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Snow particle size distributions (particle size >400 um) in the western Arctic
measured with in situ aircraft instrumentation during the Surface Heat Budget of
the Arctic/First ISCCP Regional Experiment - Arctic Clouds Experiment and Mixed-
Phase Arctic Cloud Experiment are analysed. Three cases of shallow, precipitating
mixed-phase boundary-layer clouds and two cases of deep, precipitating frontal
clouds are examined. Overall, the shallow cases had much lower values of particle
concentration and ice water content than the deep cases, indicating large differences
in ice initiation and growth between these regimes. Within a given case for both the
shallow and deep frontal systems, and for the dataset as a whole, crystal concentration
hadlittle correlation with temperature (height), despite an active aggregation process
that was indicated by large aggregates (>5 mm) observed in four out of the five
cases. Exponential size distributions are fitted to the observations, allowing a direct
comparison with the snow particle size distributions that are represented with
exponential functions in many bulk microphysics schemes used in weather and
climate models. Values of the fitted intercept parameter N, are generally 2—10
times smaller for the shallow compared to the deep frontal cases as a result of
differences in crystal concentration between these regimes. Values of Ny ~ 10’ m—*
specified for snow in many bulk microphysics schemes are broadly consistent with
fitted Nj for the deep cases but larger than values for the shallow cases. The deep
frontal cases also exhibit a relationship between N; and temperature consistent
with previous observations of midlatitude frontal systems. However, there are no
consistent differences in N, between the shallow and deep cases when partitioned
by ice water content. Fitted values of slope parameter A for the shallow and deep
cases are generally consistent with previous studies of lower-latitude cloud systems.
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1. Introduction

Mixed-phase stratiform clouds occur frequently in the
Arctic and are among the most radiatively influential cloud
types (Shupe et al., 2006). Despite their importance, these
clouds tend to be poorly simulated by current climate
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and weather models (Inoue efal., 2006; Prenni efal.,
2007; Klein etal, 2009; Morrison etal., 2009a). Poor
simulation is due in part to the representation of ice
and snow microphysics (Jiang et al., 2000; Morrison ef al.,
2003; Prenni et al., 2007; Luo et al., 2008; Avramov and
Harrington, 2010), including treatment of the snow particle
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size distribution (PSD) (Morrison and Pinto, 2006; Solomon
etal., 2009).

Testing model microphysical representations for Arctic
applications has traditionally been hampered by a lack
of in situ Arctic data, but field experiments conducted
within the last 10—20 years have begun to provide data with
which to address this issue. While there have been several
papers describing in situ ice microphysical observations
gathered in the Arctic during these experiments (Pinto,
1998; Curry et al., 2000; Lawson et al., 2001; Gultepe et al.,
2004; Zuidema et al., 2005; McFarquhar et al., 2007; Verlinde
et al., 2007; Lawson and Zuidema, 2009), there has been
relatively little testing of snow PSD parameter settings in
microphysics schemes using these data. Furthermore, there
has been limited comparison of ice and snow microphysical
characteristics between different Arctic cloud types, or
comparison with observations from lower-latitude systems,
particularly midlatitude frontal clouds, which serve as the
basis for parameter settings in many microphysics schemes.

Bulk microphysics parametrizations in weather and
climate models generally assume an underlying functional
form for the snow PSD. Many parametrizations assume
exponential PSDs for the precipitating ice species (e.g.
Lin et al., 1983; Rutledge and Hobbs, 1983; Dudhia, 1989;
Grabowski, 1998; Reisner etal., 1998; Hong et al., 2004;
Thompson et al., 2004; Morrison et al., 2009b):

dN
— = Nye P 1
D 0 (1)
where D is particle diameter, and Ny and A are the intercept
and slope (inversely proportional to mean particle size)
parameters of the PSD. The Ny and A parameters are related
to ice particle number concentration N; and ice (snow)

water content IWC by (Morrison et al., 2009b)

(2)
(3)
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where T" is the Euler gamma function and a and b are
parameters in the power law mass—size (m—D) relationship
m = aDP, which are generally assumed to be constant over
the PSD.

In most one-moment microphysics schemes, IWC (or
snow mixing ratio) is predicted and Ny is specified; A is
then derived from the predicted IWC and specified Ny. A
key point is that the specified values of Nj in one-moment
schemes are generally either constant (e.g. Lin et al., 1983;
Rutledge and Hobbs, 1983; Dudhia, 1989; Grabowski, 1998)
or diagnosed as a function of IWC (Reisner et al., 1998)
or temperature T (Hong etal, 2004; Thompson et al.,
2004) based on midlatitude observations and deep frontal
clouds in particular (Gunn and Marshall, 1958; Sekhon
and Srivastava, 1970; Houze et al., 1979; Field et al., 2005).
Their application to Arctic clouds is therefore uncertain.
Several microphysical process rates are dependent on
snow Nj, including vapour deposition/sublimation, riming
and sedimentation, and studies have shown considerable
sensitivity of model simulations to the specification of Nj
(Reisner et al., 1998; Morrison and Pinto, 2006; Solomon
et al., 2009). Reducing Ny by about an order of magnitude
from values typically specified in bulk microphysics schemes
led to substantially more realistic simulations of shallow
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Arctic mixed-phase clouds (Morrison and Pinto, 2006;
Solomon et al., 2009). Thus, it is important to assess the
realism of parametrizations by testing the specified values
of snow N against observations. However, up to this point
there has been little evaluation of parametrized values of Nj
using in situ Arctic observations.

In this paper, we analyse ice and snow microphysical
characteristics for two distinct and common Arctic cloud
regimes: (i) shallow mixed-phase boundary-layer clouds
with ice precipitation falling beneath the mixed-phase
layer, and (ii) deep frontal clouds containing patches of
supercooled liquid water embedded within deeper layers of
ice that are more similar in terms of overall morphology to
midlatitude frontal systems. Observations are synthesized
by comparing and contrasting several different case-studies
from two field experiments, with a focus on distributions
of IWC, N; and mass-weighted mean particle size, D,,.
Exponential PSDs given by (i) are fitted to the observations
and analysed. The emphasis is on differences in the fitted
PSDs between the shallow and deep frontal regimes as well as
comparison with lower-latitude observations and specified
values of Ny for snow in bulk microphysics schemes. It is
important to test schemes with available datasets from the
Arctic to characterize the appropriateness of the snow PSD
parameter settings in models (specifically, Ny), even though
these data are limited relative to many other regions. The
findings presented herein, while based on a limited number
of cases, can provide guidance for future studies using more
comprehensive datasets as they become available.

The paper is organized as follows. Section 2 gives a descrip-
tion of the relevant instrumentation and measurements. A
brief overview of each case is provided in section 3. Section
4 details the snow microphysical observations and analysis
of IWC, N; and D,,. Exponential PSDs are fitted to the
observations and compared to the PSD representations in
bulk microphysics schemes and lower-latitude observations
in section 5. Conclusions are given in section 6.

2. Instrumentation and measurements

This study utilizes data gathered on several flights during the
Mixed-Phase Arctic Cloud Experiment (MPACE: Verlinde
et al., 2007) and First ISCCP Regional Experiment - Arctic
Cloud Experiment (FIRE-ACE: Curry et al, 2000), which
was co-ordinated with the Surface Heat Budget of the
Arctic Ocean programme (SHEBA; Uttal et al., 2002). There
are a total of three flights from SHEBA/FIRE-ACE and
MPACE analysed for the shallow cases, and two flights from
SHEBA/FIRE-ACE for the deep frontal cases. Additional
flights took place during MPACE and SHEBA/FIRE-ACE,
but these cloud systems extended to mid-levels, were often
multilayered, and were not clearly associated with any well-
defined frontal passages. Hence these systems were not
clearly distinguishable in either the shallow boundary layer
or deep frontal regimes, and we leave analysis of these
cases for future work. Additional cases were not included
here because key instrumentation used in our analysis was
either not included on the aircraft or was not working
on these flights. The cases analysed here cover a range
of synoptic conditions. The shallow cases occurred under
weak synoptic-scale forcing with large-scale subsidence in
the lower troposphere. The deep frontal cases had heavier
precipitation associated with the approach and passing of the
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synoptic-scale frontal systems. A more detailed description
of the cases is given in section 3.

2.1. SHEBA/FIRE-ACE

SHEBA was focused on a heavily instrumented icebreaker
ship frozen into the sea ice in the Beaufort Sea in autumn
1997 and allowed to drift with the pack ice for one year
(Uttal et al., 2002). During May and July 1998, the National
Center for Atmospheric Research C-130 aircraft gathered
measurements near the SHEBA site as part of FIRE-ACE
(Curry et al., 2000). Two-dimensional cloud (2D-C) and
precipitation (2D-P) optical array probes were included on
the C-130 for the FIRE-ACE/SHEBA (hereafter referred to
as ‘SHEBA’) research flights. Their datasets were combined
for the analysis here, with the breakpoint between the 2D-C
and 2D-P particle size distributions set at 0.95 mm. The
2D-C has a 25 um size resolution, with sizing and sample
volume uncertain for sizes <100 um (Strapp et al., 2001).
The 2D-P probe nominally sizes particles up to 6.4 mm, but
the effective sampling area has been increased to measure
particles up to about 25 mm using an approach similar to
Heymsfield and Parrish (1978). The Cloud Particle Imager
(CPI) was also included on these flights and used for manual
classification of particle habit and estimate of the phase
(Lawson and Zuidema, 2009). Images from CPI for the three
SHEBA cases (7 May and 26 and 28 July) have been archived
at http://cdp.ucar.edu/browse/browse.htm?uri=http://data
portal.ucar.edu/metadata/browse/arctic.thredds.xml under
the link ‘SHEBA Ice Microphysical Images’. Additional
instruments were included on the C-130 for measuring
bulk liquid water mass content (King probe) and sizing
of particles between 2 and 47 mm forward scattering
spectrometer probe (FSSP-100). See Zuidema et al. (2005)
and Lawson and Zuidema (2009) for a detailed discussion
of the processing methods and measurement uncertainties
associated with these instruments.

2.2. MPACE

MPACE took place during September and October 2004
and consisted of instrumentation at several ground sites in
the North Slope of Alaska as well as flights in the vicinity
of Barrow and Oliktok Point with the University of North
Dakota Citation aircraft (Verlinde et al., 2007). McFarquhar
et al. (2007) describe the microphysical measurements from
MPACE and associated processing techniques used here,
except for the 2D-C as noted below. Instrumentation
utilized for this study included the 2D-C, the High-Volume
Precipitation Sampler (HVPS), and the CPI (the HVPS
was not working on 9 October and the first flight on
10 October; hence, we do not include these cases in
the analysis here). The HVPS nominally samples particles
between 0.4 and 20 mm in size, with resolution of 0.3 to
1 mm, but undercounts for sizes smaller than about 800 um
(Heymsfield et al., 2008). Similarly to the SHEBA dataset,
particle size distributions have been generated from the
combined 2D-C and HVPS data with the breakpoint set at
1 mm. Additional instrumentation on the Citation relevant
to this study included a King probe, Particle Measuring
Systems (PMS) Forward Scattering Spectrometer Probe
(FSSP), and Counterflow Virtual Impactor (CVI: Twohey
et al., 2003; see McFarquhar et al. (2007) for a discussion
of the specific CVI used during MPACE) which provided
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bulk measures of total water content (TWC) greater than
1 mgm™.

2.3. Data

To minimize differences between the SHEBA and MPACE
datasets, the 2D-C data for SHEBA and MPACE have
been reprocessed using the same technique, which includes
removing particles shattered on the instrument probe
based on interarrival time following Field etal. (2006).
The reduction in average total particle concentration
(D > 100 um) as a result of applying this correction ranges
from <1% for the 7 May case to 16% on 26 July, with
overall somewhat greater reduction for the deep compared
to shallow cases. However, recent work directly comparing
measurements from 2D-C with standard and modified
protruding arms (with the modification designed to limit
shattering) suggests shattered particles not removed by this
correction could significantly enhance concentrations of
particles smaller than about 400 pm, especially when the
mean particle size is large (Korolev et al., 2010). Thus, we
focus the analysis on particles larger than 400 um to avoid
possible contamination by shattering.

Values of Nj are calculated by summing the differential
number concentration (concentration per unit length)
multiplied by the width of each bin from the 2D-C between
0.4 and 0.95—-1 mm, and from the HVPS (MPACE cases)
or 2D-P (SHEBA cases) for sizes larger than 0.95-1 mm.
Calculations of IWC from the measured PSDs are difficult
because ice particles are generally non-spherical and particle
density is uncertain. Although measurements of TWC were
made by the CVI during MPACE, in mixed-phase conditions
the IWC could not be estimated as the difference between the
CVI TWC and King liquid water content (LWC) because this
represents a small difference of two large numbers (liquid
typically dominates the mass of mixed-phase clouds), and
hence has large fractional uncertainty (McFarquhar ef al.,
2007). Instead, IWC is derived from the measured size
distributions by

N
IWC =) NjaD’ AD; (4)

=1

where N;j is the differential number concentration (concen-
tration per unit length) in bin j, D; is the mean size, and AD;
is the width of the bin in D-space, N is the total number
of bins, and a and b are the parameters in the assumed
power-law mass—size (m—D) relation that vary for different
ice particle habits and sizes (e.g. Locatelli and Hobbs, 1974;
Mitchell et al., 1990). Here we use best-estimate a and b
coefficients for each case, which are summarized in Table I.
For the 10 and 12 October MPACE cases, we use the a
and b coefficients from McFarquhar et al. (2007) that were
derived from the MPACE dataset from 9 to 12 October
by matching the IWC calculated following (4) with that
directly measured by the CVI in all-ice conditions. For the
7 May SHEBA case, based on imaging from CPI, we choose
a and b coefficients from Mitchell et al. (1990) for radi-
ating assemblages of plates. These parameters were found
to produce good agreement between millimetre-wavelength
cloud radar (MMCR) reflectivity and that estimated from
the in situ measured PSDs, relative to other m—D relations
(Fridlind et al., 2011). Finally, for the 26 and 28 July SHEBA
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cases, the a and b coefficients are from Mitchell et al. (1990)
for rimed dendrites, which were observed by CPI (although
other habits were also observed), and also found to pro-
duce good agreement between the MMCR reflectivity and
that estimated from the in situ PSDs relative to other m—D
relations.

We emphasize that application of these m—D relations
leads to uncertainty in the derived IWC, since it was not
directly measured. The different m—D relations used here
lead to a spread in the IWC of up to a factor of 5-6 for
the largest IWCs. Other commonly-used m—D parameters
for ice/snow particles, including those of Brown and Francis
(1995), tend to lie within this range. A key point is that while
this uncertainty should be kept in mind when interpreting
the results, it does not affect the overall conclusions.

Here we assume that all particles larger than 400 um are
ice in subfreezing conditions. Large drops (D larger than a
few hundred pm) were generally not discernible in imagery
from the CPI at subfreezing temperatures for the SHEBA
cases. McFarquhar et al. (2007) discuss in detail the particle
phase for the MPACE flights in low-level mixed-phase clouds
between 9 and 12 October. They analysed particle area ratio
(projected area of the particle divided by the ratio of a
circumscribed sphere) from CPI in mixed-phase conditions
and found that only 10.6% of sampled particles larger than
125 um had an area ratio larger than 0.8, corresponding
with possible drizzle drops (this represents an upper limit
since drizzle drops cannot be distinguished from quasi-
spherical ice particles). Thus, while there is evidence for
the occurrence of large supercooled liquid drops during the
MPACE cases, they likely had very little contribution to total
concentration of particles larger than 400 um.

3. Case descriptions

This section gives an overview of the cases. Only a brief
summary is provided here since the focus of this paper is on
a synthesis of the ice microphysical observations and details
of most of the cases have been described in previous papers.
3.1.  Shallow boundary-layer clouds

The first three weeks of May over the SHEBA site (~76°N,
165°W) were dominated by a persistent low-level mixed-
phase stratus. This case is described by Zuidema et al. (2005)
and Fridlind et al. (2011). On 7 May the boundary layer
(BL) was well-mixed from the surface to cloud-top, located
at a height of about 600 m during midday and descending
to 400 m by 0000 UTC 8 May (Figure 1(a)), with clear sky
above. Note that the decrease of reflectivity below 0.2 km
in Figure 1 is an artefact due to the MMCR ‘dead zone’
where the receiver is blanked to avoid damage to the
electronics from the transmitted pulse. The SHEBA site
was located under a broad ridge of high pressure extending
across the Chuckchi and Beaufort Seas with large-scale
subsidence at low levels. The upper portion of the cloud
layer contained liquid (with maximum LWC of 0.07 gm™2),
as indicated from in situ observations and ground-based
lidar depolarization measurements, with ice precipitation
falling from the mixed-phase layer and reaching near the
surface. IWC reached values of about 0.004 g m~3, with
N; < 0.5 L1, Crystal habit determined from the CPI probe
mostly consisted of single thick plates and side planes, which
are the expected habit types for the conditions found in
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this case with temperatures of —18 to —20°C and relative
humidity near water saturation (Magono and Lee, 1966).

The 10 and 12 October MPACE cases consist of a single-
layer, low-level mixed-phase stratocumulus cloud with ice
precipitation falling from the mixed-phase layer to the
surface (Figure 1(d)). These cases are described in detail by
Verlinde et al. (2007) and McFarquhar et al. (2007). This
cloud system formed as cold air was transported around a
strong high-pressure centre north of Alaska from the pack
ice edge over the relatively warm open ocean, resulting
in large surface turbulent heat fluxes and formation of
roll stratocumulus clouds. Aircraft sampled the clouds
and precipitation between about 2100-2300 UTC on 10
October and 2300-2400 UTC on 12 October. The cloud
top temperature was between about —13 and —16°C in
the region sampled by the aircraft. While conditions were
fairly steady during this period, there was a slight cooling
of the lower troposphere. In situ measurements and lidar
depolarization indicated a mixed-phase layer in the upper
part of the boundary layer, with liquid water contents up
t0 0.3 to 0.4 g m~>. These two MPACE cases have broadly
similar microphysical characteristics, with IWC generally
between 0.01 and 0.1 gm™> and N; up to 3 L™! but generally
less than 1 L™!. CPI imaging suggests a mixture of particle
habits throughout the depth of the cloud layer, including
columns, irregulars and rosettes, as well as spheroids within
the upper mixed-phase region (see Fig. 13 in McFarquhar
et al. (2007)). Large (3—10 mm) irregular and rimed particles
were also imaged by HVPS (see Fig. 10 in McFarquhar
et al. (2007) for examples of individual HVPS, 2DC and CPI
images).

3.2.  Deep frontal systems

A low-pressure system to the northwest of SHEBA
encouraged frontal passages over the ship (~79°N, 164°W)
on both 26 and 28 July, and brought a relatively warm, moist,
southerly flow over the SHEBA site prior to passage of the
fronts. The case of 26 July was a classic frontal-type system
with descending base of the hydrometeors (Figure 1(b)),
upward large-scale vertical velocity, and decreasing surface
pressure during the frontal approach. Precipitation began
reaching the surface as rain at about 2300 UTC on 26
July, and continued until midday on 27 July. The C-130
aircraft sampled the clouds and precipitation in the vicinity
of the SHEBA site from about 2030 UTC 26 July to 0300
UTC 27 July and between altitudes of 1.5 and 6.5 km. At
subfreezing temperatures, IWC generally ranged between
0.05 and 0.5 ¢ m™> and N; between 1 and 5 L7!. Ice
microphysical quantities had much less variability for this
case than 28 July, consistent with the larger-scale ascent
(with aircraft-observed vertical velocities generally less than
1 m s™!) versus the more convective character of the frontal
system on 28 July. Particle habits as imaged by CPI were
varied, with bullet rosettes common above 5 km, sectored
plates and dendrites at mid-levels, and columns, capped
columns and heavily-rimed dendritic crystals below 4 km
(Figure 2). Supercooled liquid water was fairly limited and
occurred in thin layers up to a height of 4.5 km, with LWCs
up to 0.2 g m~> at a temperature of about —10°C.

The 28 July case is described in detail by Lawson and
Zuidema (2009; hereafter LZ09). This case is unique amongst
cases observed during SHEBA, and perhaps all previous
airborne studies conducted over the Arctic Ocean, because
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Table I. Parameters in the mass—size (m—D) relationship m = aD" for each case (m in units of g, Din m).

Case m—D relation Reference
26 July m = 270.71D*?2 Mitchell et al. (1990), rimed dendrites
28 July m = 270.71D*? Mitchell et al. (1990), rimed dendrites
7 May m = 37.91D*! Mitchell et al. (1990), radiating assemblages of plates
10 October m = 1.696D'7 McFarquhar et al. (2007)
12 October m = 1.696D'7 McFarquhar et al. (2007)
gz (@ 7 May
1.0 ' ' ' '
40 08
€
20 2 06
el
[0}
-20t ~
T !
40 o0 . . . . . .
20 21 22 23 0 1-20 =16 =12
Hour (UTC) Temp (°C)
dBZ (b) 26 July
14 '
40 12
= 10
20 & 4
0 E" 6
-20% 4
2
—-40 0 . o
18 20 22 0 2-60, =30 O
Hour (UTC) Temp (°C)
487 (c) 28 July
10 j j j
i }
€
NI
<
o 4
-20%
2
0 . . . . .
18 19 20 21 22 23 0-60, =30 O
Hour (UTC) Temp (°C)
dBz

10.0 105 11.0 11.5 120 12,5 13.0 -20 -10 0
Day of Oct. Temp (°C)
Figure 1. Time—height plots of MMCR reflectivity for the (a) 7 May, (b) 26 July and (c) 28 July SHEBA cases, and (d) 10—12 October MPACE cases.

Also shown are temperature profiles from sondes launched at (a) 2335 UTC 7 May, (b) 2315 UTC 26 July and (c) 1900 UTC 28 July from SHEBA, and
(d) 1101 UTC 11 October from Barrow, Alaska.
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Figure 3. As in Figure 2, except on 28 July.

of embedded convection that produced graupel particles and
1 to 3 cm snowflakes. The base of the hydrometeors lowered
during the day on 28 July, with precipitation for most of
the day sublimating/evaporating as virga before reaching
the surface (Figure 1(c)). Precipitation finally reached the
surface after 2315 UTC, initially as rain. The aircraft sampled
the cloud and precipitation at heights up to 6.4 km from
about 2030 to 2330 UTC in the vicinity of the SHEBA
site. Convective turrets with peak updraught velocities of
2 m s~! had LWCs between 0.1 and 0.3 g m~>, although
supercooled liquid water was fairly limited overall. There
was considerable variability in ice microphysical quantities
associated with these turrets, with IWC up to 2 g m™
and N; up to 25 L~!. Dendrites, pates, and sectored plates
were common above 4 km, with columns and needles more
common below 3 km (Figure 3). Many crystals were heavily
rimed, even up to the highest flight level at ~6 km.

4. Analysis of the ice microphysical data

In this section, we examine relationships between the various
observed quantities and compare the shallow and deep
frontal cases more generally. This analysis also provides
context for the exponential PSDs fitted to the observations
that are described in section 5. Scatterplots of IWC, T, N;j
and D,, based on the 10 s data (T < 0°C) and stratified
between the deep frontal and shallow cases are shown in
Figure 4. IWC, N; and D,,, are further analysed by averaging
and binning the data into 5°C intervals. Mean values +/— 1
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standard deviation for each case are shown in Figure 5.
Only points (10 s data) with calculated IWC >0.0001 g m >
are included in the averaging. Because of the long transit
distance to reach the SHEBA site, only data obtained when
the aircraft was in the vicinity of the SHEBA ship (defined as
within a 1°lat x 5°long cone surrounding the site) are used
in the analysis for the SHEBA cases.

Overall, there is significant scatter among the cases.
For the dataset as a whole, based on 10 s data, there
is little correlation of N; with T (correlation coefficient
r=—0.057), D,, with N; (r = 0.177), or IWC with T
(r = 0.198). There is a weak positive correlation of D,,
with T (r = 0.511), broadly consistent with the growth
of particles as they fall. The lack of a stronger correlation
of IWC or N; with T reflects variability (horizontal and
temporal) within a given case, as well as large variability
between the cases. The shallow cases exhibit much lower
values of IWC and N; compared to the deep frontal cases,
for the dataset as a whole but also at a given T. These results
indicate substantial differences in crystal generation and
growth between the shallow and deep regimes, which is not
surprising given the large differences in dynamics and overall
morphology. Low values of N;j for the shallow cases suggest
relatively limited ice nucleation, which may be associated
with depletion of ice nuclei locally in the Arctic boundary
layer (Morrison et al., 2005; Prenni et al., 2007). Conversely,
larger N; for the deep cases may be associated with extension
of the cloud top to cold temperatures more favourable for
activation of ice nuclei (Fletcher, 1962; Pruppacher and
Klett, 1997) as well as nucleation of ice over deeper layers,
and subsequent settling of these crystals to lower levels.
These results suggest that empirical relationships between
microphysical quantities and local temperature may have
limited usefulness because of the different generation and
growth histories of particles observed at a given temperature
for different cases and cloud regimes. These differences in Nj
between the shallow and deep cases are broadly consistent
with ice microphysical observations from 2D-C during the
Complex Layered-Cloud Experiments (CLEX-5) described
by Fleishauer et al. (2002). They found small N; for shallow,
mid-level clouds, with a mean of 0.7 L™!, but values one to
two orders of magnitude larger for a case of deeper cloud
associated with an earlier frontal passage and embedded
convection.

The use of different m—D relations for the shallow and
deep cases (see Table I) explains some of the differences
in IWC, but mean IWCs still generally differ by an order
of magnitude or more between the shallow and deep cases
using the same m—D relation for all cases. There are no
substantial differences in D,, between the shallow and deep
clouds; thus, much of the difference in IWC between the
shallow and deep cases is explained by the lower values of
N;j, rather than D,,. There is a weak positive correlation of
D,,, with IWC for the dataset as a whole (r = 0.491) based
on the 10 s data (Figure 4(e)). A stronger relationship exists
between N; and IWC (r = 0.759), with the best-fit line
given by N; = 5.33IWC%?7 (N; in units of L™} and IWC in
units of g m—>) (Figure 4(d)). This best-fit curve (as well as
those described in section 5) is calculated using the bivariate
method of York et al. (2004), with equal weighting given to
all data points. There is also strong correlation between Nj
and IWC for the individual cases.

While the shallow cases in general have much smaller
IWC and N; than the deep frontal cases, there is substantial

Q. J. R. Meteorol. Soc. 137: 1589—-1601 (2011)



Snow in Shallow Mixed-Phase and Deep Frontal Arctic Cloud

(9) 1 0000k 1
%7 0.1000 F 1
£
o
~ 0.0100F 1
o
=
0.0010F 1
0.0001 L, .
-30 -20 -10 0 10
Temp (°C)
(b) 100.00 ' ' '
10.00F | ) 1
o
=  1.00} 1
e
0.10} 1
0.01 L .
-30 -20 -10 0 10
Temp (°C)
() 7
6.
5.
£ 4t
£ 4
e 3F
()
2.
TE .
(o] ORI .
-30 -20 -10 0 10
Temp (°C)

1595

(d) 100.00 ' ' ' '
10.00 F S

1.00

D (mm)

() 7T
6.
5.
e
é4
g 3.
() .
b
TE
0 " . .
0.01 0.1 1 10 100
N (L71)

Figure 4. Scatterplots of (a) T and IWC, (b) T and N;j, (c) T and D,,, (d) IWC and Nj, (e) IWC and D,,, and (f) N; and D,,. Shown are 10 s data, with
blue indicating shallow cases (10 and 12 October and 7 May) and red indicating deep frontal cases (26 and 28 July). The solid line indicates the best-fit

curve for the IWC—N; relationship (see text for details).

variability amongst these cases. The 10 and 12 October
cases, not surprisingly, have fairly similar microphysical
characteristics, while 7 May has mean IWC and N; that are
5-10 times smaller. Using 10 s data and combining all of the
shallow cases, there are weak positive correlations between
T and IWC (r = 0.299), Z. (vertical distance from cloud top)
and IWC (r =0.222), and Z. and D,,, (r = 0.376). However,
these correlations are weaker when calculated for individual
cases. Poor correlation of IWC and D,,, with T and Z. within
a given case reflects significant horizontal variability, as well
as vertical mixing as described in more detail below. There is
little correlation of N; with T considering all of the shallow
cases together (r = 0.124) or individually.

The presence of large aggregates (3—10 mm) for the
MPACE cases, as ascertained from the HVPS probe, is
consistent with broad particle size spectra (Figure 6). There is
anincrease in the concentration of particles larger than 1 mm
with increasing temperature (decreasing height) as seen in
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the spectra on 10 October, which is consistent with growth
by aggregation. However, the presence of large particles
throughout the depth of the cloud layer in these cases, even
near cloud top, suggests the role of turbulence in mixing
particles throughout the cloud layer. This is consistent with
vertical velocities of about +/— 1 m s~! within the BL
as measured by the aircraft. The role of turbulence and
mixing on ice PSDs was also evident in shallow mixed-
phase cloud systems observed during the recent (spring
2008) Indirect and Semi-Direct Aerosol Campaign (ISDAC:
McFarquhar et al., 2010). Vertical mixing, in addition to
horizontal variability, may also help to explain the lack of
strong correlation between D, and Z. for these cases, despite
the growth of ice particles by vapour diffusion and riming
as they fell through this environment. In contrast to the
MPACE cases, the size spectra on 7 May are much narrower
(Figure 6), with almost no particles larger than 3 mm and
very little increase in the concentration of large particles with
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increasing T. These results, in addition to particle imaging,
indicate that aggregation was limited for this case. Low values
of Nj and the shallow cloud depth likely contributed to the
lack of aggregation, as well as crystal habits consisting mostly
of thick plates and side planes which have a low aggregation
efficiency (Pruppacher and Klett, 1997). Sublimation had
limited impact on the shallow cases, given that the BL was ice
supersaturated over all but the lowest few hundred metres.

Ice microphysical characteristics are fairly similar for the
two deep frontal cases, despite substantial differences in the
dynamics. However, the convective nature of the 28 July
case is consistent with much more horizontal variability of
the microphysical quantities compared to 26 July. Over-
all, correlation of IWC with T is weakly positive (r
= 0.193) for these two cases (T < 0°C). A decrease
of IWC at temperatures above —5°C on both 26 and
28 July (Figure 5(a)), which occurred near the base of the
cloud/precipitation, is indicative of sublimation. While
particle imaging indicated the existence of large aggregates
on both 26 and 28 July, there is no clear decrease of N; with
increasing temperature or decreasing height (correlation
of N; with T is very weakly negative with r = —0.109
using the 10 s data for these cases, see Figure 4(c)), as
would be expected if aggregation were the dominant process
controlling the vertical distribution of Nj. It is likely that
horizontal variability, especially on 28 July, contributed to
the lack of correlation between Nj and T.

Another possible explanation for the relatively constant
N; with temperature (and height), despite an active
aggregation process, is new particle formation (primary
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and/or secondary) lower in the cloud layer that may have
helped to balance the depletion of Nj through aggregation.
This hypothesis is consistent with particle size spectra at
various levels shown in Figure 7. There is a general increase
in the concentration of large particles (D > 1 mm) with
increasing T (decreasing height), indicating growth by
diffusion, riming and aggregation, and consistent with the
large single crystals and aggregates that were imaged at lower
levels. However, there is not a corresponding decrease in
the concentration of particles smaller than 1 mm, except
on 28 July at temperatures between —5 and 0°C. This
signature of enhanced aggregation on 28 July at the warmest
temperatures is also suggested by the rapid increase of Dy,
near 0°C to values that exceed 5 mm as seen in Figure 4(c).
This may be related to enhanced aggregation efficiencies
due to formation of an ice bond across the surface of
contact between the aggregating particles at temperatures
near freezing (Pruppacher and Klett, 1997).

Based on the available measurements, we cannot confirm
nor rule out specific mechanisms that may have led
to ice particle formation lower in the cloud system
such as collisional breakup (e.g. Vardiman, 1978) or
primary nucleation associated with droplet freezing and/or
evaporation (e.g. Fridlind et al., 2007). Columnar and needle
crystals were imaged by CPI at low levels on both 26
and 28 July (see Figures 2 and 3), which is consistent
with the initiation and growth of particles in conditions
supporting rime splintering (—8 < T < —3°C) according
to Hallet and Mossop (1976), but there is not a noticeable
increase in particle concentration in locations with these
conditions. Thus, there is some observational support
for rime splintering but its importance for these cases is
uncertain.

5. PSD parameter fits and implications for modelling

In this section, we fit complete exponential functions given
by (1) to the observed snow PSDs to derive Ny and A. We
note that while some average spectra are well-described by
exponential functions (e.g. 7 May, see Figure 6), individual
PSDs (i.e. based on 10 s averages) often deviate from
the exponential form. Despite these deviations, we fit the
observed PSDs to exponential functions to allow for a direct
comparison with the snow PSDs represented in most bulk
microphysics schemes.

Fitted PSDs are calculated for each 10 s data segment with
IWC >0.0001 gm~> and T < 0°C. We employ a moment-
fitting technique similar to Heymsfield et al. (2008) to derive
Ny and X for each of the PSDs. These parameters are derived
using fits to the N; and IWC assuming a threshold size
Dy, = 400 um, which is consistent with the N; and IWC
discussed in section 4 and avoids potential issues with
enhanced small particle concentrations from shattering on
the 2-DC that were not removed by the Field ef al. (2006)
algorithm (see section 2.3). We also calculate case-average
fitted PSDs using an approach similar to McFarquhar
and Black (2004), whereby average size distributions are
generated by stratifying data from each flight into different
ranges of IWC and T. For temperature, data are binned
every 5 K. For IWC, data are binned within the intervals of
0.0001, 0.001, 0.01, 0.05, 0.1, 0.5 and >0.5 g m—3. Average
spectra were only calculated for T and IWC bins for which
there were at least 30 s of data.
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Figure 7. As in Figure 6 except for the deep frontal cases (26 and 28 July).

Plots of Ny from the 10 s and case-average fitted PSDs
as a function of IWC and T are shown in Figure 8. There
is considerable scatter of Ny among the cases. The shallow
cases have values of Ny generally 2 to 10 times smaller than in
the deep frontal cases overall and for a given T. Small values
of Ny for the shallow cases result from the much smaller
values of N; compared to the deep cases, presumably due to
differences in ice particle initiation between these regimes
as discussed in section 4. While there is little correlation
between Ny and T for the dataset as a whole, values of
Ny tend to decrease with increasing T for the deep frontal
cases, which is consistent with observations in midlatitude
frontal systems (Houze et al., 1979; Field et al., 2005) that
have served as the basis for parametrization of snow Ny as
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a function of T in some microphysics schemes (e.g. Hong
et al., 2004; Thompson et al., 2004). When partitioned by
IWC there are no consistent differences in Ny between
the shallow and deep cases, although the IWCs in the
shallow cases are generally restricted to values less than
0.02 g m~? while the deep cases have larger IWCs. One-
moment schemes that specify constant Ny with values
between 8 x 10° to 2 x 107 m~* (Rutledge and Hobbs,
1983; Dudhia, 1989; Grabowski, 1998) are more consistent
with the deep frontal cases, and generally larger than in the
shallow cases. Conversely, the constant Ny of 3 x 106 m—*
in the Lin etal. (1983) scheme is more consistent with
the shallow cases, but smaller than in the deep frontal
cases.
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There is an overall increase of Ny with IWC for the dataset
as a whole, albeit with significant scatter (Figure 8(a)). The
best-fit curve for this relationship (based on the 10 s data)
is given by Ny = 5.62 x 107 IWC*%Y (r = 0.337; Ny in
units of m™* and IWC in g m—?). Following (2) and (3),

if Nj increases with IWC at a rate greater than IWCﬁ,
then Nj increases with IWC. Conversely, if the rate of
increase of N; with IWC is smaller, then Ny decreases with
IWC. Previous observational studies of lower-latitude clouds
have widely disagreed on the relationship between Ny and
IWC. The Ny—IWC relationship implemented in the Reisner
et al. (1998) microphysics scheme, based on midlatitude
observations of Sekhon and Srivastava (1970; hereafter
$S70), shows a decrease of Ny with increasing IWC, for IWC
greater than about 0.03 g m > (we also show this relationship
using a correction for inconsistencies in the melted versus
unmelted particle size between the original relationship
proposed by SS70 and that implemented by Reisner
et al. (1998)). Heymsfield et al. (2008) also show a decrease
of Ny with IWC for subtropical, convectively generated
clouds. In contrast, the Ng—IWC relationship of McFarquhar
and Black (2004), based on aircraft observations taken in
tropical cyclones, suggests an increase of Ny with IWC
somewhat more consistent with the results here. However,
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the McFarquhar and Black (2004) relationship exhibits a
steeper increase of Ny with IWC.

Plots of A as a function of IWC and T for the 10 s
and case-average fitted PSDs are shown in Figure 9. For a
given IWC, values of A tend to be smaller for the shallow
compared to the deep frontal cases. There is a decrease of
A with IWC which reflects the direct relationship between
these variables as expressed in (4). The best-fit line for
this relationship (based on the 10 s data) is given by
A = 1380IWC~ %17 (r = —0.472; 1 in units of m~' and IWC
in g m?). These results are consistent with SS70, although
the slope of their relationship is more negative (here we
have converted the A —precipitation rate relationship from
SS70 to a A—IWC relationship following the approach used
by Reisner etal. (1998)). This relationship has also been
modified to account for inconsistencies in the melted versus
unmelted particle sizes between the original observations of
SS70 and the approach of Reisner et al. (1998). The shallow
cases exhibit somewhat larger values of A than the deep
cases for a given IWC, which is consistent with smaller
values of D,, as a function of IWC for the shallow cases (see
Figure 4(e)).

The fitted PSDs binned according to T suggest that A
decreases with increasing temperature (Figure 9(b)), which
is consistent with the increase of mean size D,, with T and
growth of particles through the depth of the cloud layer
as discussed in the previous section. Previous studies have
also suggested an inverse relationship between A and T in
mid- and lower-latitude clouds (Houze et al., 1979; Ryan,
2000; Heymsfield, 2003). The A—T relationships derived
from these earlier studies are in close agreement with one
another and are similar to the results shown here.

Most bulk microphysics schemes separate ice into
different species to represent small ice particles (cloud ice)
and larger ice and/or aggregates (snow). Separation between
cloud ice and snow is fairly arbitrary and different schemes
use different approaches. Here we assume that all observed
particles larger than Dy, = 400 wm correspond to the snow
category, but this may be inconsistent with the partitioning
between cloud ice and snow in some bulk microphysics
schemes. To explore this issue, we recalculated the fitted
PSDs using different values of Dy, (not shown). Values of Nj
and X change with an increase of Dy, to 800 wm or decrease
to 100 wm, but there is little impact on the overall results.
Namely, for all values of Dy, used here there is an increase
of Ny with IWC for the dataset as a whole, little correlation
of Ny with T, and values of Ny about 2 to 10 times smaller
for the shallow compared to the deep cases overall and for a
given T. Thereis a tendency for increased scatter and reduced
correlation of the fitted PSD parameters with T or IWC as
Dy, is increased. Results using Dy, = 100 um are similar
to those using Dy, = 400 or 800 um, despite the possible
impact of enhanced concentrations of particles smaller than
400 um due to shattering on instrument probes.

6. Summary and conclusions

This study analysed ice particle size distributions (D >
400 um) measured with in sifu aircraft instrumentation
for two distinct cloud regimes observed during the
SHEBA/FIRE-ACE and MPACE field experiments in the
western Arctic. Three cases of shallow, precipitating mixed-
phase boundary-layer clouds and two cases of deep,
precipitating frontal clouds were analysed.
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Overall, the shallow, low-level cases had much lower
values of N; and IWC than the deep cases, indicating
substantial differences in ice generation and growth between
these regimes. Large values of N; were found throughout
the depth of the cloud in the deep frontal cases. Within a
given case for both the shallow and deep frontal systems,
N; had little correlation with temperature (height), even
though an active aggregation process was indicated by
observations of large aggregates (>5 mm) in four out of
the five cases. Further, the presence of large aggregates
near cloud top for the two shallow cases in which large
aggregates were observed (10 and 12 October) suggests the
role of turbulent updraughts and hence vertical mixing of
ice particles. We hypothesize that primary and/or secondary
ice particle formation in the lower part of the cloud layer
(through rime-splintering, collisional breakup, or droplet
freezing) may have helped to balance the depletion by
aggregation to give relatively constant profiles of N; through
the depth of the clouds (in an average sense), although the
available measurements are too limited to demonstrate this
point conclusively.

Exponential PSDs were fitted to the observations and
binned according to IWC and T'. Values of Ny were generally
2—-10 times smaller for the shallow compared to the deep
frontal cases. This was a result of much smaller values of N;
for the shallow cases, presumably due to differences in ice
particle initiation between the shallow and deep cases. Values
of snow Ny ~ 107 m~* specified in many bulk microphysics
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schemes (e.g. Rutledge and Hobbs, 1983; Dudhia, 1989;
Grabowski, 1998) are broadly consistent with the fitted Nj
for the deep cases but larger than in the shallow cases. The
deep frontal cases exhibited a relationship between Nj and
T that was consistent with previous observational studies
of midlatitude frontal cloud systems (Houze et al., 1979;
Field et al., 2005) that have been used to parametrize snow
Ny as a function of T in some microphysics schemes (e.g.
Hong et al., 2004; Thompson et al., 2004), while Nj for the
shallow cases were much smaller. There were no consistent
differences in Ny between the shallow and deep cases when
partitioned by IWC. For the dataset as a whole, correlations
between Ny and IWC were higher than between Ny and
T. Thus, diagnosing Ny as a function of IWC rather than
T appears to be a more robust way to represent Ny based
on this dataset. The fitted A for the shallow and deep cases
were generally consistent with previous studies of lower-
latitude cloud systems (SS70; Houze et al., 1979; Ryan, 2000
Heymsfield, 2003).

Specification of Ny is a major source of uncertainty in
one-moment bulk microphysics schemes given its impact
on several key microphysical processes. Previous modelling
studies have shown that reducing N, for snow by about
an order of magnitude from values of ~10” m™* leads
to more realistic simulations of shallow Arctic mixed-phase
boundary-layer clouds (Morrison and Pinto, 2006; Solomon
et al., 2009). The present study has provided observational
evidence for relatively low values of Nj associated with these
cloud systems relative to Arctic and midlatitude deep frontal
systems. Two-moment bulk microphysics schemes allow Nj
to vary as a free parameter based on the predicted IWC and
N;j, and hence could in principle capture variability of Ny in
shallow and deep regimes as well as variability as a function
of local IWC based on the microphysical process rates.
However, we emphasize that such schemes are dependent
on the treatment of several highly uncertain microphysical
processes that control the particle number concentration, in
particular primary and secondary ice initiation. The ability
of two-moment schemes to simulate the observed variability
of Ny and X for these Arctic cases will be a subject of future
work.

In general, observational data is limited in the Arctic
compared with many other regions, especially when the
focus is on particular cloud types or regimes. Thus, a limited
number of case-studies (five) were available to develop the
statistics presented herein. Generalization of these results
will require analysis of additional cases from Arctic field
experiments as these data become available. Ground and
space-borne remote retrievals will also help to characterize
snow microphysical characteristics in this region from a
longer-term perspective.
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