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1. INTRODUCTION

It is now widely recognized that the
classical frontal models first Introduced by
Bjerxnes (1919}, do not account adequately for
many aspects of frontal precipitation. During the
past decade several field Investigations have
shown that the dynamical and precipitation
processes in cyclonic storms are concentrated to a
large extent on the mescscale® {e.g. Kreitzberg,
1964; Elliott and Hovind, 1364, 1265; Browning and
Harrold, 1969; Austin and Houze, 1972), The
mesoscale processes in turn contain a considerable
degree of cumulus-scale activity. The implications
of cumulus-scale convection in mid-latitude storms
for climatelogy and cyclone dynamics have been
discussed by Houze ¢1%73) and Tracton {1973).
Recent airborne measurements on the cloud micro-
physical scale (e.g. Hobbs et al., 1971, 1972)
have revealed that the concentrations of ice
particles in fromtal cloud systems are often much
greater than would normally be considered
favorable for precipitation growth by Bergeron's
(1935) ice-crystal mechanism.

From the above studies, it is evident
that in order to obtain an adequate understanding
of frontal precipitation processes, field studies
are required which encompass a very broad range of
scales, namely, synoptic, meso, cumulus, and
microphysical. The case study presented here 1=
one of the first in which a frontal system has
been examined over this entire range of scales,
inecluding the microphysical.

We have studied an cccluded frontal
system as it moved inland from the Pacific Ocean,
across the low-lying Puget Sound Basin of Washing-
ton, and then over the Cascade Mountains.

Specific objectives were {a) to describe the
dynamical structure of the frontal system, (b) to
diagnose the dynamical and microphysical structure
of the frontal eclouds, and (c) to investigate the
modifications of the frontal dynamics and cloud
structure as the system passed over the Cascade
Range.

2. DATA

Basic data for the study cbtained by
our Cloud Physics Group, are aircraft, sequential

¥In this study, 'mesoscale" refers to features
having a horizontal dimension from tens to
hundreds of kilometers.
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rawinsonde, Doppler radar, and high-resolution
raingauge observations. In addition conventional
meteorclogical data provided by the National
Weather Service, and satellite photographs were
used.

Alrborne measurements were obtained from
the University of Washington's Douglas B-23
research alrecraft. Detalled descriptions of the
aircraft and its cloud physics instrumentation
have been given by Hobbs et al. (1871, 1372).
Only the measurements most relevant to the present
case study are mentioned here.

Airborne measurements of cloud liquid
water content were cbtained using a Johnson-
Williams meter with an effective lower threshold
of 0.1 g m 3, Two instruments were used to
measure lce particle concentrations: a continuous
Formvar particle sampler and an automatic optical
ice crystal counter (Twner and Radke, 1973). The
minimum-sized particles detected by the two
instruments were about 0.30 and 100 wm, respac-
tively. Other aircraft measurements included
pressure, temperature, dew point, turbulence, and
accurate aircraft position determination.

Rawinsondes were launched ewvery two to

- three hours from North Bend, Washington, which is

located near the western foothills of the Cascade
Mountains. At this location the dynamiecal
structure of the frontal system shown in Fig. 1
should not have been significantly affected by
the presence of the Cascade Mountains. Under the
assumptions that the system was approximately two
dimensional and in a steady-state in a coordinate
system moving with the front, the vertical
velocity w(= dp/dt where p is pressure and t is

‘time) was computed from mass continuity and from

the conservation of wet-bulb potential temperature.

& vertically-pointing, pulsed Doppler
radar was operated at Hyak, Washington, on the
crest of the Cascade Range. Its characteristics
are described by Weiss and Hebbs (197u4).

Precipitation gauges with time scales
ranging from 15 sec to 2 min were operated at
ten locations. These data were supplemented by
hourly precipitation amounts from eighty-two
reporting gauge stations throughout Washipgton
(NOAA, 1973).



Satellite photograph showing oceluded
Frontal system over North Pasific and western
coast of North America at 1000 PST, Mareh 18, 1973,

Figure 1.

3. FRONTAL STRUCTURE

The occluded frontal system shown in
Fig. 1 moved into westerm Washington from the
Pacific at approximately 0600 PST on March 16,
1973, and progressed across the state during the
remainder of the day at a speed of approximately
20 kt.

The frontal structure is represented
in Fig. 2 by the vertical cross section of wet-
bulb potential temperature (8,). The primary
oceluded frout was located at the leading edge
of the appreaching cold air mass which was
bounded by a strong gradient of 8, and had a
characteristic dome shape. The front was
accompanied by a relatively strong horizontal
temperature gradient at all levels and by a sharp
surface pressure trough.

The pre~frontal air masses were less
sharply defined than the cold air mass. The warm-
frontal surface aleft and ahead of the cecclusion
was marked only by a zone whers the 9 isotherms
were weakly packed.

Besides the basic frontal patternms, the
follewing mesoscale features are seen in Fig. 2:

(a) A wavy pattern in the weakly-
packed ﬂw isotherms ahead of the major fromt.
{b) Mesoscale warm tengues behind the
main freont (dotted limes in Fig. 2).

(¢} A pronounced tongue of low 6, air
ahead of the main front (bounded by dot-dash
in Fig. 2).

just
line

(d) A strong, closed maximum of 6,
near the surface position of the primary frent.
Similar mescscale features in occluded fronts have
been noted by Kreitzberg (1964}, Elliott and
Hovind {1965}, Kreitzberg and Brown (1970), and
Browning et al. {1973).

Feature {d) listed above appcar: to L
accounted for by a leow-level southerly flow of
warm, meist air (which would be a flow into Lhe
page in Tig. 2). Southerly surface winds of 10-15
kt were consistently found in the high- 0, tonpue.
This low-level, high-8, flow appears to havm Leen
considerably narrower than the "convever belt"
deseribed by Browning (1971) and Harrold (1973) or
the low-level, high- ¢, flows described by Ellictt
and Hovind f1965) and Erowning and Pardoe (1973}.
Diurnal heating may have slightly enhanced tho
low level maximum of 8, seen in Fig. 2 (it was
observed at the rawinsonde station at 1030 hr
local time), however the high- -0, tengue cannct be
fully accounted for in this way since the maximum
was observed in both temperature and dew point,
and it was tracked inland from the Washington
coast where it was observed before sunrise.

b. CLOUD DYNAMICS

The pre-frontal zone of the front
depicted in Figs. 1 and 2 iz generally quite dry
and the precipitating clouds are first encountered
in a narrow mescscale band aligned along the
primary front itself.

Fig. 3 is & composite diagram showing
the frontal position, regions of potential

 instability, streamlines relative to the front
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deduced from the observed horizontal winds and
conservation of &, the cloud and preeipitation
patterns observed visually from the aircraft, and
the low-level precipitation zone detected by
raingauge measurements at the rawinsonde site,
The clouds were positioned horizentally over the
rawinsonde station according to the aircraft's
position relative to the analyzed frontal poaition.
A vertical adjustment was made to account For
differences in terrain height between the
rawinsonde station and the aircraft location.
Apart from these adjustments, the sketches are
presented exactly as they were made in-flight.

It appears from Fig. 3 that the frontal
¢loud band was operating as an crganized mesoscale
convective system similar to those described by
Newton (1963) and Zipser (1969). These systems
have horizontal scales of 50-100 km and have the
common property that their dymamical structures
are organized in such a way that they are
perpetuated in a quasi-steady manner for several
hours. The potential instability of the frontal
cloud shewn in Fig. 3 was continually replenished
bv the low-level, high-8y flow and centipually
released by frontal lifting.

The occurrence of a mesoscale downdraft
in the precipitating region of the cloud shown in
Fig. 3 i1s characteristiec of organized convactive
systems {e.g. Browning, 1965; Zipser, 1969). The
vertical velocities in Fig. 3, howaver, were
caleulated from the conservation of 8, Those
cbtained from mass continuity in two dlmen51ons
indicated that the boundary between lifting and
sinking below 800 mb may have been located about
one hour later than shewn In Fig. 2.
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5. CLCOUD MICROPHYSICS

In Fig. 4, the cloud dynamics serve as
a framework for examining the cloud microstructure.
It is seen that at the aircraft's flight level the
main body of the frontal cloud was composed
primarily of ice particles, except near the base
of the high-level convective clouds at the forward
edge of the main cloud mass and in the lower
precipitating deck of the frontal cloud behind the
front.

The concentrations of lce particles
along the upper flight path in Fig. 4 were quite
high. At point B, the ice particle concentration
was 10 times greatey than the ice nucleus concen-
tration expected at the cloud top temperature.

It should be noted that the concentrations of ice
shown in this fipgure are extremely conservative
sinece they are cbtained by counting only regularly
shaped ice particles which were replicated intaet
and fragmented ice "blotches" (each counted as one
ice particle)} but ignoring isclated fragments.

Ice particle to ice nucleus ratios as high as 10
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Figure 4. Cloud microphysical measurements in

relation to frontal structure cver Puget Sound
Basin and windward slope of Cascade R Cloud

Zzgmd water content: =~ 0.1 to 0.2 gm—2,8>0.2 g

s tee particle aoncsntratwns by conservatwe
count: x<1517%, % 15 to 3081, @ >304-1. Other
symbols are the agme as in F-z.g. 3.

are cbtained using a more realistic counting
technique described by Hobbs et al. (1972) and the
flight-level cloud temperature. It Is noted that
even in the regions of maximum ice particle
concentrations, rimed particles and frozen drops
were observed.

Ancmalously high ice particle concen-
trations such as those observed in the frontal
cloud band in this study have been obzerved
frequently in both convective and stratiform
clouds (for a review see Hobbs, 1973), however, no
physical process has yet been described which
adequately accounts for them. It has been noted,
however, that anomalously high ice particle
concentrations do not appear to be found in
c¢louds which have existed for less than about ten
minutes, This time scale is consistent with the
frontal cloud portrayed in Fig. 4. This eleud
system, because of its apparent quasi-steady
nature could have existed for several hours before
it was penetrated by the aircraft. According to
the computed vertical velocities and streamlines,
individual rising cloud parcels would have been



in-ecloud for an hour or mere hefore passing
through mest of the points along the flight path
of the aireraft. Thus, it appears that there
would have been ample time for high ice concen-
trations to develop in parcels riszing to the
aircraft flight lewvel.

6. ORQOGRAPHIC EFFECTS

Toe investigate the modification of the
frontal cloud system as 1t passed over the Cascade
Mountain Range, which runs north-south through
central Washington, hourly precipitation amounts
from the eighty-two NOAA gauge stations throughout
the state were plotted as a function of their
rosition relative to the moving front and to the
crest of the Cascade Range. The coordinate system
uzed is shown im Fig. 5. Various horizontal
strips of the plot are assceclated with particular
orographic regions, while various vertical strips
may be identified with regionz of the frontal
system. The analysis of the preecipitation data
in this coordinate system is shown in Fig. 6.
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It is seen from Fig. & that tue
heaviest rainfall is consistently found within
1-2 hr behind the surface frontal trough {letter
B}, This behavior is consistent with that
depicted in the vertical cross section shown in
Fig. 3. The frontal rainband is seen to have
ended abruptly 3 hrs after the trough paszsage
while the system was in the Puget Sound Basin
{letter B, Fig. &) however on the windward slope
of the Cascade Range (letter CJ}, post-fronral
orographlic precipitation continued for over 10
hrs.

It iz ewvident from Fig. & that the
largest precipitation rates over the Cascade FRange
were found within the frontal zone (which extends
from -1.5 to +3.0 hr after the frental trough
passage). The precipitation amounts in the
frontal zone indicate that the fromtal rainfall
was enhanced slightly as the system moved over tie
Cascade Range. The amounts over the mountains
exceeded those in the Puget Sound Basin by about a
factor of two. This amount of enhancement
indicates that both frontal dynamics and crography
played important roles In the precipitatien
process with neither one overwhelming the other.

4 particularly interesting orographic
effect is that the frontal preciplitation began
later relative to the fromtal trough, on the wind-
ward slope of the Cascade Range than in the Pupet
Sound Basin (letter D in Fig. &). Winds in the
cloud layer had westerly components and orographic
enhancement of the frontal lifting might have been
expected to lead to an earlier onset of precipita-
tion on the windward slopes.

The delay in the onset of precipitation’
in the mountains is attributed to oregraphic
interference with the low-level flow which served
as the source of moisture and instability for the
frontal clouds. It is well known that precipi-
tation is generally less on the leeward sides of
mountaln ranges due to the loss of condensate on
the windward slope, however, the data of this

‘study indicate that the precipitation in frental

clouds may be inhibited before the system passes
over a mountain range.

The precipitation pattern in Fig. &
agrees well with the cloud configurations and
microphysical properties observed from the alr-
eraft. The delay in the leading edpge of the
frontal cloud band relative to the front as the
system moved across the Cascade Range 1s seen in
the aireraft data by comparing Figs. 5, 7 and B.
As the frontal clouds moved over the leeward sleope
of the range (Figs. 7 and 8}, the rear edge of the
frontal cloud band became indistinguishable from
orographic clouds forming on the windward slope.

The alirborme measurements of cloud
liquid water content and ice particle concentration
are summarized in Fig. 9 which shows the patterns
of these quantities encountered at flight leveis
ranging from 2-4-3.0 km above sea level. The
coordinate system in Fig. 3 is the same as in
Figs. 5 and 6 and the flight legs numbered 2, 3
and % are the same as those shewn in vertical cross
section in Figs. 4, 7 and 8 respectively. The
general cloud pattern shown by Fig. 3 is very
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Figure 7. Frontal clouds passing over crest of
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consistent with the surface precipitation pattern
in Fig. 6. The leading edge of the frontal cloud
is again seen to have been Increasingly delayed
relative to the front as the system crossed the
Cascade Range {letter C In Fig. 9).

The trend in the mierophysical
guantities measured from the aircraft was very
similar in all of the flights through the frontal
cloud band as it passed over the Cascade Range.
In Fig. 9 it is seen that moderate liquid water
contents and low ice concentrations consistently
appeared in a relatively narrow zcne at the
leading edge of the frontal band. However, the
main body of the cloud consisted almost entirely
of ice in high particle concentraticns. The
largest ice particle concentrations were found
immediately behind the zone of maximum liquid
water content. This pattern continued as the
front crossed the mountains, even though the
leading edge of the frontal band receded behind
the front.

The cloud liquid water content measured
near the leading edge of the clouds occurred con
each flight leg in cumuliform clouds (Figs. 4, 7
and 8)., From their appearance and from the
presence of liquid water, those clouds were
evidently quite young. The aircraft encountered
more turbulence in those regions than in the rest
of the frental cloud.

The largest cloud liquid water contents
and ice particle concentrations recorded in the
frontal band (region A of Fig. 9) occurred when
the band was over the Cascade Mountains. This
fact appasrently reflects the coincidence of frontal
and orographic lifting. It is noted, however, that
the largest ice particle concentration recorded at
flight lewvel (position E in Fig. 9) exceeded the
largest value recorded in the fromtal band over the
Puget Sound Basin by only about a factor of five.
It is therefore concluded that high ice particle
concentrations (as discussed In sec. 5) were
characteristic of the frontal cloud band before its
dynamical structure was iInfluenced by the Cascade
Range.
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7. CONCLUSICHS

This case study is the first in a
series now being undertaken at the University of
Washington to increase our understanding of the
dynamics and microphysics of frontal elouds. It
has provided a detailed examination of a mesoscale
frontal cloud band associated with a West-coast
occlusion. The dynamics of the c¢loud band appear
to be similar to those of a quasi-steady,
organized convective system. The inferred
dynamical structure has provided a basic framework
for interpretation of airborne eloud microphysical
measurements which showed that the mesoscale
precipitation band was characterized by high
concentrations of ice particles. Analysis of
hourly precipitation data, composited in relation
te topography and frontal structure, and alrcraft
cloud observations have indicated that both frontal
and oreographiec 1ifting played simificant reles in
the precipitation processes of the frontal system
as it passed over the Cascade Range. These data
indicate that the topography of the mountain range
interfered with the fromtal ecloud dynamics by
effectively cutting off the low-level moisture
source of the cloud band before it reached the
leeward slepe of the range.
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