 0.0t0 0.5

3.3. Differential reflectivity

The ratio of the reflectivity factor at horizontal and vertical polarizations, or
differential reflectivity, first proposed by Seliga and Bringi (1976), is given as:

Zr =l0g,, {%}
w (3.5)

Since Zy is affected by large hydrometeors, Zpg will be affected too. Differential
reflectivity depends on size, shape, orientation, density and phase composition of
hydrometeors. However, it is independent of concentration of the hydrometeors. Zpr is

positive in rain, and presence of ice hydrometeors decrease Zpr since dielectric constant
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of ice is much lower than dielectric constant of water. Thus, Zpgr of dry snow is generally
lower than Zpg of rain, but there are cases where Zpr of rain can reach 4 dB or higher. Zpgr
for snow depends on aspect ratio, density and orientation of dry snowflakes. For spherical
or randomly oriented crystals, Zpgr is equal to 0 dB. However, Zpg will increase with
increasing oblateness, density or water fraction. Snow particles with pronounced
nonspherical shape, high density and preferably horizontal orientation produce high Zpg
(> 4 dB). On the other hand, snow aggregates are larger but they have very low density
and more spherical shape, so they will produce much smaller Zpgr. A dependence of
differential reflectivity on the density of snow crystals is given in Fig 3.1, and some

typical values are given in Table. 3.1.

Zog (dB
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1
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Fig. 3.1: Zpr as a function of snow particle density. Courtesy of Alexander Ryzhkov

3.4. Cross correlation coefficient
The cross-correlation coefficient at zero lag is a measure of the correlation
between the backscattered horizontal and vertical polarized signals from each scatterer

within a sampling volume, and it is defined as (Doviak and Zrin¢ 2006):

26



(SwSu’)
(suf) " .6} a5

where <SWShh*> is a complex element from the backscattering covariance matrix (off-

P (0) = {

diagonal quantity), and <|SW|2> and <|Shh|2>are real elements (diagonal quantities). pp is

affected by diversity of shapes, sizes, orientations and phase composition within a
sampling volume. In rain pp, is very close to unity, although sometimes it decreases (not
below 0.98) due to diversity in orientation and shape of raindrops. For spherical particles
of any size pn, is equal to unity, but it will decrease with increasing diversity in
oblateness, randomness in orientations and water content. In melting snow (or hail) pn,
decreases noticeably because of mixture of water and ice. pny also decreases if particles
change their shape due to collisions or breakup or due to increased growth rate. py, is very
sensitive to resonance effects. At S band, resonance effects are important for liquid
particles larger than 6 mm. Resonance-sized particles (melting snow) will cause pn, to
decrease. At S band radar, the lowest values of pp, (0.5 to 0.8, for insects and birds, 0.3 to
0.6 for sea surface) are produced by nonmeteorological scatterers, while for
meteorological scatterers pn, remains above 0.80. Typical values of pp, for snow particles

are given in Table. 3.1.
3.5. Specific differential phase

The specific differential phase (Kpp), given in deg km™, is the range derivative of

differential phase (@pp) defined as:
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where fF,, is the forward scattering amplitude at horizontal and vertical polarization,

and A is the radar wavelength. At Rayleigh approximation, the forward scattering
amplitude is identical to the backscattering amplitude. Differential phase shift @pp,
represents a shift in phase between the horizontal and vertical waves along the radial. @pp
is independent of attenuation affects, radar miscalibration, noise bias, and partial beam
blockage (Zrni¢ and Ryzhkov 1999). @pp is @ much more responsive to liquid than ice
particles, because it depends on the dielectric constant of the medium, which is a function
of phase composition. Kpp is positive in regions with rain, but in regions with aggregated
or spherical ice, values are close to zero. In winter storms in Oklahoma, Kpp as low as
0.08 ° km™ was observed (Zrni¢ and Ryzhkov 1999). However, enhanced Kpp could be
found in regions with high-density pristine crystals, and with preferably horizontal
orientation. Negative Kpp is produced by vertically oriented crystals, which can be
aligned by strong electric fields inside clouds. The biggest disadvantage of Kpp
measurements is that it is small in dry snow and very noisy. Typical values of Kpp at S

band for snow are given in Table. 3.1.

3.1 Brief review of related studies

Bader et al. (1987) investigated the relationship between ice phase microphysical
structure of a stratiform cloud and differential reflectivity using simultaneous aircraft and
dual polarization radar observations. They used only a single set of observation obtained

during May in stratiform cloud that produced light precipitation. Particle characteristics
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reflect sorting by size and type, associated with growth regimes and weak wind shear
within the fallstreak. Zpr of 3 to 4 dB observed at the cloud top was associated with
large dendritic crystals. Regions of enhanced Zpr at approximately 3 km AGL (with
average temperature of -7 °C), were associated with planar crystals (plates and stellar
dendrites). The effects of sorting by wind shear were most pronounced at lowest level at
1.9 km, with temperature of -2 °C.

Evans and Vivekanandan (1990) developed multi-parameter radar (for S, X, C
and Ka-band) and polarized microwave radiative transfer models for different ice crystal
habits. The discrete dipole approximation was used, where particle is completely divided
into a number of cubes (the discrete dipoles) with sizes much smaller than the
wavelength. Using this method they calculated electromagnetic scattering properties of
horizontally oriented needless, columns and hexagonal plates, columns and needles were
assumed to be randomly oriented in horizontal. Sizes from 0.06 to 2 mm and particle bulk
density of 0.92 and 0.23 g cm™ were studied. The model computations show that for a
give ice water content (0.1 g m™ was used herein) radar variables (Zu, Zor, Kop, and
linear depolarization ratio, LDR) can be used to distinguish between columns, needles
and plates to a certain extent. Evans and Vivekanandan (1990) showed that for a given
ice crystal habit Zpg can be used as an average measure of particle density. Zy along with
Kpp can be used to isolate oriented from randomly oriented crystals, since Kpp is
sensitive only to oriented particles and Zy is sensitive to both. LDR can distinguish
between randomly oriented prolate particles (columnar crystals) and oblate particles

(plates).
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Matrosov et al. (1996) suggested that elevation angle dependencies of radar
depolarization ratios can be used to distinguish between plate-like, columnar crystals, and
aggregates within stratiform clouds. As obtained from model calculations, plate-like and
columnar crystals as well as aggregates, with random orientation in horizontal plane,
have distinctly different variation of depolarization ratio. Using observations made with
Ks-band radar (8.6 mm wavelength) with elliptical polarization, they obtained
measurements that are in good agreement with theoretical calculations.

Hogan et al. (2002) investigated microphysical characteristics of warm-frontal
mixed phased cloud, using simultaneous aircraft and S-band radar polarimetric
measurements. They investigated stratiform cloud containing embedded convective
regions, identified by the radar as narrow convective turrets. These turrets contained
concentration of small crystals (near 2500 I, two orders of magnitude larger than
ambient values) along with supercooled liquid droplets (including droplets with diameter
around 25 pm), and narrow updrafts of 1 to 2 m s™*. Embedded convection regions had
high Zy and low Zpg, suggesting nearly spherical particles that were either large in size or
had high density. Immediately above the observed high Zy region, at level of -6.1 °C
temperature, there was a maximum of ice concentration measured by the aircraft. At the
same level of temperature -6.1 °C, at the base of high Zpr (up to 4 dB) aircraft sampling
showed presence of pristine columns growing in the weak updraft (around 0.4 m s™) by
deposition. Hogan et al. explained this by Hallett—-Mossopp ice multiplication that was
occurring during riming process and producing ice splinters, which than continue to grow

by deposition producing the high Zpr.
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Plummer et al. (2010) used simultaneous S-band radar polarimetric measurements
along with in situ aircraft measurements with the motivation to develop quantitative
criteria for identification of potential in-flight icing conditions in clouds. They used
measurements of supercooled liquid water (SLW) and ice particles within orographic
cloud systems with widespread stratiform precipitation that contained embedded
convection. They utilized the Zy, Zpr, Kpp, and their statistical difference between
measurements of supercooled liquid water and ice. Plummer et al. developed an
algorithm that matches radar with aircraft data in time and space along with probabilistic
criteria that as a result gives probability distribution of the likelihood of SLW’s presence
as a function of polarization variables.

Kennedy and Rutledge (2011) used Kpp measurements made with S-band radar
during winter storms in northeastern Colorado. They observed local maxima in Kpp in
range of ~0.15 to 0.4° km™ at the level of -15 °C. For particle growth calculation, they
considered only depositional growth, in continuously water-saturation conditions. Also,
they considered pristine dendrites and aggregates modeled as oblate spheroids. Based on
their calculations, with microwave scattering model, oblate ice particles with moderate
bulk densities and diameters in the range of ~0.8 to 1.2 mm can generate Kpp that
matches with the observed one. They suggested that localized regions of Kpp within a
range of near 0.1 to 0.2° km™ in winter storms can be used for identification of regions

with active dendritic growth.
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4. Observed radar polarimetric data

At the beginning of this chapter, the 27 January 2009 winter storm and related
weather conditions are presented. During this event, a polarimetric signature that reveals
ice crystal habit and possibly a type of growth process is observed in subfreezing levels at
a height of approximately 4.5 km above ground, and 2.5 km above the melting layer. This
signature can be very useful for understanding the influence supercooled droplets have on
radar polarimetry. It identifies the regions within the subfreezing part of cloud where only
glaciation is occurring. Knowing the actual nature of the observed signature is valuable

additional information for in-flight icing detection.

4.1 Synoptic situation for 27 January 2009

An upper-level trough, with an intense jet stream (over 62 m s™) crossing over
Oklahoma provided favorable dynamical conditions for convective-type mixed winter
precipitation. A cold front moved across Oklahoma the previous day, so this was a post-
frontal situation with the cloud system moving from the northeast. Through the morning
hours on 27 January 2009, ahead of the positively tilted trough, gradually increasing
isentropic ascent combined with weak instability aloft was supporting an increase of
convectively enhanced winter precipitation rates across much of Oklahoma. Across the
southwest/central to northeast-east/central Oklahoma, sleet was prevalent, due to cold
advection at low levels. During the afternoon, from southeast Oklahoma to further east,
isentropic ascent coincident with a surface baroclinic zone maintained enhanced

precipitation rates. During the late afternoon, northerly surface winds behind the cold
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front continued to advect a subfreezing, low-level airmass over eastern Oklahoma, which
resulted in a transition from freezing rain to mainly sleet mixed with snow.

During this event up to 7.6 cm (3 inches) of sleet fell in central Oklahoma, and
nearly 5.1 cm (2 inches) of ice accumulations were reported on power lines in east-
central Oklahoma. These accumulations resulted in more than 50,000 electrical utility
customers losing power in Oklahoma from downed power lines. Furthermore, the
Oklahoma monthly climate summary for January 2009 (Oklahoma Climatological
Survey) explained that traveling across much of the state was discouraged.

Fig. 4.1 shows the vertical profile of the atmosphere at 0000 UTC 28 January in
Norman, Oklahoma. Cloud top height was at approximately 7.3 km, and the temperature
at that level was -26 °C. There were two 0 °C levels, located close to each other. The
upper one was at ~2.2 km and lower at ~1.4 km. Subfreezing temperatures in the lowest
portion of the troposphere (below 1.4 km) and a layer of warmer air (with temperature
slightly above 0 °C) above and below the freezing level caused sleet and freezing rain in
some areas. Relative humidity with respect to water ranged from 80% (at ~5 km) to
100% (at ~3 km), indicating that the atmosphere was supersaturated with respect to ice
throughout most of the observed cloud. Also, there was very strong wind shear (31 m s™

in the layer from surface to 4 km AGL).
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Figure 4.1: Sounding from Norman, Oklahoma at 0000 UTC January 28 20009.

Fig. 4.2 represents the reflectivity factor of this event at 2317 UTC observed with
the operational National Weather Service WSR-88D radar in Oklahoma City, KTLX. The
stratiform cloud covers the whole east, south and southeast parts of Oklahoma, with
maximum reflectivity of 35 dBZ. The black line in Fig. 4.2 indicates the azimuth of 181°
at which a vertical cross section was made with the KOUN radar, at the same time. The

temperature at 1.5 m was about -7 °C in the region under consideration.
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1/27/2009
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Figure 4.2: Base reflectivity (0.5° elevation angle) observed with KTLX operational radar at
2317 UTC on January 27, 2009. Black line indicates azimuth of 181°. Red numbers represent
temperatures at 1.5 m, in °C.

4.2 Radar observations
To enhance quantitative measurements of polarimetric parameters in clouds, the
following data collection and signal processing procedures were used:
1) Longer dwell times (i.e., 128 samples spaced 781 ps apart; about three times what
is typically used by the NWS) to improve accuracy of measurements,
2) Smaller elevation increments (i.e., 0.25° instead of 1°) to improve resolution and
the number of measurements in the vertical,
3) Twice the range sampling rate (by oversampling), also to improve resolution and
accuracy, and
4) Correlation estimators for polarimetric variables to lessen noise effects (Melnikov
and Zrnic 2007).
These procedures improve the accuracy and resolution of the data. Cloud data
have been collected at elevations angles up to 60° the limit in elevation for the WSR-

88D. At the pulse repetition frequency (PRF) of 1280 Hz, 24 s is needed to complete one
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RHI when utilizing procedures 1) - 4) above. The standard deviation (i.e., SD[i (dB2)])

of the reflectivity factor estimate for a radar resolution volume (i.e., 1°x0.25 km) is
SD(Z) =4.34/ (MY2SNR)[1+ 2SNR + SNR? / (25, 7"?)]"? (dBZ),

where oyn= 6,/(2Va), oy is the spectrum width, and v, is the unambiguous velocity (Doviak
and Zrni¢ 2006; section 6.3.1.2). The SNR values in the case under consideration are from
10 to 20 dB so the standard deviation is determined by the third addend in the above
formula. The spectrum width values in the analyzed areas are from 1 to 3 m s™. For a

SNR = 10 dB, 6,=1 m s, PRF = 1280 Hz, and M = 768, (i.e., 128 time samples,
multiplied by the 4 angular and 1.5 range samples), we obtain SD(Z ) =0.7 dBZ. For 6=

3ms? SD(2) = 0.4 dBZ. So accuracy of our reflectivity measurements is better than

the usual accuracy for operational observations with the WSR-88D, i.e., 1.5 to 2.5 dB.

4.2.1 Data presentations in PPl and RHI displays

Radar observations are made with KOUN, the dual-polarization S-band radar
located in Norman, Oklahoma. The WSR-88D KOUN research radar employs a
polarimetric mode with simultaneous transmission and reception of horizontally and
vertically polarized waves. Radar data herein are presented as genuine vertical cross-
sections or Range Height Indicator (RHI) and vertical profiles of Zy, Zy, Zpr and py, at
chosen distances from the radar. Also, Plan Position Indicator (PPI) for all four variables,
generated from volumetric scans is presented.

Fig. 4.3 represents the 6.2° elevation PPI of Zy, Zpr, prv @and Kpp, generated from
volumetric scan at 2323 UTC 27 January, 2009. This elevation has an approximate

altitude of 5 km altitude at 50 km distance from the radar, where the enhanced Zpr was
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observed (Fig. 4.3). At this elevation, the half-ring of enhanced Zy and Zpg at ~ 15 km
range from the radar signifies the melting layer. Notice areas of enhanced Zpr values
from 1.4 (dark red) to 2.5 (purple), that coincides with a drop in pn, to approximately 0.97
(in red and orange colors). Zy does not provide any significant information, whereas Kpp

is very noisy but still identifies areas with 0.4 deg km™ (purple).
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Fig 4.3: A 6.2° PPI of Zy, Zpg, prv @nd Kpp, generated from volumetric scan obtained by KOUN
radar on 27 January, 2009 at 2323 UTC.

RHIs of Zy, Zpgr, prv and Kpp obtained at 2254 (azimuth 181°) and at 2317 UTC
(azimuth 189°) on 27 January 2009, are given in Fig. 4.4 and Fig. 4.5. Values of Z about
40 dBZ at height of approximately 1.5 km indicate the melting layer in Fig 4.4. The same
type of signature is present in all given variables: Zpr is between 1.5 and 2 dB, and ppy

decreases to 0.95. The melting layer signature is less obvious in Kpp.
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In Fig. 4.5, the signature indicating the melting level is more pronounced, with Zy
values around 45 dBZ. There is also an enhanced Zpgr (~ 1.1 dB) signature at height of
approximately 500 m, which is related to refreezing of particles (observed temperature
was -11 °C). Though these features are interesting, the focus of this study is on the Zpg
signature observed at heights of approximately 4.5 and 5 km. So, all further discussion
will be related to this elevated signature. The enhanced Zpgr occurs in temperature range
from -10 °C to -15 °C. In Fig 4.4 enhanced Zpr appears as a layer, whereas in Fig. 4.6
there are also ”pockets” of enhanced Zpg. In these pockets of enhanced Zpg values reach
2.5 dB at nearly 5 km altitude, coincident with pp, values of about 0.95 (Fig. 4.5). Kpp
measurements are better in this case, with noticeable regions of enhanced values (up to
0.4 deg km™ in red) that coincide with the areas of enhanced Zpg. The “pockets” of
enhanced Zpg are present at approximately same altitude as in previous RHI (Fig. 4.4).

This signature is a consequence of different conditions that occur at the observed
level, compared to the rest of the cloud. Since this event was convectively enhanced,
observed “pockets” and layers indicate regions of embedded convection that is very
common in stratiform clouds. However, the three-dimensional nature and evolution of
these regions is not well known because of the lack of in-situ observations. Embedded
convection represents very localized regions with vertical velocities (1 to 2 m s™)
sufficient to maintain high supersaturations. Therefore these regions are favorable for
rapid ice crystal growth by deposition in certain conditions (Korolev 2007), but also for
growth by riming. If these conditions (presence of supercooled droplets with 25 pm
diameter and temperature range of -3 °C to -8 °C) are satisfied, the Hallett-Mossopp

multiplication of ice crystals can occur (Hogan et al. 2002). As already stated in section
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two, this is the most efficient mechanism of secondary ice production that can
significantly affect the initial concentration of ice crystals within the cloud. Fig. 4.6 is a
display of vertical velocity measured from the vertically pointing beam of the Purcell
wind profiler. Radial velocity is a measure of the amount of Doppler shift in the
atmospheric signal returns. In this case, particles moving upward produce a positive
Doppler shift and they are marked with yellow and red colors, whereas particles moving
downward produce a negative Doppler shift, and are marked with cyan and blue colors.
Data are obtained at 6-min intervals, from 1906 UTC until 0100 UTC 28 January 2009.
Regions of enhanced updraft velocities close to 3 m s™ are present in several locations
(areas at about 6 km, marked with arrows and area at about 4 km marked with a circle)
around the time our data was collected. The time of our radar observations matches with
the time of weak updraft regions observed with wind profiler. It is possible that regions
like these had caused different conditions, compared to the rest of the cloud and induced

the microphysical processes that lead to the enhanced Zpr signature.

39



a0 15.0 210  2T0 330 380 450

75

HEIGHT, km
m

25

-1.00 065 -030 . . . . 180 215 250

HEIGHT, km

08900 0910 0520 0830 0940 0550 0860 04970 0830 04890 41.000

10

7ar

HEIGHT, km
8]

SR

o AN AN o
0 25 50 75 100

-0.20 -014 -005 -002 004 010 016 022 025 034 040

HEIGHT, km

DISTANCE, km

Figure 4.4: RHI of Zy (in dB), Zpg,(in dBZ), pn, and Kpp (in © km'l) at the azimuth of 189°,
measured with KOUN radar at 2254 UTC January 27 2009. Emphasized area indicates the
signature under consideration in each panel.
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Figure 4.5: As in Fig. 4.4, at the azimuth of 181°, at 2317 UTC January 27 20009.
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Figure 4.6: Radial velocity from the Purcell wind profiler, from vertical beam and at 6-min
resolution. Marked areas indicate regions with radial velocity close to 3 m s™.

4.2.2 Vertical profiles of polarimetric variables

For a quantitative analysis of the observed polarimetric variables, vertical profiles
through the “pockets” of enhanced Zpr are constructed at several distances from the
radar. Vertical profiles of Kpp are omitted because of its noisiness. For the Zpg signature
collected in the RHI scan along azimuth 189° (Fig. 4.7), profiles are made at 43 and 54
km from the radar. The main features in Zy, Zpr and py, are evident in both profiles (c.f.

Figs. 4.8 and 4.9), but still they differ to some extent.
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Figure 4.7: Observed Zpg (in dB) along azimuth 189°, at 2254 UTC. (a) and (b) indicate the
distance from radar where vertical profiles through pockets of enhanced Zpg, are made.

In Fig 4.8, Zy and Zy gradually increase from the top of the cloud (6.6 km) all the
way down to melting level (< 2 km), where Zy reaches 36 dBZ, and Zy 34 dBZ. In the
layer from 5 to ~ 3.8 km, where enhanced Zpg occurs, Zy ranges form 12 to 18 dBZ. Zpr
is about 0.3 dB at the cloud top, which is a typical value for ice clouds, and it indicates
particles with no extreme axis ratio or low-density particles. Approximately 400 m below
cloud top height, Zpg starts to increase gradually reaching 1.7 dB at 4.2 km AGL. At
approximately 3.9 km AGL, Zpr decreases sharply to 0.6 dB after only 200 m and
remains at about 0.8 dB down to the melting layer, where it increases again. The sharp
decrease in Zpg, paired with increasing Zy, indicates a decrease in particle density and
increase in particle size due to aggregation. The decrease of py, from the cloud top

downward follows the increase of Zpg, falling to 0.97 at 4.6 km AGL.
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Figure 4.8: Vertical profile of Zy, Zy, Zpr and pny, made at 43 km from the radar

)

Compared to the previous profile (Fig. 4.8), there are slight differences in all three
signatures given in Fig. 4.9. The layer of enhanced Zpr is wider, from 5.5 to 3.5 km, and
the maximum value is 2.2 dB. This could be the consequence of stronger updraft and thus
an increased growth rate of ice crystals. Zy ranges form 13 to 19 dBZ and has a small
increase at level of maximum Zpg compared to the Zpg signature in Fig 4.8. One possible
reason for this could be a slight increase in number concentration, which is noticeable in
Zy but not in Zpgr. pny is decreased through the whole layer of enhanced Zpg, reaching

lower value of 0.95 at 5 km altitude, compared to the previous profile.
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Figure 4.9: Vertical profile of Zy, Zy, Zpr and ppy, made at 54 km from the radar

For the Zpg signature, observed in the RHI along the azimuth 181° (Fig. 4.10),

profiles are made at 27, 45 and 52 km from the radar.
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Figure 4.10: Observed Zpg (in dB) at azimuth 181°, at 2317 UTC. (a), (b) and (c) indicate the
distance from radar where vertical profiles through pockets of enhanced Zpg, are made.
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In Fig. 4.11, the profile of Zy is different compared to the previous profiles. The
increase in Zy is not gradual and it is interrupted by a local maximum at approximately 4
km AGL. It comes just below the Zpg maximum, which is at 4.6 km. Since this is the
only profile with this type of Zy signature, we cannot say whether the Zy maximum is
related to the Zpgr maximum. However, this decrease of Zy could be the result of a drop in
number concentration due to aggregation. Zpr is about 0.3 dB at the cloud top down to
5.7 km, where it increases to 0.7 dB. Then from 5 km to 4.5 km Zpp rapidly increases and
reaches a maximum value of 2.2 dB. As before, the decrease in py, is coincident with the
Zpg increase, but in this case it reaches 0.95.
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Figure 4.11: Vertical profile of Zy, Zy, Zpr and pry, made at 27 km from the radar

In the vertical profile given in Fig. 4.12, Zy; and Zy gradually increases from the

cloud top down, indicating that there are no abrupt changes in concentration. In this case,

46



values are higher in the layer between 5 km and 4 km, ranging from 17 to 24 dBZ,
respectively. As in previous profiles, Zpg 0of 0.2 dB at 6.5 km is increasing downward and
reaching 0.4 dB in 600 m thick layer. Below 5.7 km, Zpr continues to increase, reaching
2.3 dB at 4.7 km. Moving down in height, Zpr decreases to about 1 dB at 3.5 km, and
continue to decrease to 0.7 dB at 2.3 km. pyy IS equal to unity from the cloud top down to
6 km, and then starts to decrease within the layer where Zpr increases. pn, remains above
0.95, as in previous profiles.
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Figure 4.12: Vertical profile of Zy, Zy, Zpr and ppy, made at 45 km from the radar.

In the vertical profile given in Fig. 4.13, Zy and Zy signatures differ from the ones
in Fig. 4.11, where maximum in reflectivity factor was observed. Zy is increasing from
5.7 km (9 dBZ) down to 2.6 km (33 dBZ). Zpr profile has the same shape like in previous
figures, with slightly smaller value of 1.8 dB, followed by slightly higher of 0.96 p,.

Differences in reflectivity factor from Figures 4.9, 4.11 and 4.13, compared to other
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profiles (see Figures 4.8 and 4.12) might be a consequence of secondary ice production

effecting the ice crystal concentration in localized areas.
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Figure 4.13: Vertical profile of Zy, Zy, Zpr and pry, made at 52 km from the radar

As a summary of the obtained radar observations, Fig. 4.14 is given along with
processes that possibly lead to the observed Zpr enhancement. Vertical profiles in figures
4.8 and 4.12 show that Zy and Zy increase from the cloud top down gradually, which
means that there are no sudden changes in concentration. In three out of five profiles
(Figures 4.9, 4.11 and 4.13), there is maximum in reflectivity factor coinciding with Zpg

maximum, which can be a consequence of secondary ice production in localized areas.
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Fig. 4.14: Vertical profile of observed polarimetric variables with temperature profile on the
right side.

The increased difference between Zy and Zy produces the maximum in Zpg (2.3 dB) at
approximately 4.7 km. The maximum of enhanced Zpr usually occurs at approximately -
12 °C. From both earlier, laboratory based habit diagram (Magono and Lee 1966; Young
1993) and the more recent one, improved with data from cloud particle imager (Bailey
and Hallett 2008), we know that temperature regime of -10 °C to -15 °C is favorable for
dendritic growth. However, aircraft observation by Korolev et al. (2000), indicate that
most frequently observed crystals tend to be highly irregular. Also, both dendrites and
needles can occur in isolated cells embedded in zones of irregular crystals. Those
embedded cells could be the observed “pockets” of enhanced Zpg. Furthermore, particles
that occur in temperature range of -8 °C to -10 °C of the new habit diagram (Bailey and
Hallett 2008), belong to dendritic type of crystals (Fig 2.6). Note the variety of their

shape, going from stellar dendrites with long and narrow branches to dendrites with wide
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branches that are very much plate-like. The presence of these types of dendrites would
result in significantly different polarimetric signature, and that sensitivity to ice crystal
habit should be kept in mind during the upcoming discussion about parameterization of

ice crystals.

4.2.3 Similar observations of enhanced Zpg

Apart from previous studies described in section 3.1 and the case considered
herein, 3 more events where this signature was observed are presented. Only RHI’s of Z,
Zpr and ppy, along with sounding closest to the time when RHI’s were made, are
presented. We can say that the enhanced Zpr signature is frequently observed. Areas
where Zpr is enhanced are marked in the figure for all three variables.

An RHI from a winter stratiform cloud, observed along azimuth 27° at 23:02 on
12 January 2007 is given in Fig. 4.15. The sounding at 0000 UTC 12 January 2007,
Norman Oklahoma is given in Fig. 4.16. Notice that Zpgr of ~1.5 dB occurs in the

temperature region from -10 °C to -15 °C, as in the previously analyzed case.
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Figure 4.15: Genuine RHI of Zy (in dB), Zpr (in dBZ), py, at the azimuth of 27°, measured with
KOUN radar at 2302 12 January 2007. Emphasized area in each panel indicates the signature
under consideration.
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Figure 4.16: Sounding from Norman, Oklahoma at 0000 UTC 13 January 2007.
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The enhanced Zpgr is not observed only in winter stratiform clouds. An RHI along
azimuth 180° in a stratiform part of the convective storm made at 1507 on 18 August
2008 is presented in Fig. 4.17. The corresponding sounding is presented in Fig. 4.18.
The layer of enhanced Zpgr occurred at around 6 km AGL, also in the temperature range
of -10 °C to -15 °C. Because of complexity in both dynamical and microphysical
properties of convective storms, we are not comparing or analyzing enhanced Zpgr

signature related to convective clouds.
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Figure 4.17: Genuine RHI of Zy (in dB), Zpg, (in dBZ), p, at the azimuth of 180°, measured with
KOUN radar on August 18, 2008 at 1507. Emphasized area in each panel indicates the signature
under consideration.
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Figure 4.18: Sounding from Norman, Oklahoma at 1200 UTC 18 August 2008.

The last case is a winter storm that occurred on 24 December 2009. Observations
were made with the C-band Polarimetric Radar for Innovations in Meteorology and
Engineering (OU-PRIME; see Palmer et al. 2011), located in Norman, Oklahoma. Note
the very pronounced melting layer in the Zy profile at 1.5 km in Fig. 4.19. Pockets of
enhanced Zpr of near 2.3 dB were present (during the whole storm life time) above the
melting level within the layer of 3 to 8 km AGL. The sounding from Norman, Oklahoma
for 1800 UTC on 24 December 2009 is given in Fig. 4.20. The temperature in this layer
decreases with height from -4 °C at 3 km, -8.5°C at 4 km, -15.5°C at 5 km, and -17.5°C
at 5.5 km to -21.5 °C at 6 km. Also note that air was supersaturated with respect to water

to approximately 3.5 km AGL.
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Figure 4.19: Generated RHI of Z, (in dB), Zpg, (in dBZ), and pn, at the azimuth of 270°,
measured with the C-band OU PRIME at 1736 UTC 24 December 2009.
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Figure 4.20: Sounding from Norman, Oklahoma at 1800 UTC 24 December 2009.
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4. Model description

The model used for reproducing the observed polarimetric signature contains a
microphysical component and an electromagnetic scattering component. Decisions about
ice crystal habits and processes that are included in the microphysical scheme are based
on observations from laboratory experiments and natural clouds described in section two.
Given the complexity of crystal shape, their parameterization as spheres or spheroids is a
significant simplification. However, the microphysical scheme includes all important
processes for the formation of stratiform precipitation. The description of each

component of the model and equations used in both parts are given this chapter.

5.1 Description of microphysical component of the model

A one-dimensional (1-D) bulk microphysical and time varying scheme, capable of
reaching a steady state, has been developed by Dr. J. Straka. It is a two-moment scheme,
meaning it calculates predictive equations for hydrometeor mixing ratio and total number
concentration for each particle of hydrometeor category.

The model is based on the 1.5-D model from Ogura and Takahashi (1971) that
assumes a circular air column (cylinder), with a large time-independent radius (a=3 km)
in an environment at rest. Equations in Ogura and Takahashi (1971) have been
formulated in one-dimensional space according to Asai and Kasahara (1967). Their
model consists of two concentric air columns, the inner one that represents the cloud and
corresponds to updraft and the outer one that represents the environment and region of

compensating downward motion.
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The model used in this study combines the vertical equation of motion, the equation of
mass continuity, and the thermodynamic equation. Thus, it calculates predictive
equations for vertical velocity of the air (w), potential temperature (0), and vapor mixing
ratio (Q). The vertical velocity equation, which is integrated over the cross section of the

cloud column with radius a, is given as:

2 2 8
_:_W@_ZLW|W|+ Kha \;v—{—g 0- 9 +0 608 Q QvO ZQX
5 0 (5.1)

0 x=1

The first term on the right hand side (RHS) is vertical advection, the second term is
lateral eddy exchange or mixing (where o is mixing parameter = 0.1, from Asai and
Kasahara 1967), the third term is turbulent mixing (K is eddy mixing coefficient), the
fourth term is buoyancy, which includes the drag force or precipitation loading term that
is assumed to be provided by the weight of cloud droplets and ice crystals. Q, is the
mixing ratio of water vapor, 0 is the potential temperature, g is the gravitational
acceleration. Subscripts 0 and x denote environment values and hydrometeor class,
respectively.

Similarly, the thermodynamic equation is given as:

00 08 2a°
—=-w —— :
ot 0z a 0z (5.2)

The last term Sy on the RHS represents source and sink terms, given below. The change

in potential temperature due to latent heating is given as:

_ L L L, L
=, (QXlNT)+—(QXACC+QXFZy) (QxDPV) ———(QxMLy),

0 .
dt o7 C,7 C,7 C,7 (5.3)

where L, is the latent heat of condensation/evaporation, L; of freezing and Ls of

deposition, ¢, is specific heat of air at constant pressure. The first term on the RHS
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represents warming due to condensation, the second term due to freezing and accretion,
the third term due to deposition, and the last one is cooling due to melting. The Exner

function, z is given by:

Rd

(3]
Po (5.4)

The model includes two liquid hydrometeor classes (cloud droplets and rain) and six ice
classes that are categorized by habit (hollow columns, dendrites, plates, columns/needles,
snow aggregates, and ice pallets/sleet). Fig. 5.1 shows the temperature at which certain
ice class is initiated. Snow crystals are formed by self-collection and interaction between

dendrites, plates and columns.
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Figure 5.1: Graphical description of initiation ice crystal habits included in the scheme, as a
function of environmental temperature.

For each ice class we calculate prognostic equations for mixing ratio (Qx) and total

number concentration (Nt), given as:

+

2 2 o(pV
Q__1pwQ, Q. dpw . 9Q 2« |W|QX+1M+SQX'

ot p oz p oz P T oz (5.5)
2 2 o(Vr, N y
Mo DNy FNolp) 20 (Vr, T)+SNTX,
ot 0z oz a 0z (5.6)

where the first two terms on RHS of equation 5.5 and the first term of equation 5.6

represents vertical advection, the third term represents turbulent mixing, and the
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sedimentation term (fallout of crystals due to gravitation) with a source/sink term is at the
end. Vrnx 1S mass weighted terminal velocity of each category, and p is air density. The
model assumes a special form of a gamma size distribution for ice particles, where the
shape parameters from the complete gamma function o, x, v = 1. This special case of the
gamma function distribution is more commonly known as the inverse exponential
distribution.

n(D)= %exp{—[%ﬂ =N, exp(—AD).

n n

(5.7)
Where D is diameter and D, is the scaling diameter, and Nt is number concentration
(number of particles per m®). The intercept parameter Ny for exponential distribution,

and slope parameter A are:

n n (58)
D, is the characteristic scaling diameter (or horizontal axis of a particle), and it has been

calculated for each category using the following equation:

1
by
an = an ﬁ 1 )
N. a, I'(1+b,)

where a, and by are parameters from a power low relationship between mass and

(5.9)

diameter, and 7" denotes the complete gamma function.
For each ice category we calculate the diagnostic equations for terminal velocity,
particle density, and thickness (or vertical axis of a particle). Mean terminal velocity is

calculated according to mass-weighted (or mixing ratio-weighted) term, given as:
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r'(b,+v,+d,)
I'(b,+v,)

VTN>< = Cx Dr?;
(5.10)

Mass, density and thickness are calculated using the power low relationships:

b

m =aD’, p =eD. ', h =gD (5.11)
Densities of plates and sleet are equal to density of solid ice (0.917 g cm™). Densities for
dendrites, columns, and snow aggregates are being calculated using the equation given
above. Snow aggregates and sleet are parameterized as spheres, dendrites and plates as
oblate spheroids, whereas needles and hollow columns are parameterized as prolate
spheroids. However, for snow aggregates, a constant axis ratio equal to 0.75 is used in the
scattering part of the model.

Equations are integrated using the finite-difference method on staggered grid. For
all spatial derivatives we have used second-order centered differences, and leap-frog
scheme for time derivatives. The model time step is 0.5 s and spatial resolution is 25 m.
For boundary conditions, we set the vertical velocity w = 0 at the surface and at the top of
the atmosphere, which is assumed to be at 10 km. Equations were initiated with

temperature, water vapor mixing ratio and pressure from the 0000 UTC 28 January 2009

sounding from Norman, Oklahoma (see Fig. 4.1).

5.1.1. Microphysical processes

The microphysical scheme includes the following processes: condensation of
water vapor that forms cloud droplets, nucleation of ice crystals (contact and
depositional), depositional growth, riming, aggregation, melting of ice crystals and

refreezing that produces ice pellets. Because the model does not include a saturation
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adjustment scheme, saturation with respect to water (S;) as well as saturation with respect
to ice (S)) is set to constant value (S;=S; = 0.80 from 7.5 to 10 km; S, = 1.05 from 7.5 km

to the ground and S; = 1.15 from 3 km to the ground).

Condensation
For initiation of cloud droplets, we are using the procedure adapted from
Milbrandt and Yau (2005b), where cloud nucleation rate is given as:

ccint = max [ (actcen(w, T, p) —ccnn), 0] |

At (5.12)

where actccn is concentration of nucleated cloud droplets in ascending air to the
maximum supersaturation, and ccnn is total number concentration of cloud droplets
initiated per time step. The procedure described by Cohard and Pinty (2000a) provides a
solution for maximum supersaturation as a function of updraft speed, temperature and
pressure. In our simplified model actccn and S; are constant values (these would be
different if saturation adjustment scheme were introduced). Cloud droplets are initialized

when S, is greater than 1.

Ice nucleation

The number of ice nuclei initiated by deposition and by contact is a function of
temperature and supersaturation and is determined using a parameterization described by
Meyers et al. (1992). Depositional nucleation is a process where water vapor molecules
attach to ice nuclei, and conditions for its occurrence are temperature below -5 °C and
vapor mixing ratio that exceeds that of saturation over ice. A parameterization of ice-

nucleus concentrations as a function of ice supersaturation is given as:
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N,, =1000-exp(12.96(S, -1)-0.639), (5.13)

where Njg is the number of nucleated crystals in m™. This equation may be applied for
temperature ranges from -7 °C to -20 °C and from 2% to 25% ice supersaturation, and -
5% to +4.5% of water supersaturation.

Contact nucleation occurs when ice nuclei come into contact with existing
supercooled cloud droplet. Potential contact-freezing concentrations (in m™) were

parameterized according to Meyers et al. (1992) as:

N, =1000-exp(~2.8+0.262(T, ~T)) (5.14)

where T is cloud droplet temperature and T, = 273.15 °C. According to this mode of
nucleation, ice cannot be formed at temperatures warmer than -2 °C. It is assumed that
contact-freezing nuclei have size 0.1 um. Colliding of ice nuclei and cloud droplets that
can lead to contact nucleation is caused by Brownian, thermophoretic and
diffusiophoretic effects Young (1974a,b). Collection rates determine the actual number of

nucleated ice crystals.

Depositional growth

Particles that grow by deposition are: dendrites, plates, columns, and snow
aggregates. The growth equation assumes an inverse exponential distribution and is taken

from Straka (2009), but originates from Prupacher and Klett (1997):

va
Q,DS, :2_7[(8i -1)G (T, P)x(0.78an +0-3081"(3+2dx j NZ3cu2p )2 (&j }’
Yo,

sC X
P

(5.15)

where S; is supersaturation with respect to ice, p is air density, and G; is given as:
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(5.16)
Here, the Schmidt number Nsc number is assumed to be a constant equal to 0.71.
Ventilation factors for particles with diameter > 120 pum are included in the growth

equation and given as:

_ 13p[ 12
f, =(0.78+0.308N°N,). 5.17)

Rimin

The continuous collection equation is used for snow, dendrites, plates, and
columns which collect cloud water. The equation is explained in Pruppacher and Klett
(1997) and Rodgers and Yau (1989). The form of the equation used in the model is

written for the modified gamma distribution from Straka (2009):

X nx

1
Npy (&JZ I(2+d, +v,).

QAC, :%c DZ™E,Q, ol s

(5.18)

Where E,y is the collection efficiency and is equal to 1.

Aggregation

Two processes of crystal accretion are included: 1) self collection of dendrites, ice
plates, columns and snow aggregates, and 2) collection of dendrites, plates, and columns
by snow aggregates and collection of plates and columns by dendrites. The growth

equation for self collection (Passarelli and Srivastava 1979) is given as:

T 2
QxCNy = Z Exy DijVy ’

(5.19)
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where Vy is the terminal velocity and E,y is the ice-ice collection efficiency equal to 0.1.

The continuous growth equation is given according to Gilmore et al. (2004a):

QXACy = % E, QN _X—V_y|><ﬁ[F(4)F(3) D}, +2r(5)r(2)D,,D,, +I'(6)I'(1)D}, |.

(5.20)

Also, the correction for terminal velocity from Murakami (1990) was included. A

correction is made t0|\/_x—\/_y| , because of underestimation of QxACy when Vy is too close

to Vy, and it is given as:

V=V, | = (v, -V,)? +0.04V,V, .
(5.21)

Similarly, the equation for concentration change is given as:

V4 — 1
Nr ACY = 7B, Ny, |v —Vy|xm[F(3)F(l) D}, +2r(2)r(2)D,D,, +T(1)(3)D;, |.
(5.22)
Melting of ice

All ice crystals begin to melt into rain when they reach level with 0 °C. The
equation for melting ice particles is from Gilmore et al. (2004), which was adapted from

Lin et al. 1983, is given as:

~ 27N, [K (T —T0)+pl//|w (Qv _Qso)]
AL (v, )Ly

4
Q.ML,, = {x| 0.78I (1+1,) D,, +0.308¢" N ;;3D;g+dx>f2r(%+vxj(&]

o (T-T,)
pL;

(Tare)

(5.23)
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It is assumed that mass from all melted crystals is transferred to raindrops. The number

concentration change owing to melting is given as:

NT
NTX MLI’W = QXMLrW =
Q (5.24)

Freezing

The equation for freezing of the raindrops is based on Bigg (1953) design of the
data fit for the freezing of raindrops, and on the parameterization of Wisner et al. (1972).
The equation for mixing ratio and concentration for each hydrometeor category, derived

for modified gamma distribution is given as:

2 5+vy
0.FZ, - F(6+VX)7Z' BN, D™, (ﬂj{exp(Amax[To —T],0.0)—l},
36T (v,) p (5.25)
I'(3+v,)7BN,D*™
Ny, FZ, = {exp(Amax([T,-T],0.0)-1}.
6r'(v,) (5.26)

5.2 Description of scattering component of the model

The scattering model is applied to each ice class of the microphysical scheme to
calculate polarimetric variables and its description is given herein. Thus, using the output
from bulk microphysical scheme, we attempt to reproduce quantitatively and
qualitatively the observed radar polarimetric signature. As mentioned in the previous text,
an inverse exponential distribution is used for all types of hydrometeors that are included
in the model. This is a simplification of the microphysical computations that has been
accepted by many researchers, although it might not capture all the details of the actual

polarimetric signature observed in winter stratiform clouds.
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Radar polarimetric variables depend on size, shape, orientation of individual
hydrometeor as well as on the dielectric constant, which is a function of hydrometeor
density, water content, temperature, and the wavelength of the incident radiation. Thus,
from microphysical model, diameter, thickness and density of particles are used to
calculate polarimetric variables for dendrites, needles, plates, and snow aggregates
individually as well as their cumulative sum. Calculations for rain and sleet are omitted,
because the focus is on reproducing the signature above melting layer. Calculations for
hollow columns are also omitted, because their size and concentration are small enough
that they do not produce appreciable Zy and therefore their contribution to the radar
variables is negligible.

For the winter stratiform event considered herein, the observed sounding shows
that temperatures were subfreezing from the cloud top (-30 °C at 7.3 km) down to 3 km
AGL (-4 °C). The melting level is at approximately 1.6 km and the enhanced Zpr
signature is observed in a layer between 4.5 and 5 km AGL. Thus, the melting particles
did not affect the observed signature, which is the reason for treating only the ice phase.

For calculations of polarimetric variables at S-band (radar wavelength equal to 11
cm), the Rayleigh approximation is used. This approximation is valid because the model
treats ice particles that are all much smaller than the radar wavelength. All equations used
in the scattering model can be found in Ryzhkov et al. (2011), unless otherwise specified.

The equation for scattering amplitude is given as:

_7°D° 1
Y 1
L

b (&,-1)

fa,b

(5.27)

where D represents equivalent volume diameter of the particle, given as:
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=(ab?)?
D =(ab?) | (5.28)
where a is the vertical axis of the hydrometeor (thickness), and b is its horizontal axis

(diameter). L, are shape parameters, which for oblate spheroids are defined as:

2 2 _
La=1+;‘ (1_arctg fj’ . /b—z—l. Lb=1 L,
f f a 2 (5.29)

and for prolate spheroids, as:

Lazl 2e 1 In(l ej_l - 1_b2 | Lbzl L,
e 2e 1+e a 2 (5.30)

For calculating the dielectric constant, the Maxwell Garnett (1904) mixing

formula is used. Dielectric constant of dry snow & is determined by volume fraction of

ice fii (f, Ny ) in the mixture with air and dielectric constants of ice ¢ and air ..

Assuming that ¢, =1 we obtain the following equation:

1422 671
P& +2
Ps gi_l ’

P& +2 (5.31)

& =
where ps IS the density of particles (coming from model), and p; is the solid ice density
equal to 0.917 g cm™. The dielectric constant of pure ice ; is given by:

& =3.17+10.0013. (5.32)

This equation is used for plates, dendrites, columns, and snow aggregates.
Four radar polarimetric variables are computed: reflectivity factor for horizontal

(Zn) and vertical polarizations (Z,), differential reflectivity (Zpr), cross-correlation
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coefficient (pny), and specific differential phase (Kpp). The equations are given for M

different hydrometeor classes (i), as:

T“fbl 2Re|:fbi*( fbi - fai):l Azi +|fbi - fai|2 A4i} Ni (D)dD

2
4|K.| E (5.33)
4% I % 2 . 2
2, S 2R 1 (1~ LA - A 00
7K T (5.34)
Zh
Z, =2 Z,, =10log,,(Z,,)

. (5.35)

4/1 Z_!)-{|fb|| +|fb| fa|| As. ( bi_fai)Aii_fbi(be_fat)Azi}Ni(D)dD
: (z,2,)"

(5.36)

K., _0 181 &

bi fal)Ah NI ( )
-1 (5.37)

We have assumed that particles are oriented horizontally, but experience fluctuations in
their orientations. A 2-D axisymmetric Gaussian distribution of orientation has been used
for dendrites, plates and snow aggregates. Angular moments for 2-D axisymmetric
Gaussian distribution of orientation are given as (from Ryzhkov 2001; Ryzhkov et al.

2011):
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(5.38)

where ¢ is the width of the canting angle distribution, and in calculations it is expressed
in radians. For o = 0°, particles are oriented horizontally. Gaussian distribution allows
some degree of influence by choosing the different value for o. In this study ¢ = 35°, for
dendrites and plates, showed that calculated variables have values closest to the observed
ones. For snow aggregates no orientation fluctuation is used. For the orientation
fluctuation in the case of columns we used random orientation in horizontal plane, where

angular moments are given as:

1 1 3.,
=sin == =—=sin g,
A=osin’f, A=2, A=isinf
3
A==, A==sin’p,
8 (5.39)
where f is the radar antenna angle.
6. Results

Using the output form the microphysical scheme, the following polarimetric
variables are calculated: Zy, Zy, Zpr, pnv and Kpp. We used the output from the

microphysical part of the model after 4 hours of integration. Calculations are done for
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each ice category as well as for their cumulative sum. Notice that only bulk values
(cumulative sums) of each modeled polarimetric variable can be compared with the
observed ones. The calculated polarimetric variables are presented as a function of height
(y axis), from the ground level up to 7 km. However, the emphasis is on the signature
above the melting layer (i.e., above 2 km).

Note that signatures for all variables decrease toward the melting layer instead of
increasing. This physically unrealistic result appears because particles are melting into
rain, and only ice crystals were included in the calculation of polarimetric variables. For
the 27 January 2009 winter stratiform event considered in the study, the sounding is
given in Fig. 4.1. Note that temperatures were subfreezing from the cloud top (-30 °C at
7.3 km) down to the 3 km AGL (-4 °C). Melting level is at approximately 1.6 km and the
enhanced Zpg signature is observed in a layer from 4.5 to 5 km AGL. Thus, the melting
particles did not affect the observed signature of interest in this study.

For the results presented herein, the microphysical scheme included only
deposition and aggregation, with no riming. The shape and density of particles grown by
riming depend on the degree of riming, which is a function vertical velocity of wind (a
source of water vapor and supercooled liquid droplets). Fig. 6.1 shows the variety of ice
crystal shapes grown by riming. Herein, when we talk about rimed particles we refer to
densely or lightly rimed particles, where original habit of a crystal is still recognizable.
Rimed particles usually have bulk density less than 0.8 g cm™, but it can vary from 0.05
to 0.89 g cm™ due to the presence of a large number of air capillaries (List 1958a,b).
Crystals fall with their larger surface oriented horizontally, thus droplets tend to “stick”

onto their larger surfaces. Such growth regime makes crystals thicker or less oblate, as
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the ratio between horizontal (diameter) and vertical (thickness) dimension decreases. As a
result, Zpr of rimed particles should be lower, compared to the particles grown by
deposition. However, the expected enhancement of Zpr depends on the degree of riming.
Even only slightly rimed crystals could produce enhancement in Zpr. Riming was not
considered in this study because necessary conditions (i.e., supersaturation with respect to
water) for riming were not satisfied above the melting layer (see Fig. 4.1). Thus, there is

no contribution from riming to the part of the signature under consideration.

b

el
Figure 6.1: Ice crystals grown by riming. (a) lump graupel,(b) hexagonal graupel, (c) conical
graupel, (d) graupel-like snow of hexagonal type, (€) graupel-like snow of lump type, (f) densely
rimed crystal with sector-like branches, (g) densely rimed plate with simple extensions and (h)
densely rimed dendrite. (Adapted from Locatelly and Hobbs 1974).

In the model, all particles start to grow from 10 um. The maximum value allowed for the
diameter of a dendrite is 3 mm, for snow aggregates 5 mm, plates have diameters up to
600 um, and columns length is about 800 pum.

Ice water content (IWC) is calculated for each ice class separately as well as for
their cumulative sum (Fig. 6.2). Dendrites and plates have IWC of about 0.05 g m™,
needles have the highest IWC of about 0.1 g m™, whereas IWC for snow is the lowest

(0.022 g m™). All maximum values occur within the layer between 3.5 and 4 km AGL.
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Only the cumulative sum of IWC that includes all ice habits is comparable to the

measured IWC. The maximum IWC for cumulative sum of about 0.21 g m™ is at

approximately 3.5 km. Calculated IWC agree to some extent with IWC measured by

Hogan et al. (2001), which were made through the embedded convection regions, where

values were 0.1 g m™ for temperatures below 0 °C. They measured the highest value of

IWC (0.22 g m®) in high Zy and low Zpgr regions which suggest contained rimed

particles. According to the formula IWC = 3.22Kpp (Ryzhkov et al. 1998), for Kpp= 0.4 °

km™, the estimated IWC can reach 1.3 g m™,
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Figure 6.2: Ice water content (IWC) for each ice class and the cumulative sum of all classes.

Total number concentration, as obtained by the microphysical scheme for all ice

categories and their cumulative sum, is presented in Fig. 6.3. Dendrites have the highest

concentration and it is about 1.7x10* m™ at 6 km; thus, the cumulative sum is affected by

dendrite concentration the most. The concentration for columns, plates and snow
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aggregates increases below 5 km and reaches the maximum concentration of 3000
particles in m™ at 4.1 km for columns, near 1700 particles in m™ for plates at 3.8 km, and
near 16 particles in m™ for snow aggregates at approximately 3.3 km.

dendrites needles plates snow aggregates cumulative sum

Height, km

2 2 r/'/ | 2

o . 4
0 1 2x10 g 1000 2000 3000 4] 2000 4000 [i] 10 20 1] 1 2x10°

0 0 ] 0

Total number concentration, # m'3

Figure 6.3: Total number concentration for each ice class and the cumulative sum of all classes.

The Zpg is strongly dependent on particle density, so the calculated density for
each ice class given in Fig. 6.4 is used for the analysis of calculated radar variables. The
density of plates is constant and equal to 0.92 g cm™, the density of dendrites ranges form
0.92 to 0.4 g cm™, for snow it is from 0.08 down to 0.02 g cm™, whereas needles have

density of about 0.86 g cm™.
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Figure 6.4: Calculated density for each ice class

Figure 6.5 presents calculated reflectivity factor at horizontal and vertical
polarization for dendrites, needles, plates, snow aggregates and their cumulative sum. Z
of -20 dBZ for dendrites appears at approximately 6.3 km, as well as Zy which is less
than Zy by about 2 dBZ. Z, and Zy reach 0 dBZ at approximately 5.3 km, and decrease to
-20 dBZ thereafter. The reason for such small Zy values is the high total number of
concentration and very small crystals (about 35 pum), implying high competition for water
vapor and inability for dendrites to grow to larger sizes. Zy and Zy increase again to a
maximum value of 17 dBZ at 4.6 km. Zy and Zy of needles that are initiated at
approximately 5 km are about -20 dBZ. They increases up to a maximum of about 15
dBZ at 4.3 km, and below that height decrease to -20 dBZ at 2.2 km. Zy and Zy of plates
appear at 5.2 km, with slightly negative values, and increase gradually reaching 27 dBZ
at 4 km. Because plates have high Zy, their contribution to the bulk value of reflectivity

factor is significant. For snow aggregates Zy and Zy are the same, because of their
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assumed spherical shape. The initial Zy value for snow aggregates is 20 dBZ and it
appears at 4.5 km. It increases gradually to nearly 35 dBZ at 3.5 km and stays nearly
constant down to 2.5 km, and then it decreases again.

Finally, the bulk Zy, Zy profiles are comparable in shape to the observed signature
described above, but have different values. Initial values of Zy and Zy at the cloud top are
modeled at near 500 m below the initial value of the observed signature, and are -20 dBZ.
The biggest contribution to the bulk Zy is from snow aggregates and plates. Dendrites are
important at the top part of the signature from 6.3 down to 5.3 km. The maximum of bulk
Zy between 3.5 and 2.5 km is 35 dBZ, and agrees very well with the observed value of
Zy, of about 33 dBZ (Fig. 4.13). Notice that the largest difference between observed and

modeled values is at highest between 5.3 and 4.5 km.
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Figure 6.5: Calculated Z,; and Z, for each ice class and their cumulative sum. On the right side of

the figure temperature profile from sounding is included.

74



Fig. 6.6 presents the differential reflectivity calculated for dendrites, needles,
plates, snow aggregates and their cumulative sum. Zpr for dendrites at the cloud top is 1.7
dB, since plate-like axis ratios and solid ice density produce significant Zpgr. Moving
down from 5 km, Zpg increases and reaches its maximum value of 2 dB in the layer from
4.9 to 4.5 km. Beneath this height, Zpr for dendrites drops to 1 dB due to aggregation.
More about the reason for decrease in Zpg for dendrites is given in the following section.
Needles have a constant Zpg of 3.3 dB from 5 km down to 2.2 km because their density
changes very little. For the same reason (density is equal to 0.92 g cm™) plates have
constant Zpgr equal to 2.5 dB. This difference in values can be explained by change in
orientation. Snow aggregates start to form from 4.5 km and have weak and constant Zpr
(about 0.03 dB), because of their very low density and nearly spherical shape (constant
aspect ratio of 0.75).

The bulk Zpg has the same value as the one for dendrites (1.7 dB at the cloud top
decreasing to 1.3 dB at near 5.2 km AGL) as long as dendrites are the only habit present.
From height 5237 m, plates are initiated and have slightly negative Zy (but higher from
Zy of dendrites), which causes Zpg to increase reaching the maximal value of 2.6 dB at
4562 m. From the height of 5062 m AGL needles are initiated, but with negligible
contribution to Zpgr, because Zy for plates dominates (see Fig. 6.5). There is little
contribution from needles to this part of the signature. In the case where needles are
excluded from calculations the signature becomes smoother, and the slight increase in
Zpr at 4 km disappears (not shown). From 4562 m AGL, snow is initiated once
aggregation process starts to dominate. This causes Zpr to decrease suddenly to 0.9 dB at

4487 m, reaching the 0.1 dB at 2487 m.
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Figure 6.6: As in Fig. 5.4, for calculated Zpg

Cross-correlation coefficient calculated for each ice class and their cumulative
sum is presented in Fig. 6.7. As stated in section 3.4, pn, depends on diversity in size,
shape, orientation and phase composition of particles. Herein, we do not consider
dependence on phase composition, because we are concerned only with the ice phase and
therefore have omitted the melting process in calculations of the polarimetric variables.
The orientation fluctuations are constant with height and affect the quantitative aspect,
but not the shape of the calculated signature. Just like in the observations, the modeled
signature shows Zpg increasing with height that is coincident with decreasing in ppy.
Looking at the signature calculated for individual ice classes, notice that pp,, resembles the
Zpr signature. pp, signatures for needles, plates and snow are constant. The minimum in

pny for dendrites is in the layer from 4.7 to 4.9 km, where it reaches 0.944. Below 4.7 km,
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prv INcreases to 0.986 again and remains constant. Needles have nearly constant py, that
ranges from 0.969, at 5 km to 0.975, at 2.5 km. pp, for plates is constant and equal to
0.911, and reason for that is constant aspect ratio and density. In the case of snow
aggregates, pny is equal to unity because orientation fluctuation is not applied, and it is
constant because aspect ratio is constant across the spectrum of sizes.

To analyze the bulk pp, , consider the equation 5.36 for calculation of pn, and note
that integral is divided (normalized) by square root product of Zy and Zy. If plates are
turned off (excluded from calculation of bulk pp,), the bulk pp, signature behaves very
similar to the py, signature for dendrites (not shown). Bulk py, follows py, for dendrites
until needles start contributing (from height 5062 m). Since Zy and Zy for needles is
lower than for plates (but higher than py,, for dendrites), their contribution to the bulk pp,
IS not as significant as in case with plates, so the bulk pn, drops but not below 0.96 (it
does not decrease to 0.94 which is the minimal value of py, for dendrites). However, if
plates are turned on, values are lower, because the product of Zy and Zy is larger for

plates, so pny is decreased to the intrinsic value of py, for plates.
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Figure 6.7: As in Fig. 5.4, for calculated ppy.

- =67

Because the observed Kpp is very noisy the vertical profiles were not made.

However, Kpp calculated for each class individually and their cumulative sum is

presented in Fig. 6.8. Kpp for dendrites is very low with maximum of 0.011 ° km™ at 4.4

km. Needles have the highest values of Kpp 0.15 © km™ at near 4.2 km, and contribute the

most to the cumulative sum. In the case of plates maximum is at 3.8 km. Kpp maxima for

needles and plates coincide with their total number concentration maxima. As expected,

snow aggregates with their low concentration and density have Kpp = 0 °© km™, thus they

do not contribute to increasing the bulk Kpp. Bulk Kpp is near 0.2 ° km™ at 4 km.

Remember that observed Kpp was 0.4 ° km™ in the region of enhanced Zpg (see Figures

4.4 and 4.5).
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Figure 6.8: As in Fig. 5.4, for calculated Kpp.

6.1 Discussion

With the focus on Zy, Zy, Zpr and ppy, We compare the observed (Fig. 6.9) and
modeled polarimetric signatures (Fig. 6.10). The reproduced polarimetric signatures
resemble the observed ones. However, the shape of modeled Zy and Zy signatures differ
significantly from the shape of observed ones. There is an enhancement in modeled Zpg
almost matching the height and the value of the observed Zpg. The Zpg maximum occurs
in the temperature range of -11.5 °C to -17.2 °C. Although the Zpg signature for dendrites
alone resembles the bulk Zpgr signature, dendrites are not solely causing the maximum in
bulk Zpr. The modeled bulk py, signature agrees well to the observed one in shape but not
in the magnitude. The contribution to the modeled Zy, Zy, bulk Zpr and pn, comes from

all four habits considered in the model, where plates contribute the most.
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Dendrites have very small diameter (about 35 um) and high concentration near
the cloud top, and therefore their Zy is negative. Because there is a significant difference
between Zy and Zy, high Zpgr is produced. All ice habits included in the microphysical
component of the model are involved in aggregation, but dendrites have higher collection
efficiency compared to other ice habits. Thus, the total number concentration of dendrites
is more affected by aggregation. In the case where aggregation is turned off, dendrites
grow as pristine crystals and produce Zpg of 1 dB (not shown). In that case snow
aggregates are not formed and dendrites are not depleted. We conclude that aggregation
is responsible for the decrease of concentration of dendrites, due to transport of mass to
the snow aggregates. Because of the decrease in concentration of dendrites at
approximately 4.9 km, Zy drops (see Figures 6.2 and 6.4), and with it their contribution to
the bulk Zpr. However, from 5.3 km plates are initiated. Within the layer from 5.2 to 4.5
km the oblateness of plates is maximal, and that causes the increase in Zpr. Plates
contribute the most to the bulk Zpg as their Zy is about 10 dBZ within the layer of 5.2 km
to 4.5 km, whereas the Zy of dendrites and needles is negative. Note that this contradicts
the speculations of Kennedy and Rutledge (2011), who (based on a limited model)
assumed that dendrites were responsible for the Zpr enhancement. Then, from 4.5 km
snow aggregates are formed, and because of their high Zy (20 dBZ) the bulk Zpgr is

affected causing Zpg to drop from 2.5 to 1 dB.
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Figure 6.10: Vertical profile of modeled Zy, Zpg and py.

The differences of the modeled and the observed polarimetric signature are given bellow

along with an explanation for their occurrence.
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1)

2)

3)

The cloud top height of the modeled signatures (6.3 km) does not match with the
observed cloud top height (about 6.8 km). This is partly because particles
(dendrites in this case) are too small to be seen by radar.

The value of modeled Zpr at the cloud top is too high (about 1.5 dB), which is the
result of non-spherical particles (dendrites). The cloud top height of the observed
variables is probably caused by nearly spherical particles. Ice particles with axis
ratio close to unity and solid ice density are most likely dominate at the cloud top
where temperature is around -30 °C and low supersaturation with respect to ice.
Fig. 6.11 shows the types of crystals that form in temperature range of -35 °C to -
25 °C, and ice supersaturation of 0.1. According to Bailey and Hallett (2008),
these crystals are “budding rosette”, which describe barely developed bullets,

thick plates, columns or rosettes.

RS
AT Ty 4 )
@0@@046@

-30 —25 20
Temperature, °C

Ice supersaturation

Figure 6.11: A part of the ice crystal habit diagram for low ice supersaturation and
temperature range of -15 to -35° C. (Adapted from Bailey and Hallett 2008).

The transition from low Zpg to its maximum and following transition back to the
low values is sharp, unlike the smooth transition in observed signatures. That is
the consequence of simply adding contributions of each ice class, where each
class affects a different part of the signature. The observed signature is smoother

because real crystals gradually change their shape and size whereas the modeled
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4)

5)

signature is produced by only 4 dominant ice classes. There are a lot of
intermediate crystal habits that occur during the growth process, thus a non-
smooth signature is a consequence of parameterization.

The lowest part of the modeled Zpg signature from 3.5 km, has lower values than
the observed one, since snow aggregates that contribute that part have very low
density. This is the consequence of snow aggregates parameterized as spheres in
the microphysical component of the code, by which the complex effect of the
shape is severely reduced.

Modeled pp, is too low (0.92) compared to the observed one. It is caused by
orientation fluctuation. The chosen value for the width of canting angle

distribution o is suitable for Zpg signature, but it makes pp, too low.

6.2 The effect of radar antenna pattern

To demonstrate how the modeled signatures would be observed by radar, the two

way antenna weighting function in elevation is appropriately applied. The KOUN radar
beamwidth 6; = 1°, which at 45 km from the radar corresponds to approximately 750 m.
Assume that the antenna patterns for both polarizations are equal and well represented
with the Gaussian function. Normalized to unit area the pattern is given by (Doviak and

Zrnic 1993):

1 0°
" exp(_ 20’2] 61)

In2 (6.2)
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The relation between the model (point reflectivity) and reflectivity the radar would

observe is:

Z(y,) = [ f,(y=Yo)Z(y)dy 6.3)

where Z(yo) is filtered (smoothed) reflectivity factor, Z(y) the modeled one, yj is distance
from ground to the center of the beam (that is where the beam is pointing above ground),
and y is the variable (distance units) of integration within the beam. The integral is
evaluated numerically by summing values at steps of 25 m apart corresponding to the
steps in the microphysical model. The equation 6.3 is applied to both Z, and Zy, and then
Zpr is calculated. A similar procedure was used for obtaining the expected pp, signature
observed by radar. The procedure is as follows. Radar measures correlation between the
H* and V voltages. In the case of very small particles compared to wavelength the
backscatter differential phase is zero. Therefore the product H(y)V(y) corresponds to the
correlation of voltages from the point y (discrete value in height as given in the

microphysical model). The expected value of the product is proportional to

R..(Y)=p,, (,/ZH (VVZ, (y)). This Rny(y) is weighted by the pattern function same as Z
in equation 6.3 to produce Rpy(Y,). Then the pn(Yo) is obtained by division as:

th (yo )

hw\Yo/) = 6.4
N A TS B

Both smoothed and modeled signatures of Zpr and py,, are presented in Fig. 6.12.
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Figure 6.12: The calculated Zpr and pny Signature, smoothed by Gaussian weighting function.

The smoothed profiles of Zpr and pn, capture the main features of the
observations. The general shapes are faithfully reproduced but values of the smoothed
Zpr and ppy peaks are somewhat reduced, compared to the modeled signatures (see Fig.
6.9). Maximal value of Zpg is 2.1 dB and the minimum of py, is 0.93. Notice that peaks
of the smoothed profiles at 5.2 km are at a higher level by 400 m from the level in the
case of the modeled signature. Also, the “broken” signature due to sharp transition of the

contribution by different ice habit is now smoothed out.
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6.3 Summary and implications for future research

A polarimetric radar signature is observed above the freezing level in winter
stratiform clouds. This signature is observed as a layer or “pockets” of enhanced Zpr and
reduced ppy in the temperature range -10 °C to -15 °C.

To aid in the interpretation and quantitative description of this signature, a one-
dimensional microphysics scheme coupled with the electromagnetic scattering model was
developed. The microphysical scheme accounts for initiation of ice crystals and their
subsequent growth by a variety of processes as described in section 5. The
electromagnetic scattering component of the model calculates the polarimetric radar
variables based on the microphysical output. The model is capable of reproducing basic
features of the observed signature. The model indicates that the Zpg enhancement is
caused by a decrease in concentration of dendrites, allowing for a greater contribution
from plates, which is in disagreement with previous studies. However, there are certain
differences between the observed and modeled polarimetric signature. Application of the
radar antenna pattern weighting function, smoothes the modeled signature and brings it to
closer agreement with the observed one in both qualitative and quantitative aspects.

The more sophisticated microphysics model employed in this study is likely better
able to capture the essential physical processes than the previous studies. However, a few
changes to the existing model could improve the result. For instance, to increase the
modeled Zpr for snow (closer to the observed value, ~0.5 dB) it should be parameterized
as spheroids instead of spheres. Furthermore, the model should be modified in such way

to allow the effect of weak updraft as well as secondary ice production. These changes
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would produce more realistic microphysical conditions, and provide more accurate

verification of polarimetric signature.
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