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Abstract

Radar observations, sounding data, and synoptic charts
were analyzed to investigate two snowband cases over central
Alberta. The Richardson number stability analysis indicated
that the warm frontal snowband of 16 October 1991 occurred
in an airmass that was unstable for Conditional Symmetric
Instability. The cold frontal snowband of 13 February 1994
developed in a convectively unstable airmass. Taking ice
phase processes into account had only minute effects on the
stability analysis.

From volume scan of radar reflectivity data, the time
evolution of precipitation production was computed. The warm
frontal snowband generated about two and one-half times more
snow than the cold frontal band. Both cases, however, had
similar values for the average snow content (0.16 g/m’) and
the average snowfall rate (0.7 cm/h). Likewise, times and
updrafts required for snow production were similar (~32 min
and ~1.2 m/s), suggesting that the same snow formation

mechanism occurred in the two snowbands.
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1 Introduction
1.1 Research topic

One of the most important functions of an operational
weather forecast office is the timely issue of warnings for
extreme weather. In winter, the Alberta Weather Centre in
Edmonton issues heavy snowfall warnings when forecasts
suggest that snow accumulations will exceed 10 cm within a
24 hour period. For central Alberta, about half of the
annual precipitation falls as snow (~150 cm), thus
predicting the timing, the amount and the distribution of
snow from snowfall events is important (Environment Canada
1986) .

Significant snowfall events in Alberta are often
associated with cyclones that originate from the Pacific
(Reinelt 1970; Chung et al. 1976). The conceptual cyclone
model advanced by the Norwegian school (Bjerknes 1919;
Bjerknes and Solberg 1922) accounts for the formation of a
broad uniform shield of precipitation in the pre-frontal
region of the warm front and for squall line type bands
along the cold front. However, radar observations of
precipitation areas associated with mid-latitude cyclones
indicate that precipitation bands are common (Nozumi and
Arakawa 1968; Browning a.:d Harrold 1969; Browning 1974;
Houze et al. 1976a; Hobbs 1978). Since the 1970's,
significant effort has been devoted to determining
precipitation band characteristics and scales of motion.

The CYCLonic Extratropical Storms (CYCLES) Proiect
(winters of 1973-1978) was the first systematic attempt to
investigate the relation between rainbands and large scale
processes which produce clouds and precipitation in
mid-latitude cyclones (Hobbs et al. 1980). Studies of these
cyclones (Houze et al. 1976a,b; Hobbs 1978; Matejka et al.
1980) indicate that rainbands tend to form in preferred



Figure 1.1: Locations of rainband types observed in mid-latitude

cyclones. The upper level cloud shield shown in white; lower

cloud decks shaded grey.

Type
Type
Type
Type
Type

la: Warm pre-frontal rainband.

1b: Warm frontal rainband.

2: Warm Sector rainband.

3: Narrow cold frontal rainband.

4: Wide cold frontal rainband (may straddle the narrow cold

frontal rainband).

Type

5a: Surge rainband which coincides with a surge of cold air

aloft.

Type
Type

5b: Post surge rainband.
6: Postfrontal rainband.



locations and orientations relative to one of the fronts.
Six types of rainbands have been identified and are shown in
Fig. 1.1 (After Matejka et al. 1980).

A number of mechanisms have been proposed to explain
the development of precipitation bands. These include
differential temperature advection (Browning et al. 1973),
Ekman layer instability (Lilly 1966; Kaylor and Faller
1972), gravity wave ducting (Lindzen and Tung 1976; Bosarc
and Sanders 1385), frontogenetic forcing (Sanders 1955,
1986), breakdown of horizontal shear across the frontal zone
(Solberg 1930; Carbone 1982; Hobbs and Persson 1982), and
conditional symmetric instability (Bennetts and Hoskins
1979; Emanuel 1979, 1983a).

Studies of precipitation bands in Alberta (Reuter and
Nguyen 1983; Aktary and Reuter 1993) suggest that
Conditional Symmetric Instability (CSI) is a likely band
formation mechanism. CSI is an instability arising from an
imbalance of forces in a baroclinic flow (Bennetts and
Hoskins 1979). It manifests as helical roll circulations
with the axes parallel to the baroclinic zone. A
climatological study of precipitation events in Alberta
(Reuter and Aktary 1995) indicated that during the winter
months, the potential for CSI existed in 55% of the snowfall
events. However, little is known about the characteristics
of Alberta snowbands such as life span, resident time for.
precipitation development and updraft required to maintain
the band. These quantities can be determined from weather
radar observations of a band's precipitation production,
which gquantifies the time evolution of a water budget
integrated over the precipitation system.

In this thesis two snowfall cases in central Alberta
are analyzed. The first event was the Pacific cyclone of
16 October 1991. Radar observations of the pre-frontal

region of the warm front indicated the presence of a



snowband which had a life span of about 6 hours. The
snowband showed up as an elongated radar echo with a length
of about 200 km and a width of about 30 km. For the second
event, radar observations indicate snow fell from a number
of snowbands the evening of 13 February 1994. The snowbands
developed north of a southward moving Arctic cold front and
lasted for 3 to 5 hours. Since the snowbands associated with
each event formed in different frontal environments, the two
snowfall events will be identified as the warm frontal
snowband and the cold frontul snowband. Digital radar data
are used to examine the time evolution of the precipitation
field and its relation to the synoptic airflow. The focus
will be on characteristic properties of the snowband based
on radar observations of precipitation production. A CSI
analysis will also be done to assess it's potential for
snowband formation. Before precise statements of the thesis
problem are made, essential background material will be

described.

1.2 Precipitation production in snow storms

a) Integrated snow budget

Water that condenses in a storm updraft is either
present in the form of cloud, precipitation or has
evaporated. The mass Q that has condensed up to time t may
be written as (Rogers and Yau 1989, pg. 234)

QW) =E@®)+C@®+P@)+0® (1.1)

where C is the mass of cloud water at time t, P is the mass
of precipitation (snow) aloft, O is the accumulated mass of
precipitation that has reached the ground (total outflow of
snow), and E is the accumulated mass of cloud water and
precipitation that has evaporated (Fig. 1.2). P contains all
the snowflakes and large ice particles that fall downwards,



whereas C contains the small supercooled water droplets and
small ice crystals that simply follow the ambient airflow.
In the cases analyzed in this study, temperatures values

were always below 0°C so that precipitation was exclusively

E

P+C

Q O

Figure 1.2: Schematic of a snow budget for a precipitation
system (See text for symbol definition).

in the form of snow.

Both P(t) and O(t) are estimated from a series of radar
observations of the precipitation pattern. The value of P is
determined by integrating the snow content M over the storm
volume. Here M is determined from reflectivity factor 2
using an empirical 2-M relation. The mass outflow rate
through the cloud base dO/dt at time t is determined by
integrating the snowfall rate R over the area of the cloud
base. Here R is estimated from Z using an empirical zZ-R
relation. The value O is determined by integrating do/dt
over the time period 0 to t. Empirical 2Z-M and 2-R relations
are derived using a spectrum of melted snowflakes. Thus M
represents the mass of the melted snow per unit volume and R

represents the melted snow precipitation rate.



The basic assumptions underlying the snow budget

equation (1.1) are:

* Water vapour ascending through the cloud base provides

the only source of ice.

¢ The vapour is converted into either cloud ice or
precipitating ice (i.e. snow) which drifts downwards.

¢ No ice is lost through the cloud top or cloud sides.

The two events analyzed in this study are cases where
the precipitation field was organized in linear snowbands.
The slab-symmetric geometry of such snowbands allows us to
consider the snow budget for a cross-section of the snowband
with a unit length in the band direction. Due to
slab-symmetry, a single vertical cross-section (oriented
perpendicular to tle band direction) is sufficient to
compute the snow bkudget for a section of the snowband of
unit length (e.g. Houze et al. 1981). We will now introduce
formulas that define P and O for a snowband.

From radar measurements of a snowband, a vertical
cross-section of digital reflectivity data (oriented
perpendicular to the band direction) is used to estimate
both P and d0/dt. Applying an empirical Z-R relation to data
near the cloud base, and integrating across the width of the

snowband W yields an estimate of do/dt,
doO
2 =ouw|Raw . (1.2)

Here, dw is the infinitesimal width of the snowband and g,
is the density of water. Likewise, applying an empirical z-M
relation and integrating over the cross-sectional area A of

the snowband yields an estimate of P,



P=[Mda. (1.3)

Here da is the infinitesimal cross-sectional area of the
snowband.

From these quantities, a number of properties can be
introduced which further characterize the snowband. The
average snowfall rate through the cloud base R, and the

average snow content in the cloud P, are defined by:

1 (dO/dr)
Ravg::'é;—w— (1.4)
Pavg=§. (1.5)

Holtz (1968) introduced the concept of characteristic

time 1

P
(dOlar) *

T= (1.6)

The value t represents the time required for all snow
located within the snowband to discharge through the cloud
base at the mass outflow rate. In periods when P and do/dt
are relatively steady, 1 represents the time needed for snow

to develop. Reuter (1990) introduced the characteristic

updraft U given by

R
U=P"3. (1.7)
avg

The value U represents the average fall speed of the snow
within the snowband. When R,,; @nd P, are relatively steady,
U represents the storm updraft required to maintain the
average snow content while snow is falling through the cloud

base at the average snowfall rate. For this calculation, it



is assumed that there is no mass transport or evaporation of
snow through the sides or through the top of the snowband.

Integrating dO(t)/dt over the time interval 0 to t
gives the accumulated outflow O(t). Combined with the total
snow content aloft P(t), the cumulative amount of snow

generated G(t) is given by the equation
G@t) =P@)+0() . (1.8)

b) Past studies

The systematic study of convective storms started with
the Thunderstorm Project (Byers and Braham 1949). One of t. :
fundamental concepts identified during this investigation
was the integrated water budget of a thunderstorm cell.
Braham (1952) determined that the updraft in a typical
airmass thunderstorm cell condenses about 0.5 Gg
(1 Gg = 1x10°kg) of water mass. After this pioneering
study, several researchers used radar data to estimate some

of the gquantities of the integrated water budget:

a) Holtz and Marshall (1966) used radar data to obtain a
total precipitation content of 190 Tg (1 Tg = 1x10° kg)

for a Montreal storm complex.

b) Holtz (1968), working with the same Montreal storm
complex, determined an outflow rate of 47 Gg/s and an
accumulated outflow of 379 Tg. Holtz also introduced
the concept of characteristic time and the cumulative

amount of precipitation generated.

¢c) McLaughlin (1967) showed that from an outflow rate of
9.7 Gg/s, the latent heat released by a severe
Oklahoma storm was more than a magnitude greater than

the estimate determined by Braham (1952).



d)

e)

£)

g)

h)

i)

)

9

Barge (1968) determined an average accumulated outflow

of 18 Tg for four storms in the Montreal area.

Auer and Marwitz (1968) estimated the rain outflow
rate for eight Colorado thunderstorms during their

mature stage. The average outflow rate was 1.7 Gg/s.

Pell (1971) reported an average total precipitation
content of 1.2 Tg for two storms near Red Deer,
Alberta.

From eight intense New England storms, Geotis (1971)
determined an average size of 1500 km’, an average
total precipitation content of 1.7 Tg, an average
outflow rate of 0.96 Gg/s, and an average accumulated
rainfall of 5.3 Tg. A time history of the rainfall

rate was included for one storm.

Fankhauser (1971) determined the time history of the
outflow rate and the average rainfall rate for an
Oklahoma hailstorm. At the storm's mature stage, an
outflow rate of 16 Gg/s and an average rainfall rate
of 32 mm/h were observed. By comparing moisture
convergence from aircraft wind measurements with the
average rainfall rate, the storm had a precipitation

efficiency of 60%.

Foote and Fankhauser (1973) determined the time
history of the outflow rate for a Colorado hailstorm.
The average outflow rate was 2 Gg/s.

Rogers and Sakellariou (1986) introduced the term
precipitation production to describe the integrated
water budget of a precipitation system. They examined
precipitation production in three long lasting Alberta
thunderstorms. The most intense storm had a maximum
total precipitation content of 1 Tg, a peak outflow
rate of 1 Gg/s, a total accumulation of 7 Tg, an
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average characteristic time of 25 min and an updraft

of abcut 5 m/s.

k) Reuter (1990) examined precipitation production in 9
intense thunderstorms that developed over the Lowveld
in South Africa. At the storm's mature stage, the most
intense storm had maximum total precipitation content
of 5.0 Tg, a outflow rate of 2.0 Gg/s, a total
accumulation of 10 Tg, a characteristic time of

23 minutes and a characteristic updraft of 5 m/s.

Although precipitation production of a precipitation
band has not been determined by radar, the water budget of a
rainband has been examined by Houze et al. (1981) using
aircraft measurements, atmospheric soundings and rainguage
data collected during the CYCLES Prcject.

1.3 Conditional Symmetric Instability

Conditional Symmetric Instability (CSI) is a mesoscale
instability that arises from an unstable balance between
gravity, the pressure gradient force and the Coriolis force
acting on a tube of air oriented along the thermal wind.
Bennetts and Hoskins (1979) were the first to suggest that
Symmetric Instability may be important in the formation of
precipitation bands. They concluded that the conditions
required for the realization of dry Symmetric Instability
are rarely satisfied in a frontal region. However, the
realization of moist Symmetric Instability or Conditional
Symmetric Instability (CSI) is possible in a saturated
atmosphere. The concept of CSI will be discussed further in
chapter 2.

Observational studies have supported the relationships
between precipitation bands and CSI (Bennetts and Sharp
1982; Seltzer et al. 1985; Emanuel 1988). Other studies have

examined CSI in relation to sncwbands.



a)

b)

c)

d)

e)

f)

g)

11

Emanuel (1983b) analyzed squall lines that occurred in
the Oklahoma snowstorm of 2-3 December 1982. Sounding
data was analyzed using a single sounding technique
for Symmetric Instability.

Sanders and Bosart (1985) analyzed the snowstorm of
11-12 February 1983 which produced a snowband from
North Carolina to New England. For this event the
snowband could be attributed to thermally direct
circulation induced by frontecgenetic forcing. CSI was
thought to enhance the ascent of the circulations
(Emanuel 1985) resulting in pulse-like eruptinons of

the elevated cloud tops.

Wolfsberg et al. (1986) analyzed the 11 December 1982
New England snowstorm. They found that CSI could
explain many of the observed features of the bands

such as their alignment and slope.

Moore and Blakley (1988) analyzed the Midwest
snowstorm of 30-31 January 1982 which showed similar

behaviour to the Sanders and Bosart (1:85) study.

Byrd (1989) showed that CSI was an important mechanism
in overrunning banded precipitation events over the

southern plains of the United states during 1981-1982.

Donaldson and Stewart (1989) suggested that CSI may
have been a contributing factor in the development of
snowbands in two Atlantic storms during the winter of
1986.

Reuter and Yau (1990) studied seven precipitation
bands during the Canadian Atlantic Storms Program
(CASP). CSI was found to be realized in the lower part

of the atmosphere resulting in banded precipitation.
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h) Shields et al. (1991) analyzed the Midwest snowstorm
of 10-11 February 1988. They found CSI existed above
the cold frontal zone, but the snowbands observed

along the cold front were attributed to frontogenetic

forcing.

1.4 Studies of Alberta precipitation

The Rocky Mountain range is a formidable barrier which
stretches from the Mackenzie Delta in the Northwest
Territories to southern Texas. The weather circulation
pattern is affected by this barrier which in turn affects
the timing and the distribution of precipitation across
Alberta (Reinelt 1970). In westerly mid-tropospheric flows,
subsidence to the lee side of the mountains will "wring" out
moisture from disturbances as they cross the mountains. With
a downward slope of the terrain from west to east, low level
easterly winds will produce upslope conditions which often
enhance precipitation over western Alberta. The annual
precipitation amount in the Prairie regions of eastern
Alberta is about 300 mm, whereas the foothills and mountains
receive about 400 mm or more.

The slope of the terrain can also affect the
development of precipitation systems. Significant
precipitation events in Alberta tend to occur when a Pacific
cyclone dissipates along the west coast of British Columbia
and reforms over western Alberta by lee cyclogenesis (Chung
et al. 1976). Summertime diff:rential heating of the eastern
slope of the Rockies can aluw produce extensive outbreaks of
convection (Smith and Yau :987).

Significant effort ies gone into understanding
thunderstorms, but at the expense of nearly ignoring
synoptic events and pyeuipitation bands. Studies of all
three types of precipitation systems are now reviewed.
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a) Summertime Convection

Studies of severe storms in Alberta began in the 1960's
with the installation of a 10 cm S-band polarization radar
in Penhold, Alberta (52.2°N, 113.8°W, 904 m). Besides
researching severe storms, the radar was also used to study
hailstone growth and to evaluate the effectiveness of
weather modification. The major findings for summertime

convection are documnented in:

a) Formation of hail (Longley and Thompson 1965).

b) Quantitative hailstorm studies (Pell 1971).

c¢) Multicell hailstorms (Chisholm and Renick 1972).

d) Growth of individual hail stones (English 1973).

e) Climatology of hail (Wojtiw 1975).

f) Forecasting of hailstorme (Renick and Maxwell 1977).

g) Distribution of hailstone sizes (Cheng and English
1983).

h) Supercell hailstorms (Krauss and Marwitz 1984).

i) Water budget of hailstorms (Rogers and Sakellariou
1986) .

j) Mesoscale upper air analysis (Strong 1989).

k) Polarized radar estimates of heavy rainfall rai. .-
(English et al. 1991).

1) Hail identification using polarization radar
(Al-Jumily et al. 1991).

m) Aerial precipitation amounts from radar (Kochtubaijda
1991).

n) Causes of severe convection (Smith and Yau 1993a,b).

o) Severe storm structure from polarization and Doppler
(Carvel radar) observations (Holt et al. 1994).
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With the improvements in the weather radar system at
Carvel (53.34°N, 114.09°W, 783 m) in 1991, digital radar is
now incorporated into studies of summertime convection in
central Alberta. Larochelle (1994) developed a synthetic
dual Doppler technique for viewing a thunderstorm's
horizontal wind field, and applied it to a meso-cyclone that
spawned a tornado.

b) Synoptic precipitation

Much less effort has been devoted to the study of
synoptic precipitation in Alberta. With significant
precipitation events occurring during the passage of a
Pacific cyclone, research has focused on lee cyclogenesis
with an emphasis on it's climatology and typical storm
tracks (Chung et al. 1976; Vickers 1975). Case studies of
the snow distribution from Pacific cyclones have also been
undertaken by the weather office in Edmonton (Gendron 1991;
Larochelle 1991).

c) Precipitation bands

Until recently, there has been little interest in
Alberta precipitation bands. Reuter and Nguyen (1993)
analyzed multiple rainbands that formed in the 17 July 1986
rainstorm. An analysis of the Stony Plain sounding indicated
that potential for CSI existed in a layer between 600 hPa
and 400 hPa. Aktary and Reuter (1993) observed a snowband
during the 4 October 1990 snowstorm in central Alberta.
Potential for CSI existed in a layer between 700 hPa and
500 hPa.
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1.5 Sstatement of the research problems

The aim of this thesis is to document the integral
parameters of the snow budget derived from radar
measurements of a warm frontal and a cold frontal snowband.
The main objective of this study is to determine the
feasibility of using the Carvel radar to determine portions
of a snowband's integrated snow budget. Assuming
slab-symmetry, snow buc-~et properties will be determined
from a vertical cross- -._ion of digital reflectivity data
obtained perpendicular to the snowband. Budget properties
include the total snow content, the mass outflow rate, the
average snow ~ontent, the average snowfall rate, the
characteristic timz, the characteristic updraft anc. “he
total mass of snow ge 3ra =2d. The relationship betw =1 the
synoptic conditic .. - e development of the snowt.ud will
also be examined. The assumption of band slab-symmetry will
be verified through a sensitivity study of the cross-section
angle.

A second okjective of this thesis is to determine the
potential for the existence of Conditional Symmetric
Instability in the two cases. The potential for CSI will be
assessed from atmospheric sounding data collected at Stony
Plain (53.33°N, 114.06°W, 766 m) using a single sounding
technique (Emanuel 1983b; Seltzer et al. 1985). The results
will be compared to a vertical cross-section of reflectiQity

normal to the snowband.
1.6 Thesis layout

The approach taken here will be to analyze digital
reflectivity data from the Carvel radar and data sampled by
radiosondes from Stony Plain.

Chapter 2 will give the necessary background

information on the sources of data used in this study. The
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method is split into 2 sections. The first will explain how
to determine the integrated snow budget from a volume scan
of reflectivity data. A discussion of the errors affecting
this method will also be included. The second section will
give a briel explanation of the theory of CSI and how to
determine the potential for CSI using a single sounding
technique.

Chapters 3 and 4 will determine the snow budget as well
as the potential for CSI for the warm and the cold frontal
snowbands, respectively. The synoptic conditions and the
distribution of snowfall will also be discussed for each
event. Additionally, in chapter 3 a sensitivity analysis of
the snow budget will be presented.

Chapter 5 will summarize and compare the findings of
this thesis with other studies. The results will then be
synthesized into final conclusions, along with some

suggestions for future research.
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2 Data and Method of Analysis
2.1 The Carvel weather radar

The Alberta Weather Centre in Edmonton operates a
Doppler weather radar located in Carvel, Alberta (53.34°N,
114.09°W, 783 m). The radar collects both conventional data
(reflectivity) and Doppler data (velocity, spectral width)
sampled over 10 minutes. The primary purpose of this radar
is to support weather forecast operations at the Alberta
Weather Centre. It provides graphical displays of
precipitation measurements, such as Constant Altitude Plan
Position Indicator (CAPPI) imagery. Since this study will
not be using Doppler data, the discussion will focus on the
conventional data.

Reflectivity measurements of precipitation are
determined from the emission of pulsed electromagnetic
energy which is focused by the radar antenna into a narrow
beam. A portion of the transmitted energy is back-scattered
by precipitation particles. The receiver within the antenna
collects this energy and converts it to a reflectivity
factor Z which is proportional to the sum of the particle
diameters to the sixth power over a unit volume (mm®/m?).
Reflectivity factor is usually expressed in dBz (i.e.

Z(dBz) = 10log(Z)). By sending pulses of energy at the pulse
repetition frequency, Z(dBz) values can be determined over a
number of pulse volumes. A pulse volume is a fulstrum that
is bounded by the range resolution and the radar beam width.
To improve the accuracy of the Z(dBz), a number of pulse
volume measurements are integrated in space to determine an
average value. The spatial volume over which samples are
integrated are referred to as range bins. Integrating

conventional data over 1 km range bins provides an accuracy

of +1 dBz. Some of the technical characteristics of the



Carvel radar are given in Table 2.1. More details are

available in Crozier (1986).
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Table 2.1: System characteristics for the Carvel radar. After

Crozier (1986).

Parameter Conventional Doppler
Disk diameter (m) 3 3
Peak power (kw) 260 260
wavelength (cm) 5.34 5.34
frequency (MHZzZ) 5625 5625
Azimuthal beam width (degrees) 2.2 1.4
Elevation beam width (degrees) 1.1 1.1
Scanning rate (rpm) 6 0.75
Pulse duration (us) 2 0.5
Pulse repetition frequency (Hz) 250 1190 and 892
Range resolution (m) 300 75
Range bin length (km) 1 0.5
Max. observed range (km) 256 113
Elevation scan angles (degrees) 24 angles from |0.4, 0.5, 1.5,
0.4 to 24.6 3.5

In order to collect radar data in an efficient manner
(i.e. 28 scans required in a 10 minute period), the radar

scans continually in azimuth 0 and steps to a new elevation
angle J after each rotation. After the data is processed
and graphical displays are produced, the digital
measurements (both Doppler and conventional) and the images
are archived on optical disks at the radar site. Digital
data are stored in spherical co-ordinates (r, 0, @, t) where
r is the slant range to the target and t is the sample time.
Due to the large volume of data collected by each scan,
measurements are compressed using a routine that stores data
from locations where echoes occurred (Crozier 1986). For
conventional data, values are only archived if they are

above a minimum reflectivity of 7 dBz.
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To acquire data from the archive, files are loaded from
the optical disks to the computer at the radar site. These
files, up to two megabytes in size, are then downloaded to a
personal computer by a modem. I have written a program in
C-language to uncompress the digital reflectivity data.

For Z(dBz) measurements of snow, an adjustment to the
data is needed since the radar is set for rain measurements.
The ice reflectivity factor Z,(dBz) is determined by
(Sauvageot 1992, pg. 113)

Z(dBz) = Z(dBz) + 6.5(dB) . (2.1)

Correction of Z,(dBz) data for attenuation 1s not required.
Attenuation reduces the intensity of the radar signal as it
passes through the atmosphere. The attenuation of the radar
beam by snow is about one-tenth that produced by rain and
can be neglected unless there are high Z,(dBz) values

(~£3 dBz) over a large distance (~50 km) (Gunn and East
1954).

2.2 Snow budget analysis from radar data

This section will address the method required to
determine a snow budget from conventional radar data. Z, can
be used to provide estimates of the total snow content aloft
P (equation 1.1) and the mass outflow rate 40/dt using
empirical Z,-M and Z,-R relations, respectively.

Assuming that the geometry of the snowband is
slab-symmetric, P and d0/dt can be estimated from a vertical
cross-section of Z; oriented perpendicular to the band
length. By taking a vertical cross-section along a fixed

azimuth angle 0, the co-ordinate system of the 2, data is
simplified to (r, @, t). To ensure good Z, data resolution

and to minimize the amount of precipitation lost above and

below the highest and the lowest radar elevation angles, a
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snowband vertical cross-section is limited to a distance
between 10 km and 60 km from the radar.

Prior to explaining the method for estimating the snow
budget quantities, the problems of 2z, data corrections for
ground clutter, band identification, the cloud base height,
and missing data will be addressed. Following this, the srow
budget method and the errors associated in using this method

will be discussed.
a) Removal of ground clutter

When the radar beam scans at low elevation angles (of
less than approximately 3°), ground echoes can occur with
meteorological echoes. These ground echoes called ground
clutter can be caused by hilly terrain or by temperature
inversion close to the earth's surface. A temperature
inversion can cause the radar beam to refract back towards
the earth's surface. Ground clutter can be easily identified
in a vertical 2,(dBz) cross-section as spikes of
approximately 45 dBz.

To eliminate possible contributions of ground clutter
to a snow budget analysis, ground echoes are recorded when
atmospheric echoes are absent. 2,(dBz) data at these ranges
and elevations are then removed from the analysis (Sauvageot
1992, pg. 204).

b) Band identification

A snowband can be embedded in an area of snow resulting
from thick layers of nimbostratus. To identify the band at
various stages, a reflectivity threshold Z.(dBz) has to be
chosen to distinguish the snowband from the ambient snow. To
find 2,(dBz), a vertical cross-section of Z,(dBz) is
interpolated to¢ a Cartesian grid using Cresman's (1959)
interpolation (e.g. Haltiner and Williams 1980, pg. 356).
Contouring the Cartesian grid data, Z.(dBz) is found from
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the contour value which defines the boundary of the
snowband. For the warm and cold frontal snowbands, a Z,(dBz)

value of 25 dBz and 20 dBz were used, respectively.
c) Cloud base height

To determine the snow budget parameters dO(t)/dt and
P(t), the height of the snowband's cloud base relative to
the radar site is required. Since hourly synoptic
observations are not taken at the radar site, the AGL (above
ground level) height of the snowband's cloud base is
determined from hourly synoptic observations. Observations
frem the Edmonton Municipal Airport (53.34°N, 113.31°,

671 m) or the Edmonton International Airport (53.19°N,
113.35°W, 715 m) are used. Since moderate snowfalls

(0.8 cm/h to 1.6 cm/h) can produce false precipitation
ceilings, the height of the cloud base was chosen from a
report when the edge of the snowband observed on radar was
close to the airport. To account for a possible lower cloud
base at the centre of the snowband and for the elevation
difference of about 70-110 m between the airport and the
radar site, the cloud base height is lowered by 300 m and
rounded to the nearest 100 m.

To exclude Z,(dBz) data below the cloud base in the
snow budget analysis, the height of the radar beam at each
range bin is determined. Since the density of air changes
with height, the resulting change in the index of refraction
causes the radar beam to curve. For a standard atmosphere,
the curvature of the beam can be accounted for by increasing
the earth's diameter by 4/3 (Battan 1973, pg. 24). The
height of the radar beam H, in metres, above the earth's
surface is then (Mohr and Vaughan 13978)

2
H=z+[%—], (2.2)
SD
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where d is the horizontal distance to the radar bin in
metres, and z is the height of the radar bin in metres above
the zero degree radar elevation angle (i.e. z = r sin (J)).
The value D is the earth's diameter (12,730 km) at the radar
site (Meeus 1988).

Since a standard atmosphere (Wallace and Hobbs 1977,
pg. 23) is assumed in equation 2.2, H can only be considered
an approximation. However, compared to other studies of
precipitation production (Rogers and Sakellariou 1986;
Reuter 1990) where a low radar elevation scan angle is used
to approximate a horizontal surface below the cloud base,

the use of H should be an improvement.
d) Missing data

For this study, a snowband has a typical cloud base and
cloud top of 500 m and 5000 m AGL, respectively. With the
radar scanning in a geometric progression from 0.4° to 24.6°
(Crozier 1986) portions of the snowband could lie outside
this scanning range. The height of the lowest scan angle
will lie above the typical cloud base beyond 45 km. To
include the possible contributions of this unobserved
precipitation, it is assumed that the reflectivity in any
vertical column is constant from the lowest altitude of
observation down to the cloud base level. Thus missing

observations are approximated by

Z(r,0.2°,0) =Z(r,0.3%,¢) = Z(r,0.4%7) . (2.3)

Between the radar range of 10 km to 15 km, the height of the
radar beam at the highest elevation angle will lie below the
typical cloud top. The amount of precipitation contained in
this range with a beam height between 4.5 km and 6 km is
small compared to the whole snowband. Thus in the cases
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considered, no adjustment was required to the vertical

cross-section of the snowband.
e) Assessment of the mass outflow rate

To determine the mass outflow rate do/dt from 2, (dBz)
cross-section values, the values of Z,(dBz) are first

converted to Z,(mm°/m’) by the relation
Zi(dBz) = 101log(Z; (mm®/m3)) . (2.4)

The snowfall rate R is determined from an empirical 2,-R
relation for dry snow. A few Z,~-R relations for dry snow

are:

a) 2; = 2150 R*® derived from snow measurements over a 1

hr 40 min period (Imai et al. 1955),

b) Z; = 2000 R* derived from snow measurements over a 10

day period (Gunn and Marshall 1958),

c) 2; = 1780 R*?! derived from snow measurements from four

previous studies (Sekhon and Srivastava 1970).

A plot of the three Z;,-R relations (Fig. 2.1) shows
only a small difference below 45 dBz, thus Sekhon and
Srivastava's (1970) relation will be used since it is based
on a number of data sets. Re-writting their relation in

terms of R gives

Z 0.4525
R= ('1"7'56) ) (2.5)

Here R is expressed as the melted snowfall rate in mm/h of
liquid water. Since the density of dry snow is about one
tenth the density of liquid water, R can also be interpreted

as the snowfall rate in cm/h. R is determined for every
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Figure 2.1: Snowfall rate R(cm/h) versus reflectivity factor

2,(dBz) for different empirical Z,-R snow relations.

Z,(dBz) value in the snowband cross-section and is set equal

to zero if Z,(dBz) falls below 2, (dBz).
The mass outflow rate through the cloud base, d0/dt

(equation 1.2), in Mg/s km™ (1 Mg = 10°kg) is approximated
by

‘-{fzzjsxlo-“?gwokjozij. (2.6)

Here g, (Mg/m’) is the density of water and Aw, is the
horizontal width of radar bin j. For cloud bases below 600 m
AGL, Aw, can be approximated as 1000 m (between 10 km and

20 km from the radar, the width of the bin is 999 m).

Integrating Aw,; gives the width in metres of the snowband W

W=232Aw;. (2.7)
J
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The average snowfall! snte ¥, ¥ m/h is given by
w1 [ d0/d
Ravg = 3600 (292 ) (2.8)

f) Assessment of the total sncw cos ¢at Lot

Based on the empirical Z,~R 7e.stiou fer dry snow,
Sekhon and Srivastawa (1970) derived an empi: ical M-R

relation

M =0.250R086 (2.9)

where M is the snow coitent in g/m’. The total snow content
aloft P (equation 1.3), in Gg/km (1 Gg = 1x10° kg) is
approximated by

P=1x10°ZM; * Aa; . (2.10)
J

Here AOj in m* is the cross-sectional area around each radar

bin j and is given by (Donald 1983, pg. 409)

_1,2 _.2
Aa,—z[rm% rnm%]AQ. (2.11)
The value r, is the range to the radar bin n and

AD = %(L,,, - D,,), where @, is the elevation angle in
radians of the radar observation (Fig. 2.2). When M values

are observed along the highest elevation angle, AQ is

determined using a radar beam width of 1.1°. Integrating AQ,

gives the cross-sectional area A of the snowband

A=23Aa;. (2.12)
J
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n-1 I n-% I n rn+1,5 I n+1

Figure 2.2: Cross-sectional area (shaded grey) about a radar
observation (black dot). Observation (n, p) given by slant range

r and by the radar elevation angle 9.

The average snow content P, in g/m® is
P
Pavg = 1.7C106(Z) . (2.13)

g) Characteristic properties and snow generated

Other properties can be found which further
characterize the snowband. The characteristic time t in

minutes and the characteristic updraft U in m/s are given by

- B
‘"16°67(d0/d:)' (2.14)
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U= o.zs(ﬁx) . (2.15)

The accumulated outflow O(t) of the snowband over the
analysis time period from 0 to t can be estimated through
finite differencing

£ t

(0] (dO/de)  +(dO/dt) -

O(t)=f(‘-f;t-)dt=2[ = "':IAt, (2.16)
0 k=1

where At is the time step (10 minutes) and k is the time

interval. i.c t=0, the accumulated outflow from the snowband

is zero. The generation rate of snow accumulated from time 0

to t is

GO =P@O+0(@). (2.17)

2.3 Errors offecting a snow budget analysis

The accuracy of the snow budget parameters can be
affected by errors in Z,(dBz) values, in the Z,-R relation,

and in integrated properties.
a) Factors affecting Z; measurements

A number of factors can affect the determination of
Z,(dBz), including instrumentation error, integration of the
digital reflectivity measurements, partial beam filling,
ground clutter, radar calibration, side lobes and
attenuation.

Values of Z,(dBz) are obtained from integrating
reflectivity measurements over a number of pulse volumes.
From instrumentation exrror (i.e. the digital integrator at
the radar site), the integrated Z,(dBz) value will have an
uncertainty of 1 dBz. Zawadzki (1973) indicated that

integrating and averaging of radar data increases the
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precision of the reflectivity measurements. However, this
increase in precision comes with a loss of spatial
resolution and a loss of detecting extreme reflectivity
values. If averaging is not performed, Rogers (1971) showed
that a maximum error of +5 dBz can occur in the pulse volume
measurement of Z,(dBz).

The largest factor affecting the measurement of Z,(dBz)
is partial beam filling. In the radar equation
(Probert-Jones 1962) it is assumed that the radar pulse
volume is completely filled with a homogeneous spectra of
pPrecipitation particles. If the radar beam is partially
filled, the radar will include this "null region" in
determining the reflectivity value over the pulse volume.
Partial beam filling occurs along the edges of a
precipitation system. This becomes more significant with
distance from the radar due to the widening of the radar
beam. The reflectivity threshold helps to reduce the effects
of partial beam filling since it is more likely that a
partially filled radar beam will produce a Z, (dBz) value
below this threshold. From modelling the observation of a
rain cell by space born radar, Amayenc et al. (1989)
indicated that if the cell was at least twice the beam width
of the radar, the error in Z(dBz), due to partial beam
filling, is 10% to 20%. With a beam width of approximately
0.5 km over a distance of 10 km to 60 km from the Carvel
radar, the error in 2,(dBz) for a snowband should 11 o be
about 20%.

Errors in Z,(dBz) due to attenuation, side lobes, radar
calibration drift and ground clutter are likely to be less
important or can be corrected in the Z,(dBz) data.
Attenuation and ground clutter have already been discussed
in sections 1 and 2. The Carvel radar has a self calibration
routine that runs on a daily basis, thus the error in
Z,(dBz) due to calibration dArift is negligible.
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Contributions to Z,(dBz) from side lobes (i.e. secondary
lobes within the radiation pattern radiated by the antenna)
can be ignored unless the reflectivity exceeds 40 dBz or the
Z,;(dBz) examined is within 5 km of the radar (Battan 1973).

b) Factors affecting the Z,-R and R-M relations

Besides the Z,(dBz) error of approximately 20%
propagating into M and R, there are errors in M and R due to
local variations in the spectra of precipitation particles.
However, the error in R and M would be negligible unless wet
snow or rain is measured.

To determine the effect of a Z,(dBz) error on R, error
ratios are considered. From Sekhon and Srivastava's
empirical Z;~R relation, the ratio R,/R can be determined
for a Z,(dBz) /2,(dBz) ratio

R (2.18)

Rm _ (100.1(Z,,,(de)-Z,-(de))) 04525 ,
where Z, and R, are the maximum values achieved when the
error is added to Z; and R respectively. For example, a 20%
error in 2,(dBz) will give Z,(dBz) = 1.20 Z,(dBz). A plot of
R,/R verses Z,(dBz)/Z,(dBz), Fig. 2.3 indicates that the
error in R is a function of both the size of Z,(dBz) /Z, (dBz)
and of the initial Z,(dBz) value. For instance, a 20% error
in Z,(dBz) will cause R to be in error by a factor of 2 at
35 dBz. Thus the error in Z,(dBz) is much more significant
than the error associated with the fixed 2,-R relation
selected.

Similarly, an error ratio can be derived for the
precipitation content M, but since M is a function of R
(equation 2.9), the magnitude of the error in M will be
similar to that of R.
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2,(dBz) /Z, (dBz)

= 15 dBz - 25 dBz -+ 35 dBz - 45 dBz

Figure 2.3: Ratio of maximum error in the snowfall rate R
verses the ratio of the maximum error in %,(dBz) for

different initial Z,(dBz) values.

c) Factors affecting integrated properties

Besides local errors in Z,(dBz) propagated into the
integrated snow budget parameters, the removal of Z, (dBz)
data due to ground clutter, and the loss of Z,(dBz) due to
Z,(dBz) will also affect snow budget parameters. The effects
of removing ground clutter and the effects of different
Z,.(dBz) on budget quantities will be case dependent. A
sensitivity analysis in chapter 3 will address these
problems.

The error in Z,(dBz) due to partial beam filling will
have the largest affect on R and M values. Integration of R
and M values to determine d0/dt and P, respectively will
smooth out some of their local erxrors. Errors in d0/dt and P
can be reduced further by averaging. The distribution of
errors in Z,(dBz) and the error caused by partial beam

filling are not fully known for a snowband, thus error
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propagation techniques cannot directly be applied to this
integration (Bevington 1969). Based on the partial beam
filling study by Amayenc et al. (1989), the likely error in
integrated properties is at least 20% and may be as high as
100% in some cases.

2.4 CSI analysis from sounding data

Symmetric Instability is a two-dimensional instability
which manifests itself as helical roll circulations in a
baroclinic atmosphere. It results from an unstable balance
between gravity, the pressure gradient force and the
Coriolis force acting on a tube of air oriented along the
thermal wind (Emanuel 1983a). Most frontal zones are stable
to dry Symmetric Instability but in a saturated atmosphere,
the latent heat released within the rising tube of air can
assist moist Symmetric Instability (Bennetts and Hoskins
1979). This moist Symmetric Instability is often referred to
as Slantwise Convective Instability or Conditional Symmetric
Instability (CSI). The basic theory of CSI has been well
laid out in research papers (Bennetts and hoskins 1979;
Emanuel 1983a,b) and in textbooks (Ray 1986; Cotton 1990;
Rogers and Yau 1989). Prior to explaining the method
required to determine the potential for CSI, the data source
used for the analysis and the conditions required for the

release of CSI must be examined.
a) Database used for CSI analysis

Atmospheric sounding and maps (i.e. surface and height
analysis charts) were acquired from the Climate Section
associated with the Edmonton Weather Centre. Atmospheric
sounding data is collected twice daily (00 UTC and 12 UTC)
using a balloon radiosonde system located at Stony Plain,
Alberta (53.33°N, 114.06°W, 766 m). This sounding system
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collects pressure, temperature, height, relative humidity,

and wind velocity.
b) Conditions for CSI

A number of conditions are required before CSI can be
realized in the atmosphere. These include:

a) The stratified flow is locally two-dimensional, with
most variations in the thermodynamic and kinematic

properties occurring in the cross-flow direction.
b) The flow is in hydrostatic and in geostrophic balance.
c) The airmass is saturated with respect to water or ice.

d) There should be a region in the atmosphere where the
moist Richardson number Ri, (Seltzer et al. 1985) is

less than 1.

The .noist Richardson number is calculated using

-2 -2
. Nar2 (9% _nlm & aee(a"g

The Cartesian co-ordinate system (X,vy,z) used in equation
(2.19) has the y axis oriented in the direction of the
geostrophic wind shear, the x axis normal to the shear
(pointing towards warmer air) and the z axis pointing
upwards. Here 9dv,/0z denotes the vertical shear of the
geostrophic wind, where v, is the y component of the
geostrophic wind. n is the vertical component of the
absolute vorticity (n= f +(0v,/0x)), where f is the Coriolis
parameter. N, is the moist Brunt-Viéis&dld frequency (Durran

and Klemp 1982), where9,is the equivalent potential

temperature, 0,,,is a reference equivalent potential

temperature, and g is the gravitational acceleration. The
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values I andI, are the dry and moist adiabatic lapse rates,
respectively.

Emanuel (1983a) and Xu and Clark (1985) stressed that
Convective Instability is a special case of CSI. Convective
Instability arises when a layer of moist air of finite depth
is lifted vertically (Rogers and Yau 1989, pg. 33). The
criteria for the relsase of Convective Instability when a

layer is lifted to saturation is

a0, .
& <0. (2.20)

When the atmosphere satisfies the condition in (2.20), it
will also satisfy the condition for the release of CSI
(2.19). wWith different time scales for each type of
instability, a few minutes for Convective Instability and a
few hours for CSI (Bennetts and Hoskins 1979), one would
expect all the Convective Instability to be released before
CSI occurs. However, studies have shown that CSI and
Convective Instability can co-exist (Jascourt et al. 1988;
Reuter and Yau 1993).

When applying CSI theory to the real atmosphere, some
caution is required. When the atmosphere is moist but not
saturated, CSI can only be realized when the airmass is
lifted to saturation. Thus only the potential for CSI can be
examined. CSI theory requires that the wind be
unidirectional in the layer under investigation. Friction
and viscous stress forces should also be small compared to
the pressure gradient forces. At the Stony Plain upper air
station, the planetary boundary layer, where frictional and
viscous stress forces are typically significant, extends
from the surface to about 850 hPa.
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2.5 Assessing CSI from a single sounding

Techniques have been developed to analyse CSI from a
group of soundings (Emanuel 1983b). However, with a distance
of 500-700 km to the nearest atmospheric sounding station
from Stony Plain, this technique is not feasible for
Alberta. Seltzer et al. (1985) showed that the potential for
CSI can be assessed from a single sounding using the moist
Richardson number Ri,. This technique has been used in other
studies to assess CSI potential (Seltzer et al. 1985;
Donaldson and Steward 1389; Reuter and Nguyen 1993; Aktary
and Reuter 1993; Reuter and Aktary 1995). In these cases,
the thermodynamics in (2.19) were determined for the liquid
water phase. Since the temperatures were below zero for the
two snow events, it is of interest to use ice phase
thermodynamics.

Based on the CST criteria given in (2.19), Ri, can be
assessed for an atmospheric '‘sounding. Since sounding data
annotates height in the atmosphere through pressure p, the
atmosphere can be broken up into layers of finite thickness
Ap. To characterize the mesoscale flow, Aktary and Reuter
(1993) and Reuter and Nguyen (1993) determined Ri_ about
every 100 hPa. Instead of breaking up the sounding at fixed
pressure levels, layers will be separated by distinct
temperature inflections. There are two criteria required for
breaking up the sounding this way. First, the resultant
layer must be greater than 50 hPa thick to prevent the
analysis of small scale eddies in the flow. Second, the
effects of the planetary boundary layer on the CSI analysis
is removed by setting the limits of the first layer as
surface to 850 hPa.

For a layer Ap, the ice Richardson number Ri,,

criterion is
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Ri,-cezr}gl;i:‘eifAfz“(CZ:) 2<1, (2.21)
where Af, = 6,(p - Ap) - 0,(p).,

Av, = v (p - Ap) - v (p),

Az = z(p - Ap) - z(p),
and 1, is the geostrophic absolute vorticity in the layer
(n = n,). Here O, is a reference ice equivalent potential

temperature and is measured at the top of the atmospheric
layer. Variables in (2.21) can be separated into those that
determine thermodynamic properties and those that determine

dynamic properties.
a) Assessment of thermodynamic properties

For the ice phase, 8y is calculated from Bolton's

(1980) expression
O =9,-exp|:(3ﬁj—2.54) w,-(1+0.81w,-)] , (2.22)
LCL

where 6, (K) is the ice potential temperature, w,(kg/kg) is
the ice mixing ratio, and T, (K) is the temperature of the
lifting condensation level. Following Bolton, T, is

computed from

1 w@m7?!
TLCL—[TI_56+ 0| *+56. (2.23)

where T,(K) is the frost point temperature (i.e. the
temperature where the air is saturated with respect to ice).
Since sounding data contain the dewpoint temperature T,(K),
T,(K) is computed by (Iribarne and Godson 1986)
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T,
1+L V/Ls (T;—Td)/Td !

Tr= (2.24)
where T (K) is the triple point of water (273.16 K), and L,
and L, are the latent heats of vapourization and
sublimation, respectively. The values L, and L, vary little
with temperature (< 4% change between 0°C and -30°C), and
are assumed to be constant. Due to errors in radiosonde
measurements of relative humidity, T; can become
supersaturated in equation (2.24). For these situations, the
frost point is set equal to the air temperature.

The ice mixing ratio w; and the ice potential

temperature 6, (K) are computed by

€

w; = 0.622[1,—_(3‘] . (2.25)
0.2854(1-0.28w;)

0; = 7‘[1919—0] , (2.26)

where P(hPa) is the air pressure and e,(hPa) is the
saturated ice vapour pressure which is determined from
Smithsonian tables (List 1963).

The ratio I /Iy is evaluated using a standard

thermodynamic expression (Rogers and Yau 1989, pg. 32)

Cice - 1+(Lsw;/R4T)
Ta — 140.622(L2w;/CpaRT?) ’

(2.27)

where R, is the specific gas constant for dry air, and Ca is

the specific heat capacity of dry air at constant pressure.
b) Assessment of dynamic properties

To determine the vertical shear in (2.21), the
atmospheric flow is assumed to be in geostrophic balance.

Thus the y component of the geostrophic flow v, is
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vg = Vcosla—f), (2.28)

where V is the speed of the observed wind, a is the direction
of V in degrees from north and $is the direction of the
thermal wind shear in degrees from north. Seltzer et al.
(1985) showed that a 15° error in 3 will only change the

vertical shear by 4% for typical wind conditions.

The geostrophic absolute vorticity is given by

—ra 8|92, 3z
Ng _f+f[ax2+ay2] (2.29)

where Z(m) denotes the height of the pressure level P. Using

height contours from the standard map levels (i.e. 850 hPa,
700 hPa, 500 hpPa, 250 hPa), N, is approximated using the

finite difference approximation for the Laplacian of Z

2\ 22+ Z3+Z 4~42
VZZz 1 7L2TL3Thy 0

7 . (2.30)

where Z,, 2,, Z,, Z,, Z, are the heights, in metres, of the
pressure level on a grid with spacing d(m) (Fig. 2.4). For
the computation of n,, d is 222 km (2° latitude) and § is
11.7 x 10 s™ at latitude 53.3°N. To determine the vertical

profile in 1n,, linear interpolation is used.

c) Errors

The single sounding technique has a number of error
sources which will affect the thermodynamic and dynamic
calculations. For the thermodynamic calculation in equation
(2.21) errors in the measurement of temperature (+0.8°C) and
relative humidity (%15%) by the radiosonde (Ray 1986) will
affect the moist Brunt-Vidis&lid frequency.
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Figure 2.4: Finite difference approximation of the Laplacian.

The requirement for a geostrophic balanced flow in
equation (2.21) may not be the case when winds are light or
do not increase with height in a baroclinic zone. In these
weakly sheared environments, the geostrophic shear Av,/Az
may not be accurate (Aktary and Reuter 1993; Seltzer et al.
1985), but these situations are of little interest as the
flow is usually absolutely stable (Ri,,—° when Av,/Az—0).

The value of n, will also have an error of about 10%
due to a fixed grid distance d placed on a polar
stereographic map projection (Aktary and Reuter 1993). If
weakly sheared environments are neglected and if the flow is
in geostrophic and hydrostatic balance, the primary source
of error in Ri,, will occur from errors in the radiosonde
measurements and 1,. Thus in these situations a 10-15% error

in Ri,, should be expected.
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3 Analysis of a Warm Frontal Snowband

3.1 Introduction

On 16 October 1991, a Pacific storm moved into southern
British Columbia. Heavy snow fell north of the storm's warm
front which was oriented in a west to east line across
south-central Alberta. Snowfall accumulations associated
with this storm are shown in Fig. 3.1. Radar observations
indicated the snow field was enhanced by a warm frontal
snowband (type la in Fig. 1.1) which was oriented in the
direction of the upper-level flow. The goal of this chapter
is to determine the precipitation production of the snowband
using radar observations. The potential for Conditional
Symmetric Instability (CSI) as a formation mechanism will
also be examined. The organization of this chapter is as

follows:

a) Section 2 presents the large-scale flow pattern and

the snowfall accumulations across central Alberta.

b) Section 3 examines the thermodynamic profile of the
airmass and determines the potential for CSI in the

baroclinic flow.

c) Section 4 presents the evolution and the vertical

structure of the snowband.

d) Section 5 determines the integrated snow budget at the

snowband's mature stage.

e) Section 6 examines the time evolution of the
integrated snow budget.

f) Section 7 performs a sensitivity analysis on the snow
budget results.
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Figure 3.1: Snowfall accumulations (cm) across central Alberta
for 16 October 1991. The circle represents the outer range
(220 km)} of the Carvel radar.

’ ! b LN p F ' .

Figure 3.2: 2237 UTC 15 October 1991 IR-satellite image of
British Columbia and Alberta.
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3.2 Synoptic overview

a) Storm Evolution

On 15 October 1991 cloud was streaming in from the
Pacific into southern British Columbia and central Alberta
(Fig. 3.2). The cloud mass was associated with a Polar
Maritime front (Petterssen 1940) lying over southern British
Columbia and central Alberta. The surface analysis at
0000 UTC 16 October 1991 showed the Polar Maritime front
with a number of weak low pressure systems (Fig. 3.3a). In
Alberta, the north to south temperature gradient across this
front was about 5°C/100 km which is considered large for
Alberta.

The cloud mass shown on the satellite image covered the
850 hPa baroclinic zone, indicated by the strong temperature
gradient over central Alberta and soutnern British Columbia
(Fig. 3.4a). This cloud mass was composed of thick cloud
layers since it followed the 500 hPa circulation pattern
(Fig. 3.5a). The presence of backing winds between 850 hPa
and 500 hPa over northern British Columbia and Alberta at
0000 UTC, indicated the airmass was cooling. The amount of
change in the wind direction and speed across the depth of
the layer determines the rate of cooling. With no cooling
occurring over southern British Columbia and Alberta, the
baroclinic zone at 850 hPa intensified over the next 12
hours (Fig. 3.4b). With cold air advection, heights at
500 hPa decreased, thus allowing the longwave trough in the
eastern Pacific to approach the west coast (Fig. 3.5b).

By 0600 UTC 16 October 1991 (Fig. 3.3b), the last in a
series of low pressure systems moved over Vancouver Island.
With dynamic support from the approaching mid-tropospheric
trough, the precipitation area now stretched from Vanccuver

Island to central Alberta. Precipitation consisted of sncw
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over central British Columbia and a combination of rain and
snow over Alberta.

By 1200 UTC 16 October 1991, the low pressure system
moved into southern British Columbia and deepened to 986 hPa
(Fig. 3.3c). Snow was widespread north of the warm front
with the highest accumulations reported over the foothills
(Fig. 3.1). The low pressure system continued to deepen to
980 hPa over the next 6 hours. By this time, the system
crossed the mountains into south-central Alberta triggering
strong downslope winds over southern Alberta with gusts
exceeding 100 km/h. The low pressure system moved into
south-western Saskatchewan by 0000 UTC 17 October 1991 with

associated snow dissipating over central Alberta.
b) Snowfall distribution

Precipitation associated with the Pacific cyclone began
as rain theu changed to snow across central Alberta by
0700 UTC 16 October 1991. Snow fell across central Alberta
for epproximately the next 20 hours with total snowfall
accunmulations shown in Fig. 3.1. The snowfall accumulations
associated with this one storm were more typical of the
climatological monthly snowfall for October (10 cm to
20 cm).

Snowfall accumulations for the Edmonton area ranged
from 29 cm at the International Airport (53.19°N, 113.35°%)
to 17 cm at CFB Namao (53.40°N, 113.28°W). Besides some
local variability in the ambient snow field, the difference
in snowfall accumulations was probably caused by a west to
east snowband which formed about 30 km south of Edmonton
between 0600 UTC and 0700 UTC. The snowband, observed on
radar, remained stationary until 0900 UTC then drifted
northward across the city before dissipating near 1300 UTC.
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level pressure contours in hPa and precipitation shaded grey.
Conventional station model used for winds (half barb 5 Kt and
full barb 10 Kt).
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Figure 3.4: 850 hPa analysis (a) 0000 UTC and (b) 1200 UTC for
16 October 1991. Height contours (solid lines) in dm and

isotherms (dashed) in °C. Conventional station model used for
winds.
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Figure 3.5: 500 hPa analyses (a) 0000 UTC and (b) 1200 UTC for
16 October 1991. Height contours (solid lines) in dm. Dasghed
line marks position of longwave trough. Conventional station
model used for winds (filled wind barbs represents 50 Kt, full
barbs 10 Kt with half barbs 5 Kt).
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3.3 Atmospheric stability

The thermodynamic structure of the atmosphere is
determined by radiosondes launched daily from Stony Plain at
0000 UTC and 1200 UTC. The atmosphere can be assessed for
CSI from the sounding data by calculating the ice Richardson
Number Ri;, for various layers (chapter 2).

At 0000 UTC 16 October 1991, the atmospheric sounding
(Fig. 3.6a) showed a dry airmass with a frontal zone between
750 hPa and 700 hPa. The wet bulb potential temperature 6,
was 8°C below 750 hPa and 14°C above 700 hPa. This @, profile
is typical for a Polar Maritime frontal zone (Petterssen
1940). Although the sounding was dry, potential instability
existed between 700 hPa and 500 hPa. If sufficient moisture
became available, lifting an air parcel to saturation from
the base of this layer would allow Altocumulus Castellanus
(ACC) type cloud to development.

Conditions changed dramatically over the next 12 hours
as the baroclinic zone tightened over central Alberta
(Fig. 3.4), resulting in cooling of about 7°C below 650 hPa
(Fig. 3.6b). The atmosphere also became saturated below
350 hPa resulting in a stable atmosphere except for the
layer between 63C hPa and 350 hPa which was close to
neutral. The veering of the wind direction with height
(implies warm air advection) below 630 hPa showed that
central Alberta was in the pre-frontal region of a warm
front. The frontal zone (700 hPa to 630 hPa) was marked by
the strong vertical shear with winds increasing from 5 Kt to
55 Kt (1 Kt = 1.98 m/s) over 700 metres. Above 630 hPa winds
remained from the south-west and increased gradually with
height.
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a) Analysis for CSI

Previous studies have computed the moist Richardson
Number Ri, for various layers (e.g. Seltzer et al. 1985;
Donaldson and Stewart 1989; Reuter and Aktary 1993). This
study is unique in using ice phase processes in the
stability analysis. The potential for CSI exists in a given
layer of air when Ri,, < 1. Since the 0000 UTC sounding had
no wind data, our stability analysis is confined to 1200 UTC
sounding data (Table 3.1). From a thermal shear direction of
265° (determined using winds at 630 hPa and 500 hPa), both
Rij and Ri, , were determined for various layers (Table 3.2).
The following statements can be made about this CSI

analysis:

¢ The airmass was moist symmetrically unstable from
700 hPa to 500 hPa ané from 40C hPa to 300 hPa. The
airmass was saturated in the first layer, thus slantwise

overturning could occur.

¢ The release of CSI accounts for the snowband orientation
and it's life span since the potential for CSI most

likely existed for the previous 6 hours.

¢ Below 700 hPa, the flow was not unidirectional and
probably non-geostrophic due to light winds. Thus,
conditions reguired to analyze CSI were not met and the

analysis can be ignored in this region.

¢ For Richardson numbers less than 1, Ri,, and Ri, produced
similar results with values within %0.1. Thus Ri,
provides an adequate indication of airmass stability for
CSI, even when temperatures are below 0°C.
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o
(a) (b)

Figure 3.6: Tephigram of 16 October 1991 (a) 0000 UTC and (b)
1200 UTC, scundings taken at Stony Plain (WSE) with temperature
(thick solid line) and dew point (dashed line). Horizontal lines
are isobars (hPa), straight lines skewed to the right are
isotherms (°C), and dotted lines are pseudo-adiabats (°C).
Observed winds with height on the right hand side using the
conventional station model (solid flag represents 50 Kt, full
barb is 10 Kt and half barb 5 Kt).

*With the ratio n,/f ranging from 0.7 to 1.2, the effect
of approximating this ratio as one (e.g. Seltzer et al.
1985) would not affect the stability analysis.

¢ In the fall season (September to November), only 16% of
precipitation events are associated with CSI (Reuter and
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Aktary 1995). This is one type of synoptic event where
CSI can be observed in the fall season.

Studies have shown the presence of generatinag cells
above warm frontal precipitation bands (e.g. Browning et al.

1973; Hobbs and Locatelli 1978; Herzegh and Hobbs 1980). The
concept of generating cells was introduced by Marshall
(1953) to describe the region where convective cells provide
the environment for the growth of ice crystals. These cells
can be inferred from radar observations by the snow trails
they produce (Rogers and Yau 1989, pg. 201). Using a
vertical pointing Doppler radar, Carbone and Bohne (1975)
determined that generating cells have vertical air
velocities of *#1.5 m/s. Wexler (1955) suggested that ice
crystals developed in the generating cells by deposition and
accretion (i.e. the process of collecting supercooled cloud
drops) .

Matejka et al. (1980) suggested that a gseeder-feeder
mechanism can occur within a warm frontal rainband. In an
unstable layer called the seeder zone, generating cells form
which produce ice crystals. These crystals fall into thick
stratiform cloud called the feeder zone and grow by further
by accretion and aggregation (i.e. the process of collecting
other ice crystals). This seeder-feeder mechanism aids in
the conversion of cloud water and cloud ice in the feeder
zone to precipitation (Herzegh and Hobbs 1980; Houze et al.
1981). In our case, generating cells at the top of the
snowband seed the roll cloud formed by slantwise
overturning. Within this roll cloud, the seed crystals grow
mainly by accretion and aggregation. As the crystals fall
out of the convective cells, they grow further by
aggregation in the thick feeder cloud (i.e. stratiform
cloud) below 3 km. However with the data available, the
growth of snow by this method cannot be verified.



Table 3.1: 16 October 1991, 1200 UT{ sounding data. Listed are
the temperature T, dewpoint T,, frost point T,, ice saturation
vapour pressure e,, ice mixing ratio w,, ice potential temperature
0,, lifting condensation temperature T,., the ice equivalent

potential temperature 0,, and the ratio of the ice adiabatic

lapse rate to the dry adiabatic lapse rate I, /MTy.

Press| T T, T e, W, 8, T 0y | /Ty
hPa °c °c °c hPa |g/kg K K K

911 [-0.5 | -0.6 | -0.5 |5.86 [4.0 | 280 | 273 | 291 | G.6
850 : 3.7 | -3.9 | -3.7 |4.49 [3.3 [282 | 269 | 292 | 0.6
700 [-7.9 | -8.5 | -7.9 |[3.12 [2.8 | 294 | 285 | 302 | 0.7
631 |-5.9 |[-6.0 | -5.9 {3.72 [3.7 [ 305 | 267 [316 | 0.6
500 |-17.1{-19.2|-17.11.36 [1.7 | 312 | 256 | 318 | 0.7
400 (-29.3[-33.9[-30.3[0.41 [0.6 [ 317 | 243 [ 319 | 0.9
300 |-44.7(-50.7(-45.6[0.07 [0.2 | 322 | 227 | 323 | 1.0
250 (-52.7(-59.7| -54 [0.003 [0.01 [ 327 | 219 | 328 | 1.0

Table 3.2: Stability analysis for 12 UTC 16 October 1991. Listed
are the relative humidity RH, the vertical gradient of the zonal
wind Qv,/dz, the ice Brunt-Vidis&ld frequency N,?>, the ratio n/f,
the ice Richardson number Ri,, and the moist Richardson number
Ri,. Conditional Symmetric Instability and Absolute Stability are
denoted by SI and AS, respectively.

Layer | RH | dv,/dz N N /f | Ri,, | Ri, |Stability

hPa % (%107 s7x10* s Condition
sfc-850[100 | -6.4 0.2 1.0 [ 0.3 ] o0.6 SI
850-700{100 | 4.8 2.2 (1.5 [ 9.4 | 9.8 AS
700-631(100 | 26 5.5 [1.2 [ 0.6 | 0.7 SI
631-500[100 | 7.0 0.2 0.7 | 0.2 | 0.3 ST
500-400]| 96 | 0.7 0.2 |o0.8 | 32 89 AS
400-300 69 | 10. 0.6 |0.9 |0.6 | 0.5 SI
300-250{ 65 | 2.8 1.2 [1.0 | 15 11 AS
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3.4 Radar analysis

a) Evolution of the snowband from radar

Observations from the C-band radar located in Carvel,
indicated that the snowband existed #¢» 6 to 7 hours. From
0700 UTC to 0930 UTC, the snowband remained about 30 km
south of the radar. Fig. 3.7 depicts the half-hourly CAPPI
radar imagery for this period.

At 0700 UTC 16 October, an area of stronger
precipitation (0.9 cm/h), existed to the nor:h-west of the
radar. Also a broken east to west precipitation band was
found about 30 km south of the radar. Over the next 30
minutes, the echoes south of the radar formed into a
continuous band. During the next 2 hours, the snowfall rates
in the roughly 25 km wide snowband varied in intensity,
suggesting the band was in various stages of it's life span.
Between 0700 UTC and 0730 UTC, the snowband was in the
developing stage as the echoes to the south of the radar
formed into a line echo. The snowfall rate continued to
intensify until reaching a maximum near 0800 UTC. At the
mature stage, the snowband was characterized by a sharp
cross-band reflectivity gradient. This gradient, along with
the snowfall intensity, weakened to become quasi-steady by
0830 UTC. Between 0900 UTC and 0930 UTC, the snowband
drifted towards the radar probably as a result of the
mid-tropospheric flow shifting from westerly to

south-westerly.
b) Snowband vertical cross-section

The CAPPI imagery shown in Fig. 3.7 indicated tl
snowfall intensity varied only slightly along the lengiir of
the band (i.e. the precipitatior field was close to
slab-symmetric). Thus a vertical cross-section, oriented

perpendicular to the snowband, is representative of the
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Figure 3.7: CAPPI 1.5 km radar images ~f the snow field for
16 October 1991. Rings spaced 40 km apart. Cities and towns
within the range of the radar is shown in Fig. 3.1.
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entire band. From the 0830 UTC radar volume scan of ice
reflectivity factor 2,(dBz), the vertical structure of the
snowband can be determined using 2,(dBz) along an azimuth
angle of 175° (i.e. angle perpendicular to the band). With a
horizontal and vertical resolution of 1 km and 0.1 km,
respect .ely, the Z,(dl.m’ 42 i1 was interpolated to a uniform
Cartesian g¢rid uszng Cizsc. © ' (1959) interpolation method
(Haltiner and Wiiliaww .80, pg. 356).

A contour analysis ou. the gridisd Z,(dBz) is shown in
Fig. 3.8. The snowband is depicted i a distinct 25 km wide
reflectivity zone about 30 km from the radar. The snowband
had a reflectivity top about twice the height of the warm
frontal zone near %.8 km AGL (Above ground level). Between
2.8 km and 5 km AGL (630 hPa to 500 hPa), the core of higher
2,(dBz) values probably occurred due the release of CSI.
Above 5 km AGL, the precipitation observed may correspond
with a snow trail being created by generating cells (Houze
et al. 1981). Generating cells would proviae seed crystals
into the roll circulation where they grow mainly by
aggregation and accretion. As the crystals fall out of the
roll circulation into the stable airmass, they grow further
by aggregation.
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Figure 3.8: Snowband reflectivity cross-section at 0830 UTC.

Contours ev?ry 5 dBz.

3.5 Snow budget at the mature stage

The CAPPI imagery indicated the snowband was at it's
mature stage between 0750 UTC and 0810 UTC. Based on radar
observations of the snowband at 0800 UTC, the integrated
snow budget was determined for a vertical cross-section
perpendicular to the band. The cross-section data were first
corrected for ground clutter and then converted to Zi(dei.
To determine the snow budget quantities P and do/dt, a
cross-section azimuth angle of 175° and a reflectivity
threshold Z,(dBz) of 25 dBz were used. A cloud base height
of 0.5 km AGL was determined from the synoptic observations
taken at the Edmonton Municipal Airport.

To determine the affect that the size of the
cross-section would have on the snow budget quantities, a
25 km and a 50 km cross-section were both analyzed. The



55

25 km cross-section analysis focused on the central core of
the snowband, and used radar data between 15 km and 40 km.
The 50 a1 analysis examined the entire width of the
snowband, and used radar data between 10 km and 60 km. Table
3.3 lists the results for the 0800 UTC analysis.

Table 3.3: Mature stage (0800 UTC) snow budget analysis for a
25 km and a 50 km snowband cross-section.

Parameter Units 25 km 50 km
do/dt - Mass Outflow Rate Mg/s km™ 7.6 10.
W - Band Width km 25 40.
R, - Average Snowfall Rate cm/h 1.1 0.9
P - Total Snow Content Gg/km 12.2 14.5
A - Band Cross-sectional Area km’ 56 71
P,,,- Average Snow Content g/m’ 0.22 0.20
tT-Characteristic Time min 27 24
U - Characteristic Updraft m/s 1.4 1.2

The contributions of reflectivity values, outside the
25 km analysis region, to the 50 km analysis produced
smailer gains in the mass outflow rate dO0/dt and the total
snow content P relative to the size increase of the
snowband. By doubling the cross-section width, the band
width W increased by 60% while the mass outflow rate
increased by 32%. Likewise, a 27% increase in the band
cross-sectional area A resulted in an increase of 19% in the
total snow content. Thus average or characteristic budget
quantities determined using the 25 km cross-section would
tend to be larger than the 50 km cross-section. However,
with doubling the cross-section analysis region, only a 10%

to 15% difference resulted in each of R

avg ’

P, T, and U.
Thus these budget quantities can be assumed independent of
the cross-section width analyzed since their uncertainty is

20% or more. Since the 50 km band cross-section analysis
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examined the entire band width, the discussion will focus on

these results.
a) Average snowband properties

Since this was the first study to determine properties
of a snowband through precipitation production, difficulties
arose when trying to verify the results with other studies.
Comparing the average snow rate R,y to synoptic observations
of snowfall accumulations at Edmonton indicated a similar
snowfall rate of about 1 cm/h. The integration process can
be verified by determining the average Z,(dBz) value from
the average snow content P,,.. With a P, of 0.20 g/m’, the
average 2,(dBz) for the snowband was 31 dBz which appears
reasonable when compared with Fig. 3.8. It was difficult to
compare P, with other studies since the airmass type (e.g.
Pacific, Continental) would influence it's value.

When the snowband is relatively steady, the
characteristic time t represents the time needed for the
snow to develop in the snowband. The value of 1 would be
affected by the temperature of the airmass since this has
some affect on which snow growth mechanism is dominant. The
maximum diffusional growth rate of ice crystals occurs at a
temperature of -15°C (Roger and Yau 1989, pg. 161).
Agcregation becomes significant in the formation of snow
akove -10°C, while accretion is important in convective type
clouds, where the updraft can provide a steady source of
condensed water vapour (Rogers and Yau 1989, pg. 207). The
value of t would also be affected by the time scales of the
different microphysical mechanisms. Some model results
reported by Young (1993, pg. 240, 274) are of interest. For
an updraft of 1 m/s, condensation-diffusional growth of snow
takes more than 50 minutes to reach a 20 dBz echo. Kowever,
growth by accretion and aggregation takes only 26 minutes
with a cloud base temperature of -5°C. For the warm frontal
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snowband considered in this study, ice crystals most likely
formed by deposition and accretion in the generating cells
and possibly within the roll circulation caused by the
release of CSI. These ice crystals grew further in the roll
circulation by accretion and aggregation. The mass of snow
above the frontal zone where the roll circulation was taking
place was 4 Gg/km or 28% of the total snow content for the
snowband. When this snow fell into the frontal zone it grew
further by aggregation in the stratiform cloud. This
possible growth mechanism is similar to the seeder-feeder
mechanism discussed earlier. Houze et al. (1981) found that
a seeder-feeder mechanism was responsible for the
development of precipitation within a rainband in about

20 minutes.

A model of a seeder-feeder process occurring in a warm
frontal rainband (Rutledge and Hobbs 1983) indicated that
the strength of the vertical updraft in the feeder cloud
played a crucial factor in determining the precipitation
rate. If the vertical air motions in the feeder cloud was
preduced by warm frontal lifting (0.1-0.2 m/s), the snowfall
rate above the melting layer was 1.0 cm/h to 2.0 cm/h.
However, if mesoscale lifting occurred in the feeder cloud
of the rainband (~0.7 m/s) the snowfall rate above the
melting layer was about 8 cm/h. The concept of a low
vertical air velocity beneath the frontal zone combined with
a convective layer above was also observed in a snowband
studied by Zawadzki et al. (1993a). They found that with a
snowfall rate of 0.8 cm/h to 6.0 cm/h, the vertical
velocities ranged from 0.1 m/s in the low levels to about
1 m/s in the convectively unstable region above 3 km.
Modelling the microphysical processes in this snowband,
Zawadzki et al. (1993b) found that the rate of ice crystal
generation, at the top of the snowband in generating cells

(~6 km! "was insensitive to the vertical air velocity. Ice
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crystal formation was found to be dependent on the available
moisture and the number of freezing nuclei. The growth of
these ice crystals below 6 km was affected by the vertical
updraft and by the availability of cloud water and ice. With
the release of Convective Instability from 3 km to 6 km,
most of the snow growth would occur in this region.

The budget calculations in this study yielded a
characteristic updraft of 1.2 m/s, suggesting that
significant portion of the snow was produced in the roll
circulations caused by the release of CSI. The U value in
this investigation also agreed with the fall speed of an
aggregated snowflake which ranges from 0.8 m/s to 1.2 m/s
(Passarelli and Srivastava 1979). Using a vertically
pointing Doppler radar, Houze et al. (1976) found that snow
fell at 1.0 m/s to 1.5 m/s above the melting layer in a warm

frontal rainband.
b) Affect of the snowband on the ambient snow field

To approximate the affect the snowband would have on
the ambient snow field, the snow budget was analyzed for the
approximately 170 km wide synoptic snow area observed on
radar at 0800 UTC (Fig. 3.7). Since the snow area also
occurred north of the radar, the snow budget was determined
along the azimuth angles of 175° and 355°. Data were
excluded within 5 km of the radar due to noise created by
seconidary lobes. A cloud base of 0.5 km was used within
50 kimn of the radar for the analysis of d0/dt and P. Beyond
this, the lowest radar elevation angle of 0.4° was used to
approximate the cloud base. This elevation angle would rise
into the cloud with distance from the radar, thus d0/dt and
P values could be in error by a factor of 2. All Z,(dBz)
data at and above the radar minimum reflectivity of 13.5 dBz

were used in the snow budget analysis. Table 3.4 shows the
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snow budget results for both the synoptic snow field and the
snowband.

Table 3.4: Comparison of the snowband's snow budget (50 km) with
the synoptic snow area (170 km) on radar at 0800 UTC.

Parameter Units 50 km 170 ¥om
do/dt - Mass Outflow Rate Mg/s km™ 10. 18
W - Band Width km 40. 119
R,,, - Average Snowfall Rate cm/h 0.9 0.5
P - Total Snow Content Gg/km 14.5 47
A - Band Cross-sectional Area km’ 71 470
P,,,~ Average Snow Content g/m’ 0.20 0.10
t-Characteristic Time min 24 44
U - Characteristic Updraft m/s 1.2 1.5

The snowband contributed about 55% to the mass outflow
rate in the synoptic snow area. However, this contribution
did not increase the average snowfall rate of the synoptic
snow area which remained around the value (~0.4 cm/h)
observed on the CAPPI radar imagery (Fig. 3.7). The snowband
did have a significant affect in the mesoscale, with a P,
and a R,,, that were about double those calculated for the
ambient snow field.

The characteristic time in the snowband was 24 minutes,
while in the synoptic snow area it was 44 minutes. If the
assumption of steady conditions were indeed valid for both
regions, it can be concluded that snow formed more rapidly
in the snowband than in the synoptic snow area.

The characteristic updraft was larger in the synoptic
snow area than in the snowband. Since the snowband was about
twice the depth of the snow field this would increase the
area over which the total snow content was averaged. It
should be stressed that U is a measure of the updraft
averaged over the entire band cross-sectional area rather

than a measure of the updraft near the storm base.



60

3.6 Time evolution of the snow budget

For the time period 0730 UTC to 0930 UTC, the time
history of the integrated snow budg=: (40/dt, P, R, Prg:

1, U) was determined using a 50 km cross-section. The
results which also include the band width (W) and the band
cross-sectional area (A) are plotted in Fig. 3.9.

The time evolution of P and A (Fig. 3.9a,b) showed
values decreasing by about 50% over the ypariod. Local maxima
and minima existed in the plots, but whether these
fluctuations represented a systematic feature or ware simply
noise was not known. The peak in P of 17.4 Gg/km and in A of
94 km®’ occurred at least 30 minutes prior to the band's
mature stage.

The time history of P, (Fig. 3.9c) shows a sinusoidal
like trend with peaks at 0800 UTC, 0840 UTC and 0910 UTC.
The peaks appear to correspond with weak minima in P and A.
The maximum at 0800 UTC occurred during the band's mature
stage. With a range from 0.17 g/m® to 0.20 g/m® and a time
average of 0.19 g/m’, the evolution of P,,, appears to be
quasi-steady.

The time evolution of dO/dt and W (Fig. 3.9d,e)
displayed similar trends with maxima and minima roughly
coinciding. As the snowband reached it's mature stage, the
maximum in 80/dt of 10.5 Mg/s km' occurred ten minutes
prior to the maximum in W. This lag was probably caused by
the snow spreading out as it fell from the upper portions of
the snowband where it developed. The minimum at 0900 UTC was
observed on CAPPI imagery as a general weakening of snowfall
rates over the previous half hour (Fig. 3.7). However,
snowfall rates did not increase over the next half hour in
step with dO/dt and W. The minimum in 40/dt at 0740 UTC
combined with a maximum in P suggested that a strong updraft

was temporarily suspending the snow in the cloud. Once the
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Figure 3.9: Evolution of budget parameters for 16 October 1991.

Plots of:

(a) Total snow content P;
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Figure 3.9: Evolution of budget parameters for 16 October 1991.
(d) Mass outflow rate d0/dt; (e) Snowband width W; and
(f) Average snowfall rate R,,.

Plots of:
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updraft could no longer support the snow, d0/dt increased
while P decreased. The time lag between the peaks in P and
do/dt for the half hour leading up to the mature stage
indicated that most of the snow was forming in the mid to
upper levels of the snowband. Most likely snow formation
occurred where CSI was observed (approximately between 3 km
and 5 km AGL). However, after the snowband reached it's
mature stage, no discernible correlation existed between
do/dt and P.

The time evolution of R, (Fig. 3.9f) corresponded with
the band evolution observed on the CAPPI imagery (Fig. 3.7).
Maxima and minima appeared to be weakly correlated with P,
but the amplitude of the peaks and troughs were different.
With a range from 0.7 cm/h to 1.0 cm/h, and a time average
of 0.8 cm/h, the evolution of R,, appears to be
guasi-steady.

The time evolution of the characteristic time 1
(Fig. 3.99g) show maxima at 0740 UTC and 0900 UTC which may
have been caused by strong updrafts temporarily suspending
the snow in the cloud. This seems to be the case at 0740 UTC
where a high total snow content was occurring with a minimum
in the mass outflow rate. The maximum at 0900 UTC appears to
be related to a drop in the mass outflow rate suggesting
that the band may have been weakening. Even with these
peaks, the evolution of t appears to be quasi-steady. With
an average t of 29 minutes, aggregation and accretion would
most likely be the dominate snow growth mechanism within the
band.

The time variation of the characteristic updraft U
(Fig. 3.9h) can also be considered quasi-steady. The average
U of 1.2 m/s for the time period agreed with the fall speed
of aggregated snow. Since significant portion of the snow
appears to have formed in the CSI layer above 3 km, U would



65

be representative of the updraft required to maintain snow

generation within the band.
a) Cumulative amount of precipitation generated

The accumulated outflow O(t) and the accumulated amount
of snow generated G(t) is showvm in Fig. 3.10. The two curves
appear rather smooth. The jump in the first ten minutes can
be attributed to the exclusion of data between 0700 UTC and
0730 UTC when the band was initially developing. The total
snow ¢generated is much larger than the maximum P(t) present
at any stage. At the end of the life cycle of the snowband,
OC(t) converges to G(t) since P(t)—0.

From the G(t) of 63.5 Gg/km, the latent heat of
sublimation released by the snowband was 178 TJ/km (1 TJ =
10° kJ) . Larochelle (1991) determined the rate of latent
heat released from snow that fell from a Pacific snowstorm.
Larochelle found that the storm releazed latent heat at a
rate of 75 TW, which over a 2 hour period gives 5.4 x
10° 7J. Assuming our snowband has a length of 200 km, the
latent heat released was about 7% of the storm investigated
by Larochelle. Although the morphology was similar for the
two storms, the values of latent heat released may be in

error by a factor of 2 or more for both cases.

3.7 Snow budget sensitivity analysis

In determining the properties of a snowband from a snow
analysis, corrections and settings were made to the radar
data. It was assumed throughout the analysis that the budget
parameters were insensitive to small variations in settings
such as the reflectivity threshold 2, (dBz), the
cross-section azimuth angle 6, and the cloud base height.
The loss of data due to the removal of ground clutter was
assumed to have a minimal affect on the budget quantities.

The following sections will examine the sensitivity of
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Figure 3.10: Outflow O(t) and cunwlative amount of snow generated

G(t) by the warm frontal snowband.

different factors on the snow budget analysis. Although the
sensitivity analysis will be case dependent, an idea of the
potential error size associated with each factor can be

assessed.
a) Removal of ground clutter

Ground clutter existed below 1.5 km at a distance of
15 km and 55 km from the radar. Each area was about 5 km to
10 km wide. Before snow budget quantities could be
calculated, these ground clutter areas were removed. Since
ground clutter occurred close to the earth's surface, the
data lost due to it's removal could significantly affect the
mass outflow rate d4o/dt.

Budget quantities in section 5 were determined over two
cross-section band widths, 25 km and 50 km (Table 3.3). At a
range of 15 km the area of ground clutter was below the
height of the cloud base of 0.5 km. Therefore, no data was
lost in this area For either band width. The area of ground
clutter at 55 km only affected budget quantities determined
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over the 50 km cross-section range. With tie removal of
ground clutter, nine potential reflectivity measurements
were excluded. Since little or no snow from the snowband
fell into this region at 55 km (Fig. 3.8), th» potential
loss in d0/dt was less than 5%.

b) Reflectivity threshold

To distinguish the snowband from the ambierit =now
field, a reflectivity threshold Z,(dBz) of 25 dBz was used.
The value of Z (dBz) was determined from a contour analysis
of a vertical reflectivity cross-section sampled at 0830 UTC
(Fig. 3.8). Since the time evolution of the budget
quantities showed some variability over the two hour period,
the choice of Z,(dBz) may not be valid over the entire time
period.

Snow budget quantities were determined for various
2,(dBz) values starting at the radar minimum threshold value
of 13.5 dBz (Table 3.5). With the exception of R,, and P,,,
all snow budget quantities were at their maximum when
z.(dBz) was at 13.5 dBz. The low R, and P,

the dampening effect of including the ambient snow which

were caused by

consisted of low reflectivity values. Including the ambient
snow in the snow budget calculations produced a higher U
than when it was isolated from the snowband. This may be due
to differences in the geometry of the snowband and the snow
field which would then affect how R,
calculated.

. and P, are
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Table 3.5: Snow budget analysis at 0830 UTC for various
reflectivity threshold values. Budget determined for a band
cross-section width of 50 km and 25 km.

Cross- | 2, do/dt W | R, P A [P, | t | U
section| dBz |Mg/s km?| km |cm/h (Gg/ km? g/m’ | min | m/s
50 km| 13.5 8.1 41 0.7 22.8 | 182 0.13 {47 }1.6
15 8.1 41 0.7 22.1 1 167 0.13 | 45 1.5

17 8.1 41 0.7 |21.4 ]| 155 0.14 144 (1.4

19 8.1 41 0.7 20.0 | 136 0.15 |41 |[1.3

21 8.1 41 0.7 18.6 | 119 0.16 | 38 [1.3

23 7.9 39 0.7 15.8 {91.2 0.17 | 33 1.2

25 7.2 33 0.8 13.5 |71.5 0.19 |31 [1.2

27 6.1 25 0.9 10.8 152.2 0.21 {30 (1.2

29 4.6 17 1.0 7.3 {31.6 0.23 |26 [1.2

31 2.4 7 1.2 4.3 |16.6 0.26 {29 (1.3

25 km| 13.5 6.0 25 0.9 15.9 | 108 0.15 144 |[1.6
15 6.0 25 0.9 15.5 |100. 0.15 | 43 1.6

17 6.0 25 0.9 15.2 { 94.5 (0.16 | 42 1.5

19 6.0 25 0.9 14.6 | 86.4 |0.17 {40 |1.4

21 6.0 25 0.9 14.0 | 80.0 0.18 |39 |1.4

23 6.0 25 0.9 13.0 ) 69.5 |0.19 |36 (1.3

25 6.0 25 0.9 12.0 | 61.4 |C.20 | 33 1.2

27 5.7 23 0.9 10.5 | 50.5 ]0.21 |31 |1.2

29 4.6 17 1.0 7.2 [31.0 0.23 |26 (1.2

31 2.4 7 1.2 4.3 16.6 (0.26 |29 |1.3
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As the reflectivity threshold increased to about
23 dBz, R,,; showed little change while P, increased
steadily. The slow change in R, helps to explain why U was
larger in stratiform precipitation rather than in the
siowband.. Beyond 23 dBz, U became constant while R, and P,
continued to increase. The point whe e U becomes constant
(23 dBz to 25 dBz), could be used to 1elp determine Z, (dBz)
since the effects of the stratiform r ecipitation on snow
budget quantities appear to be negli »>le.

The characteristic and average p: operties of the
snowband determined for the 25 km and the 50 km
cross-section regions indicated a difference of about 15%
(Table 3.3). This difference may have been caused by a
reflectivity threshold that was set Eoo low. The difference
between characteristic and average properties of the
snowband disappeared when 2, (dBz) increased to 29 dBz.
However, over 50% of the snow mass within the snowband is
neglected and budget guantities may not reflect the true
nature of the snowband.

Assuming that over the time period, 2Z,(dBz) was correct
to within *2 dBz, the maximum variation with snow budget

quantities would be <20% for the 50 km cross-section and

<15% for the 25 km cross-section.’



¢c) Cross-section azimuth angle

A snow budget analysis of the snowband was based on the

assumption of slab-symmetry. The sensitivity of the

cross-section azimuth angle was assessed by calculating snow

budget quantities for a range of azimuth angles from 170° to

180° (Table 3.6). Only a 50 km band cross-section was

analyzed since a 25 km analysis did not add any additional
information. The mean and the standard deviation were also
calculated for each budget parameter. The standard deviation
was less than 10% of the mean for all parameters. All budget

quantities were within one standard deviation from 172° to

178° and within 20% of the mean over the 10° range. Thus

minor fluctuations of the band orientation should not

significantly affect the time evolution of snow budget

quantities.

Table 3.6: Variation of snow budget parameters with the

cross-section azimuth angle at 0830 UTC. Budget quantities

determined for a 50 km band cross-section.

Azimuth | do/dt | W | R, P A | Py | 1 U
degrees [Mg/s km™| km cm/h | Gg/km| km* | g/m® | min | m/s
170 5.6 23 0.87 13.0 66 0.196 | 39 1.23
171 6.3 31 0.73 13.1 67 0.196 | 35 1.04
172 6.9 31 0.80 13.3 70 0.191 | 32 1.17
173 7.2 33 0.79 13.6 70 0.194 | 31 1.13
174 7.7 35 0.80 13.2 70 10.189 | 29 (1.17
175 7.2 33 0.79 13.5 71 0.189 | 31 1.15
176 6.7 30 0.81 13.1 70 10.188 | 33 1.20
177 6.3 29 0.78 13.2 68 0.192 35 1.13
178 6.3 29 0.79 13.5 71 [0.191 | 36 |1.14
179 6.6 30 0.79 14.3 77 0.185 | 36 1.19
180 6.3 29 0.79 16.1 85 10.189 [ 42 |1.16
Mean 5.6 30 0.79 13.6 71 0,191 34 1.15
Std. pev. 0.6 3. 0.03 0.9 5 0.003 4 0.05
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d) Cloud base height

To determine thes total snow content and the mass
outflow rate, reflectivity data at or above the height of
the cloud base of 0.5 km were used. The sensitivity of the
cloud base height on the snow budget quantities was assessed
by determining budget quantities over a range of heights
from 0.4 km to 0.6 km (Table 3.7). At a cloud base height of
400 m, ground clutter affected a larger portion of the
snowband beyond 45 km. For this reason the snow budget
quantities were examined only for the 25 km band width. If
the estimate of the height of the cloud base was in error by
0.1 km, the error in snow budget quantities was less than
20%. Thus a non-uniform cloud deck should not significantly

affect the snow budget analysis.

Table 3.7: Variations of water budget parameters with cloc.
height at 0830 UTC. Budget quantities determined for a 27 " ju:. 3

cross-section.

Base | do/dt 1} Ravg P A | B, 1 U
Height|Mg/s km?| km | cm/h |Gg/km!| km® | g/m® | min | m/s
400 6.7 24 i.O 12.6 64 10.20 31 1.4
450 6.5 25 0.9 12.4 63 10.20 32 1.3
500 6.0 25 0.9 12.0 61 10.20 33 1.2
550 5.5 24 0.8 11.8 161 {0.20 36 1.2
600 4.9 21 0.9 11.6 59 10.20 39 1.2
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4 Analysis of a Wide Cold Frontal Snowband

4.1 Introduction

An Arctic cold front passed through central Alberta on
13 February 1994 and spawned several snowbands. The bands
were observed by radar just to the socuth of the city of
Edmonton and were oriented in west to east lines. Snowfalls
associated with these bands covered a small area of central
Alberta with snow accumulations near 4 cm (Fig. 4.1).

The objective of this chapter is to determine the
precipitation production of the largest snowband using radar
observations. The potential of Conditional Symmetric
Instability (CSI) as a band formation mechanism will also be
examined. The organization of this chapter is as follows.
Section 2 presents the large-scare flow pattern leading to
the development of the snowbands. Section 3 examines the
thermodynamic profile of the airmass and determines the
potential for CSI. Section 4 presents the evolution and
vertical structure of the snowband. Precipitation production

of the snowband is shown in sections 5.
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Figure 4.1: Snowfall accumulations (cm) across central Alberta
for 13 February 1994. The circle represents the outer range
(220 k) of the Carvel radar.

4.2 Synoptic overview

With the building of an Arctic high pressure system
over the southern Mackenzie Valley on 13 February 1994, the
Arctic airmass surged southward. The cold front pushed
southward at 25-40 km/h and had a temperature gradient of
about 8°C/100 km. No cloud existed along the leading edge of
the front but a distinct wind shift from the south-west to
the north existed. As the front moived southward it became
stalled over western Alberta, probablv because the Arctic
airmass was not deep enough to cross the Rocky Mountains.
The 0000 UTC 14 February 1994 (evening of February 13)
surface analysis shows the 6 hour history of the Arctic high
pressure system over the Mackenzie valley and the position
of the Arctic cold front over south-central Alberta

(Fig. 4.2a). The sharp temperature gradient at the surface
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Figure 4.2: 0000 UTC 14 February i994 surface analysis (a) with
mean sea level pressure contours (every 4 hPa) and snow area
shaded grey. 850 hPa analysis (b) with solid lines representing
height contours (dm) and dashed lines representing isotherms (°C).
Wind direction and speed at select stations using the

conventional station moael (half barb represents 5 Kt and full
barb 10 Kt).
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Figure 4.2: 0000 UTC 14 February 1994 700 hPa analysis (c) with
solid lines representing height contours (dm) and dashed lines

representing isotherms (°C). Wind direction and speed at select

stations using the conventional station model. ,

tellite image at 0220 UTC 14 February 1994 of
the southern two-thirds of Alberta.
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was also supported at 850 hPa (Fig. 4.2b). The circulation
pattern over Alberta was rather weak at this level. The
weakness of the baroclinic zone at 700 hPa indicated that
the Arctic airmass was shallow (Fig. 4.2c}. The westerly
flow across the southern half of Alberta did not support the
southerly push of Arctic air, but the cold air advection
over eastern British Columbia indicated a weak upper level
Pacific cold front. This cold front was moving eastward at
about 60 km/h and is shown on the surface analysis as a cold
front with unshaded frontal barbs.

From 0000 UTC to 0300 UTC, the Arctic airmass continued
to surge southward through Alberta. A number of snowbands
formed north of the Arctic cold front over central Alberta.
The satellite image (Fig. 4.3) shows the alignment of the

snowbands .
4.3 Atmospheric stability

The thermodynamic structure of the atmosphere was
Sovarmined from data collected by the 0000 UTC 14 February
+r:. radiosonde. The sounding, plotted in Fig. 4.4, was
xepresentative of the atmosphere just prior to the band
formation. A frontal inversion existed between 860 hPa an
830 hPa. Above the frontal inversion, a wet bulb potential
temperature 6, of 4°C indicated a warm, moist Pacific
airmass, while below the inversion, the 6, of -6°C indicated
a cold, dry Arctic airmass. The sounding was stable to
upright cumulus convection except in the first 40 hPa and
between 760 hPa and 590 hPa, where it was potentially
unstable. Due to the sharp frontal inversion, no development
could occur in the layer close to the surface. The layer
from 700 hPa to 500 hPa was fairly moist (RH ~70%) so it is
likely that potential for instability will be released once

the layer is lifted to its level of saturation.



77

Figure 4.4: Tephigram of 1200 UTC, 14 February 1994 sounding
taken at Stony Plain (WSE) with temperature (thick solid line)
and dew point (dashed line). Horizontal lines are isobars (hPa),
straight lines skewed to the right are isotherms (°C), and dotted
lines are pseudo-adiabats (°C). Observed winds with height on the
right hand side using the conventional station model (solid flag
represents 50 Kt, full barb iz 10 Kt and half barb 5 Kt).

The wind profile is shown on the right hand side of
Fig. 4.4. Winds backing with height from surface to 700 hPa
indicated cooling by advection. The strongest cooling
cccurred below 750 hPa as the radiosonde past through the
frontal zone. 3bove 750 hPa the winds were roughly

unidirectional and increased with height up to 500 hPa. Thus
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the condition of strong unidirectional shear required for

the release of CSI was only met in this layer.

a) CSI analysis

Potential for the release of CSI exists in a given
layer of air when the Richardson number for ice saturation
Ri,,, is less than 1. The special condition of Convective
Instability occurs when Ri,,, < 0. Using the 0000 UTC
14 February 1994 sounding data (Table 4.1), Ri,, was
determined for various layers using the method described in
chapter 2. Since conditions for slantwise overturning could
only occur in one layer, the thermal shear of 265° was
determined using winds at 700 hPa and 500 hPa.

In chapter 3, both the ice and water phase Richardson
numbers were determined. For values between zero and one,
the difference between using water or ice phase was within
+0.1. However it is not kncwn whether this holds true for
Convective Instability. Thus both Ri,. and Ri, (moist
Richardson number) were determined {Table 4.2). The analysis

)

reveals the following:

¢ The airmass was convectively unstable between 765 hPa
and 590 ~Pa and moist Symmetrically unstable between
590 hPa and 500 hPa.

¢ The occurrence of Convective Instability is a rare
event in winter. A climatological study of winter
precipitation (i.e. December through February) in
Alberta by Reuter and Aktary (1995) indicated that the
pctential for Convective Instability was associated

with 10% of precipitation events.

¢ For Richardsonm numbers less than 1, Ri,, and Ri_
produced similar results with values within +0.1. Thus
Ri, provides an adequate indication of airmass

stability, even when temperatures are below 0°C.
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¢ Convective Instability also occurred in the first
atmospheric layer. Since the frontal inversion firmly

capped this layer, no cloud development could occur.

Studies have shown that Convective and Symmetric
Instability can both combine to from a precipitation band
(e.g. Jascourt et al. 1988; Reuter and Nguyen 1993; Reuter
and Yau 1993). Although both types of convection have
different time scales {i.e. minutes for Convective and hours
for Symmetric instability), Emanuel (1980) suggested that
latent heat released in the free-convective updraft could
drive slantwise overturning associated with the release of
moist Symmetric Instability. From observations of convective
bands forming over Louisiana, Jascourt et al. (1988) found
that once convective tcwers became deep enough to reach the
layer where CSI existed, slantwise overcturning would act to
organize the convective cells into bands. It is possible
that the organization of precipitation by
Convective-Symmetric Instability may have taken place in the
development of our snowband since the bands ware oriented
with the thermal shear determined betwzen 700 hPa and
500 hPa.
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Table 4.1: Analysis of the 0000 UTC 14 February 1994 atmospheric
sounding. Listed are the temperature T, dewpoint T,, frost point
T,, ice saturation vapour pressure e;, ice mixing ratio w;, the

ice potential temperature 6, the lifting condensation level T, .,

the ice equivalent potential temperature 0, , and the ratio of the

ice sdiabatic lapse rate to the dry adiabatic lapse rate Tiee Ty«
Press T Ta T, e \ 1A 6, T B4 Fioe Ta
hPa °c °c °C hra |g/kg K K K
913 (-10.3 [-16.3 -14.4 | 2.53 1.7 270 258 275 0.74
872 i-13.5 |-16.7 |-14.8 |1.90 1.4 270 258 274 0.78
765 -8.1 |-15.1 |-13.4 | 3.07 2.5 286 259 294 0.67
700 |-13.5 {-17.5 |-15.5 [1.90 1.7 287 257 293 0.74
590 |-24.5 |-28.6 [-25.5 | 0.66 6.7 289 247 291 0.86
500 {-33.9 |-39.9 ([-35.7 |0.25 0.3 292 237 293 0.92
400 |-44.3 |-61.3 |-55.4 | 0.08 0.1 297 216 298 0.97

Table 4.2: Stability analysis for the 0000 UTC 14 February 1994
atmospheric sounding. Listed are the relative humidity RH, the
vertical gradient of the zonal wind dv,/dz, the ice Brunt-Vdis&dld
frequency N,*, the ratio n,/f, the ice Richardson number Ri,, and
the moist Richardson aumber Ri,. Convective Instability,
Conditional Symmetric Instability and Absolute Stability are
denoted by CI, SI and AS, respectively.

3

Layex RH dv,/dz N,* ng/f | Riy,, | Ri, | Stability

hPa % x1073s™ | x107's™? Condition
sfc-872( 76 7.4 -0.9 1.1 (-1.4 | -1.4 CI
872-765{ 57 6.8 6.5 0.9 8.8 9.3 AS
765-700{ 71 9.3 -0.5 0.8 -0.4] -0.3 CI
700-590( 68 4.9 -0.4 1.0 -1.3| -1.4 CI
590-500| 54 7.7 0.4 1.2 0.7 .6 ST
500-400{ 25 -7.1 1.1 1.2 2.8 .6 AS
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4.4 Radar analysis

a) Evolution of the snowband

Observations from the C-band radar located in Carvel,
indicated that the snowbands existed for about 6 hours.
Fig. 4.5 depicts the half-hourly CAPPI radar imagery from
0100 UTC to 0300 UTC.

At 0100 UTC 14 February 1994, four snowbands were
identified on CAPPI radar imagery. Three of these bands
ranged from 5 km to 10 km in width and were spaced about
50 km apart. These bands, located 50 km north, 5 km south
and 60 km south of the radar indicated snowfall rates of
0.4 cm/h with a few convective cells giving 0.8 cm/h. The
snowband located 60 km south of the radar had a south-west
to north-east orientation and more embedded convective
cells. The fourth band, about 3¢ km south of the radar had a

width of about 20 km and snowf:.! rates of 0.4 cm/h to
0.8 cm/h. During the next 2 hour:z. the magnitude of the
snowfall rate fluctuated while < :3 band moved through

various stages of its life sparn. <y 0130 UTC, the mature
stage was reached, characterized by higher snowfall rates
(0.8 cm/h to 1.6 cm/h) and by a sharper cross-band
reflectivity gradient. The snowband widened over the next
half hour to 30 km and snowfall rates weakened to 0.4 cm/h
to 0.8 cm/h. Between 0230 UTC and 0300 UTC, the snowband .
began to dissipate as another band developed 60 km south of
the radar. 0Of the narrow snowbands, only one lasted up to
0200 UTC (located 70 km south of the radar). This band had
widened to about 20 km and intensified with steady snowfall
rates of 0.4 cm/h to 0.8 cm/h.

Over the two hour period convective cells embedded in
each snowband propagated along the length of the band at
30-40 km/h. The snowbands themselves were tracking in a

east-southeastward direction around 30 km/h, giving a
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0100 UTC 0130 UTC

Figure 4.5: CAPPI 1.0 km imagery of the snowbands on 14 February
1994 from 0100 UTC to 0300 UTC. Image rings spaced 4C km.
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southward motion of about 20 km/h.

The organization and corientation of the snowbiands were
found to be similar to a wide cold frontal rainband (band
type 4, Fig. 1.1) reported by Matejka et al. (1980), Hobbs
et al. (1580), Parsons and Hobbs (1983a,b), and Sienkiewicz
et al. (1989). Hobbs et al. (1980) found that precipitation
within a wide cold frontal rainband formed above the frontal
zone. The rainband also moved faster than the surface front,
probably because of differential advection. The movement of
the snowbands towards the cold front did not occur in our
case. The distinct directions of the flow above (westerly)
and below the frontal zone (northerly) advected the

snowbands in an east-southeasterly direction.
b) Snowband vertical cross-section

For the 20-30 km wide snowband (~30 km south of the
radar), the CAPPI imagery (Fig. 4.5) indicated that the
snowfall intensity varied only slightly in the along band
direction (i.e. the precipitation field was close to
slab-symmetric). Thus a vertical cross-section of radar
reflectivity field (perpendicular to the band) was
representative of the entire band. The vertical structure of
ice reflectivity factor 2,(dBz), was obtained from the
0830 UTC data along an azimuth of 175°. The radar data were
interpolated to a uniform Cartesian grid using the Cressman
interpolation method (Cressman 1959; Haltiner and Williams
1980, pg. 356). The horizontal and vertical resolution of
the grid was 1 km and 100 m, respectively.

Fig. 4.6 shows the vertical section of the Z,(dBz)
field. The snowband is depicted by a 32 dBz core 30 km from
the radar and by a precipitatica region which slopes back
towards the Arctic cold front. The slope in the
precipitation was probably caused by the wind shear zone

across the frontal zone. With south-westerly winds above the
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frontal zone (~1 km AGL) and northerly winds below,
precipitation would be advected to the right as it falls
through the frontal zone. Also a portion of the echoes 20 km
to the south of the radar can be attributed to the narrow
snowband that merged with the wider snowband at 0200 UTC.
With precipitation measured up to 5 km AGL (Above
Ground Level), Convective and moist Symmetric Instability
were most likely realized. Thus Symmetric Instability
probably helped to organize convective cells into a banded

structure.
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Figure 4.6: Contour analysis of the cold frontal snowband
vertical cross-section at 0200 UTC. Contours every 5 dBz.
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4.5 Precipitation production

To improve our understanding of the formation of
precipitation in the snowband, the evolution of the budget
quantities d0/dt, P, R, , P,,., T, and U were determined from
0100 UTC to 0300 UTC. Budget quantities, plotted in Fig.
4.7, were evaluated over a 40 km band cross-secticn (i.e.
from 10 km to 50 km) along an azimuth angle of 175°. A
reflectivity threshold 2z, (dBz) of 20 dBz and a cloud base
height of 400 m AGL were used for the integrations. The
clcud base height was determined from synoptic observations
taken at the Edmonton International Airport. Radar data were
corrected for ground clutter which existed between 10 km and
20 km below 1 km AGL. Since the northern edge of the band on
the CAPP1 imagery (Fig. 4.5) was about 20 km from the radar,
the percentage of the snowband lost due to the renoval of
ground clutter on budget qguantities was negligible. A second
narrow snowband was also observed on the CAPPI imagery about
10 km south of the radar until 0200 UTC. Since it was too
difficult to separate the two bands within the
cross-section, reflectivity data associated with this band
was included in the snow budget analysis. & 0.5° scan radar
image indicated that precipitation was evaporating below the
narrow snowband suggesting that it was weak.

The evolution of the band on the CAPPI radar imagery
indicated that the snowband was at it's mature stage at
0130 UTC. The snowband had a mass outflow rate (d0/dt) of
4.0 Mgs/s km™ (1 Mg = 1x10° kg), an average snowfall rate of
(Ryg) 0.8 cm/h, a total snow content (P) of 5.5 Gg/km
(1 Gg = 1x10°kg), an average snow content (B,g) of
0.15 g/m’, a characteristic time (t) of 23 minutes and a
characteristic updraft (U) of 1.4 m/s. With a life span of
about 4 hours, R, was in good agreement with recorded

snowfalls (Fig. 4.1). The peak in 40/dt and R,, occurred at

g
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0130 UTC while a maxima in P and P, occurred 10 minutes
earlier. Thus changes in the generation of snow took about
10 minutes to appear in the band outflow, suggesting that
snowflakes formed aloft in the convectively unstable region
of the snowband. Assuming the snowband was quasi-steady, the
value of U and t suggested that snowflakes formed by
accretion and aggregation (Young 1993, pg. 218, 240, 274).
Convective clouds forming as a result of the release of
Convective Instability in the layer from 765 hPa to 590 hPa
(about 1.5 km to 4 km AGL) would have supported this type of
snow growth mechanism.

The time evolution of P and the cross-sectional area A
(Fig. 4.7a,b) displayed similar trends with maxima and
minima coinciding. Although a maxima in P and A occurred
10 minutes prior to the mature stage, the peak in P and A
occurred at 0230 UTC. Thus the size of the snowband was
greatest at 0230 UTC, just prior to its dissipation.

The time history of P,, (Fig. 4.7c) had its peak value
of 0.15 g/m® at 0120 UTC (i.e. just prior to the snowband's

mature stage). The drop in P,,, over the next 3C minutes

g
coincided with the drop in P and A but with the minimum
occurring 10 minutes later at 0150 UTC. This lag in the
minimum was due to A increasing in size while P remained
relatively steady. The lack of a maxima in P, at 0230 UTC
suggested that although the snowband was at it's greatest
size at this time, the intensity of the snow generation

(characterized by peaks in P was weaker than just prior

avo)
to the mature stage. A higher updraft would support a higher
snow generation rate since more water vapour would be
available. With a variation of #0.02 g/m’ about the time
average of 0.13 g/m’, the evolution of P,,, appears to be

quasi-steady.
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The plots of d0/dt and W (Fig. 4.7d,e) indicated that
over the first 30 minutes both d0/dt and W guadrupled in
size. However, whereas d0/dt remained fairly uniform after
this time, W continued to increase to its maximum value of
27 km at 0240 UTC. The maximum in d0/dt and W at 0130 UTC
corresponded with the mature stage of the snowband. The
second maximum at 0240 UTC corresponded with a larger
snowband. Maxima and minima in d0/dt lagged similar maxima
and minima in P by ten minutes, suggesting snowflakes were
being formed in the convective region of the snowband.

The evolution of R (Fig. 4.7f) showed a peak at

avg
0130 UTC which coincided with the band's mature stage. The
second maximum at 0230 UTC appears to be related to the peak
values in P and A when the band was at its largest size. The
minimum at 0200 UTC corr=:rinded with the reflectivity
cross-section azimuth ang’ = of 175° lying between two
stronger echoes (Fig. 4.5). Except for an approximate

10 minute lag, the maxima and minima in the time evolution
of R,,

about the time average of 0.6 cm/h, the evolution of R,,

and P,,, were similar. With a variation of #0.2 cm/h

g g

appears to be guasi-steady.

The time evolution of the characteristic time t is
shown in Fig. 4.7g. From a high of 123 minutes at 0100 UTC,
t dropped to 22 minutes when the mature stage was reached.
Since P and A did not change drastically over the first half

hour, the large t was probably caused by updrafts suspending

the snow in the cloud. After 0120 UTC, t appears to be
quasi-steady with an average of 34 minutes. The local maxima
at 0200 UTC and 0230 UTC occurred when there were local
minima in d0/dt and local maxima in P. The occurrence of
these maxima and minima suggested a higher updraft into the

cloud base produced more snow in the band.
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The characteristic updraft U (Fig. 4.7h) can also be
considered quasi-steady with a time average of 1.2 m/s. This
value fits the fall speed of aggregated snow which ranges
from 0.8 m/s to 1.2 m/s (Passarelli and Srivasta'a 1979).
Reuter (1950) suggested that the characteristic updraft
could represent the average updraft in a precipitation
system. Updrafts of ~1 m/s were measurecd by Hobbs et al.
(1980) in the instability region in a wide cold froical
rainband. Thus U could zlso be representative of the average
updraft required to maintain snow generation in the

convective clouds.
a) Cumulative amount of snow generated

The accumulated outflow O0(t) and the accumulated amount
of snow generated G(t) from time 0 to t is shown in
Fig. 4.8. The two curves are rather smooth with 0(t)
increasing throughout the time period. G(t) shows more
variation and decreases after 0250 UTC. At the end of the
life cycle of the snowband O(t) converges to G(t) since
P(t)—0. From the maximum G(t) value of 24.7 Gg/km, the
latent heat of sublimation released by the snowband was
69 TJ/km (1 TJ = 1x10° kJ).
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Evolution of precipitation production for 14 February

(b) band cross-sectional
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Figure 4.7: Evolution of precipitation production for 14 February
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5 Discussion and Conclusions

5.1 Summary

An analysis was made of two Alberta snow events using
data from radar, radiosondes, synoptic charts and satellite
imagery. The focus was on precipitation production in
snowbands. Precipitation production quantifies the time
evolution of a snow budget integrated over the precipitation
system. From digital reflectivity data 2,(dBz), the total
snow content aloft (P) and the mass outflow rate through the
cloud base (d0/dt) were estimated using empirical Z;-M and
Z,~R relations. As the snowbands were slab-synmetric, a
vertical cross-section cf radar data, oriented perpendicular
to the band direction, was used to compute P and dO/dt over
a unit length of the band. Integrating the precipitation
content M over the cross-sectional area A of the snowband
gives the total snow content aloft. Likewise, integrating
the snowfall rate R across the width of the band W at the

height of the cloud base gives the mass outflow rate.
a) Warm frontal snowband

A 986 hPa lcw pressure system developed over southern
British Columbia on 15-16 October 1991. Heavy snow fell
north of the warm front oriented in a west to east line
across south-central Alberta. Snowfalls ranged from 7 cm
over the eastern section to 55 cm along the foothills.

Over approximately 6 hours, the Carvel weather radar
monitored the evolution of a snowband 30 km south of the
city of Edmonton. The snowband nearly doubled the sncwfall
accumulations south of the city with 29 cm recorded at the
Edmonton International Airport, while just north of the city
17 cm were re.orded. The snowband, oriented in a west to
east line, was parallel to the vertical shear in the layer
from 635 hPa to 500 hPa. Potential for CSI existed in the
layer from 700 hPa to 500 hPa at 1200 UTC. A central core of
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high reflectivity was observed in this layer supporting the
notion that CSI was released at this altitude.

Based on estimates of P and d0/dt for a 25 km and a
50 km cross-section of the snowband, the average snow
content (P,, = P/A), the average snowfall rate (R, =
(d0/dt) /W), the characteristic time (t = P/(d0/dt)) and the
characteristic updraft (U = R, /P

avg/ Pavg) Were found to be

roughly independent of the cross-section width. At the
mature stage (0800 UTC), the band had a R,,
0.9 cm/h, a P,

. value of

; value of 0.20 g/m’, a t value of 24 minutes
and a U value of 1.2 m/s. Assuming the snowband was
quasi-steady, 1T represents the time required for snow to
develop, and U represents the updraft required to maintain
an average snow content while snow is falling through the
cloud base at the average snowfall rate. To account for the
T and U values, a significant portio»n of the snow was most
likely forming in the roll circulation caused by the release
of CSI.

Snow budget quantities were also determined for the

ambient snow field. The value of P, and R, calculated for

g
the sncwband were about twice the values calculated for the
ambient snow field. The characteristic time in the snowband
was 24 minutes, while in the ambient snow field it was 44
minutes. If the assumption of steady conditions were indeed
valid for both regions, it can be concluded that snow formed
more rapidly in the snowband than in the ambient snow field.
The characteristic updraft was larger in the synoptic
snow area than in the snowband. Since the snowband was about
twice the depth of the snow field this would increase the
area over which the total snow content was averaged. It
should be stressed that U is a measure of the updraft
averaged over the entire band cross-sectional area rather

than a measure of the updraft near the storm base.
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The time evolution of snow budget guantities were
determined from 0730 UTC to 0930 UTC. The peak in do/dt,
P

However the peak in P occurred 20-30 minutes prior to the

wgr and R, occurred at the band's the mature stage.

mature stage which supported snow formation in mid to upper
portions of the snowband. The time evolution of R,, Py, T
and U indicated they were quasi-steady. Integrating the mass
outflow rate over the time period and adding the total snow
content aloft gives the cumulative amount of snow generated
G(t). With a value of 63.5 Gg/km, the latent heat released
by the snowband was 178 TJ/km.

A sensitivity analysis was carried out on the various
settings and corrections that were used to determine a snow
budget. The areas removed from the analysis due to ground
clutter were at the edges of the snowband so the possible
precipitation lost amounted to less than 5%. Changes in
budget quantities were less than 20% if the cross-section
azimuth angle varied #5°. These effects of changing the
cross-section angle supported the assumption of band
slab-symmetry. Varying the reflectivity threshold by 12 dBz
had little impact on P and d0/dt (both less than 20%). The
budget parameters were also largely insensitive to changes
in the cloud base height of %100 m. Although the sersitivity
analysis was applied to this one case, it was believed that

similar results would occur with other snowbands.
b) wide cold frontal snowband

The passage of an Arctic cold front through central
Alberta resulted in the development of a number of snowbands
on 13 February 1994. Atmospheric soundina data indicated
that the airmass from 700 hPa to 590 hPa was mcist, but not
saturated. Bands, typically lasting for 3-5 hours, were
oriented in west to east lines in the direction of the

vertical shear from 700 hPa to 500 hPa. The sounding



analysis indicated that the potential for Convective
Instability existed from 765 hPa to 590 hPa. The airmass
from 590 hPa to 500 hPa was also potentially unstable for
moist Symmetric Instability. Jascourt et al. (1988) fcund
that precipitation can become organized into a band by
Convective-Symmetric Instability. A vertical cross-section
of the widest band indicated that the precipitation was
about 5 km deep. This suggests that both types of
instability may have been realized.

At its mature stage (0130 UTC), the snowband had a R,

value of 0.8 cm/h, a PB,, value of 0.15 g/m’, a 1 value of

g

23 minutes and a U value of 1.4 m/s. With a life span of

about 4 hours, the snowband's R,, value agreed well with the

g
observed snowfall accumulation ¢f 5 cm. The values of U and

T suggested that snow formation was most likely taking place
in cumulus cells which developed above the frontal zone due
to the release of Convective Instability.

The time evolution of snow budget quantities were
determined from 0100 UTC to 0300 UTC. The peak in P occurred
at 0230 UTC with a secondary maximum at 0120 UTC. The peak
P,,, occurred at 0120 UTC indicating that the snowband was

more intense at this time. The curves for both R, and P,

g

were similar but maxima and minima for P, occurred about

]
10 minutes earlier. This lag of R, relative to P,  is
consistent with the development of snow in the convective

P

cells. The precipitation production parameters R avgr  and

avg ’
U were quasi-steady, suggesting that Symmetric Instability
may have organized the convective cells into a band. The
time evolution of t indicated that it was not quasi-steady
until about 0120 UTC suggesting that updrafts may have been

suspending the snow in the cloud.
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5.2 Comparisons between the two snowbands

Observations of the CAPPI imagery indicated that both
snowbands reached their mature stage within the first hour
of development. The length of time that the snowbands
remained at their mature stage varied. For the waxrm frontal
snowband, the mature stage lasted about 20-30 minutes while
for the cold frontal snowband the mature stage lasted about
10 minutes. For both snowbands, dO/dt was at a maximum at
the mature stage, while P reached a maximum about
16-30 minutes prior to the mature stage. The time difference
between peak values in dO/dt and P was shorter for the cold
frontal snowband (approximately 10 minutes) suggesting that
the height where snow formed was lower than in the warm
frontal snowband.

The peak R,,

mature stage for both bands. Except for an approximate

¢ value occurred during the time of the
10 minute lag, the maxima and minima in the time evolution

of R,,

g and P, were similar for the cold frontal snowband.

&
For the warm frontal snowband, however, little or no
correlation existed between R, and P,,.

Over the two hour period, the maximum amount of snow
generated were 63.5 Gg/km and 24.7 Gg/km for the warm and
the cold frontal cases, respec’ .vely. Although average
precipitation production values were similar for both bands,
the warm frontal snowband generated about 2% times more snow
than the cold frontal snowband. This was probably related to
the different properties of the two frontal airmasses. Above
the frontal zone, where the snow was most likely produced,
the wet bulb potential temperature (0,) was 14°C for the
warm frontal case and 4°C for the cold frental case. Thus
the warm saturated airmass associated with the warm frontal

case caused more snowfall.
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Table 5.1 lists the integrated snow budget quantities
for the warm and cold frontal snowbands averaged over a two
hour period. The mass outflow rate for the warm frontal
snowband was almost triple that of the cold frontal
snowband, even though the warm frontal band was only twice
as wide as the cold frontal band. Similarly, the
cross-sectional area and the total snow content were larger
for the warm frontal snowband by about 1% and about 2%
times, respectively. Even with these differences, average

and characteristic properties (R P

avg ’/

t and U) were quite

avg’

similar for the two cases. The R,,, and P, for the cold

g g

frontal snowband were about 25-30% lower than values
calculated for the warm frontal band. The similar 1 and U
values suggested that most of the snow growth occurred by
accretion and aggregation in both bands. As the U value of
1.2 m/s was much higher than typical synoptic ascent values
(few cm/s), most of the snow must have developed in the

layer of instability above the frontal zone.

Table 5.1: Time average of snow budget quantities for the warm

and cold frontal snowbands.

Parameter Units Warm Cold
frontal frontal
do/dt - Mass Outflow Rate Mg/s km*! 7.7 2.7
W - Band Width km 34 17
R, - Average Pcpn. Rate cm/h 0.8 0.6
P - Total Snow Content Gg/km 13 5.7
A - Band Cross-sectional Area km’ 70 44
P,,~ Average Pcpn. Content g/m’ 0.19 0.13
t-Characteristic Time min 29 34

U ~ Characteristic Updraft m/s 1.2 1.2
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.3 Comparisons with other studies

a) Comparison with Alberta thunderstorms

Precipitation production was used to analyze the
evolution of summertime thunderstorms in Alberta (Rogers and
Sakellariou 1986). It is of interest to compare the snowband
budget results with those obtained for Alberta
thunderstorms.

Precipitation production parameters were determined for
single cell thunderstorms using data collected by the radar
located in Penhold (52.2°N, 113.8°N, 904 m). The cases
examined occurred on the 18 July 1977 and on the 3 July
1983. From sounding data, the airmass of 3 July 1983 had a
buoyant energy of 700 J/kg or about twice that of the 18
July 1977 event. Using Z-R and Z-M relations for rain, water
budget parameters were determined in a similar method used
for the snowband. However, integrations were carried out
over the volume of the storm to determine the total
precipitation content aloft and across the area of the cloud
base to determine the mass outflow rate. Since d0/dt and P
were determined for a unit length of a snowband, only the

P

avg’

quantities R Tt and U were compared with those

avg !
obtained for the thunderstorms.

Budget values averaged over a two hour period are shown
in Table 5.2. Although the two snowbands developed in

P T and U

different airmasses, they produced similar R, avg !

Vg’
values. This was not the case for the two thunderstorms,

with the July 1983 storm producing R

avg anid P, values that

g

were about double those for the July 1977 storm. Budget
values suggest that precipitation production is more
vigorous in thunderstorms than in snowbands. With P, 2 to 3

times greater for the thunderstorms, the R,, was 8 to 30

(]
times greater. The characteristic updraf:t value suggest that

rain has a larger terminal velocity than snow. Thus, falling
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rain drops grow more rapidly collecting cloud droplets than

slowly falling snowflakes.

Table 5.2: Budget comparisons between the snowbands and two
Alberta thunderstorms (Rogers and Sakellariou 1986). The values
listed are 2 hour averages of quantities during the storm's

mature stage.

Event Type/Date (mm/h) | (g/m’) | (min) | (m/s)

Warm frontal snowband (16 Oct. 1991) 0.8 0.19 29 1.2

Cold frontal snowband (13 Feb. 1994) 0.6 0.13 34 1.2

Moderate Thunderstorm (18 July 1977) 7 0.3 i8 7

Intense Thunderstorm (3 July 1983) 18 0.5 25 10

b) Comparison with other precipitation band studies

A search through the research literature failed to find
studies of precipitation production in snowbands. However
integrated water budget parameters were reported for
rainbands that developed over western Washington state.
Using radar observations, the mass outflow rate for a wide
cold frontal rainband was computed to be 40-50 Mg/s km™
(Hobbs et al. 1980). For a warm frontal rainband, the mass
outflow rate was 58 Mg/s km™ (Hourze et al. 1981). The much
larger values for the rainbands compared to v:ilues obtained
for the two Alberta snowbands could be attributed to
liquid-ice phase differences, and the lack of a mountain
chain to "wring" out moisture from the cyclone.

Average precipitation content values have also been
determined for precipitation bands. Herzegh and Hobbs (1980)
determined a vertical profile of precipitation content
within a warm frontal rainband. The average precipitation
content above the melting layer for one of the rainbands was
0.1 g/m® to 0.2 g/m® which is similar to the Alberta
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snowband cases. This agreement is probably related to a
similar Pacific airmass affecting both regions. Much higher
average precipitation content values have been observed in
other snowbands. For example, Zawadzki et al. (1993a)
reported average precipitation contents as high as 0.9 g/m’
for a snowband associated with a cyclone developing over the

Atlantic.

5.4 Discussion

This thesis is novel in two aspects. First, it extends
the analysis of precipitation production to snowbands,
whereas previous studies focused on summertime convection.
This was done by using appropriate Z-R and Z-M relations for
snow. Second, the stability analysis using the Richardson
number was extended to include the thermodynamic effects of
the ice phase. In both cases it was found that the ice phase
processes had only minute effects in the stability of the
airflow, despite the fact that the release of latent heat
due to sublimation is almost 13% larger than that due to
vapourization.

For the warm frontal case, potential for Conditional
Symmetric Instability was observed for a layer above the
frontal zone. Likewise, potential for Convective Instability
was observed for a layer above the cold front. Despite
differences in airmass stability and characteristics, the
values for the average snow content, average snowfall rate,
characteristic time and characteristic updraft were similar

for both cases.
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5.5 Recommendations for further research

Our research on precipitation production can be
extended in several ways. An important contribution would be
to quantify the errors caused by inaccurate observations, on
various terms in the water budget equation. Special
attention should be given to the role of partial beam
filling and its contribution to integrated storm parameters.
The technique used by Amayenc et al. (1989) may be useful to
evaluate the errors. Precipitation production can also be
improved by determining empirical Z-R and 2-M relationships
for the radar located at Carvel.

A useful extension of this study would be to build a
database of snowband cases and their relation to synoptic
conditions. This should clarify which environmental factors
control snow production. Ambient kinematic and thermodynamic
data for case studies could be obtained from numerical
weather models. These data, in conjunction with simulation
results from a numerical cloud model, would provide three
dimensional microphysical and dynamical properties of the
snowband.

Precipitation production could also be used as a short
term (~3 hours) forecasting tool to assess the potential for
further development of a precipitation system. By
programming the formulae into a weather radar system,
integrations would be carried out over the volume of the
storm to determine the total precipitation content aloft and
the mass outflow rate through cloud base level. The
forecaster would specify a reflectivity threshold, a cloud
base height, and the section on the radar display where
budget parameters are to be determined. Graphical displays
of the time histories of selected budget quantities could be
automatically updated after each new scan of the

precipitation system.
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