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ABSTRACT

The Canadian Atlantic Storms Program (CASP 1) field experiment was conducted near St. John's, New-
foundland, Canada, during January—March 1992, and it focused on the nature of winter storms. Anayses of
CASP Il aircraft, surface, satellite, and radar observations collected during an intensive study of the origin and
development of 9 mm h—* precipitation containing 4-5-cm diameter snowflakes are compared in this article with
results of the MM5 (mesoscal e) and Mitchell (microphysical) models. MM5 simulations of the thermal, kinematic,
and bulk microphysical fields were in good agreement with the observations; this comparison provided the basis
for extending the spatial and temporal scales of the aircraft observations to a larger-scale domain using the
model results. The Mitchell analytical-numerical model was used to improve the understanding of the micro-
physical processes that led to the development of the very large snowflakes. A synthesis of results using the
different techniques leads to the conclusion that the snowflakes originated as 3-5-mm dendritic crystals in an
area of weak convective instability at 5 km and were transported downwind in a strongly sheared airflow. The
dendrites aggregated, fell into an existing snowzone (supported in some regions by vertical motion with velocities
ranging from 0.2-0.6 m s*), and continued to descend along a deep, downward sloping layer with temperatures
near 0°C. Rapid aggregation occurred in the near 0°C region in particular and without appreciable particle
breakup. An exponential fit to the particle size distribution in the region of very large snowflakes had a slope
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parameter on the order of 100 m~t.

1. Introduction

Winter storms that result in the production of very
large snowflakes and heavy snowfall in the vicinity of
populated areas can have a significant social—economic
impact. Such storms are typically associated with the
rapid accumulation of snowfall at the surface (Auer
1971; Lawson et al. 1993a), making snow removal dif-
ficult and presenting a hazard to surface travel.

*Current affiliation: National Oceanic and Atmospheric Admin-
istration, Boulder, Colorado.
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Surface observations of very larget snowflakes oc-
curring within winter storms have been well-docu-
mented for over a century (e.g., Lowe 1887; Plunket
1891; Denning 1912; Abbe 1915; Hawke 1951; Auer
1971; Corliss 1984; Pike 1988; Stewart et al. 1990;
Lawson et al. 1993a). However, there has been no ob-
servational and modeling study to date that has de-
scribed the origin and development of outsized snow-
flakes, although it has been noted that both the rate of
snowfall and size of the snowflakes typically peak when
the temperature is near 0°C at the surface (see e.g.,
Magono 1953; Stewart 1992).

The second Canadian Atlantic Storms Program

1 Here we adopt the definition given by Lawson et al. (1993a) that
“large” snowflakes are >2 cm and “‘very large’” snowflakes are >4
cm in maximum dimension.
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(CASP I1) was conducted in January—March 1992 and
focused on the severe maritime stormsthat lash the coast
of Newfoundland (Stewart 1991; Stewart and Crawford
1995). CASP I provided an opportunity to make unique
aircraft and surface observations of the origin and de-
velopment of very large snowflakes occurring within
these storms. In addition, radar and satellite observa-
tionswere available. To extend the observational efforts,
results from numerical models are needed. The mod-
eling work reported here was conducted using the Me-
soscale Model Version 5 (MM5) (Anthes and Warner
1978; Anthes 1990) in the four-dimensional data assim-
ilation (4DDA) mode. This facilitated the incorporation
of routine radiosonde and surface observations, as well
as special radiosondes and aircraft dropsonde obser-
vations assimilated into the model. In thisway, the mod-
el was used as a diagnostic instead of a predictive tool.
Because mesoscale models are computationally limited
in the complexity of the microphysics they can support,
a separate microphysical model was spawned from the
kinematic and thermodynamic fields generated by
MM5. The microphysical model, designed to compute
the diffusional, accretional, and aggregational contri-
butions to particle growth, was adapted from Mitchell
(1988, 1990, 1994, 1995).

In this paper we present a possible mechanism to
explain the origin and development of the very large
snowflakes observed on 14 February 1992 over the
North Atlantic Ocean approximately 350 km south-
west of St. John's, Newfoundland, Canada. This was
the best documented storm with this form of precip-
itation, although very large snowflakes were not un-
common during CASP | (Stewart et al. 1987) and
CASP Il storms. Based on a synthesis of aircraft, ra-
dar, and satellite observations, coupled with the
4DDA modeling study, it was found that the very
large snowflakes observed near the surface originated
upwind in a region of weak convective instability at
an elevation of about 5 km. At this elevation, where
the temperature was —17°C, dendritic crystals 3-5
mm in size were transported downwind due to alarge
vertical shear in the horizontal wind. The origin crys-
tals subsequently fell through a region where low-
level convergence and commensurate vertical atmo-
spheric motion slowed their descent. There was rapid
particle growth, primarily due to aggregation in this
region, where the temperature was near 0°C. Aircraft
measurements using a new imaging probe with a 125-
cm? viewing area revealed ice water contents up to
~1.8 g m~2in the region containing the very large
snowflakes. The spatial extent of the region agreed
well with the duration of the event recorded later at
the surface near St. John's, as did the equivalent rain
rate of 9 mm h-1.

In section 2, we discuss the instrumentation avail-
able for this research. Section 3 presents an overview
of the in situ observations and lays the foundation for
the subsequent synthesis of aircraft, radar, and sat-
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ellite observations and model output discussed in sec-
tion 4. In section 5 we summarize and interpret the
results.

2. Instrumentation

Aircraft measurements were made using a Convair-
580 research aircraft operated by the National Re-
search Council (NRC) of Canada. The Convair-580
was equipped with standard sensors for measuring
state parameters and air motion. It was extensively
instrumented for microphysical measurements. A full
summary of the calibrations, errors, and limitations
of the instrumentation is detailed in Cober et al.
(1995). Here we give only a brief description of the
instruments used in this study. Cloud liquid water
content (LWC) was measured using two King LWC
probes (King et al. 1978), a forward scattering spec-
trometer probe (FSSP), and a Rosemount icing rod
(Baumgardner and Rodi 1989). Particleswere counted
and sized using Particle Measuring Systems (PMS)
FSSP, 2D-C (cloud), 2D-P (precipitation), and 2D-G
(greyscale) probes described by Knollenberg (1970,
1981). The aircraft was also equipped with a new
precipitation imaging probe that has about 30 times
the sample volume and 7 times the viewing area of
the PM'S 2D-P probe. This probe, called a high-vol-
ume precipitation spectrometer (HVPS) and manu-
factured by SPEC Incorporated, was flown for the first
time in CASP Il and is described in Lawson et al.
(1993a,b). The airborne ice water content (IWC) mea-
surements presented here are based on analysis of
images obtained with the HVPS. The Convair was
also equipped with aLightweight Loran Digital Drop-
sonde (L2D2) system made by the National Center
for Atmospheric Research (NCAR). Photographs of
instruments mounted under the wings of the Convair-
580 and a close-up of the HVPS are shown in Fig. 1.

Surface, radar, and satellite observationswere made
in addition to the aircraft measurements. Ground-
based temperature, wind, and precipitation measure-
ments, along with photographs of the snowflakes,
were taken by Atmospheric Environment Service
(AES) personnel at Torbay, located 5 km north of the
St. John’s airport. A 5-cm wavelength weather radar
with arange of 200 km was operated in scanning mode
from a site at Holyrood, located 40 km southwest of
the St. John’s airport. Unfortunately, the digital re-
corder for this radar was inoperative on 14 February
and only hard copies produced in real time are avail-
ablefor analysis. Additional radar measurementswere
recorded using the University of Toronto (UT) por-
table 3-cm Doppler radar (Thomson and List 1996)
that was located at Torbay. The UT radar has a usable
range of 30 km and was operated in both PPl and RHI
modes. National Oceanic and Atmospheric Admin-
istration GOES-7 and SSM/I satellite observations
were also used in our analysis.
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FiG. 1. Photographs showing (top) left wing of NRC Convair-580
research aircraft supporting (from left wing tip inward) electric field
mill, HVPS, 2D-G, 2D-C, 2D-P, active scattering aerosol spectrometer
probe, reverse-flow temperature, Rosemount temperature, and (bot-
tom) close-up view of HVPS. The right wing (not shown) supported
additional sensors, including another electric field mill, two FSSP
probes, 1D-C, two King LWC probes, and a Rosemount icing rod.

3. Summary of in situ observations

A relatively weak center of low-pressure was an-
alyzed at 0000 UTC on 14 February 1992 approxi-
mately 200 km east of Cape Hatteras, North Carolina,
and tracked north along the east coast of the United
States and then northeast off the east coast of Canada.
The center of the low pressure was about 300 km
south of the coast of Newfoundland by 0000 UTC 15
February. Aircraft observations were made from 1930
to 2330 UTC on 14 February. Figure 2 shows the
position of the surface low at 0000 UTC 15 February
and the aircraft track in both plan and profile views,
incorporating thermodynamic, air motion, and micro-
physics measurements. Figures 2a,b,c are aligned so
that the time and position information from one panel
can be referenced by vertical registration to the other
panels in the figure. For example, the wind and ther-
modynamic observations shown in Fig. 2b were an-
alyzed from L2D2 dropsondes rel eased during thefirst
aircraft pass shown at 4.9 km in Fig. 2a, before the

LAWSON ET AL.

3211

aircraft made the step-down traverses through the
storm. The positions of the dropsonde releases are
shown in the plan view in Fig. 2c.

The first aircraft leg began at 2003 UTC and was
directed from northeast to southwest (shown going from
right to left in Fig. 2a) at 4880-m (MSL) pressure al-
titude (545 mb). The air temperature at the northeast
end of the leg was —20.5°C and increased monoton-
icaly (as shown in Fig. 2b) toward the warm front to
—16.5°C at the southwest turnaround point. Until 2038
UTC, measurements of precipitation and cloud particles
by the 2D-P and 2D-G probes showed mostly dendrites
and unidentifiable habits <1 mm in size at concentra-
tions of about 20 L-*. Measurements from the PMS
FSSP probe showed aflat distribution of particlesin the
3-45 um range with an average concentration of ~5
cm-3. Heymsfield and Miloshevich (1989) have shown
that FSSP concentrations of this magnitude in the pres-
ence of ice can be attributed to scattering from ice par-
ticles. This was supported in our measurements by an
absence of supercooled LWC detected by the Rose-
mount icing rod.

At 2039 UTC, the aircraft encountered a region with
strikingly different microphysical characteristics that
extended for about 30 km at the southwest end of the
first aircraft leg (Fig. 2). In this region, the temperature
was —17°C, mean cloud droplet diameter was 21 um,
cloud droplet concentration was 25-40 cm~3, and mea-
surements by the FSSP and King probes showed LWC
that ranged from 0.1 to 0.25 g m~3. The mean diameter
and LWC may be slightly overestimated by the FSSP
because the measurements were in mixed-phase cloud,
where scattering from ice particles may be interpreted
as large drops by the FSSP. However, the average LWC
measured by the FSSP in this region agreed to within
about 10% of the King LWC measurement. These CASP
Il measurements compare to median in-cloud values of
0.1gm~—3for LWC, 60-100 dropletscm—23, and amedian
droplet diameter near 16 um found by Isaac (1991) for
all flights during CASP | conducted in 1986. Dendrites
(including radiating assemblages) 3-5 mm in diameter
were observed in concentrations of ~1 m~3, and were
often clumped together, as shown in Fig 3. Analysis of
equivalent potential temperature (6,) from the drop-
sonde data shows that df./dz = 0 in this region (Fig.
2), suggesting weak convectiveinstability. Figure 2 also
depicts this region of weak convective instability by the
stippled area in the upper-left corner of the panel show-
ing microphysical measurements.

Hobbs and Locatelli (1978) and Herzegh and Hobbs
(1980) previously reported that midlevel instability was
important for producing conditions necessary for the
initial growth of small dendritic crystals that later grew
through aggregation at lower altitudes. Regardless of
the mechanism forming liquid cloud in thisregion, it is
clear that circumstances were favorable for the initial
rapid growth of dendrites; that is, the cloud was at water
saturation and the water—ice saturation vapor pressure



3212

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

5 SO all Lwc (gme)

4 -+ EEE0.05

3 70 km i 10
% » ) .15-0.20
= —) N 0.25

1 ]
§, =
i 0
S sf
= - —~ Temperature (°C)
5 4
< 3l Equivalent

——— Potential

2r Temperature (°C)

1 -

0

\ 55

oD5 D4 D3 D2
L=4Y Q)
990 v}% A
551 A
/ Iml St John's
\ \
45 50

Fic. 2. (a) Profile view of flight track of Convair-580 research aircraft showing schematic
depiction of measurements of LWC, region of weak convective instability (dotted region in upper
left), and arrows depicting the tragjectory of 2-5-mm dendrites at 4.9 km as they developed into
4-5-cm snowflakes at 0.6 km. Times in UTC are shown embedded within the flight track and
correspond with the times shown in panel (c). (b) Profile view of temperature and equivalent
potential temperature fields analyzed from five dropsondes released on the first pass shown in
panel (a) at 4.9 km. (c) Plan view showing track of research aircraft from 1926-2330 UTC with
the four aircraft passes stacked one on top of another. Surface fronts are from 2100 UTC analysis
on 14 February 1992 and D1-D5 are positions of dropsondes released at 4.9 km.

difference reaches a maximum near —15°C. It is well
known (e.g., Pruppacher and Klett 1978) that diffusional
growth rates of ice crystals reach their maximum near
—15°C due to vapor pressure differences and crystal
shape considerations.

Information from three subsequent lower-level air-
craft passes was examined in order to determine the
evolution of the dendrites formed aloft (see Fig. 2). At
1830 m MSL (798 mb) the maximum observed snow-
flake diameter was 1 cm, at 1220 m (859 mb) it was
2-3 cm, and at 610 m (922 mb) it was 4-5 cm. The
flight leg at 610 m (2230—2310) showed by far the most
rapid evolution of particle size. The temperature de-
creased from about +6° to +0.5°C as the flight pro-
ceeded northeastward. Note that these (warmer) tem-

peratures were measured 2 h later than the temperature
field analyzed from dropsondes and shown in Fig. 2.
For the first 25 min of this leg (~175 km), the 2D-G,
2D-P, and HVPS probes observed 1-mm raindrops and
unmelted aggregates that did not exceed 1 cm in size.
An example of images from the 2D-G and HV PS probes
and typical particle spectra from the HVPS are shown
inFig. 4.

From 2259 to 2304 UTC, a dramatic shift in particle
spectra was noted. The total concentration of particles
decreased from about 0.5 m~2 to about 0.1 m—3 and
aggregates of up to about 5 cm were observed over a
30-km region by the HVPS. Figure 5 shows images and
histograms from two of the four HVPS channels. Very
good agreement is seen between the two (identical)
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Fic. 3. Images from (top) 2D-P probe and (bottom) 2D-G probe of 2-5-mm dendritic ice particles
observed in the region of convective instability shown in Fig. 2.

channels of the HVPS. This suggests that the relatively
large sample volume of the HVPS (~1 m3 s~ per chan-
nel at the Convair average airspeed of ~100 m s1)
adequately samples the very large snowflakes over a
spatial extent of 1 km.?

The region of very large snowflakes was also ob-
served at the surface when it passed over the St. John’s
airport (Fig. 6). The period of rapid snowfall accu-
mulation (peak rate up to 9 mm h-1) coincides with
arrival of the band identified by radar as the same
region with very large snowflakes observed earlier by
the Convair. The conditions shown in Fig. 6 are very
similar to those often associated with observations of
very large snowflakes; that is, the surface temperature
is near 0°C and the wind is nearly calm (Stewart et
al. 1990). In addition, the duration of the very large
snowflake event (about 30 min) was used to estimate
the spatial extent of the area containing the particles.
Based on a band motion of 15-20 m s, the width
is on the order of 30 km.

2 Thisis the first time complete digital images of very large snow-
flakes have been recorded. In a previous CASP | study of Canadian
winter storms near Nova Scotia (Stewart et al. 1990), surface ob-
servers measured very large snowflakes but the ground-based 2D-G
digital imaging probe was limited to sizing snowflakes <~1 cm. This
instrumentational limitation prompted the use of the new HV PS probe
in CASP II.

Personnel on the ground collected snowflakes at Tor-
bay during the period of rapid snowfall accumulation.
The maximum dimensions of the snowflakes were ob-
served to range in size from about 2 to 5 cm and there
was evidence of only very light riming on some of the
particles. Some of the snowflakes were also photo-
graphed and Fig. 7 shows one that is about 2 cm. This
and other snowflakeswere largely comprised of 1-5mm
dendritic crystals and needles, which are similar in ap-
pearance to the shadowgraphs shown in Fig. 3. Planar
dendrites (e.g., types Ple and PI1f), stellar dendrites
(e.g., P1d), and radiating assemblages (P7b) typically
form at water saturation in the temperature regime of
—13° to —17°C (Magono and Lee 1966), which cor-
responds with the altitude at which the initial 3-5-mm
dendrites were observed with the aircraft. Rogers (1973)
conducted a detailed observational study at the surface
of 10 snowfallsin Laramie over a 13-month period. He
photographed snowflakes, determined (when possible)
their composition, and measured the unmelted and melt-
ed size distributions and snowfall rates. He noted that
all aggregates larger than 1 cm were composed of planar
dendrites or stellar dendrites, with needles present in
small numbers. Rogers observations are in good gen-
eral agreement with Magono (1953), Jiusto (1971),
Hobbs et al. (1971), and Rauber (1987). Stewart et a.
(1990) aso reported that most aggregates in CASP |
storms were composed of dendrites and needles.
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FiG. 4. Images of melted and partially melted snow particles ob-
served at 0.6 km (+4°C) by (top) 2D-G probe and (middie) HVPS.
Histograms of particle size distribution shown at the bottom are 1-
km averages from two independent HVPS channels.

The numerical model of aggregation put forth by Hol-
royd (1971) suggests that dendrites will aggregate faster
than other types of crystals. Rogers (1973) study
showed that all seven of the events with precipitation
rates >4 mm h-* (up to 14 mm h-*) were composed
predominantly of stellar dendrites. (Figure 3 shows that
dendrites were observed at —17°C in this CASP Il
storm.) Rogers also noted that most larger snowflakes
are composed of dendrites that contain an *‘origin ice
crystal, which is typically a dendrite that is 3 mm or
larger, accompanied by ““majority’”’ crystals, which are
usually dendrites that are about 1 mm in size. Rauber
(1985) also noted that aggregates observed at Steamboat
Springs, Colorado, almost always contained a large (3—
5 mm) dendritic ice crystal which he called a “plat-
form” crystal. These observations support the hypoth-
esis put forth here, that 3-5-mm dendrites observed in
the region of weak convective instability were origin
crystals for the very large snowflakes observed at the
surface.

Magono and Nakamura (1965) show results of several
hundred computations of snowflake density from sur-
face measurements collected at Sapporo from 1958 to
1962. The size and density of the snowflakes were es-
timated by tracing the horizontal dimensions of the
flakes on filter paper before and after they melted. Their
results indicate that snowflake density (ps) varies over
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FiG. 5. Images of 4-5-cm snowflakes and 1-km averaged histo-
grams of particle size distribution observed at 0.6 km (+1.0° C) from
two independent HVPS channels compared with Gunn—Marshall
(1958) parameterization for an equivalent rainrate of 9 mm h-* and
5:1 ratio of unmelted to melted snowflake size, (dot-dash line) least
squares fit to snowflake size distribution measurements from Rogers
(1973), and (dashed line) least squares fit to HVPS data (Solid line).

more than two orders of magnitude, ranging from ap-
proximately 0.004 (at 2.5) to 0.6 g cm~2 (at 0.3 cm).
The density of snowflakes depends on several factors,
including the types and sizes of the constituent ice crys-
tals (Diamond and Lowry 1954), crystal packing, and
the amount of riming (Power 1962). Holroyd (1971)
sorted the data collected by Magono and Nakamura and
found that the *‘dry” snow cases followed a best fit
equation of pg- = 0.017D*, where D in cm is the mean
of the length and width of the flake. Rogers (1973)
supplemented the dataset of Magono and Nakamura
from his observational study in Laramie and computed
a best fit equation for “wet” snow to be pgs =
0.0724D1.

Using Rogers' (1973) equation for wet snowflakes,
the largest snowflakes observed in this CASP Il storm
would have a density of about 0.015 g cm—3. Although
4-5-cm snowflakes were observed at Torbay, the max-
imum dimension of the largest snowflakes captured and
alowed to melt in plastic bags was about 3 cm. The
equivalent melted diameter of the 3-cm snowflakes was
about 0.7 cm. The observers at Torbay estimated that
the flakes had a vertical height to horizontal length ratio
of about 3:1, giving a snowflake density of about 0.02
g cm-—2for the 3-cm flakes, which isalso in good general
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Fic. 6. Time series of surface measurements taken at the St. John's airport. The very large
snowflake event occurred at about 0230 UTC.

agreement with Rogers formula. Auer (1971) reported
amelted diameter of 0.6 cm from 5-cm snowflakes cap-
tured in Laramie. He did not describe the geometry of
the snowflakes, so the snowflake density cannot be de-
termined. However, he did report particle concentrations
of 4,1, and 1 m-2, for 3-, 5-, and 6-cm diameter snow-
flakes, respectively, which agrees well with the size dis-
tribution shown in Fig. 5.

In addition to snowflake size distributions measured
by the HVPS, Fig. 5 also shows equations of the form

N(D) = Nye 02, (1)

where N(D) is the snowflake size distribution and D is
snowflake diameter. The three equations in Fig. 5 are
from aleast squaresfit to the HV PS measurements(solid
line), a least squares fit to a snowflake size distribution
measured by Rogers (1973) during an event with the
largest (3.5 cm) snowflake observed in his 28 cases
(dashed line), and the Gunn and Marshall (1958) pa-
rameterization where N, = 3800R°%” cm~* and A =
25.5R%4 m=3 mm~* and R is melted equivalent snow-
fall rate in mm h=t (dash-dot line). A value of R = 9
mm h~* (Fig. 6) and aratio of 5:1 maximum snowflake

dimension to equivalent melted diameter was used in
the Gunn and Marshall parameterization. The compar-
ison in Fig. 5 shows that the HV PS measurements from
the CASP |l storm are in good agreement with Rogers’
equation for the event with the largest (3.5 cm) snow-
flakes he observed. The Gunn—Marshall equation has a
steeper slope, which agrees better with Rogers' mea-
surements of the size distributions of smaller snow-
flakes. The Gunn—Marshall parameterization isbased on
several empirical measurements, and in most regions of
the world very large snowfall events are rare, so the
ensemble Gunn-Marshall distribution may not ade-
quately represent these events.

4. Synthesis of in situ and remote observations
with models

a. Description of MM5 mesoscale model

A fifth-generation mesoscale model has been devel-
oped jointly at the Pennsylvania State University and
NCAR (Anthes and Warner 1978; Anthes 1990; Grell
et al. 1994). Version v1.0 was used in this work, which
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FiG. 7. Photographs of snowflakes captured at Torbay during the
very large snowflake event.

is three-dimensional, nonhydrostatic with explicit mois-
ture, and has simple mixed-phase ice physics (Dudhia
1993) with the Grell cumulus parameterization scheme
(Grell 1993). The model used three nests with time-
dependent lateral boundary conditions and a high-res-
olution planetary boundary layer. The spatial domains
of the three nests with grids of 90, 30, and 10 km are
shown in Fig. 8. All of the domains contained 23 levels
approximately 50 mb apart. The 90- and 30-km domains
were initialized at 0000 UTC and the 10-km domain
was initialized at 1800 UTC on 14 February. The 30-
and 10-km domains were advected along with the center
of the low pressure. The 90-, 30-, and 10-km domains
were all terminated at 0000 UTC 15 February. The non-
hydrostatic, nested grid system allows synoptic and me-
soscale forcing to be fed down into the cloud scales.
Topographical, coastal, land-use, and sea temperature
conditions are some of the more important features in-
cluded in the model.

The microphysical scheme assumed that liquid cloud
water and rain exist below the freezing level and snow
and ice crystals above the freezing level. The density
for rain was 1 g cm=2 and for snow 0.1 g cm~3. For
snow and rain, the Marshall-Palmer version of (1) with
fixed N, was used, where N, = 8 X 10® m~4, for rain,
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Fic. 8. Map showing spatial domains of the 90, 30, and 10 km
nested grids used in the MM5 model runs.

and for snow, N, = 2 X 10”7 m~“. The slope parameter
A is represented in the model by

A= <7TN08)1/4

m
where a is the particle density (g cm=3) and m is the

atmospheric mass content of the particles (g m-3).
MM5 was run both with and without nudging. The
technique included nudging on the 90-km domain to-
ward National Meteorological Center (NMC) 3-h sur-
face analyses and nudging toward individual observa-
tions on all three domains. In addition to the standard
NMC surface observations, surface stations were in-
cluded from Ontario, Quebec, the Canadian Maritimes,
and Newfoundland. The standard NMC upper-air sta-
tions were supplemented with soundings from some spe-
cial Canadian stations and five dropsondes launched by
the aircraft.® All of the observations in addition to the

NMC data were supplied by AES.

2

b. Integration of mesoscale observations and MM5
model

The results from MM5 were compared with the anal-
ysis of surface and upper-air observations and with
SSM/I satellite observations to assess the ability of the
model to reproduce features on both the synoptic- and
the mesoscale. The primary goal of this work is to un-

3 Dropsonde measurements were incorporated here for thefirst time
into the MM5 model. A data point is transmitted from the sonde
every 10 s and the sonde falls at about 9 m s%, so it is not possible
to measure the exact pressure when the sonde plunges into the sea.
The MM5 model surface pressure, temperature, and dewpoint tem-
perature were used at the sea surface.
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Fic. 9. Comparison of 0000 UTC 15 February 1995 surface analyses from (a) AES Newfoundland Weather Center and (b) MM5 model
prediction. The solid circles show positions and magnitude of the centers of low pressure in 6-h intervals.

derstand the origin and development of the very large
snowflakes. In order to utilize model results on the cloud
scale, it is necessary to check and verify the ability of
the model to faithfully reproduce the critical mesoscale
features.

Figure 9 shows a comparison of 24-h movement of
the centers of low pressure and surfaces analysesat 0000
UTC, about 1 h after the time the very large snowflake
event was observed by the aircraft. The position of the
low predicted by the model consistently lags the actual
low pressure center by about 80 km.* The comparison
of the simulated surface analysis from the 10-km do-
main and the analysis based on observations at 0000
UTC is very good. The analysis is done from sparse
measurements over the ocean so that the actual shape
of the isobars is uncertain. Figure 9 shows that over the
coastal region, the agreement in the isobars and wind
barbs between the model and analysisis excellent. This

4 The model predictsaslightly slower (by about 4.5 h) development
of the storm than shown by the AES analyses. Since here we are
using MM5 for analysis instead of as a predictive tool, all model
times given in this paper have been time-adjusted to establish con-
sistency with the observations. This was accomplished by using the
model product that occurred either 4 or 5 h later in time, depending
on which product appeared to better fit the observational analyses.

comparison helps to establish the validity of MM5 in
simulating the dynamics on the meso-« scale (200—2000
km) at the time of the very large snowflake event.

Figure 10 shows a comparison between the MM5
predicted precipitable water field, microphysical data
derived from the 85-GHz channel of the SSM/I satellite
and the 11-um channel of the Advanced Very High
Resolution Radiometer (AVHRR) on the NOAA-12 sat-
ellite. The SSM/I observations, analyzed by Schols et
al. (1998), suggest that a line of convection containing
graupel particles extends for hundreds of kilometers
south of the center of low pressure. The position and
aspect ratio of thislineisin good agreement with aband
of precipitable water predicted by MM5 on the 30-km
domain. The 6, and vertical velocity fields generated by
the model (not shown) support the observation that this
was convective precipitation. The comparison between
satellite and model results seen in Fig. 10 is very good
and supports the ability of MM5 to predict features on
the meso-a scale and also the meso-B (20-200 km)
scale.

The good agreement in MM5 results and observations
seen on the meso-a and meso-B scales suggests that
comparisons on finer scales may be justified. Figure 11
shows comparisons of vertical cross sections of tem-
perature and 6, derived from 1) MM5 model results
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without 4DDA and nudging toward dropsonde obser-
vations, 2) model results with 4ADDA and nudging, and
3) only aircraft dropsonde measurements. Again, the
agreement between the in situ observations and model
results is remarkably good, particularly considering that
the model was started 26 h in advance. The model results
demonstrate that the (sloping) trends in both the iso-
therms and lines of constant 6, are well represented by
the physics of the model aone, without 4DDA and
nudging. The 4DDA and nudging only adjust the con-
tours slightly toward those of the observations.
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Fic. 10. Comparison at 0000 UTC on 15 February 1992 of the (a)
brightness temperature from the 85-GHz channel of SSM/I with analysis
of the center of low pressure, cold front, snow, and graupel particles,
(b) precipitable water field from the 30-km grid of the MM5 model, and
(c) brightness temperature from the 11-um channel of the AVHRR from
the NOAA-12 satellite. The thick black line shows the aircraft track.

In the observational study of this case, Lawson et al.
(19934) suggest that the devel opment of the 14 February
very large snowflakes was linked with 1) weak con-
vective instability at an altitude of 5 km that supported
development of large dendritic origin crystals of the
type found later about 200 km downwind in the very
large snowflakes, and 2) a thick (~600 m), nearly iso-
thermal layer near 0°C that sloped downward along the
fall direction of the origin crystals/snowflakes. Both
these factors are very consistent with the expanded set
of observations discussed in this section. The aircraft
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observations in Fig. 11 show a region where d6./dz is
slightly negative, implying weak convective instability
existed aloft near the southwest end of the aircraft track.
The model results in Fig. 11 show aregion aloft in the
exact same location as the aircraft observations where
the trend in the 6, contours is very similar and d6,/dz
is slightly positive. The contours of 6, derived from the
observations and the model results both slope upward
at about a 30° angle and the isotherms both slope down-
ward at about a 15° angle. The main difference in the
thermal fields derived from the observations and the
model results occurs below 1500 m. In this region, the
model predicts much smoother contours of both tem-
perature and 6, than seen in the observations. The model
shows a sloping isothermal layer near the 0° isotherm;
however, the isothermal layer predicted by the model is
not nearly as thick as seen in the measurements. Thick
layers near 0°C are physically linked to a melting pro-
cess operating within saturated conditions (Stewart
1984; Stewart et al. 1984). MM5 accounts for phase
transitions, and, in this case, tends to make the appro-
priate kinematic adjustments but falls short of repro-
ducing the fine structure below 1500 m. The agreement
between the overall trends in the vertical cross sections
of temperature and 6, from the dropsonde measurements
and the MM5 model resultsis very good. This suggests
that at least some aspects of the model results reproduce
the general trends seen in the observations on even the
mesory scale (2—20 km).

The very good agreement between the observations
and themodel in Figs. 9—11 encourages usto judiciously
use the model results to expand (temporally and spa-
tially) the limited in situ aircraft observations. Thus,
MM5 is used here as a data analysis tool, instead of a
forecast tool.

The weak convective instability aloft (Fig. 11) was
directly associated with the presence of 3-5-mm den-
dritic ice crystals (Figs. 2 and 3). MM5 model results () FANLLLTY
in Fig. 12 show that the convective instability at 545
mb was directly above a region between 850 and 700
mb that is about 50 km in diameter and exhibits strong
counter-clockwise circulation (i.e., convergence). The
localized convergence at the lower level is at the north-
ern end of the long line of convection observed by sat-
ellite (Fig. 10) and was generated along the frontal
boundary between the cold and warm sectors. This
strongly suggests that the observations of supercooled
liquid water and dendrites at —17°C were supported by
convection generated by convergence in the lower lev-
els. The MM5 500-mb wind field, also shown in Fig.
12, indicates that there was no convergence at the level
where the dendrites were observed. Instead, at 545 mb
the MM5 wind data, supported by the in situ observa-
tions from the Convair air motion system, show a uni-
form field of southwest winds with velocities of 20-25
m s~*. Thus, the dendritic crystals observed at 545 mb
were probably transported rapidly northeastward in the
strongly sheared flow from the southwest. (W) 3001111V
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Fic. 11. Vertical cross sections showing isotherms (dashed lines) and 6, (solid lines) along the aircraft track at 2100 UTC computed using (&) MM5 model results initialized 26 h
previously, (b) MM5 model results with 4ADDA and nudging, and (c) analysis of five dropsondes released between 2002 and 2050 UTC
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wise circulation (i.e., convergence and vertical air motion) beneath
a strong southwesterly flow at 500 mb.
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The observations of large snowflakes taken on the
ground showed that they were mainly composed of mil-
limeter-sized dendritic crystals and needles (Fig. 7);
such dendritic particleswere only observed al oft upwind
of the airborne observations of very large snowflakes.
Thus, it is reasonable to suggest that the dendrites were
associated with the devel opment of the very large snow-
flakes. The very large snowflakes were observed about
2.3 h and 130 km downwind of the airborne observa-
tions of dendrites aloft, which is consistent with amean
transport velocity of about 15 m s, This implies that
the hydrometeors had an average fall velocity of about
0.5 m s%, which is reasonable for a large dendritic ice
crystal (Pruppacher and Klett 1978), but is too small
for the large snowflakes. Magono and Nakamura (1965)
show that the fall velocity islargely afunction of snow-
flake density and that very large snowflakes with a den-
sity of 0.02 g cm~2 fall at about 2-3 m s-*. Auer (1971)
measured the fall velocity of very large snowflakes at
700 mb to be about 2-3 m s~* and this is consistent
with measurements made by one of the authors (RPL)
in Boulder, Colorado, at 850 mb. Thus, simple com-
putations using published fall velocities substantiated
by our measurements suggest that the snowflakeswould
fall short of the observed location unless there were
vertical air motions that effectively reduced the particle
fall velocity.

The MM5 model wind fields shown at 2100 UTC in
Fig. 12 do not reveal any areas of low-level convergence
(producing vertical air motion) downwind of the loca-
tion of the dendrites observed aloft. However, the model
wind fields at 700 mb 1 h later (2200 UTC) and at 850
mb 2 h later (2300 UTC) seen in Fig. 13 show areas of
low-level convergence about 50 km in diameter that
coincide with the observed location of the large snow-
flakes. The associated vertical air motion would effec-
tively retard the fall velocity of the particles. Figure 14
shows cross sections of the vertical air motion fields
computed by MM5 along the aircraft track at 2200 UTC,
suggesting that upward vertical velocity maximums of
about 0.2-0.4 m s~* were associated with the locations
of low-level convergence seen in Fig. 13. The presence
of widespread ascent near the warm front is certainly
expected. In addition, the fact that this ascent was also
occurring near 0°C is quite consistent with the predic-
tions of Szeto et al. (1988ab) and Szeto and Stewart
(1997). They showed that in a baroclinic environment,
an organized mesoscale circulation should result from
horizontal variations in the diabatic process of melting
and other associated processes such as sublimation and
evaporation.

In support of the model results, atime—height vertical
cross section of Doppler radar measurements from the
UT radar (taken later when the very large snowflake
event was over St. John's) are also shown in Fig. 14.
Based on Doppler radar measurements of the conver-
gence—divergence field, vertical (air) velocities of 0.1—
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Fic. 13. MM5 wind fields at 500 (2100), 700 (2200), and 1000 mb (2300 UTC). The dashed circle on the 500-mb field

shows the region of convergence between 850—700 mb shown on Fig. 12 and the solid circles show counter-clockwise
circulation (associated with convergence and vertical air motion) at 700 and 1000 mb in regions where the snowflakes

would be transported downwind by the southwest winds at 500 mb.
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FiG. 14. MM5 vertical cross section along aircraft track of vertical
velocity field at 2200 UTC where solid lines are upward and dashed
lines are downward velocities (cm s—1). Bold lines superimposed over
MM5 product are vertical velocity contours (bold labels in cm s71)
from UT Doppler radar when the very large snowflake event occurred
at Torbay. The horizontal scale for the radar data was translated from
time to distance using the observed motion of the storm.

0.6 m st are computed in the region where the snow-
flakes were observed.

The combination of MM5 results and Doppler radar
observations strongly suggests there was convergence
and upward vertical velocitiesin the region of 850-500
mb along the path over which the very large snowflakes
developed or were occurring. The resulting vertical air
motions would have effectively slowed the fall of the
hydrometeors so that observations of the location of the
very large snowflakes are consistent with measurements
of fall velocities reported in the literature.

c. Microphysical observations and model results

Aircraft, radar, and satellite observations, integrated
with the MM5 model run in 4DDA mode, are all con-
sistent with the concept that the storm environment was
favorable for the very rapid aggregation of dendritic
(and other) ice crystals into 4-5-cm snowflakes. The
nature of the processes responsible for this can be ex-
amined in detail.

Figure 15 shows the maximum 1-km averaged mea-
surements of IWC, LWC, and maximum particle di-
mension (D,..,) as a function of atitude, as well asthe
horizontal distribution of IWC and D, through the
plume of very large snowflakes. In Fig. 15, vertical
profiles of LWC and D,,,, measurements are interpol ated
linearly and the IWC isfit with a spline. The maximum
dimension of the snowflakes increased from 3-5 mm at

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 55

5 km to 1-3 cm at 1.2 km and then to 4-5 cm at 0.6
km. The equivalent IWC was computed from the par-
ticle size distribution shown in Fig. 5 and Rogers
(1973) equation for wet snowflake density. The uncer-
tainties in computing IWC from particle imaging probes
may be a factor of 2 (Heymsfield 1986), or even much
larger, depending on the geometry and density of the
snowflakes and assumptions made in the computations.
However, the maximum 1-km average IWC computed
from the particle imagesis 1.8 g m~2 a 1-s peak of 2.7
g m~3, which are very high valuesin winter storms (for
example, see Rogers 1973). An independent analysis of
IWC derived from SSM/I satellite measurements by
Schols et al. (1998) is also shown in Fig. 15. The IWC
derived from the SSM/I measurements also increases
rapidly from 3 km downward to 1 km, showing a peak
value of 2.6 g m-2 at about 1 km. The composite aircraft
measurements shown in Fig. 15 suggest that a moderate
increase in IWC occurred between 4.9 and 3.6 km, a
commensurate decrease occurred from 3.6 to 2.2 km,
and then a dramatic increase in IWC took place (from
about 0.16 to 1.8 g m—2) between 2.2 and 0.6 km.

The two microphysical mechanismsthat are generally
considered to be responsible for anet gaininice particle
mass concentration are growth by vapor diffusion and
accretion of supercooled drops. Aggregation of ice par-
ticles, on the other hand, increases the mass of some
particles at the expense of other particles (within a spe-
cific volume). This has the effect of shifting the median
of the ice particle size distribution toward the larger
sizes and decreasing the total number concentration. Ag-
gregation can, however, increase the total mass concen-
tration at a specific locale if larger ice particles aloft
fall down through a field of smaller snowflakes sus-
pended in an updraft. In the remainder of this section,
we address the contributions of particle mass growth by
accretion and diffusion and the possibility of ice par-
ticles growing rapidly via sedimentation and aggrega-
tion.

The measurements in Fig. 15 indicate that the su-
percooled LWC available for conversion to iceis small,
on the order of 0.05-0.2 g m~3. This suggests that ac-
cretion is not sufficient to account for the rapid increase
in IWC. However, radar measurements and MM5 sim-
ulations indicate that the particles fell through a region
where the upward vertical velocity was on the order of
0.5 m s and the atmosphere was saturated, so that a
continuous replenishment of available supercooled
cloud water would have occurred. A simple calculation
showsthat if avertical air velocity of 0.5 m s persisted
for 3000 s at the observed temperature and pressure, the
adiabatic LWC would be on the order of 1.5 g m=3,
which would account for the observed increase in par-
ticle mass concentration. It is also known, however, that
the rate of accretional growth isa strong function of the
available supercooled LWC. For example, Cooper and
Lawson (1984) show that LWC appears as an exponent
in the equation for accretional growth, and that the ac-



1 NovEMBER 1998

5.0 :

LAWSON ET AL.

4.0

3.0

20

ALTITUDE (km)

1.0

PN S S T I S U U S S T TS VT O OO S O OO T T

0.0 !

bl
=3

by
=1

30

2.0

ALTITUDE (km)

LNt R N T N D s B I s S B S S S e

S S TR ST U S N W T U S Y VO O S W I W IO

0.4
AIRCRAFT ICE WATER CONTENT (g m”)

1.2

2.0

25 |-

ICE WATER CONTENT (g m”)

05 +

0.0

000

! 1
50 10.0 150 200

HORIZONTAL DISTANCE (km)

-16.5

-85

- 45

-05

-16.3

-12.5

'
«
W

'
B
n

'
o
n

TEMPERATURE (C)

TEMPERATURE (C)

ALTITUDE (km)

5.0

4.0

1.0

0.0

6.0

5.0

4.0

3.0

ALTITUDE (km)

2.0

L It S B B S n e e M Sy B B B S B B et

TN T T S T T Y RN YT Y U VU SO T S SO WY S 1

24.0 36.0 48.0 60.0

MAXIMUM PARTICLE DIMENSION (mm)

LN B B Bt e S At et B e ¢

FUR U S N ST BT AT TN RV TSN BT STy

1.0 2.0
SSM/T ICE WATER CONTENT (g m™)

W
o

20

MAXIMUM PARTICLE SIZE (mm)
w
5]
T

545mb

922mb

859mb

5 10 15 20 25 30

HORIZONTAL DISTANCE (km)

3223

- 165

-12.5

o
wn
TEMPERATURE (C)

.
R
n

'
o
wn

Fic. 15. Aircraft observations of vertical profiles of (a) liquid water content, (b) maximum particle dimension, and (c) 10-s averaged ice
water content. A vertical profile of ice water content derived from SSM/| satellite measurements and adapted from Schols et al. (1998) is
shown in (d). The horizontal distribution of 1-s point measurements of (€) ice water content and (f) maximum particle dimension from
aircraft measurements within the plume of very large snowflakes are also shown for three pressure levels.
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cretion rate expected for LWC ~0.2 g m=2 is too slow
to produce the observed increase in particle mass. Also,
observations made in summer cumulus by Cooper and
Lawson (1984) show that aggregation (instead of ac-
cretion and graupel formation) predominates when the
LWC =0.5 g m=3. The large snowflakes observed at
the ground (Fig. 7) showed evidence of light riming,
not the heavy riming expected from high LWC. Thus,
conditions were adequate to support some collection of
supercooled cloud water; however, accretional growth
did not account for the observed increase in particle
mass concentration.

Particle growth by diffusion is also a candidate for
explaining the rapid increase in IWC from 2.2 to 0.6
km seen in Fig. 15. While theory and laboratory ob-
servations of the diffusional growth rates of individual
ice crystals agree relatively well (Pruppacher and Klett
1978), little is known about the effective diffusional
growth rate of aggregates of ice crystals. Thisismainly
due to a lack of theoretical and observational methods
for determining the effective ventilation factor of ag-
gregates. That is, should the diffusional growth rate of
an aggregate be treated like the sum of the (ventilated)
individual crystalsfalling at the terminal velocity of the
aggregate, or more like the growth rate of asingle large
crystal? While the actual diffusional growth rate prob-
ably falls somewhere in between, it is worthwhile here
to explore the maximum possible growth rate using the-
ory as a guideline. Pruppacher and Klett (1978) show
that the maximum diffusional growth rate for ice crys-
tals at —5°C is about 10-8g s~*. Next, assume that the
falling aggregates are full of thousands of *‘ ventilation
holes,” so that the ice crystal concentration is effec-
tively multiplied by four orders of magnitude®, produc-
ing an effective particle concentration on the order of
103-10* m-3. Finally, if we assume that the particle
velocity of the large aggregates falling from 2.2 to 0.6
km is reduced by upward vertical air motion to 0.5 m
s1, then the time for diffusional growth is on the order
of 3000 s. Multiplying these numbers together gives an
increase in IWC of 0.03 g m=3, which is still far less
than the observed value of 1.6 g m~3. This simple cal-
culation suggests that the observed dramatic increasein
IWC from 2.2 to 0.6 km is also not explainable solely
by diffusional growth.

Next, we address the possibility that the very large
snowflakes and high IWC were the result of aggregation
of larger ice particles falling into a field of smaller ice
particles sustained by upward vertical motion. The ob-
servations and discussion in the previous section (cf.
Figs. 2 and 12-14) argue for a scenario where 1-5 mm

5 Thereis no way of knowing the actual ventilation factor of avery
large snowflake. A maximum enhancement of 104 was chosen be-
cause, in the absence of aggregation, thiswould produce anice crystal
concentration of about 103-104 m® of 2-mm crystals, which is a
reasonable maximum.
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dendrites were rapidly transported northeastward by the
strongly sheared flow aloft. The larger (3-5 mm) den-
dritesthen served the function of origin crystals (Rogers
1973) and descended into a region containing predom-
inantly needles and smaller dendrites. Rogers (1973)
observed unstable fall behavior for dendriticice crystals
larger than about 3 mm. He estimated that crystalslarger
than 5 mm can experience about a five-fold enhance-
ment in collision frequency dueto unstablefall behavior.
In addition, local convergence in this region produced
upward vertical air motion on the order of 0.1-0.6 m
s~ which acted to suspend the ambient field of ice crys-
tals and prolong the interaction with the origin crystals.
The rapid increase in particle size observed between 2.2
and 0.6 km (Fig. 15) corresponds with a region where
the isotherms slope downward in the direction of travel
of the snowflakes. Thus, the particles experienced arel-
atively long (~3000 s) period of exposure in the tem-
perature region from —5° to +1°C, aregion which has
classically been found to be very favorable for rapid
aggregation and development of large snowflakes (Dob-
rowolski 1903; Magono 1953, 1960; Hobbs et al. 1974;
Rogers 1973).

The Doppler radar dataand MM5 model results (Figs.
13 and 14) suggest that the large dendritic origin crystals
fell through aregion where there was an upward vertical
motion of about 0.5 m s=*. The MM5 results also sug-
gest that this vertical motion would provide upward
forcing for establishment of an ambient snow field
through which the larger dendrites would fall through.
In this region of Canada in which the environmental
temperatures often range at the surface from —3° -
—7°C, needles are typical and aggregates of needles are
common (Stewart et al. 1990). Lo and Passarelli (1982)
and Lo (1983), however, found that the slope parameter
A will not decrease past a value of about 1000 m-1.
They argue, based on observations (Lo and Passarelli
1981), that the limit is due to an equilibrium between
the production of small particles due to breakup and
large particles resulting from aggregation. Observations
of the largest snowflakes (Fig. 5) suggest A = 100 m~1,
which is considerably less than 1000 m-1, the limit sug-
gested by Lo and Passarelli (1982). A value of A = 100
m-~1, however, is consistent with observations made by
Rogers (1973), as shown in Fig. 5. Sedimentation of the
larger dendritic crystals into a region with upward ver-
tical motion comparable to the snowflake fall velocities
may have created an ‘“‘accumulation zone.” Rapid ag-
gregation without particle breakup in association with
the accumulation zone is a possible explanation for
much of the explosive growth in particle size between
2.2 and 0.6 km (Fig. 15).

d. One-dimensional (1D) microphysical model
analysis

The ice particle growth process was examined further
by using an analytical-numerical 1D model that incor-



1 NovEMBER 1998

porates diffusional and accretional particle growth with
particle aggregation (Mitchell 1988, 1990, 1994, 1995).
A fundamental assumption of the Mitchell model isthat
the snow size distribution can be described by the re-
lationship

N(D) dD = N,D*e¢*® dD. 3)

The equation for the slope parameter A(2) is height-
dependent and includes terms for vapor diffusion, ac-
cretion of supercooled cloud water, and aggregation of
ice and snow particles. It iscomputed by parameterizing
the quantities in the first and second moments of the
mass conservation equations (Mitchell 1988, 1991).
This produces a differential equation that incorporates
measurable quantities such as ambient temperature,
IWC, and updraft speed, as well as temperature-depen-
dent parameters drawn from the literature, such as crys-
tal habit, collection efficiency of cloud drops, and ag-
gregation efficiency of ice particles. The temperature
dependence of drop collection and aggregation effi-
ciencies, however, only appears indirectly through crys-
tal habits and the calculation of fall velocities. Thisis
unlike some other treatments of aggregation, where the
collection efficiency is parameterized directly asafunc-
tion of temperature. Strictly speaking, the Mitchell mod-
el is not time-dependent (although it does use fall speed
and updraft velocity). The differential equation for dA/
dzisaBernoulli-type equation and is solved numerically
in height steps (Mitchell 1988, 1990). The exponent v
governs the shape of the particle size spectra. That is,
v = 0 yields exponential spectra, v < O gives super-
exponential spectra, and v > 0 produces subexponential
spectra (Mitchell 1991).

For this CASP Il case, the Mitchell model was run
with » = 0.3 using a dendritic crystal habit with an
aggregation efficiency equal to 1. The measured tem-
perature profile, IWC, and LWC from the aircraft mea-
surements along with the MM5 vertical velocity were
used as inputs. The main reason for choosing the Mitch-
ell model was to assess conditions that would lead to
results consistent with observations of particle growth.
The mass concentration equations in the model are con-
strained by the measured IWC, so ice particle size dis-
tribution must satisfy the observed IWC. Particle break-
up, controlled by limits on A, may play alarge role in
determining the resulting particle size distribution in the
mid-to-lower cloud.

Figure 16 shows a comparison of aircraft and ground
observations with vertical profiles of model results for
the 14 February 1992 storm. The dashed lines in Fig.
16 are aircraft observations taken in the 14 February
1990 upslope storm along the Front Range of Colorado
during the Winter Icing and Storms Project (WISP)
(Mitchell 1995). The WISP observations are shown only
to emphasize the significant difference in microphysical
measurements between typical Colorado upslope storms
and the very large snowflake event observed during
CASP Il. In Fig. 16, there is good general agreement
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between the aircraft observations, ground observation,
and the Mitchell model results.

The results of the Mitchell model shown in Fig. 16
suggest that the very large snowflakes cannot be pro-
duced by diffusional and accretional growth without
aggregation. The model results arein general agreement
with the lightly rimed, large aggregates that were ob-
served on the ground (Fig. 7) and discussed in the pre-
vious section. In addition, at temperatures warmer than
about —3°C, the model suggests that particle breakup
must be inhibited in order to support the development
of very large snowflakes. In this region, Fig. 16 shows
that A decreases from about 240 to 75 m~* and D,
increases from about 2 to 4.5 cm while the particle
concentration remains essentially constant. Theseresults
differ from results reported by Lo and Passarelli (1982),
where particle breakup was observed to limit A to 1000
m-*. Here, the combined results of the observations and
Mitchell model suggest that in this CASP |1 storm par-
ticle breakup limits A to about 210 m~* at temperatures
<—3°C. At temperatures >—3°C, aggregation wasvery
active, the very large snowflakes formed, and particle
breakup appeared to be absent (or inhibited). Furukawa
et al. (1987) demonstrated in the laboratory that a quasi-
liquid layer forms on hexagonal columns at temperature
=—4°C and on plates at temperature =—2°C. (No tests
were conducted on needles and dendrites.) By producing
stickier crystals, a quasi-liquid layer may help explain
the inhibition of particle breakup in the CASP Il storm
at temperature =—3°C.

5. Discussion and concluding remarks

Aircraft observations (summarized here and dis-
cussed by Lawson et al. 1993a) strongly suggest that a
region of weak convective instability aloft generated
large (3-5 mm) dendrites that were transported down-
ward and fell into a downward-sloping near 0°C layer
where the dendrites and existing needl es aggregated rap-
idly into very large (4-5 cm) snowflakes. In this work
we incorporated aircraft, radar, surface, and satellite ob-
servations with output from a nested mesoscale model
(MM5) run in the four dimensional data assimilation
(4DDA) mode to enhance our understanding of the pro-
cesses |leading to development of the very large snow-
flakes. In addition, the Mitchell numerical—analytical
model was used to help understand the microphysical
processes leading to the development of very large
snowflakes.

There was good agreement between the observational
and the MM5 model results on mesoa, mesog, and me-
soy scales. Some examples are given below to illustrate
the extent of the comparison and to provide the justi-
fication for judiciously extrapolating the observations
both temporally and spatially:

1) The model accurately simulated the position of the
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Fic. 16. Comparison of vertical profiles of (a) ice particle concentration derived from aircraft measurements (*), Mitchell model results
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accretion, and the * is a ground-based measurement of snowfall rate at St. John’s airport; and (c) maximum particle dimension in the same
format as (a). Mitchell model prediction of vertical profile of slope parameter (A) applicable to Eg. (3) is shown in (d).

surface low, frontal boundaries, wind, and temper-
ature fields.

2) A 5km X 200 km vertical cross section through the
model domain reproduced the general trend of slop-
ing contours of temperature and equivalent potential
temperature observed by dropsondes released from
the aircraft.

3) The vertical velocity field generated by the model
in the vicinity of the very large snowflakes agreed
well with (limited) Doppler radar observations.

A synthesis of observations and model results has
provided an explanation of the physics associated with
the development of very large snowflakes in this CASP
Il winter storm. Figure 17 provides a simple schematic
diagram of the origin and development of the very large
snowflakes, and a chronology of the contributing pro-
cesses is presented in the following summary.

A 990-mb low was centered about 300 km south of
the southern coast of Newfoundland at 0000 UTC on
15 February 1992. Approximately 70 km west of the
center of the low, a region of low-level convergence
with light winds produced weak convective instability
aloft from about 850 — 550 mb. Dendritic crystalsgrew
to 3-5 mm within the region of weak convective insta-
bility in a water saturated environment with LWC ~
0.2 gm~3. Thedendriteswere carried aloft and entrained
into the 500-mb wind flow that was from the southwest
at about 20-25 m s*. After being transported approx-
imately 200 km downwind, the dendrites fell into a
region containing needles and dendrites supported by
an upward vertical velocity produced by low-level con-
vergence. The temperature field along the direction of
travel had downward sloping isotherms in the temper-
ature range from about —5 - +2°C. The slope of the
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FiG. 17. Schematic drawing showing the evolution of 2-5 cm snowflakes. The broad vertical arrows represent vertical motion on the
order of 0.5 m s~2 that retarded the fall velocity of the particles and supported an accumulation zone where rapid aggregation took place.

isotherms and the ~0.5 m s~ upward motion produced
conditions within which the snowflakes slowly settled
downward through the ambient field of ice and snow
particles in a temperature regime conducive to rapid
aggregation that had been developed in part through
melting-layer diabatic processes. Theoretical and ob-
servational evidence suggests that particle breakup was
essentially absent in this latter temperature regime and
the aggregates eventually grew to 4-5 cm in the region
between —3° and +2°C. This scenario, based upon a
very comprehensive approach, is consistent with the
overall suggestions made by Stewart et al. (1990) who
had examined another situation with very large snow-
flakes, although this earlier study was not able to quan-
tify the processes to the degree achieved here.

It may well be that the combination of geographic
features near the southern coast of the Canadian Mar-
itimes and Newfoundland favors the development of
very large snowflakes. The Gulf Stream maintains air
temperatures to the south of this region at or slightly
above 0°C during winter storms and this warm ocean
also provides a ready, huge supply of moisture. This
combination of temperature and moisture is conducive
to the maintenance of a storm environment that is at or
near saturation. Convective instability at upper levels
that arises through the overall storm structure can lead
to the generation of large numbers of millimeter-size

dendritic ice particles. In the saturated atmosphere be-
low their generation level, the copious quantities of ice
particles melt and deepen the layer near 0°C, which in
turn can act to modify the associated wind fields in the
vicinity of the warm front (e.g., Szeto 19883, b), so that
the particles encounter gently ascending air near the
melting layer. This chain of events leads to an environ-
ment favorable for rapid aggregation that produces very
large snowflakes (and high precipitation rates) that rap-
idly accumulate at the surface.
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