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ABSTRACT

Microphysical processes in shallow Arctic precipitation clouds are illustrated using measurements of dif-
ferential reflectivity Zpg from the U.S. Department of Energy Atmospheric Radiation Measurement Pro-
gram polarimetric X-band radar deployed in Barrow, Alaska. X-band hemispheric range height indicator
scans used in conjunction with Ka-band radar and lidar measurements revealed prolonged periods dominated
by vapor depositional, riming, and/or aggregation growth. In each case, ice precipitation fell through at least
one liquid-cloud layer in a seeder—feeder situation before reaching the surface. A long period of sustained low
radar reflectivity Zy (<0-5dBZ) and high Zpg (6-7.5 dB) throughout the depth of the cloud and subcloud
layer, coinciding with observations of large pristine dendrites at the surface, suggests vapor depositional
growth of large dendrites at low number concentrations. In contrast, Zpgr values decreased to 2-3 dB in the
mean profile when surface precipitation was dominated by aggregates or rimed dendrites. Small but consistent
differences in zenith Ka-band radar Doppler velocity and lidar depolarization measurements were found
between aggregation- and riming-dominated periods. The clean Arctic environment can enhance Zpg signals
relative to more complex midlatitude cases, producing higher values.

1. Introduction observed at temperatures as low as —30°C and colder
(Witte 1968; Hobbs and Rangno 1998; Intrieri et al.
2002) and are unique in that they often persist for long
periods, even up to a couple of weeks (Curry et al. 1996;
Intrieri et al. 2002), despite the presence of persistent ice
precipitation. Supercooled liquid drops at such low tem-
peratures are possible only in relatively clean environments

) . where low aerosol particle concentrations limit the liquid
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Mixed-phase clouds, here defined as clouds composed
of supercooled liquid drops and ice crystals within the
same cloudy volume, are frequently observed in the
Arctic. These Arctic mixed-phase clouds have been
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single-layer, mixed-phase Arctic clouds. These clouds are
often found in the stably stratified lower troposphere
where interactions among formation and growth of ice
and cloud drops, cloud-top radiative cooling, turbulence,
and entrainment across cloud boundaries produce re-
silient clouds. However, our understanding of ice growth
microphysics in the complex multilayer mixed-phase
clouds is still lacking, largely because of a dearth of de-
tailed observations of the ice growth processes contrib-
uting to the observed characteristics of these clouds.

The processes that govern the growth of ice particles
in these Arctic mixed-phase clouds are vapor de-
position, riming, and aggregation. In mixed-phase con-
ditions, ice crystal growth rates are accelerated because
ice crystals grow at the expense of cloud droplets
through vapor deposition and collection. Depending on
the specifics of the cloudy volume state [i.e., tempera-
ture, humidity (supersaturation ratio), updraft speed,
and ice growth processes] a variety of ice crystal habits
can be produced in these clouds. Compared to lower-
latitude mixed-phase clouds, the range of crystal habit
variability is somewhat more restricted in these weakly
forced Arctic shallow clouds. During the fall and spring
transition seasons, when mixed-phase clouds are most
common in the Arctic, the majority of shallow cloud
layers exist in temperature ranges conducive to planar
primary habits (de Boer et al. 2009). In situ observations
in these clouds reveal typically low liquid water contents
(<0.3gm™?; Jayaweera and Ohtake 1973; Hobbs and
Rangno 1998; McFarquhar et al. 2007), low ice water
contents (<0.1 gm>; McFarquhar et al. 2007; Avramov
et al. 2011), and low concentrations of ice nuclei
(<1L7% e.g., Radke et al. 1976; Fountain and Ohtake
1985; Bigg 1996; Pinto et al. 2001; Prenni et al. 2009) and
ice crystals (<1 L' in spring and <10 L' in fall; Hobbs
and Rangno 1998; McFarquhar et al. 2007; Avramov
et al. 2011) relative to midlatitude environments. As a
result, vapor depositional growth is often the dominant
ice growth process in these shallow clouds, but riming
and aggregation also occur in stronger precipitating
systems (e.g., Shupe et al. 2008b; Avramov et al. 2011).
The impact of the low ice water content in these clouds is
reflected in typical lower radar reflectivity values (mostly
less than 0-10 dBZ; e.g., Shupe et al. 2008a; Morrison
et al. 2012) than in the midlatitude clouds, even in deeper
precipitating systems (Verlinde et al. 2013).

The recent deployment of a polarimetric X-band
weather radar by the U.S. Department of Energy
(DOE) Atmospheric Radiation Measurement (ARM)
Climate Research Facility in Barrow on the North Slope
of Alaska (NSA) introduced a new tool to explore the
microphysical processes in Arctic clouds (Bharadwaj
et al. 2011). The measurement of polarimetric variables
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(e.g., differential reflectivity Zpg, differential propaga-
tion phase shift ¢pp, and correlation coefficient pyyv) by
scanning radars offers the capability of documenting the
spatial variability in ice particle characteristics (e.g.,
Straka and Zrni¢ 1993; Vivekanandan et al. 1999; Liu
and Chandrasekar 2000; Zrni¢ et al. 2001; Dolan and
Rutledge 2009; Park et al. 2009; Thompson et al. 2014).

Differential reflectivity Zpg is the ratio of reflectivity
factors in the horizontal Zy and vertical Zy polariza-
tions. It is defined (Seliga and Bringi 1976) as

Zog=2Zy—Zy, (1)

where Z;; and Zy are expressed in logarithmic scale.
The differential reflectivity Zpgr is an indicator of the
reflectivity-weighted mean shape of particles in the reso-
lution volume, and the magnitude of Zpp is dependent on
the particle ice mass, size, shape (and hence bulk density),
and orientation of individual particles. Because Zpg is a
ratio, it is independent of particle number concentration.
For nonspherical particles with a preferred orientation,
Zpr is a function of the radar elevation; for instance,
planar crystals have highest Zpg values at 0° (side in-
cidence) and lowest at 90° (vertical incidence) elevation
angles (e.g., Matrosov 1991; Aydin and Tang 1997;
Matrosov et al. 2001; Wolde and Vali 2001; Westbrook
2014). The intensity of elevation dependency and the
maximal Zpg value at the lowest angle can be utilized
using depolarization to distinguish different types of ice
crystals and between planar crystals, rimed crystals, and
aggregates (e.g., Matrosov 1991; Aydin and Tang 1997,
Matrosov et al. 2001).

The specific differential phase Kpp is defined by the
gradient of the one-way differential propagation phase
shift Ppp-

_ ?pp(ry) = @pp(ry)
KDP - 2(}’2 — rl) ’ (2)

where r is the distance from the radar (r; < r,); Kpp
depends on the aspect ratio, bulk density, number con-
centration, and orientation of particles (e.g., Doviak and
Zrni¢ 1993; Ryzhkov and Zrni¢ 1998; Bringi and
Chandrasekar 2001); and pyy is defined by using the
backscattering covariance matrix elements at horizontal
Suu and vertical Sy polarizations (e.g., Doviak and
Zrni¢ 1993; Zrnic et al. 1994) as follows:

[{SyvSiim|

— VV-HH , (3)
VISP 1Sy P)

where angle brackets denote ensemble average and the
asterisk denotes the complex conjugate. The quantity
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puv is representative of the variability of the scattering
characteristics of ice particles in the radar resolution volume
and is therefore affected by the variety in particle shapes,
compositions, and orientations (e.g., Zrnic et al. 1994).

Studies of midlatitude cloud systems have revealed
Zpr and Kpp enhancements near the dendritic growth
regime around the —15°C temperature level (Kennedy
and Rutledge 2011; Andri¢ et al. 2013; Bechini et al.
2013; Schneebeli et al. 2013; Kumjian et al. 2014;
Thompson et al. 2014; Williams et al. 2015; Schrom et al.
2015). The higher Zpg reflects a significant contribution
to the total reflectivity by the oriented planar crystals,
whereas the Kpp enhancements indicate significant
concentrations of dendritic particles. Aggregation and/
or riming regions have increasing Zg but decreasing (or
low) Zpgr and Kpp (e.g., Hall et al. 1984; Ryzhkov and
Zrni¢ 1998). These midlatitude studies focused on deep
cloud systems (>~4km) with mature aggregation—
riming processes that produce higher Z; (15-30dBZ)
than the Arctic clouds. Although scattering calculations
show that planar crystals should produce high Zpr (5+ dB;
Hall et al. 1984; Matrosov 1991; Vivekanandan et al. 1999;
Westbrook 2014), the Zpr enhancements around —15°C
in these midlatitude cases generally peak between 0.5 and
2dB. These lower values may be attributed to the co-
existence of dendrites with other larger, more spherical ice
particles produced by advanced stages of aggregation and/
or riming (Schrom et al. 2015).

The lower ice water contents and particle concentra-
tions, and hence lower Z, in shallow Arctic clouds
around the dendritic growth regime suggest that the
dominant polarimetric signature should be in Zpgr. Low
number concentrations of planar crystals produce only
small accumulated phase shifts, making Kpp difficult to
measure at X band. We show how polarimetric radar
measurements combined with the extensive suite of
DOE ARM measurements can be used to illuminate the
microphysical processes in shallow Arctic clouds.

2. Data and methodology

The DOE ARM X-band scanning precipitation radar
(X-SAPR) at Barrow (Fig. 1) collects polarimetric
measurements through simultaneous transmission and
simultaneous reception of horizontally and vertically
linearly polarized waves (STSR hybrid mode). The
characteristics of the system are provided in Table 1.
The data used in this study were collected during the
NSA Radar Intensive Observing Period (1-7 May 2013;
http://www.arm.gov/campaigns/nsa2013nsasr), one of the
objectives of which was to assess the quality of the ob-
servations under a variety of sampling modes. Therefore,
the sampling modes of the radar were systematically
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FI1G. 1. Map of the Barrow region with the locations of the
X-SAPR,KAZR,HSRL, and MWR indicated. The two black lines
crossing the X-SAPR site represent HRHI directions used in this
study. The large circle represents the observation range during
the IOP.

varied throughout the period. This study presents results
from hemispheric range height indicator (HRHI) scans
taken from two long-lasting precipitation events. Three
HRHI scans were selected for detailed analysis on the
basis of the availability of ice precipitation particles
photographs and persistence of the observed Zpg fields
aloft. The radar operating—sampling modes for each are
listed in Table 2.

Polarimetric radars often have a systematic bias in Zpgr
(Seliga et al. 1981). There may be additional noise-related
biases in Zpr (Gourley et al. 2006) and pyv (Bringi et al.
1983) for low signal-to-noise ratios. Oue et al. (2015)
provide a detailed discussion of the corrections applied to
the data used in this study. The systematic Zpg bias for the
current data was +0.94 dB. The Kpp was estimated from
the smoothed differential propagation phase shift ¢pp
using the iterative algorithm proposed by Hubbert and
Bringi (1995). The Zpr dependence on elevation angle
was determined from the HRHI scans. To minimize the
effect of noise on the Zpr measurements, we present
mean Zpg as a function of elevation angle averaged over
5° elevation angle increments and reported at the center
elevation of each interval.

The surface precipitation photographs were taken
approximately 0.3km west of the radar. These photo-
graphs served as the basis for interpretation of Z; and
Zpr from the HRHIs. The NSA ARM Ka-band zenith
radar (KAZR), the high-spectral-resolution lidar (HSRL),
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TABLE 1. The DOE ARM X-SAPR specifications.

Parameter Value

Site

Location Barrow, AK

Lat (°N) 71.325

Lon (°E) —156.668

Alt (m) 32
Transmitter

Type Magnetron

Center frequency (MHz) 9600

Peak power (kW) 200

Polarization H+V

Duty cycle (%) 0.1

Max pulse width (us) 2.0

Max PRF (kHz) 23
Antenna and pedestal

Antenna diameter (m) 2.4

3-dB beamwidth 1.0

Gain (dB) 45

Max scan rate (°s~ ') 36.0
Receiver

Analog-to-digital converter (bits) 16

Polarization H+V

Noise figure (dB) <3.0

Intermediate frequency 80

sampling (MHz)

Range gate spacing (m) 50-250

Range (km) 40

Decimation Adjustable

Receiver bandwidth (MHz) Adjustable

H+V Simultaneous transmit

and simultaneous
receiver of horizontal
(H) and vertical (V)
polarized signals

the microwave radiometer (MWR), and the balloon-
borne sounding system were used to provide more
information about the details of the observed cloud
systems. These instruments were located 2.2km east of
the X-SAPR (Fig. 1). The vertically pointing KAZR
(Bharadwaj et al. 2011) measured continuous profiles of
reflectivity, mean Doppler velocity, and Doppler spectrum
width in the column above the radar. The HSRL (Eloranta
2005) was used to identify liquid-cloud layers. Generally,
a combination of high lidar backscattering coefficient
(>10"*m~'sr ') and low lidar depolarization signals
(<4%) is attributed to liquid cloud (e.g., Sassen 1991).
We used the MWR liquid water path (LWP) retrievals
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from the statistical method developed by Liljegren
et al. (2001). Cloud base was indicated by a Vaisala
ceilometer.

Sometimes, in thick liquid-cloud layers, the HSRL
beam was completely attenuated before reaching cloud
top. In such situations, the tops of liquid-cloud layers
embedded in ice precipitation were inferred, when
possible, from vertical gradients in the KAZR Doppler
radar spectrum width (Shupe et al. 2004). We evaluated
this approach by comparing 20-min average profiles of
KAZR spectrum width and HSRL backscattering co-
efficient and depolarization measurements around the
time of the 1730 UTC ARM radiosonde release (Fig. 2).
The largest gradient in KAZR spectrum width occurs in
the 1.4-1.5-km altitude (~0.05ms ™' per 100 m, horizontal
dashed line) and is closely associated with a maximum in
relative humidity at the bottom of an inversion later and
on top of a layer of high HSRL backscattering coefficient
(>10"*m 'sr ') and low depolarization ratio (<4%).
Cloud top was defined as the last range gate where the
gradient exceeded 0.0004s .

Intercomparisons of X-SAPR and KAZR radar
reflectivities showed that the KAZR reflectivities were
approximately 2-5dB larger than the X-SAPR during
the IOP. Because absolute calibrations of both radar
reflectivities have not been done, the radar reflectivities
from both radars in this study are used to describe
qualitative characteristics.

To aid interpretation of the radar measurements,
we used X-band (9.41 GHz) scattering properties of
realistic ice crystals from the database initiated by
Botta et al. (2013) and updated by Lu et al. (2014, their
section 4.1) and for aggregates by Botta et al. (2011).
The scattering properties of these particles were cal-
culated using the general multiparticle Mie method
(GMM; Xu 1995) for incident angles from 0° to 90° in
10° increments. Canting effects were not taken into
account. Only planar ice crystals from the crystal da-
tabase, with different shapes, sizes, thicknesses, and
masses, were used in this study. Aggregates in the
database were represented by collections of pristine
stellar crystals (Botta et al. 2011). The constituent pris-
tine crystals had random orientation, position, and size.
All aggregates were constrained to fit in two general
categories based on mass—dimensional relationships, one

TABLE 2. Observational settings of the X-SAPR HRHI scans used in this study.

Pulse repetition Pulse Range gate No. of Scan rate Azimuth

frequency (Hz) width (us) spacing (m) integrated pulses Cs™hH angle (°)
1554 UTC 2 May 2013 1950 0.50 75 256 2 7
1838 UTC 2 May 2013 1950 0.50 75 162 6 7
1057 UTC 6 May 2013 1950 0.50 75 256 2 52
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FIG. 2. Vertical profiles of (a) KAZR Doppler spectrum width, (b) temperature (dashed line) and relative humidity (solid line), and
(c) HSRL backscattering coefficient (dashed line) and linear depolarization ratio (solid line). The KAZR and HSRL profiles are 20-min
averages spanning the radiosonde release at 1730 UTC 2 May. We identify the liquid-cloud top with the horizontal dashed line.

for aggregates of dendrites (denoted as lower density;
Kajikawa 1989) and the other for aggregates of thin
plates (denoted as higher density; Mitchell et al. 1990).
At a given maximum dimension, the Kajikawa (1989)
relationship produced relatively lower bulk densities and
aspect ratios of the modeled aggregates compared to the
Mitchell et al. (1990) relationship (Botta et al. 2011).
Aggregates were assumed to fall with their maximum
dimension aligned horizontally.

3. Observational analysis

The photographs taken at the surface suggested that
precipitation growth processes aloft were dominated by
vapor deposition, aggregation, or rime growth of den-
drites over extended periods of time in each case. Three
cases occurred during two long-lasting precipitation
events: a shallow boundary layer cloud system on 2 May
2013 and a frontal system on 6 May 2013. Such pre-
cipitation events have frequently been observed at
Barrow (e.g., Shupe et al. 2006; Morrison et al. 2011,
2012; Verlinde et al. 2013). The 2 May case produced
two precipitation categories, pristine dendrites and ag-
gregates of dendrites, and the 6 May case produced
rimed dendrites.
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a. Case of 2 May 2013

On 2 May 2013 a weak surface trough extended from
north of the Canadian Archipelago region toward Bar-
row. Early in the day, a mixed-phase cloud layer with
cloud tops at 1.5km produced light precipitation at
Barrow (Fig. 3a, KAZR). As the weak surface trough
approached Barrow, more clouds at multiple different
layers became apparent over Barrow. From 1400 UTC
through 2000 UTC, higher reflectivity precipitation
(12dBZ) from a cloud layer just below 1.8km was ob-
served, while several other nonprecipitating cloud layers
are present above 2km. During the higher reflectivity
period, LWP retrievals (Fig. 3b) registered 10-15gm 2.
Although these LWP values are below the uncertainty
of the retrieval (25gm™2; Turner 2005), they are con-
sistent with the LWP retrieved from the G-band vapor
radiometer profiler (M. Cadeddu 2015, personal com-
munication), which is more sensitive to the presence of
liquid (retrieval uncertainty of ~8 gm ™% Cadeddu et al.
2009). This case is characteristic of many NSA pre-
cipitation events, where ice forms and precipitates from
tenuous supercooled liquid-cloud layers that comprise
the mixed-phase regions of the cloud (e.g., Shupe et al.
2006; Verlinde et al. 2013). Here, we refer to these
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FI1G. 3. (a) Time-vs-height cross section of KAZR radar reflectivity, (b) time series of liquid
water path retrieved from the MWR measurements, and photographs of (c) pristine dendrites
and (d) aggregates of dendrites (ruler ticks are millimeters) on 2 May 2013. Particle photo-
graphs in (c) were taken at 1542 and 1546 UTC, and those in (d) were taken at 1843 and

1848 UTC.

embedded mixed-phase regions as liquid-cloud layers
to emphasize the presence of liquid water.

Figure 4 reveals the thermodynamic structure over
Barrow at 1730 UTC on that day. The shaded regions
represent ice-supersaturated altitudes. Most of the at-
mosphere below 1.8 km is supersaturated with respect to
ice, implying that ice precipitation is growing via vapor
deposition as it is falling to the surface. The entire profile
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below the cloud top has temperatures ranging between
—12° and —18°C. Pristine crystal growth in this temper-
ature range yields either plates or dendrites (Magono
and Lee 1966), depending on the supersaturation
conditions (low-supersaturation-yielding plates; high-
supersaturation-yielding dendrites).

Photographs of the precipitation particles taken dur-
ing the early period (1400-1700 UTC) reveal a mixture
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FIG. 4. Vertical profiles of temperature (solid line) and dewpoint
temperature (dashed line) from the Barrow soundings at 1730 UTC
2 May 2013. Shaded regions represent supersaturation conditions
with respect to ice. Arrows denote liquid-cloud tops for the pristine
dendrite case (1.75 km) and the aggregate case (1.5 km).

of different pristine planar crystal habits, such as den-
drites, sector plates, and stellar crystals (Fig. 3c). Col-
lectively, we refer to these as dendrites. The observed
pristine dendrites were large, with maximum dimensions
up to 5Smm. Precipitation particles captured during the
later period (1700-1900 UTC) were predominantly ag-
gregates of dendrites. Because of this change, we discuss
the pristine dendrite- and aggregate-dominated periods
separately.

1) PRISTINE DENDRITE PERIOD

Because the LWP is below the retrieval uncertainty
during the pristine dendrite period (Fig. 3b), we confirm
the presence of liquid water clouds. The HSRL mea-
surements indicate a thin (<100 m), intermittent liquid-
cloud layer (backscatter > 10 *m 'sr™! and linear
depolarization ratio < 4%) embedded in the cloud
system around 1.7-km altitude (Figs. 5a,b; denoted by
arrows). The ceilometer-detected cloud bases (black
dots) suggest other intermittent liquid-cloud layers at
altitudes between 1.5 and 1.7km. The higher, though
still relatively low, linear depolarization ratios (mean
over the hour <8%; maximum ~15%) with larger
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FIG. 5. Pristine dendrite case on 2 May 2013 time-vs-height cross
sections of HSRL (a) backscatter and (b) linear depolarization
ratio and KAZR (c) radar reflectivity. The black triangles indicate
the time of the X-SAPR HRHI scan. The small black dots in (a)—(c)
represent cloud base observed by a ceilometer. The black arrows
denote the HSRL-indicated liquid-cloud layers. The rectangular
region enclosed by the dashed lines is used for mean profiles in
Fig. 18, below.

backscatter (>10"**m ™ 'sr™!) below the liquid-cloud
layers are consistent with scatter dominated by oriented,
regularly shaped ice particles (i.e., plates or dendrites;
Platt 1978; Sassen and Benson 2001; E. Eloranta 2015,
personal communication). The KAZR reflectivity pat-
tern (Fig. 5c) reveals the presence of another cloud layer
at 1.7-1.9km above the HSRL-observed liquid-cloud
layer, suggesting that ice particles from that cloud layer
fell into the liquid-cloud layers in a seeder—feeder
scenario.

Figure 6 shows Zy and Zpg from the X-SAPR HRHI
scan at 1554 UTC. The ZppR attains values greater than
6dB in lower Zy regions (<0-5dBZ). The Zpg varia-
tion with elevation angle is shown in Fig. 6¢ for three
different constant altitude bands. At lower reflectivity
values (<—15dBZ) the Zpr measurement noise increased.
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F1G. 6. X-SAPR HRHI scans of (a) Z; and (b) Zpg at 1554 UTC
2 May 2013 and (c) elevation angle vs Zpg at constant altitudes in
the HRHI within a range of 8 km from the radar. Red, blue, and
green lines represent heights of 0.5-0.7, 0.9-1.1, and 1.3-1.5 km,
respectively. The Zpg values in (c) are averaged over 5° elevation
angle increments and reported at the center elevation of each in-
terval. The black contour in (b) represents isolines of Z; = 0 dBZ.
The rectangular regions enclosed by dotted lines in (a) and (b) are
used for mean profiles in Fig. 17, below.

To see the intrinsic Zpg values unaffected by this noise,
we applied a reflectivity threshold (Z; = —15dBZ) be-
fore averaging Zpgr values in 200-m-thick height in-
crements. The Zpr reaches extreme values of 6-7.5 dB at
lower elevation angles <20° (>160°) at each height
range. The Zpg values rapidly decrease with elevation
angle to reach 0dB at zenith. Such Zpg elevation de-
pendence is what is expected from planar crystals that
have highest Zpgr values (7-9 dB) at side incidence and
approach 0dB at vertical incidence (e.g., Matrosov 1991;
Aydin and Tang 1997, Westbrook 2014). The low Zg,
high Zpg, and low HSRL linear depolarization ratio are
consistent with sparse but fairly homogeneous pop-
ulations of oriented, high-aspect-ratio pristine ice parti-
cles at all heights below the liquid-cloud base.
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The general pattern revealed in Fig. 6 persisted for
several hours. Figure 7 shows height-versus-time dia-
grams of the X-SAPR Zy and Zpgr from 1400 UTC
through 1915 UTC. During this period the X-SAPR
performed a sequence of HRHI scans at three azimuth
angles, each separated by 45°, every 5 min. Each profile
represents the mean values of all points with elevation
angles of 14°-15° (165°-166°) in 50-m height increments
from all three HRHIs. This figure is similar to the quasi-
vertical profiles introduced by Kumjian et al. (2013) and
Ryzhkov et al. (2016). The elevation angle limitation
was applied to ensure an equal number of points at all
heights in the profile. A persistent signature of Zpgr
values exceeding 6dB is evident close to cloud top,
where Zy; < —8dBZ. The Zpgr mostly remained >5 dB
in regions of Z, < —4dBZ within the lower cloud sys-
tem from 1400 to 1700 UTC, spanning the period when
mostly pristine crystals were observed at the surface.
After 1700 UTC, the lower-level Zpg drops to ap-
proximately 2-3 dB even while Zj; increases, suggesting
a change in the dominant precipitation production
process.

2) AGGREGATES OF DENDRITES PERIOD

The HSRL and KAZR measurements shown in
Fig. 8 reveal a persistent altocumulus liquid-cloud layer
at approximately 1.4-1.5km (denoted by arrows 2 and
4) at the time of the photographs of aggregates of
dendrites (Fig. 3d). The HSRL (Figs. 8a,b; arrows 1
and 3) indicates the presence of two other thin (~50m)
liquid-cloud layers in the 30 min prior to the surface
observations of aggregates: one 100m below the al-
tocumulus layer and another above. The ceilometer-
detected cloud base corresponds to the lower
HSRL-indicated layer from 1805 to 1815 UTC, after
which time the HSRL failed to detect liquid above the
ceilometer-indicated cloud base. This discrepancy may
result from low liquid drop concentrations in the pres-
ence of oriented ice particles. The presence of the
HSRL-indicated liquid-cloud layer at 1.5km is sup-
ported by the coincident rapid increase in the KAZR
spectrum width at that height (Fig. 8d; gray line).
Similar to the earlier dendrite-dominated period, pre-
cipitation particles from the topmost cloud layer fell
into the embedded liquid-cloud layers in a seeder—
feeder scenario. The HSRL linear depolarization be-
low the liquid cloud (~12%; Fig. 8b) is higher than in
the pristine dendrite case (<8%; Fig. 5b), consistent
with what would be expected from the presence of
some irregular-shaped aggregates mixed with pristine
dendrites.

The X-SAPR HRHI at 1838 UTC (Fig. 9) reveals a
distinct change in the Z; and Zpg patterns relative to
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served by a ceilometer.

the earlier period. Below the height of the embedded
liquid-cloud layers (1.4-1.5 km; Figs. 8a,b), the X-SAPR
Zy structure is mostly horizontally uniform, increasing
with decreasing altitude at lower altitudes. The Zpr
attains maximum values of up to 7 dB near the echo top
(Fig. 9b), similar to the earlier period, but decreases
toward the surface. This altitude variation is captured in
the composite Zpg profiles (Fig. 9¢). The mean Zpg at
and just below the lowest liquid-cloud layer (1.2-1.4 km,
denoted by arrow 3 in Fig. 8a) is ~6dB for elevation
angles less than 10° (greater than 170°) but decreases to
~5dB at 0.9-1.1km, ~3dB at 0.5-0.7 km, and ~2.5dB
at 0.1-0.3km. The coexisting decrease in Zpg and
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increase in Zy going toward the surface below the liquid-
cloud layers is consistent with the process of aggregation
of ice crystals (Hall et al. 1984; Ryzhkov and Zrni¢ 1998;
Kennedy and Rutledge 2011; Andric et al. 2013; Bechini
et al. 2013; Schrom et al. 2015). Figure 7 reveals that this
change in the Zy and Zpgr profiles occurred around
1700 UTC, when the reflectivity above the liquid-cloud
layers (1.4-1.5km) increased (also see Fig. 8c; 1830~
1850 UTC). Although it is difficult to discern the exact
cause of this Zy increase, it appears that a higher-level
cloud advected over the radar site. The general pattern of
Zy and Zpy profiles persisted until 1900 UTC, shortly
after the small feature at 1.7 km disappeared.
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layers. The small black dots in (a)—(d) represent cloud base observed by a ceilometer. The horizontal gray lines
represent liquid-cloud top estimated from the KAZR Doppler spectrum width. The region enclosed by the dashed
lines in (a)—(c) is used for mean profiles in Fig. 18, below.

b. Case of 6 May 2013

On 6 May 2013, a slow-moving surface trough,
extending southeast from a low in the Chukchi Sea,
passed through Barrow from the southwest to northeast.
Aloft, a broad 500-hPa trough approached from the
west, passing over Barrow by 1800 UTC on 7 May. Sur-
face precipitation started at 0600 UTC on 6 May from a
shallow mixed-phase cloud system associated with the
surface trough (cloud top of 1.5km in Fig. 10). The cloud
top gradually lifted to about 3km later in the day as
the trough line approached Barrow. Before 1230 UTC,
this low-level precipitating system was well separated
from the upper-level clouds associated with the 500-hPa
trough (reflectivity above 3 km). The sounding profile at
1100 UTC (Fig. 11) reveals that the low-level pre-
cipitating cloud layer was situated just below an inversion
at 2.2km. The temperature at the bottom of this small
inversion was —18°C in the planar crystal growth regime
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(Magono and Lee 1966). Photographs of precipitation
particles revealed that lightly rimed dendrites (underlying
crystal shape visible; maximum dimension 2-3 mm)
dominated at the surface (Fig. 10c).

RIMED DENDRITE PERIOD

At the time when rimed dendrites were observed at
the surface, the MWR-retrieved LWP was still relatively
low at ~38gm ™2 but was 3 times as high as during the
previous cases (Fig. 10b). The HSRL revealed two
persistent, 100-150-m-thick, liquid-cloud layers em-
bedded in ice precipitation at 0.5- and 1.5-km altitudes
between 1030 and 1100 UTC (Figs. 12a,b; denoted by
arrows 1 and 2). Although the HSRL indicates that the
liquid-cloud layer at 1.5-km (denoted by arrow 1) alti-
tude dissipated at the time of the HRHI (indicated by a
triangle), the precipitation fall streaks in both the HSRL
and KAZR measurements suggest that the precipitation
observed at the surface originated from that layer
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(Figs. 12a,c). The KAZR reflectivities indicate the pres-
ence of an ice-seeding cloud layer (1.8-1.9 km, denoted by
arrow 3) above the upper liquid-cloud layer. The re-
flectivity was enhanced when precipitation from the
seeder-cloud encountered the upper liquid-cloud layer to
produce fall streaks below the liquid-cloud layer. The
HSRL fall streak backscatter (Fig. 12a) and linear de-
polarization values (Fig. 12b) are elevated above the
background between the two liquid-cloud layers and
experience a jump across the lowest liquid-cloud layer.
The increase in the HSRL linear depolarization is con-
sistent with the presence of highly irregular, rimed ice
particles with high depolarization values (Sassen 1991)
mixed with more regular dendrites and aggregates.

The X-SAPR HRHI Z;; at 1057 UTC (Fig. 13a) cap-
tured the ice-generating seeder-cloud layer (1.6-2km)
above the 1.5-1.6-km liquid-cloud layer (arrow 1). The
seeder echo-top height was 2.1km. The Zy values

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/22/21 08:48 PM UTC

OUE ET AL.

HEIGHT [km]
N w EN

oy ok Yy
e M
- hinﬂlim | mm W m:mt; |

14
-28
0 T o0 & 00 Br Tl & B 3 Ll -35
6 9 12 15 18
950 (b)Liquid water path from MWR 2013/05/06
57200
e
2150:
o 4
%100_
501
0+
6 9 12 15 18 21 0

fTIME [HOUR, UTC]
(c) Rimed dendrites 1058 UTC

FIG. 10. Asin Fig. 3, but for 6 May 2013. The photograph represents
rimed dendrites taken at 1058 UTC.

increase with decreasing height, exceeding 12dBZ close
to the surface. Smaller-scale (100-200m, denoted by
vertical arrows) streak-like Zy peaks near the upper
liquid-cloud layer (altitude 1.3-1.5km) merge together
into larger-scale (horizontal scale 1.5-3km, denoted by
horizontal arrows) structures in the subcloud layer (alti-
tude 0.6-1.3km). The smaller-scale streaks in X-SAPR
correspond to the HSRL- and KAZR-measured fall
streaks originating from the dissipating liquid clouds
(Fig. 12a; 1040-1100 UTC). Focusing on the rightmost
larger-scale structure indicated in Fig. 13a, one can see
that the Zpg values in the structure are lower compared to
those between the three larger-scale structures and de-
crease with decreasing height. The Zpg attains its lowest
values of ~2dB at or below the top of the lower liquid-
cloud layer.

The Zpr elevation angle dependence and its variation
with altitude shown in Fig. 13c are similar to those in
Fig. 9c. Values of Zpg in the seeder-cloud layer (green
line in Fig. 13c; 1.6-1.8km) are similar to those of the
pristine dendrite case (Fig. 6¢) and the aggregate case at
1.2-1.4km (Fig. 9c), suggesting that the three cases have
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similar ice crystal habits close to cloud top. The time
evolution of the Z; and Zpg during this event is cap-
tured in the time series of quasi-vertical profiles con-
structed from the X-SAPR HRHIs from 0800 through
1300 UTC (Fig. 14). The Zy and Zpg profiles at the
time when the rimed dendrites were observed per-
sisted from 1000 through 1130 UTC, in association with
the passage of a short-lived, more intense precipitation
event. The change in pattern at 1130 UTC appears to be
associated with the dissipation of the liquid-cloud layer
at 1.5-1.6km. After 1130 UTC, the Z increases and
Zpr decreases toward the surface at slower rates than
those during the rimed dendrite period, suggesting a
change in precipitation type. The Zy and Zpg pattern
during the rimed dendrite period is similar to that during
the aggregate period. We explore differences between
the riming and aggregation cases in more detail in the
discussion.

4. Evaluation of Zp values by scattering
calculations

We evaluate our interpretations of the observed Zpg by
looking at horizontal-to-vertical backscatter cross-sectional
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ratios (op/oyy) from scattering calculations for single ice
particles. All cross sections are average values for random
orientations of the particle maximum dimension in the
horizontal plane. Note that, while the oy/o7, corresponds
to the Zpg for a single particle, the observed Zpg is re-
flectivity weighted by the particle size distribution in the
radar resolution volume so that oyu/oy, is not directly
equivalent to Zpg.

Figure 15 shows op,/oyy calculated in 10° elevation
angle increments for four representative dendrite par-
ticles. These four dendrites (Fig. 15a), each with a
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enclosed by dashed lines in (a) and (b) are used for mean profiles in Fig. 17, below.

maximum dimension D of 4.0mm, but with different density p for each of four dendrites by assuming a
thickness 7 and projected area A, and hence mass M, spheroidal volume V-

were selected to illustrate the effects of aspect ratio and -

sparseness of ice in the crystal structure on the opy/oy, V= EDZT 4)
dependence. The aspect ratio AR is defined as a ratio of

the length of the ¢ axis (thickness) to the length of the The bulk density estimated from the spheroidal volume
a axis (maximum dimension). We also define a bulk and mass is useful for relative comparisons between the
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four dendrites. The results from these four particles span
approximately the full range of results from the full
database.

The general elevation dependencies of o,,/oy, match
the expected values (for oblate spheroids) given by
Ryzhkov et al. (2005):

Zu(B=0)

2l = 2 B 0N 5B + covpy

®)

where B is antenna elevation angle and Zg, is linear
differential reflectivity. For a given maximum dimension
and aspect ratio, oyy/oyy increases as the bulk density
of a crystal increases when open spaces in the dendrite
structure are filled and the dendrite appears more
platelike (crystals 1, 2, and 3; see also Vivekanandan
et al. 1994). The calculated maximum oyp/oy, values
(6.3-8.7dB at elevation angles < 20°) and oyp/oyy ele-
vation dependence for the more filled-in dendrites
(crystals 1 and 2) are in good agreement with the radar-
measured Zpgr in dendrite-dominated radar volumes
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[cf. Fig. 15b with Figs. 6c, 9¢ (1.2-1.4km) and Fig. 13c
(1.6-1.8km)]. Similar maximum opp/o, values (at low
elevation angles; ~9dB) and strong elevation de-
pendencies were produced by the scatting calculations
for small, compact platelike crystals.

We also use the four dendrites to examine the effect of
light riming on Zpr. Rime growth generally occurs on the
crystal basal face and increases the aspect ratio. An in-
crease in aspect ratio of an otherwise identical crystal re-
sults in a op/0yy decrease (e.g., crystals 3 and 4) with little
change in bulk density calculated from Eq. (4). However,
rime growth may also fill open space in the dendrite
structure, the effect of which is to increase the bulk density
and hence oy/oy. There is little observational evidence
which of these offsetting effects on Zpg dominate, and the
net result may well be a function of the state of riming. For
comparison, we show the measured Zpg elevation angle
dependence observed at low levels when rimed crystals
were dominated at the surface (Fig. 15b; dashed line).

The opy/oyy values at 0° elevation angle for all ag-
gregates in the database are presented in Fig. 16 as a
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FI1G. 15. Results from pristine dendrite scattering calculations for
the four dendrites from the database. (a) The four representative
dendrites, and their (b) ratios of horizontal to vertical backscat-
tering cross sections o,/ as a function of elevation angle. The
maximum dimension D, mass M, thickness 7, project area A, and
aspect ratio AR (7/D) for each dendrite are specified. The bulk
density p is estimated by assuming a spheroidal volume [Eq. (4)].
Dendrites 3 and 4 are the same in every respect other than thick-
ness. The thickness of dendrite 4 is approximately 1.5 times that of
dendrite 3. Gray lines in (b) are the observed Zpg profiles from the
pristine dendrites (solid; height of 1.3-1.5 km and elevation angles
of 90°-180°) and rimed dendrites (dashed; height of 0.2-0.4km
and elevation angles of 90°-~180°) cases. The black line represents
Eq. (5) with Z4, (B8 = 0) = 5.623 (7.5dB).

function of mass—dimensional relationship, maximum
dimension, and aspect ratio. The aggregates conform to
low- (Kajikawa 1989) and high-density (Mitchell et al.
1990) mass—dimensional relationships used to represent
aggregates in a cloud-resolving model study of a shallow
Arctic precipitating system (Avramov et al. 2011). The
aggregates retain roughly oblate shapes with major axes
aligned close to the horizontal plane [see Fig. 6 of Botta
etal. (2011)] and are representative of light-to-moderate
aggregation. The low-density aggregates have lower
aspect ratios than the high-density aggregates and
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FIG. 16. Calculated 101og;o(onn/ovy) at 0° elevation angle for all
aggregates of dendrites in the database as a function of mass—
dimensional relationship, maximum dimension, and aspect ratio. The
color shading indicates aspect ratio. Triangles and circles represent
low-density [according to Kajikawa (1989)] and high-density [according
to Mitchell et al. (1990)] aggregates, respectively.

produce the highest oy,/o, values. For larger aggre-
gates (>3 mm), the difference in opn/oy, between the
two classes is small, with the oy, /0y values ranging from
1.7 to 2.4dB. These values are in close agreement with
the radar-measured Zpg values for the aggregate case in
the lowest heights of 0.1-0.3km at lower elevation
angles (Fig. 9¢c) and stand in contrast to midlatitude
observations of Zpr in aggregate-dominated regions
(0.1-0.2dB; e.g., Hall et al. 1984; Ryzhkov and Zrni¢
1998; Ryzhkov et al. 2005; Kennedy and Rutledge 2011;
Bechini et al. 2013). Potential causes for this difference
are discussed in the following section.

5. Discussion

We presented three long-lasting cases with approxi-
mately steady state Z; and Zpg profiles in weakly forced
shallow precipitating systems. In each case, ice particles
from seeder clouds at the top of the system fell into at least
one liquid-cloud layer embedded in the ice precipitating
cloud systems. The seeder cloud and embedded liquid-
cloud layer temperatures were between —14° and —18°C
(Figs. 4, 11), with the liquid-cloud layers closer to —15°C.
At these temperatures and liquid saturation, dendrites or
sector plates are expected to be the dominant ice crystal
habits (Magono and Lee 1966; Bailey and Hallett 2009).
Despite these similarities between the precipitating sys-
tems, the Zy and Zpg structures and photographs of
precipitation particles suggest different dominant pre-
cipitation production mechanisms for the cases: vapor
deposition, aggregation, and riming.

To facilitate the discussion of differences in polarimet-
ric signatures between the three cases, we constructed



418 JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 55
20 P L L L L L L L P L
) ) ) )
J(a) B [©) e
[ ——F H——1 1 L !
P~ - m P o . — LN
15 A — | 1
-2 | R I W R m
No—H — 1 H .
TSNS ; g TR . O I 28 ‘ T "
, ! [ - 1 ‘ ¥ H
— P N Y o — . R - . N m
= ] A i H—HH— i VH H
s YA\ A 4 HHY 4 ; B
.y AL It | [ | | H D |
=10 I . JETEm TIE -/ . -
5 —H , I A | H
2 4 S | I 7 R Y i S
P A HHE A= i ————
T —5 o WA R A & T R . m rn n —
—H i A Y H  ——
T T i | i  r oA
R e ] N —+/ H—
N A AT TN H—1< =i
0.5 [ 1 [ — | H— A ——> H
} I ] \I’ / : ‘// !
, { 1 R H — ; Hé—+ < H
R - P 7 NN
v e —f g
; | mg S ; | : | H—
-20 /~10 0 ,10 200 1 2 3 4 5 6 7 81005 00 0510 15 0.880.900.92 0.94 0.96 0.98 1.00
- 1
prisine  Zyy [dBZ] Rimed Aggregates Z dB K ° km P
e H ]dendrm_}S ggreg or [dB] op [ ] HV

FIG. 17. Vertical profiles of averaged (a) Zy, (b) Zpr, (¢) Kpp, and (d) pyy from the X-SAPR HRHIs, during which the pristine
dendrites (blue line), aggregates (red line), and rimed dendrites (green line) were observed at the ground. The averaging areas are
presented in Figs. 6,9, and 13. Averages were calculated in 100-m altitude increments from all values with elevation angles <20° or >160°.
The total number of samples in each profile exceeds 1900. Error bars represent standard deviations. Gray shading represents layers
between ceilometer-measured cloud base and topmost liquid-cloud top.

mean profiles of Zy, Zpr, Kpp, and pyv through areas
where the Z; and Zpg profiles are consistent with the
time-evolving structures revealed in Figs. 7 and 14. These
mean profiles (Fig. 17) come from blocks in a single HRHI
for each case. Averages were calculated in 100-m altitude
increments from values with elevation angles <20°
or >160°. Because Zj in the HRHI of the aggregate case
is mostly horizontally uniform, the block placement is not
critical (Figs. 9a,b), but the HRHIs of the dendrite and
riming cases exhibit some inhomogeneities that must
be considered. For the pristine dendrite case, we se-
lected two regions with lower Zy and higher Zpr
(Figs. 6a,b), and for the rimed dendrite case, we followed
one of the larger-scale structures from the cloud top to
the surface (Figs. 13a,b). Because the X-SAPR is less
sensitive than the KAZR, it frequently failed to detect
the seeder clouds. Therefore, we also constructed mean
profiles of the KAZR reflectivity and Doppler velocity
for the three cases (Figs. 18a,b). Finally, we also present
the HSRL linear depolarization and backscatter pro-
files (Figs. 18c,d). The selection of KAZR and HSRL
averaging periods for each case followed the arguments
presented for the HRHI blocks. Profiles for the pristine
dendrite case were calculated for a period of weak
reflectivity (Fig. 5c), for the rimed dendrite case
following a precipitation streak (Fig. 12c) and for the
aggregate case around the time of the photographs
(Fig. 8a). Note that we named each profile according to
the type of ice particles observed at the surface.
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The X-SAPR and KAZR mean reflectivity profiles
have the same general characteristics (Figs. 17a, 18a), but
the KAZR indicate cloud-top reflectivities of —30dBZ
about 200-300 m higher than the X-SAPR in all the cases,
because the X-SAPR sensitivity (sensitivity ~—38dB at
1km) is lower than the KAZR (sensitivity ~—45dB at
1km). The mean Doppler velocities near the ground
support our differentiation between the cases as pristine
dendrites, rimed dendrites, and aggregates of dendrites.
The mean Doppler velocities for each case correspond to
particle fall speeds of “unrimed dendrites™ and “densely
rimed dendrites” [underlying crystal structure visible
(from Locatelli and Hobbs 1974)] and “‘early snowflakes”
(from Kajikawa 1989), respectively.

We use the mean KAZR reflectivities just above the
tops of the liquid-cloud layers to quantify the seeder-
cloud precipitation because of the KAZR’s greater sen-
sitivity. Figure 18a reveals systematic differences in the
seeder-cloud layers between the three cases, with the
pristine dendrite case having the lowest reflectivities
(~—25dBZ), the aggregate case higher (~—12dBZ),
and the riming case the highest (~—9 dBZ). Reflectivities
in the liquid-cloud layers exceed the X-SAPR Zy mini-
mum values, allowing us to use the X-SAPR values in and
below these layers. The mean Zpg values in the upper
liquid-cloud layers are similar for the three cases (>6dB;
Fig. 17b). Figures 5 and 12 show Zpg values above the
upper-level liquid-cloud layers exceeding 8dB for all
three cases. These Zpr values and the seeder-cloud
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FIG. 18. As in Fig. 17, but for (a) radar reflectivity and (b) mean Doppler velocity from the KAZR, and (c) linear depolarization ratio
and (d) backscatter from the HSRL. Negative Doppler velocities indicate downward motion. Areas for the averages are presented in
Figs. 5, 8, and 12. Averages for (a),(b) and (c),(d) are calculated in 30- and 50-m altitude increments, respectively. The KAZR and HSRL
profiles are averaged over 7 min, during which time period KAZR collected 120 profiles and HSRL collected 168.

temperatures suggest that highly oriented planar crystals
dominated in the precipitation, falling into the liquid-
cloud layers. In the liquid-cloud layers, vapor de-
positional growth of these crystals would tend to enhance
dendritic habits because of the highly saturated condi-
tions. The low LWP and the thin liquid-cloud layers
during the pristine dendrite and aggregate cases on 2 May
(Fig. 3b) suggest that rime growth, if present, was limited.

The X-SAPR Z values rapidly increase by 6-12dB
within the liquid-cloud layers for both 2 May cases, with
the larger increase occurring in the aggregate case
(Fig. 17a). At the same height range, the Zpgr decreases
in the aggregate case but holds approximately steady in
the pristine dendrite case, suggesting different ice par-
ticle growth processes for the reflectivity increases. The
high Zpr and low HSRL linear depolarization ratio of
the pristine dendrite case are indicative of large planar
crystals, whereas the low Zj indicates low number
concentrations of those crystals. Relative to the pristine
dendrite case, Fig. 7 shows that the aggregate case
seeder-cloud Z intensified in association with an in-
crease in cloud-top height, but Zpr remained high. The
increasing Zy with constant Zpr suggests that higher
number concentrations of ice particles precipitated from
this deeper seeder cloud compared to the pristine den-
drite case. Higher number concentrations of dendritic
ice crystals can be more conducive to aggregation, owing
to higher probabilities of ice crystals colliding with
each other. The seeder-cloud precipitation character-
istics may then explain the change in dominant pre-
cipitation production mechanism from vapor deposition
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to aggregation-dominated growth as indicated by the
Zpr profile differences between the cases (Fig. 17b).
Below the liquid-cloud layer, Zy continues to increase
and Zpr decrease for the aggregate case, suggesting
continued aggregation outside the liquid-cloud layer
(e.g., Hall et al. 1984; Kennedy and Rutledge 2011,
Andri¢ et al. 2013). This seeder-cloud impact carries
through to the sub-liquid layer, as evidenced by the
continued decrease of Zpg in the aggregate case. A closer
look at Fig. 6 ([x, z] = [=7km, 0.6 km], [-1km, 1.1 km])
and Fig. 5b (1510 and 1630 UTC) reveals evidence of
some periods of aggregation during the dendrite case as
the Zpg decrease in small pockets for short periods even
during the vapor-growth-dominated period.

The Zy and Zpg profiles of the rimed dendrite case
(Figs. 17a,b) are similar to the aggregate case, with rapid
in-cloud increase in Zy and decrease in Zpgr and with
continued increase in Z and decrease in Zpg below the
liquid-cloud layer until the top of the 0.5-km liquid water
cloud. In the lower 500m above the surface, Zpgr re-
mains approximately constant. The Zpg values for both
cases attain 2-2.5dB near the surface (Fig. 17b). The
similarity of the X-SAPR Zy and Zpg profiles for the
riming and aggregation cases suggests that auxiliary in-
formation is necessary to differentiate between the two
processes.

Some differentiation between the aggregate and
riming processes can be found in the mean Doppler
velocity profiles observed by the zenith-pointing KAZR
(Fig. 18b), but the biggest differences are found in the
HSRL linear depolarization (Fig. 18c). The riming case
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seeder-cloud precipitation has faster fall speeds
(+0.1ms ') and higher reflectivities (KAZR and
X-SAPR; +5 dBZ) than the aggregation case but similar
Zpr (X-SAPR). The fall speed depends on the mass and
projected cross-sectional area, reflectivity on the mass
and bulk density of individual ice particles and their
number concentrations, and Zpg on the shape and bulk
density of the ice particles. The observed differences
suggest that more filled-in dendrites or plates fell into
the upper liquid-cloud layer of the riming case than the
aggregate case. Between the embedded liquid-cloud
layers, the only available ice growth mechanisms are
vapor deposition and aggregation. The riming case re-
flectivity increased by 10 dB with decreasing Zpg as ice
particles fell through the region between the two em-
bedded liquid-cloud layers (Figs. 17a, 18a). This increase
suggests an active aggregation process even while the
riming case maintained an ~0.1 ms~ ' fall speed advan-
tage over the aggregate case (Fig. 18b). Differences in
aggregate characteristics between the cases are revealed
in the HSRL linear depolarization that increased toward
the surface in the riming case but remained approxi-
mately constant in the aggregation case (Figs. 18c,d).
The cause of these differences is difficult to determine
from the available measurements, but we can offer a
speculative suggestion that continued vapor depositional
growth on lightly rimed hydrometeors increased surface
irregularities on individual ice crystals, producing high
depolarization. Near the surface, the mean KAZR re-
flectivities of the two cases were similar (~12dBZ), but
the mean fall speeds in the riming case increased, con-
sistent with more dense, compact particles. The HSRL
linear depolarization increased by ~10% across the
liquid-cloud layer, consistent with expected linear de-
polarization increasing upon riming (Sassen 1991).
Zawadzki et al. (2001) observed downward velocities
increasing by approximately 1-2ms ™' over depths of 1-
1.5km for heavy riming cases in midlatitude pre-
cipitation systems. Although the increment in fall speed
in the current study is smaller than the midlatitude cases,
the specific increment is similar (~0.1ms ™' per 100 m).
These results suggest that, while some riming may have
occurred in the upper (1.5km) liquid-cloud layer, most
of it took place as the ice passed through the lower
(0.5km) liquid-cloud layer. The magnitude of the
KAZR Doppler velocity and the HSRL depolarization
for the rimed dendrite case still increased slightly even
below the lower liquid-cloud layer, suggesting that some
aggregation occurred.

The mean profiles of Kpp and pyy do not have the
systematic enhancement in the high-Zpg regions often
observed in midlatitude cases (Figs. 17c,d; Andric et al.
2013; Bechini et al. 2013). In these shallow Arctic clouds
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with often-low ice particle number concentrations and
ice water content, Kpp may not have significant values
because there is not enough accumulation of differential
phase shift with propagation to be detectable with rea-
sonable range smoothing. For the three low-Z cases in
this study, Kpp fluctuated about 0° km ™! with consid-
erable standard deviation. The low pyy values observed
in the three cases are consistent with what may be ex-
pected from highly oriented, oblate particles (i.e., pris-
tine dendrites, early stage aggregates, and rimed
dendrites) in this study (Jameson 1989). The pristine
dendrite case has the lowest mean pgv; however, the
large standard deviations about the mean prevent any
firm conclusions.

The Zpg values for the pristine dendrite (>6 dB) and
aggregate (2-2.5dB) cases (Figs. 6,7, 9, 15, 16, and 17b)
are higher than those reported for dendrites in mid-
latitude clouds [0.5-4 dB for dendrites (Hall et al. 1984;
Westbrook and Illingworth 2013; Schuur et al. 2012;
Bechini et al. 2013; Schneebeli et al. 2013) and 0.1-
0.2dB for aggregates (Hall et al. 1984; Ryzhkov and
Zrni¢ 1998; Ryzhkov et al. 2005; Kennedy and Rutledge
2011; Bechini et al. 2013)]. The focus of these mid-
latitude studies has been on higher Z (15-30dBZ) re-
gions in deep precipitating systems. In such systems, the
ice crystal concentrations are typically much higher than
in the shallow Arctic clouds, and therefore they have
more favorable conditions for aggregation. The co-
existence of aggregates with dendrites will tend to
reduce the Zpgr. The lower Zpgr values in aggregate-
dominated scatter are attributed to the very low bulk
densities of aggregates and tumbling fall motions that
produce a mean shape for the aggregates in the radar
volume with aspect ratio close to 1 (e.g., Thompson
et al. 2014).

In contrast, in the lower Zz (mostly <12 dBZ) clouds
in this study, where the aggregation process is less effi-
cient, owing to lower ice crystal concentrations, many of
the aggregates consisted of only a few dendrites
(Fig. 2d). During these early stages of aggregation, the
aggregates retain more oblate shapes, consistent with
the aggregate model used in the scattering calculations
(Fig. 16). Botta et al. (2011) developed that model spe-
cifically for applications in shallow Arctic precipitating
systems. The agreement between the calculated and
measured Zpg values (close to the surface, Fig. 17b for
aggregates) was attained without taking canting into
consideration.

The aggregate Zpg calculations can be evaluated us-
ing the observed Zy (assuming 10dBZ; Fig. 17a) and
Zpr (2.3dB; Fig. 17b) values just above the surface.
Assuming only pristine dendrites and aggregates in the
volume, the total reflectivity Z! = Z + ZP, where
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superscripts A and D indicate the aggregate and pristine
dendrite contributions, respectively, and 7 the total re-
flectivity (all reflectivities in linear scales, as indicated by
lowercase subscripts). Setting f as the aggregate fraction
of the total reflectivity, the total differential reflectivity
Z1I can be written as

-1
J .
Zi

-5

T _
Zdr - ZD
dr

(6)

The observed Z,, and Zg, values are assumed to be the
combined aggregate and pristine dendrite contributions,
or Z!' and Z! . Taking Z4{ = 1.58 (2dB) and Z} = 5.01
(7dB) as representative values from the scattering da-
tabase, the aggregates would have to account for ~90%
of the 10dBZ Z! (aggregate contribution of ~9.5dBZ;
pristine dendrite contribution of ~0dBZ). Alterna-
tively, taking typical midlatitude ZZ values for aggre-
gates (1.02 identical to 0.1 dB; e.g., Ryzhkov et al. 2005;
Thompson et al. 2014) and keeping Z5 at 7dB would
require approximately equal reflectivity contributions
by the two populations (~7dBZ). None of the obser-
vations provide separate estimates of the dendrite ver-
sus aggregate contributions to the total reflectivity. A
measure of the relative contributions may be gained by
looking at the Zpg variation with Zy from the 5+ hours
of HRHI data presented in Fig. 7. The mean Zpg,
as a function of Zy, decreases linearly from ~6dB at
Zy = —8dBZ to ~3.5dB at Z, = 8dBZ, after which
Zpr stays approximately constant with increasing Zj,.
This Zpr decrease with increasing Zy mirrors a di-
minished impact of pristine dendrites on the Zpg during
active aggregation. We conclude from these numbers
that a 7-dBZ contribution from the dendrites in the
2 May situation is highly unlikely. This conclusion sug-
gests that the Zpgr value of 0.1dB is too low to explain
the present observations and hence that the aggregates
fell as oriented, lower aspect ratio particles that expe-
rienced little reduction in their Zpg from canting. The
stable Arctic environment (e.g., Sedlar and Shupe 2014;
Vihma et al. 2014) may reduce turbulence and hence
be a contributing factor to the relatively higher Zpr
values reported here. Matrosov et al. (2005) and
Matrosov (2007) suggested similar behavior for snow-
flakes falling in stable environments.

6. Conclusions

This study is an initial look at microphysical processes
in shallow Arctic clouds using the new DOE ARM
X-band polarimetric radar (X-SAPR) in conjunction with
other DOE ARM measurements at Barrow. X-SAPR
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HRHI scans through typical shallow Arctic precipitation
systems dominated by vapor depositional, riming, and
aggregation growth of dendrites are used to illustrate the
Zpr signature of each of the three processes. In all three
cases, low-Z,; precipitation fell into supercooled liquid-
cloud layer(s) embedded in shallow ice precipitating sys-
tems (cloud tops of 1.5-2km) in a seeder—feeder scenario.
The precipitation Z of all the cases (mostly <12dBZ)
were lower than the typical midlatitude snowstorm cases
(15-30dBZ2).

The Zpr > 6 dB was observed in each case close to the
cloud top. These high Zpk values were retained through
most of the depth of the system for a 3-h period with low
Zy (<~0- dBZ) during which vapor depositional
growth of dendrites was the dominant ice growth.
Scattering calculations showed that these Zpgr values
are consistent with high-bulk-density dendrites. Aggre-
gation increased Zy and decreased Zpg, with minimum
Zpr values of ~2 dB attained close to the surface. The
relatively (to midlatitude observations) high Zpg
(2-3dB) and low Zg attained by the aggregates are
consistent with early stage aggregates falling with pre-
ferred horizontal orientation. The primary difference
between the pristine dendrite and aggregate cases was
found in the seeder-cloud Zy. Higher Zy with similar
Zpr values indicate that higher number concentrations
of ice particles seeded the liquid cloud below to produce
conditions more conducive for aggregation. The low Zg
and high Zpg are indicative of low number concentra-
tions of large dendrites. The observed cases illustrate
that the intensity of seeding into the liquid-cloud layers
can play an important role in the precipitation pro-
duction mechanisms.

The X-SAPR Zpr measurements were insufficient to
distinguish riming from aggregation in this study. Con-
sistent differences between the two cases were found in
the vertically pointing Ka-band radar mean Doppler
velocity (fall speed) and lidar linear depolarization.
The mean fall speed in the riming case was 0.1ms "
faster than the aggregation case and accelerated
downward at ~0.1ms ™' per 100 m within a low-level
liquid-cloud layer (150-m thickness). The lidar lin-
ear depolarization increased by ~10% across the
liquid-cloud layer. Even with the full complement of
DOE ARM measurements, it remains difficult to
distinguish riming from aggregation in the weakly
precipitating clouds.

This study documented the ability of the new
X-SAPR polarimetric radar to study the microphysical
processes operating in Arctic precipitation clouds. The
clean Arctic environment can enhance Zpg signals rel-
ative to more complex midlatitude cases, producing
higher values. The value of the X-SAPR measurements
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is increased when combined with other ARM in-
struments capable of detecting the low-reflectivity ice-
generating mixed-phase clouds.
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