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PREFACE

For several years the Cloud Physics Group at the University of

Washington has studied winter cyclonic storms and orographic clouds and

precipitation over the Cascade Mountains. The emphasis in these studies

(described in Contributions from the Cloud Physics Group, University of

Washington, Research Reports III-VIII) was on the microstructure of the

clouds and precipitation. As a precursor to a new project to study cyclonic

extratropical storms (the CYCLES Project) in the Pacific Northwest on scales

ranging from the synoptic through the mesoscale and down to the microscale

a study was made in March 1973 of an occluded front which passed over the

Cascade Mountains. This study, which is described in this report, yielded

a unique set of data on both the dynamical and microstructure of an occluded

front and its modification by a mountain range.

Peter V. Hobbs

Director, Cloud Physics Group

University of Washington
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ABSTRACT

The observational facilities of the Cloud Physics Group of the

University of Washington were used to study an occluded front during its

passage over the Puget Sound Basin and Cascade Mountains of Washington

State. Sequential rawinsondes were maintained at 2-3 hour intervals for

the 3-day period bracketing the frontal passage. Cloud microphysical data

were obtained during 10 aircraft penetrations of the frontal clouds.

Vertically-pointing doppler radar measurements were obtained at one

station and high-resolution surface precipitation measurements were made

at a network of stations in the Cascade Mountains.

Analysis of the rawinsonde data revealed several interesting

mesoscale features of the frontal system. Alternating tongues of air with

high and low wet-bulb potential temperature (6 ) with spacings of

approximately 200 km were found aloft ahead of the primary occluded front

with a particularly pronounced low-6 tongue immediately ahead of the

front at the 700 mb level. Secondary frontal features were located

within the cold air mass behind the main front. As the front moved inland

the moisture for the frontal clouds appears to have been supplied by a

narrow low-level southerly flow of warm, moist air which was being

overtaken by the frontal system. This flow was located below the 900 mb

level and was approximately 75 km in width.

The pre-frontal region of the storm was quite dry and the main

precipitating clouds existed in a single mesoscale rainband along the

primary occluded front. Two-dimensional streamlines were calculated from

mass continuity and from the conservation of wet-bulb potential temperature
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and used to study the cloud dynamics. The frontal band appears to have

operated as an organized mesoscale convective system with potential

instability being supplied by the low-level warm, moist flow and released

by frontal lifting.

Orographic effects on the frontal cloud structure were investigated

by plotting and analyzing hourly precipitation amounts from stations

throughout Washington according to their positions relative to the moving

front and to the Cascade Mountain Range. A particularly interesting result

is that the onset of precipitation was delayed relative to the frontal

trough passage as the system passed over the windward slope of the Cascade

Range. This result is attributed to the effective cutting off of the low-

level southerly flow which served as the source of moisture and instability

for the frontal cloud band.

The delayed onset of frontal cloudiness was further noted during

aircraft flights through the frontal band at various times during its tra-

verses over the Cascade Mountains. Airborne cloud microphysical measurements

within the frontal cloud band showed that at flight level (2.5-3.0 km above

sea level) the cloud was composed primarily of ice. The concentrations of

ice particles were probably of the order of 50 Z."1 but could have been as

high as 500 H~1. These values exceed the optimum for the efficient release

of precipitation by the Bergeron-Findeisen process. However, cloud particles

collected in flight revealed that both riming and aggregation played

important roles in particle growth within the frontal cloud.
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CHAPTER 1

INTRODUCTION

1.1 Review of Previous Research on the Mesoscale Structure of Fronts

The development of classical frontal theory by Bjerknes (1922) and

Bergeron (1937) provided synoptic meteorology with a most important and

remarkably successful model of the atmospheric processes in the intensely

baroclinic zones of extra-tropical cyclones. Recent field investigations

of frontal systems, which have often employed more sophisticated and

higher-resolution data networks than were available to the early

meteorologists have continued to confirm the essential features of the

classical model. However, these recent studies have also indicated that

frontal systems usually possess a distinct mesoscale structure, and that

it is primarily on the mesoscale level that the clouds and precipitation

associated with fronts are organized. In addition, recent field studies

have shown that the mesoscale structure of frontal systems while often

displaying remarkable similarity from case to case can also display

considerable variation.

The existence of fundamental variations among frontal systems was

recognized even by the early investigators. Bergeron (1937) proposed two

classes of frontal surfaces ("anafront" and "katafront") depending on

whether the air motion was up-glide or down-glide above the frontal

surface. Sansom (1951) showed that anafronts and kat.afronts rather than

being uniquely determined frontal classes may develop from each other

during the life cycle of a front.

In this study, "mesoscale" refers to features having a horizontal
dimension from tens to hundreds of kilometers.
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The mesoscale structure of frontal systems was first observed using

highly-resolved serial rawinsonde and precipitation gauge data. Kreitzberg

(1963) used serial rawinsondes to show that a frontal occlusion, rather

than consisting of a single intensely baroclinic zone consists of a

relatively broad transition zone in which exist several more intensely

baroclinic subzones. He also proposed that these mesoscale subzones may

be involved in an evolutionary process in which the primary subzone (that

which would normally be recognized as the front in synoptic-scale analysis)

develops from or into a secondary subzone.

Elliott and Hovind (1964) in their important study of occluded

fronts off the coast of California, showed that organized bands of

convection were typically found embedded within the general precipitation

of the warm-frontal region. They found that these mesoscale convective

bands were 35 to 75 km wide and were accompanied by periods of increased

precipitation at the ground. The bands were apparently correlated with the

destabilizing effect of differential thermal advection. These findings

constituted a major departure from the classical model, in which the warm-

frontal precipitation was pictured as being uniform and resulting from

purely stable lifting.

Similar results were obtained by Browning and Harrold (1969) and by

Austin and Houze (1972). Using quantitative PPI and RHI radar and a

precipitation gauge network to investigate cyclonic storms in New England,

Austin and Houze found that the precipitation pattern consistently

displayed a hierarchical organization, in which small and large mesoscale

precipitation areas, each containing embedded convective cells were

themselves embedded in and moved through the general cyclonic rain shield.

Reed (1972) continued these radar studies and showed that the precipitation
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in cyclonic storms regularly displayed a banded structure. Similar

findings were reported by Harrold (1973). Austin and Houze showed that

the smaller-scale precipitation features often accounted for most of the

precipitation received during the storm.

Elliott and Hovind (1965) analyzed the rawinsonde data from their

studies of California occlusions and found that the frontal structure

included several important, sub-synoptic features. The warm-frontal region,

for example, was found to consist of alternating tongues of warm-moist and

cold-dry air. The wavelength of this alternating pattern was typically

from 200 to 300 km, and the bands of pre-frontal convection mentioned

above generally occurred within the warm-moist tongue closest to the

occluded front. The occluded frontal zone itself was characterized by

strong lifting and convective mixing. The potential instability in the

frontal lifting zone was maintained by negative, horizontal thermal

advection aloft overrunning a low-level jet of warm, moist air parallel to

and just ahead of the occluded front. Sansom (1951) found this generation

of potential instability in the frontal zone to be a katafront characteristic.

Recent studies by Kreitzberg and Brown (1970) in New England, and by

Browning and his colleagues in Great Britain (summarized by Browning, 1973)

have continued to verify that frontal systems display marked and significant

mesoscale organization. They have found that the warm-frontal regions of

frontal systems are characterized by alternating tongues of high and low

wet-bulb potential temperature air and by embedded mesoscale convection, and

that the large mesoscale precipitation bands in the warm-frontal region

appear to be related to the oscillating thermal structure. Smaller

mesoscale bands of convective cell clusters can occur within the large

mesoscale bands (Harrold, 1973).
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The existence of a non-uniform structure in the warm-frontal zone was

suspected by the early meteorologists. Bjerknes (1924) made an attempt to

explain observations in the warm-frontal zone which indicated a dynamical

structure more complex than that pictured in the classical model.

A mesoscale structure has also been found in the post-frontal regions

of frontal systems. Kreitzberg and Brown (1970) have identified weak,

mesoscale secondary fronts within the cold air mass behind an occluded

front. The existence of such secondary fronts in cyclonic storms was

noted much earlier by Bjerknes and Solberg (1922)

1.2 Purpose of the Present Study

The goal of the present study is to obtain a better understanding of

frontal precipitation processes. The various studies described above

clearly indicate that the organization’of the cloud and precipitation

patterns in frontal systems is dominated by the mesoscale organization of

the frontal dynamics. Therefore, it is apparent that an adequate under-

standing of either the frontal dynamics or the frontal precipitation

processes must embody an understanding of the other. This point has been

emphasized by Mason (1969) who states that the interaction between the

microphysical and dynamical processes in clouds is crucial to the precipita-

tion processes and therefore that dynamical and microphysical studies

should be performed simultaneously rather than pursued as separate

disciplines. The present study examines both the dynamics and the micro-

physics of the frontal cloud system.

There are many aspects of both the dynamics and the microphysics of

fronts that are still not well understood. For example, no well-documented,

integrated physical picture of the mesoscale dynamical structure has yet
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emerged. The role played by convection in the mesoscale organization of

frontal systems is also not yet understood. Furthermore, microphysical

measurements of ice particles in frontal systems (e.g. Hobbs 1973) reveal

that the concentrations of ice particles in clouds are often much greater

than would be considered favorable for precipitation growth by the

classical ice crystal mechanism (Bergeron, 1935)

Since the dynamical and precipitation processes in frontal systems

are, to a large extent mesoscale processes they are related to both the

overall synoptic situation as well as to the convective and microphysical

processes. Kreitzberg (1963) for example, proposes that the division of

the broad, synoptic-scale frontal zone into mesoscale subzones may be a

result of convective mixing. Austin and Houze (1972) suggest that some

mesoscale precipitation areas in frontal systems may be due to the

accumulation of condensate deposited aloft by the inefficient precipitation

processes of individual, short-lived, convective cells. There is a need to

study the structures of frontal systems simultaneously over a broad range

of scales: synoptic, meso, cumulus and microphysical. The case study

presented here is one of the first in which a frontal system has been

investigated over this range of scales.

This study investigates an occluded frontal system as it moved inland

from the Pacific Ocean, across the low-lying Puget Sound Basin of Washington,

and then over the Cascade Mountains. Data from surface stations single-

station serial rawinsondes Doppler radar, a precipitation gauge network

and a research aircraft are used to study the frontal structure over the

range of scales mentioned above. Since the’ topography of Washington plays

The term "panscale" is proposed to describe an analysis encompassing this
broad range of scales.
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a major role in modifying weather systems which pass over it, and since the

effects of the topography dominate the climatology of the area, a major

part of this study is concerned with the orographic modifications of the

frontal system.

The specific objectives of this study are (i) to identify and describe

the mesoscale structure of an occluded frontal system, using a wide variety

of types of data, and to relate this mesoscale organization, where possible

to other scales of organization within the system, (ii) to analyze the

precipitation processes of the frontal system, paying particular attention

to the dynamical and microphysical structure of the clouds associated with

the system, (iii) to investigate the modifications of the frontal

dynamics and cloud structure which occurred as the system passed over a

major mountain range.
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CHAPTER 2

TYPES OF DATA

2.1 Synoptic Data

Hourly weather observations from United States and Canadian weather

stations, surface and upper-level weather charts from the National

Meteorological Center, and satellite cloud photographs from NOAA were used

to determine the synoptic weather situation over the Pacific Northwest

More detailed measurements were made in a network of ground stations

operated by the University of Washington Cloud Physics Group. The network

is shown in Fig. 2 .1, and the types of data collected in the network are

summarized in Table 2 .1. In addition to hourly records of temperature

sky condition, and precipitation made at the University of Washington and

Snoqualmie Summit, continuous traces of pressure temperature relative

humidity, and wind velocity were recorded automatically at several stations.

The exact values of relative humidity recorded at North Bend, Snoqualmie

Summit and Hyak were unreliable but the data were still useful to some

extent in indicating the tendencies of the relative humidity at each

station.

A time-lapse movie of the southwestern sky and horizon at Snoqualmie

Summit was made from early afternoon to nightfall the day before the frontal

passage and again during the next morning until the start of frontal

precipitation.



Fig. 2 Topograph ical map of Wash ngton showi ng water (S^^) land areas above 5000 ft (WW.) and 10 ,000
ft ^0 the 1000 ft height contour (thi n sol id ine) the ai rcraft fl ight path between
Seattle (SEA) and El lensburg (ELN) and locat ions of observing stat ions operated by the Un ivers ty of
Washington (1 Univers ty of Wash ington (2) Rawinsonde s te (3) North Bend, (4) Bandera, (5)
Snoqualmie Summi t (6) Hyak (7) Keechelus Lake Dam, (8) Cabin Creek (9) Kachess Lake Dam’, (10) South
C1e El um, Teanaway, (12) Swauk Pass



TABLE 2.1

Measurements made at ground stations operated by the University of

Washington Cloud Physics Group. Station locations are shown in Fig. 2.1.
Parentheses indicate that the measurements were not consulted during this
research.

Hourly weather observations

Barograph

Thermograph

Hygrograph or continuous dew

point temperature recorder

Time lapse movie

Wind velocity recorder

Heated tipping bucket
precipitation gauge

Weighing bucket
precipitation gauge

15 minute precipitation
samples

Snow crystal replicas

Optical ice particle
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2.2 Measurements of Precipitation

Three methods were used to measure precipitation rates in the network

of ground stations shown in Fig. 2 .1. Heated, high-resolution tipping

bucket gauges were employed at four stations in the Cascade Mountains and

weighing bucket gauges were employed at ten stations in the network (see

Table 2 .1) The characteristics of the tipping and weighing bucket gauges

are summarized in Table 2 .2 In addition, precipitation rates averaged over

fifteen minute intervals were obtained at Snoqualmie Summit by collecting and

weighing the precipitation in large plastic bags (The data obtained by this

last method were not used in this study.

Hourly precipitation amounts from eighty-two reporting gauge stations

throughout Washington (published by NOAA, 1973) were used to obtain a more

extensive coverage of the precipitation pattern. The locations of these

gauges which had resolutions of 0.01 or 0.1 inch, are shown in Fig. 2 .2

At Snoqualmie Summit plastic replicas of snow crystals were made on

five-inch square glass slides which had been coated with a solution of

Formvar. Also, three optical ice particle concentration counters

(manufactured by E. Bollay Assoc. ) were employed in the Cascade Mountains

Since unmelted precipitation was received at the ground only during the

post-frontal period, after the main frontal precipitation had passed, these

crystal data were not of much use in this study.

2.3 Serial Rawinsondes

Twenty rawinsonde soundings were taken at intervals of two or three

hours They were launched from a site located approximately five kilometers

northwest of North Bend (see Fig.. 2.1) The soundings spanned the

period from 22-1/2 hours before the occluded frontal passage at the
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TABLE 2.2

Characteristics of the precipitation gauges employed in the network of
ground stations operated by the University of Washington Cloud Physics Group
Station locations are indicated in Fig. 2 ,1.

Gauge location Type Resolution

Snoqualmie Summit Heated tipping bucket 3.75 x 10
2
mm

Hyak Heated tipping bucket 3 .24 x 10
2
mm

Keechelus Lake Dam Heated tipping bucket
-2

3.77 x 10 mm

Teanaway Heated tipping bucket
-2

4.65 x 10 mm

North Bend
Bandera
Snoqualmie Summit
Hyak
Keechelus Lake Dam
Cabin Creek
Kachees Lake Dam
South Cle Elum
Teanaway
Swauk Pass

Weighing buckets Approximately.

0.025 inches hr

(6 .35 mm hr~1)

-1

(time resolution

2 min)



PACIFIC
OCEAN

0 40 80
Kilometers

Fig. 2.2 Pos tion of the Cascade Range crestl ine and locations of the eighty-two reporting
hourly preci pi tation gauges in Wash ington.
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rawinsonde site to 31-1/2 hours after the passage of the front. The times

of the soundings and the heights to which measurements were made are listed

in Table 2.3.

The sounding data were reduced and analyzed on the Bureau of

Reclamation’s RCA time-sharing computer in Denver, Colorado, and on the

University of Washington’s CDC computer facility. In addition to temperature

and dew point temperature at standard and significant levels the reduced

data included wet-bulb potential temperature, relative humidity (with respect

to liquid water) wind direction, wind speed, and wind components along and

perpendicular to the direction of frontal motion, all computed at 10 mb

increments. Vertical time sections were constructed for these various

parameters and the time axes were converted to equivalent distance

scales in the direction perpendicular to the front by using the frontal

speed and by assuming that the system was approximately two-dimensional

and steady-state as it passed over the rawinsonde site. Since the

precipitation pattern was reasonably uniform along a direction parallel to

the front, and since the general pressure pattern remained relatively

unchanged as the system moved across Washington the assumptions of

two-dimensionality and steady state are probably reasonable.

The vertical air motion field was computed using the fact that the

wet-bulb potential temperature (9 is conserved in both dry and moist

adiabatic processes. For a two-dimensional, steady-state system, the

equation for the vertical velocity (h)) is

36 /3x
a) ^ ^ ^ WTW ^w

where p is the pressure, t time x the coordinate perpendicular to the front

U the frontal velocity in the x direction, and u the wind component in the
x x
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TABLE 2.3

Serial rawinsonde launches

Launch

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Time of launch (PST)

1157 hr, March 15 1973

1502 "

1755

2100

0000 hr, March 16 1973

0300 "

0600

0851

1053

1253 "

1455

1751

2053

2358

0300 hr, March 17 1973

0616 "

0900

1200

1500

1800

Highest level (mb)
of thermodynamical
measurements

360

350

350

350

360

350

350

360

360

360

340

340

360

350

350

350

360

360

350

360

Highest level (mb)
of wind measurements

420

400

670

470

380

530

390

430

440

440

450’

370

410

380

490

380

500

450

420

400



15

x direction. This relation was applied between adjacent soundings at

vertical increments of 50 mb. Since ii) becomes indeterminate for small

values of 99 /3p, 0.01 K mb was taken to be the smallest significant

value of this gradient in the calculations. The computations of eqn. (2.1)

were performed on a CDC 6400 computer.

Vertical velocities were also calculated from the rawinsonde data

making the time-to-space conversion described above for the idealized

two-dimensional frontal system and using the mass continuity equation in

the form

-> 8U

^ (2.2)
dp dx

Eqn. (2.2) was integrated vertically in 50 mb increments assuming that

a) 0 at the ground. Since the frontal cloud layer was found in the lower

troposphere (below 600 mb) accumulation of errors with height was not

considered to be especially significant in the regions of primary interest.

The streamline pattern relative to the moving front and in the cross-

section plane was obtained by adding the calculated vertical velocities to

the relative horizontal wind component (u U ) in the plane averaged over
s\, yi

the same grid boxes used in determining the vertical velocities.

2.4 Doppler Radar

A vertically-pointing, pulsed Doppler radar was operated at Hyak on

the crest of the Cascade Range, for a period of twenty-four and one-half

hours beginning a few minutes after the surface occluded frontal passage at

Hyak. The characteristics of the Doppler radar are given in Table 2.4.

The radar detected precipitation-size particles at ten different levels

overhead, and it measured their average upward and downward velocities. A
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TABLE 2.4

Characteristics of the Doppler radar

Wavelength

Peak power pulse

Beam width

Pulse width

Pulse repetition rate

Number of range gates

3.2 cm

7 kW

2.8

0.25 nsec

4 kHz

10

Time required to scan
each level

5 sec
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more complete description of the Doppler radar system is given by Weiss

and Hobbs (1974)

2.5 Airborne Measurements

Airborne measurements were obtained using the University of Washington

Cloud Physics Group’s converted Douglas B-23 research aircraft. Ten flight

legs in all were made across the Puget Sound Basin and Cascade Range approxi-

mately following the flight path between Seattle (SEA) and Ellensburg (ELN)

shown in Fig. 2.1. A summary of the flight routes is presented in Table 2. 5.

Radio communication existed among the aircraft, the University of Washington,

the rawinsonde site Snoqualmie Summit and Hyak.

The various measurements which can be made from the aircraft are listed

in Fig. 2. 3 and Table 2.6. A more detailed description of the aircraft and

its instrumentation is given by Hobbs et al. (1971, p. 1; 1972 p. 1)

The position of the aircraft was recorded at two minute intervals using

an in-house built position plotter which operates on DME and VOR signals

originating at the Seattle-Tacoma and Ellensburg airports.

Sketches of the cloud configurations along the aircraft flight path

were drawn in-flight by the flight observer. Descriptive comments from

the flight crew were recorded on tape on board the aircraft and later trans-

transcribed into a written log. The instrumental measurements from the

aircraft were also recorded on analog tape and reduced later on the ground

in analog format using a Brush chart recorder. This data was also converted

to digital format in twenty second averages.

Cloud liquid water content was measured using a Johnson-Williams meter,

which primarily detects cloud droplets. The effective lower
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TABLE 2.5

Flights of the research aircraft Flights in parentheses are not used

explicitly in this study.

Flight

(1)

2

3

4

5

(6)

(7)

Leg

1

2

3

4

5

6

7

8

9

10

Time (PST)

2317 hr, March 15
to 0041 hr,
March 16

0822 to 0925 hr,
March 16

0925 to 1037 hr,
March 16

1211 to 1323 hr,
March 16

1338 to 1526 hr,
March 16

1649 to 1733 hr,
March 16

1733 to 1815 hr,
March 16

0825 to 0925 hr,
March 17

0925 to 1025 hr,
March 17

1515 to 1623 hr,
March 17

1623 to 1715 hr,
March 17

::
Route

Seattle westward
to Olympic Mts.
and return

Seattle eastward
across Cascades

Turn around and
return to Seattle

Seattle to
Ellensburg

Ellensburg
to Seattle

Seattle eastward
across Cascades

Turn around and
return to Seattle

Seattle eastward
across Cascades

Turn around and
return to Seattle

Seattle eastward
across Cascades

Turn around and
return to Seattle

Remarks

Pre-frontal; only a few
high clouds

Just ahead of frontal
band in Puget Sound
Basin

Passes through frontal
band in Puget Sound
Basin

Front approaching
Ellensburg; aircraft
passes through frontal
band over Cascades

Front just east of
Ellensburg;. aircraft
passes through frontal
band and orographic
cloud over Cascades.

Post-frontal

Post-frontal

Post-frontal

Post-frontal

Post-frontal

Post-frontal

Each leg is a traverse of the Puget Sound Basin and the Cascade Range as

shown in Fig. 2.1

,’(
The airfield used in Seattle was Boeing Field, 6 nautical miles north of

Seattle-Tacoma Airport (SEA in Fig. 2 .1)
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Fig. 2.3. Locations of crew and research instruments on the converted
B-23 ai rcraft. Caption is on fol lowing page.
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Caption for Fig. 2.3. Locations of crew and research instruments on the
converted B-23 aircraft

1-2 Pilot and copilot 5 Instrumentation Monitor
3 Observer 6 Flight Director
4 Instrumentation Engineer 7 Observer

A 5 cm gyrostabilized weather radar
B Rosemount airspeed, pressure altitude and total temperature probes,

MRI-turbulence probe and electronics, J-W liquid water probe
C VOR-DME slabed position plotter; research power panel (2 KW IIOV’60 Hz;

1.5 KW 110V 400 Hz; 150 amps 28V dc)
D Electronic controls for J-W liquid water indicator, reverse housing

thermometer, electrical cloud particle counter and dew point thermometer,
time code generator and time display, WWV time standard receiver, TAS and

T^o^ analog computers, signal conditioning amplifiers, audio signal mixers,
FM and time-share data multiplexers, 3-D electric field and turbulence
analog read-cuts

E Minicomputer (16 bit word 16K word capacity), computer interface to
instrumentation, remote A-D converter, keyboard and printer (scheduled
for completion Sept. 1974)

F Analog tape recorder (7 track, 1/2") and high speed, 6-channel analog strip
chart recorder

G Inlet aerosol sampling
H Aircraft oxygen, digital readout of all flight parameters, dew point sensor,

time code reader and time display, heated aerosol plenum chamber, vertical
velocity, Millipore filter

I Controls for metal foil impactor and continuous particle replicator
J Aerosol analysis section, generally contains: modified NCAR ice nucleus

counter or MEE fast ice nucleus counter, integrating nephelometer, sodium
particle flame photometer, automatic cloud condensation nucleus counter,
VHF air-to-ground transceiver, Whitby aerosol analyzer, Royco particle
counter

K Optical droplet counter (Knollenberg) vertically mounted
L Bomb rack hard points suitable for small instrument pods, Agl flare racks,

or "Skyfire" generators
M" Proposed location of lidar system
N Electric field mill sensor (fields along and horizontally perpendicular to

the aircraft axes)
0 Electric field mill sensor (vertical and horizontal field)
P Reverse flow static temperature probe
Q Electrical cloud particle counter (NCAR Electrostatic Disdrometer)
R MRI continuous particle replicator
S Agl ejection flare racks (52 40 mm units)
T Agl flare rack (24 1.5" units)
U Radar repeater
V Radar altimeter, 3-D electric field mill electronics, 20-channel telemetry

transmitter
W Instrument vacuum system (consists of three high capacity vacuum pumps

connected individually to the cabin)
X Storage oscilloscope monitor for the aircraft weather radar
Y Optical ice crystal counter and metal foil hydrometeor impactor
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TABLE 2 .6

Observations and measurements made from the research aircraft. Measurements
listed in parentheses were not used in this study.

Parameter

General remarks
and observations

Cloud
configurations
along aircraft
path

Time

Time

Aircraft position
and course plotter

(Altitude above
terrain)

(True air speed)

Air turbulence

(Vertical
velocity)

Pressure altitude

Observed or
measured by

Flight crew; recorded
on taped flight log

Flight observer

Time code generator
(Systron Donner,
Model 8220)

Radio WWV; received
by Gertsch RHF 1;
recorded on taped
flight log

Works off DME and VOR
(in house)

Radar altimeter
(AN/APN22)

Differential
capacitance pressure
sensor (Rosemont Eng.
Co. Model 831 BA)

Differential pressure
sensor (Meteorology
Research, Inc. Model
1120)

Glider variometer
(Ball Eng. Co. Model
101-D)

Absolute capacitance
pressure sensor
(Rosemont Eng. Co.
Model 830 BA)

Range of
measurements

hr min sec
(IRIG B
code)

80 miles

0-20 ,000 ft

0-+/-1 psi

0-10
2/3 -1

cm sec

0-15 psi

Error in
measurements

1 part in

105

1 mile

+/-5% of
indicated
value

st +/-0.2% full
scale
(manuf.
spec. )

+/-10%

+/-0.2%
full scale
(manuf.
spec. )

Time
constant

10 sec

3 sec
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TABLE 2.6 (continued)

Parameter

(Total air
temperature)

Static air
temperature

Dew point
temperature

Cloud liquid
water content

(Cloud droplet
size distribution)

(Hydrometeor
samples

Cloud particle
samples
concentrations

Ice particle
concentrations

(Cloud
condensation
nuclei)

(Ice nucleus
concentrations)

(Electric field
in vertical plane)

(Electric Field
in horizontal
plane)

Observed or

measured by

Platinum wire
resistance (Rosemont
Eng. Co. 102CY2CG
+414 L Bridge)

Platinum wire
resistance (in house)

Dew condensation type
instrument (Cambridge
Model 880)

Hot wire resistance
(Johnson-Williams)

Keily electrostatic
droplet probe

Metal foil impactor
(Meteorology Research
Inc. Model 1220A)

Continuous particle
replicator
(Meteorology Research,
Inc. Model 1203D)

Optical polarization
counter (in house)

Optical (light
scattering) counter
(in house)

Fast response
polarizing technique
(Mee Indust. )

Rotary field mill
(Meteorology Research
Inc. Model 611)

Rotary field mill
(Meteorology Research,
Inc. Model 611)

Range of
measurements

-100 to
+200C

-100 to
+100C

-40 to +50C

3
0.1-2 g m

or
-3

0.1-6 g m

Particles
> 250 urn in
size

> 0 .1 H~1

0-100 A~1

0-5000 cm"1

0.1-10 ,000
counts per
liter

0 to +/-100

kV m~1

0 to +/-100

kV m~1

Error in
measurements

+/-0 .1C
(manuf.
spec.

+/-0.5C

+1C
(manuf.
spec. )

+/-10%

+/-10%

+/-10%

Time
constant

1 sec

1 sec

2C

sec

Immediate

1 cycle
per 15 sec

10 sec

0.2 sec

0.2 sec
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_3
threshhold of the instrument is 0.1 g m Values of cloud liquid water

content were reduced manually from the analog output in twelve second

averages

Two instruments were used to measure ice particle concentrations. The

Continuous Particle Sampler (CPS) developed by Meteorological Research

Inc. replicates cloud particles collected on a film coated with a solution

of Formvar. The replicated particles are later counted, and the

concentrations determined by considering the effective volume swept out

by the exposed film. The CPS detects ice particles with maximum dimensions

greater than 0.30 urn. The CPS was run from four to twelve short periods

of time (each lasting from 10 to 20 sec) during each flight leg.

An optical polarization ice crystal counter, developed by Turner and

Radke (1973) was also used to measure the concentrations of ice particles.

The version of this instrument used in March 1973, generally detected ice

particles with maximum dimensions in excess of about 100 urn. The optical

counter was operated continuously throughout the flights. The twenty second

average digital form of the data was used although the analog data was

simultaneously checked to ensure that all spurious and isolated impulses in

the data record were ignored.

It has been found that, despite the difference in the range of particle

sizes detected by the CPS and the optical counter, the concentrations

measured by them usually correlate quite well (Hobbs et al. 1972 p. 69)

These two sets of ice particle concentration data were therefore analyzed

together. The optical counter data was kept in unreduced, arbitrary units

and was used to obtain a continuous reading along the path of the aircraft.

The occasional CPS runs were then used to "calibrate" the arbitrary optical

counter units. The correlation between the two sets of data appeared to
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be excellent.

A few additional airborne observations were obtained from various

pilot reports transmitted on the aviation and weather teletype circuit.
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CHAPTER 3

FRONTAL STRUCTURE

3.1 General Synoptic and Topographical Situation

An occluded frontal system moved into western Washington from the

Pacific at approximately 0600 hr on March 16, 1973, and progressed across

the state during the remainder of the day. Satellite photographs and

synoptic maps are shown in Figs. 3.1 and 3.2. The front extended southward

from a cyclonic center which moved onshore 1100 kilometers to the north.

This low had developed late in the day on March 13 from a frontal wave in

the North Pacific located at roughly 40N, 160W, and it was still

deepening when it reached the coast (Fig. 3.2(a)). Although this low

became disorganized as it crossed the mountains of British Columbia during

March 16 (Fig. 3.2(c)), by that evening it had already reformed to the east

of the mountains (Fig. 3.2(e)). The frontal system was located on the

eastern side of an upper-level trough which passed over Washington on

March 17.

The topography of Washington is characterized by two major mountain

systems: the Olympic Mountains in northwestern Washington, and the Cascade

Range in central Washington which extends north-south across the entire

state. To the west of the Cascades (between the two mountain ranges) is

the fairly level and low-lying Puget Sound Basin, while to the east is a

vast and quite dry plain. Most of the data used in this study were taken

in the area extending from Seattle, in the Puget Sound Basin, eastward

across the Cascade Range to Ellensburg, at the foot of the eastern slope of

All times are Pacific Standard Time (PST).
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(a)

(b)

Fig. 3.1. Satellite cloud photographs of the North Pacific and the western
coast of North America showing the occluded frontal system
(a) approaching the coast at 1000 PST March 15 1973, and
(b) moving through the Puget Sound Basin of Washington at
1000 PST March 16 1973.



55N

50N

45N

40N

120W 15W 10W

Surface analys is for 1600 PST,
March 15, 1973, showing the frontal
system approaching the western coast
of North America. Sea level
pressure is in mi ibars The state
of Wash ington is shaded.

Fig. 3.2(b) 500 mb analys is for 0^00 PST,
March 16 1973. Sol id ines indi cate
the 500 mb height (m) Broken ines
are isotherms (C) The location of
the surface front is shown



55N

50N

45N

40N
120W 115W 110W

Surface analys is for 1000 PST,
March 16, 1973. At thi s t ime the
front was cross ing the Puget Sound
Bas in of Washington.

Fi g. 3.2 (d) 500 mb analys is for 1600 PST,
March 16 1973. The location of
the surface front is shown



125W 120W 15W 10W

F g. 3.2 (e) Surface analys is for 2200 PST,
March 16, 1973.
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the Cascades. A map of Washington showing the topography as well as the

locations of the data recording sites and the flight path of the research

aircraft is presented in Fig. 2.1. By making several traverses of the

Puget Sound-Cascade Range profile measurements were obtained from the

aircraft in various regions of the frontal system and for different

positions of the front in relation to the orography.

3.2 Determination of Positions of the Frontal Zone

It was necessary for much of the later analysis to have an accurate

determination of the motion of the front through Washington. The front

however, was not sharply defined at the surface; in particular, the surface

pressure trough, wind shifts, and temperature drops often were considerably

out of phase as the front progressed inland. Of these features the surface

pressure trough was most clearly defined and the minimums in the surface

pressure traces were therefore used to indicate the progress of the frontal

zone.

Fig. 3. 3 shows the times of the passage of the surface pressure trough

which accompanied the passage of the frontal zone, at the various weather

stations in and around Washington. Pressure tendency was assumed to be the

best indicator of the trough position and the times in Fig. 3. 3 were

interpolated by fitting a parabola to three successive hourly pressure

observations. The analysis shows that as the frontal zone passed through

the western two-thirds of Washington, it was aligned very nearly north-

south (in agreement with the satellite photograph. Fig. 3.1(b) ). By

plotting the times of the frontal trough passage against the west-east

distribution of the stations (Fig. 3.4) it was found from the slope of the

plotted data that the eastward velocity of the frontal zone from the Pacific
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Times of frontal trough passage (PST) on March 16, 1973, at

stations in and around Wash ington interpolated from the
hourly surface observation data and the hourly pos tions
of the frontal, trough ne deduced from these times
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WEST 37

Horizontal distance (kilometers)

Times of frontal trough passage on March 16 1973, at stations

in Washi ngton. Locations of the stations are shown in Fig. 3.3.
The data yields an average eastward veloci ty for the frontal zone

of 37 km hr"1
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coast through the Cascade Mountains was very nearly constant at 37 km hr

Furthermore, the time of the frontal trough passage at Seattle (SEA in

Fig. 3.3) interpolated from the hourly observation data, was 0930 hr on

March 16. This timing agrees within ten minutes with that given by the

trace of a high-resolution barograph located at the University of

Washington in Seattle.

The motion of the frontal zone through the western two-thirds of

Washington is, therefore, idealized as a frontal zone oriented north-south

which progressed eastward at 37 km hr the pressure trough of which passed

through Seattle at 0930 hr on March 16. This frontal motion is used to

position the various surface, rawinsonde, Doppler radar, and aircraft data

in relation to the moving frontal zone.

3.3 Cross-sections of Rawinsonde Data

Vertical time sections through the frontal zone and the adjoining air

masses were constructed from the serial rawinsonde data. The time section

of temperature wind direction, and wind speed is shown in Fig. 3.5 the

time sections of wet-bulb potential temperature, relative humidity, and the

wind components along and perpendicular to the direction of frontal motion

(i.e. westerly and southerly) are shown in Figs. 3.6-3.9. The horizontal

axes are labelled in hours after the surface frontal trough passage and are

converted to a west-east distance scale by assuming that the system was

two-dimensional and moved with a constant eastward velocity of 37 km hr



Time and distance from frontal trough passage

Vert ical cross sect ion of temperature (C) and winds measured by serial

rawinsondes. Time-to-space convers ion is based on frontal speed of 37 km hr

A ful wind barb has a val ue of 10 knots a pennant represents 50 knots Other

symbols are: occluded front (A-A-A.) pre-frontal surge () axes of post-

frontal high wet-bulb potent ial temperature tongues (---) Arrows at top

of page ndi cate soundi ng times



Time and distance from frontal trough passage

Fig. 3.6. Verti cal cross section of wet-bulb potent ial temperature (K) Region enclosed
beneath dashed ine was potential ly unstab le. Other symbols same as in Fi g. 3.5.



555 370 185 0

Time and distance from frontal trough passage

Verti cal cross section of relative humi di ty (wi th respect to iqu

Regions of relati ve humi di ty greater than 30% are indi cated by I
between 70 and 90% by (g(R)) and less than 30% by (<-:v:-:^ Other

are the same as in Fig. 3-5.

d water)

symbol s



Time and distance from frontal trough passage

Fig. 3.8. Verti cal cross section of wind normal to front. Val ues are in knots wi th
the speed of the frontal system subtracted from them to represent the flow
relative to the system.



Time ond distance from frontal trough passage

Fig. 3.9. Verti cal cross section of wind paral lel to front. Val ues are n knots.
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The rawinsonde launch site (elevation 128 m above sea level) was

located at the western edge of the foothills of the Cascade Range (see

Fig. 2.1) Therefore, the cross-sections of rawinsonde data show the

frontal system just prior to its passage over the Cascade Range and it is

assumed that the frontal structure shown in the cross-sections was as yet

largely unaffected by the Cascades.

3.4 Thermal Structure

3.4.1 General Pattern

The thermal structure of the frontal system and the adjoining air

masses is shown in the cross-sections of temperature and winds (Fig. 3.5)

and wet-bulb potential temperature (Fig. 3.6)

It is seen in the left half of Fig. 3.6 that the cold air mass .was

bounded by a strong gradient of wet-bulb potential temperature (6 ) and had

a characteristic dome shape. The leading edge of the cold air mass was

accompanied by a relatively strong horizontal temperature gradient at all

levels (see Fig. 3.5) and also by a vertical wind pattern characterized by

winds backing with height (indicating cold temperature advection)

immediately below, and veering very slightly with height (warm temperature

advection) above the zone of strong 6 gradient. The above analysis is

consistent with synoptic upper air maps covering the eastern Pacific and

western coast of North America (see Figs. 3.2(b) and 3.2(d))

The pre-frontal air masses were less sharply defined. The warm-

frontal surface aloft ahead of the occlusion was marked only by a zone

where the 6 isotherms were weakly packed.
w
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Two mesoscale high-9 tongues indicated on the cross-sections by

dotted lines occurred after the primary frontal passage within the cold

air mass. These warm tongues which apparently acted as diffuse secondary

fronts, are discussed in Chapter 6.

3.4.2 Pre-frontal Structure

No well-defined warm-frontal surface existed ahead of the occlusion

in this system. Instead, the weakly-packed wet-bulb potential temperature

isotherms in the pre-frontal region (Fig. 3.6) display a pronounced wavy

pattern. When the time axis of the cross-section is converted to a distance

scale, the distance between these waves is found to be on the order of

220 km. This structure is very similar to that observed

by Elliott and Hovind (1965) in occlusions off the coast of California,

storms similar in origin to the one studied here. there they found that

ahead of the occlusions there existed periodic alternations between tongues

of warm-moist and cold-dry air with wavelengths of 200 to 300 km. An

illustration from their paper of this periodic behavior is shown in Fig.

3. 10. Kreitzberg and Brown (1970) noted similar structures ahead of an

occluded front moving through New England.

3.4. 3 Low-level, High-6 Flow
w

A strong, closed maximum of wet-bulb potential temperature was

observed near the surface in the frontal zone (Fig. 3.6). Continuous

surface records taken five kilometers from the rawinsonde site

verify that a short period of high temperature and relative humidity was

associated with the passage of the frontal pressure trough (Fig. 3.11)

This narrow zone of high 6 is evident in the hourly surface maps shown
W
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700MB TEMPERATURE AND MOISTURE FIELDS
JANUARY 26. 1961

700 mb-level potential temperature (K) and mixing rat io (g kg

fields in an occluded frontal system on the coast of Cal fornia,

January 26, 1961 The ine FROPA desi gnates the surface frontal

passage. The pre-frontal region ies to the ri ght of FROPA.
(From El iott and Hovind, 1965 Fig. ^t.
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in Fig. 3.12 It was 30 to 90 km wide and progressed inland from the

Pacific coastline maintaining a constant orientation along the frontal

troughline. The winds in the high-9 zone were primarily parallel to the

front ranging in direction from south-southeasterly to southwesterly with

a strong cross-isobaric component.

The translation of the high-9 zone seen in Fig. 3.12 over the rawinsonde

site apparently produced the maximum located in the surface frontal zone in

Fig. 3.6. The high values of 6 at the rawinsonde station may have been
w

enhanced by diurnal heating (the maximum occurred at 1030 hr local time)

however, the low-level high-6 zone cannot be fully accounted for in this
w

way, since the feature was noted on the coastline of Washington at about

sunrise, and the maximum of 6 was noted in hourly reports at thirteen

western Washington stations as a maximum in both dew point and temperature.

To try to account for the high values of 6 along the frontal trough

possible trajectories of air parcels at the surface were constructed from

surface winds reported in western Washington and Oregon and from winds

estimated from the available surface pressure analyses over the eastern

Pacific Ocean. They are shown in Fig. 3.13. Apparently, the air parcels

which arrived in the frontal trough zone on the Washington coast at 0700 hr

from the south to south-southwest (trajectories B and C in Fig. 3.13) would

have traveled considerable distances over warm ocean water. Along such

paths they would have obtained the high temperatures and dew points noted

in the high-6 zone. Parcels of air arriving ahead of the front from the

southeast (trajectory A in Fig. 3. 13) would have had recent trajectories

over land. They would therefore be expected to be dry with relatively low

values of 6 The only station in the high-6 zone which reported a wind

with a strong easterly component was NUW in the northern end of Puget
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Fig. 3. 12 (a) Hourly surface map for March )6, 1973, 0600 PST. Sol id station ci rcles indicate precipi tat ion

Temperature and dew point are in degrees Fahrenhei t and a ful wind barb has a val ue of 10 knots
Tens un ts and tenths digi ts of pressure in mi ibars are plotted at each station, and three-
hour pressure changes (reported at 0700 and 1000 PST only) are plotted below the pressure val ues

in un ts of tenths of mi ibars wi th standard tendency symbol shown to right.



F ig. 3. 12 (b) Hourly surface map for March 16 1973 0700 P<;T i^r i/o, i3/.$, U/00 PST. For key to symbols see caption to Fig. 3. 12 (a)
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c)

Fig. 3. 12 (c) Hourly surface map for March l6, 1973, 0800 PST. For key to symbols see caption to Fig. 3. 12(a)



(d

Fig. 3. 12 (d) Hourly surface map for March 16, 1973, 0900 PST. For key to symbol s see caption to F ig. 3. 12 (a)



Fi g. 3. 12 (e) Hourly surface map for March 16, 1973 1000 PST. For key to symbol s see caption to Fig. 3. 12(a)
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Fig. 3. 12(f) Hourly surface map for March 16, 1973, 100 PST. For key to symbols see caption to Fi g. 3. 12 (a)



(C)

(a) Posi t ion of surface front and ai r
(b) Trajectories of ai r parcel s (A-D)

1973. Pos tion of surface front
(c) Same trajectories as in Fi g. 7(b)

parcels (A-D) at 0700 PST, March 16 1973.
during 12 hr prior to 0700 PST, March 16

is for 1600 PST, March 15, 1973.
in a coordi nate system moving wi th the front
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Sound (Figs. 3.l2(b) and (c) ). This station however is located over water

so that an air parcel arriving from the continent would have had a short

portion of its trajectory over water providing an opportunity for its

humidity and 6 value to be increased. Parcels of air which arrived
W

shortly behind the front from the west (trajectory D in Fig. 3.13) were

of a polar maritime origin. Because of their low temperature they had low

moisture content and low 9 The high-6 zone seen in Fig. 3.6 is therefore
w w

probably a thin wedge of warm, moist maritime air located between dry

continental air to the east and colder maritime air to the west.

The occurrence of low-level flows of high-6 air in occluded frontal

zones over California was noted by Elliott and Hovind (1965) Browning

(1971) and Harrold (1973) have referred to such features as "conveyor belts"

in frontal systems over the North Atlantic Ocean. Browning and Pardoe

(1973) detected low-level, high-9 jets ahead of cold fronts over the North
W

Atlantic; a continuous jet could be traced parallel to the cold front for

thousands of kilometers. The highest values of 6 were observed in a

narrow zone just ahead of the cold front and were attributed to the fact that

parcels of air in the jet had originated farther south than other air

parcels and had developed high temperatures and moisture contents during

their passage over a warm ocean.

While the southerly flow in the high-9 zone seen in Fig. 3.12 was
W

not marked by a maximum in the wind component parallel to the front (Fig. 3.9)

in the relevant sounding taken through the high-6 zone the surface

synoptic data from western Washington suggest that a weak, southerly jet

did occur in .the high-8 zone (Fig. 3.12(d) presents the clearest data in
W

support of this) The air parcels in this southerly flow were rapidly

being overtaken by the approaching front. This aspect of the high-9 flow
W
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is unlike the "conveyor belts" described by Browning and his collaborators

in which parcels of air apparently flow parallel to the front in a relative

sense for long periods of time.

The high-6 jets described by previous investigators have been of the
w

order of 185 km or more in width, whereas the high-9 zone in Fig. 3. 12

is only 30 to 90 km wide. It should be noted however that the airflow

pattern in the present case may have been different while the system was

passing over the Pacific Ocean than it was as the front moved inland. The

strong cross isobaric flow in the high-6 zone seen in Fig. 3.12 suggests
W

that the flow was influenced by frictional effects associated with

topography as the frontal system moved inland. Over the ocean there would

have been a broad region of warm maritime air ahead of the front and

surface frictional effects would be minimal. In oceanic environment a

broad low-level jet of high-6 air of the type described by previous

investigators could have developed. As the front moved inland, however,

the pre-frontal region began to be characterized increasingly by continental

air, and the narrow, high-6 zone seen in Fig. 3.12 was probably the last

vestige of warm marine air encountered by the front before the system began

to interact with dry continental air from east of the Cascade Range.

3.4.4 Low-6 Tongue
w

Extending over the warm-frontal surface, at about the 750 mb level,

was a layer of air with low wet-bulb potential temperature (bounded by the

dash-dot line in Fig. 3.6). Two possible origins for this air are

recognized. The layer may have been an outflow from the cold air mass to

the west, or the layer may have consisted of mid-tropospheric air from the

subtropical high in lower latitudes advected northward ahead of the front.

A trajectory analysis of the air at the 700 mb level was unable to resolve
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the question of whether the low-9 air originated in the cold or the
w

subtropical air mass (Fig. 3.14). The trajectories at 850 and 700 nib

in Fig. 3.14 were computed using the observed winds from the upper air

station at Quillayute on the Washington coast and geostrophic winds based

on available height contour analyses over the" Pacific Ocean. The surface

trajectory is the same as B in Fig. 3.13. Although the computed trajectory

at 700 mb appears to emanate from behind the surface frontal position, the

uncertainty in the map analyses over the ocean is too great to draw any

conclusion about which side of the front the trajectory actually came from.

In either case, it should be noted that the winds in the low-9 layer
w

possessed an eastward component nearly identical to the speed of the front

(see Fig. 3. 8) and that they also possessed a strong component parallel to

the front.

The position of the low wet-bulb potential temperature tongue relative

to the frontal system shown in Fig. 3.6 is very similar to that observed by

Kreitzberg (1963) and Kreitzberg and Brown (1970) They conclude that the

layer of low-6 air aloft was a "pre-frontal surge" of air which had

originally been located within the cold air mass. As the cold front in the

middle and upper troposphere became vertical and then leaned forward,

potential instability was generated ahead of the front and convective

mixing ensued. This mixing caused the overrunning, low-6 air to become

detached from the primary frontal zone and to propagate forward over the

stable warm-frontal surface. The convective mixing also created a region

relatively homogeneous in wet-bulb potential temperature in the frontal

lifting zone. Behind this region a new cold front develops and becomes

the primary front of the system.



(a) c

Fig. 3. 4. (a) Pos tion of surface front and a col umn of ai r 0 near the northwest tip
of Washington at 0400 PST, March 16, 1973.

(b) Trajectories of ai r parcel s at surface (Sfc) 850 mb and 700 mb levels
during 12 hr prior to thei r arrival at northwest ti p of Washi ngton. Pos tion

of surface front is for 1600 PST, March 15, 1973.
(c) Same trajectories as in Fig. 6(b) n a coordinate system movi ng wi th the front,
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The new cold front in Kreitzberg’s model would correspond to the main

occluded front pictures in Fig. 3.6. The leading edge of the low-6 tongue

would correspond to the old cold front. The temperature and wind field in

the low-6 tongue of the present case study suggests that it did have a
w

frontal character (Fig. 3. 5 and 3.9). The isotachs of the component of

wind speed parallel to the front in Fig. 3.9 kink downward to form a

maximum along the upper edge of the low-0 tongue suggesting that the low-6^
tongue had a very definite frontal character in the wind field.

Dry tongues of low wet-bulb potential temperature air above the warm-

frontal surface have also been found over the North Atlantic by Browning

et al. (1973). They have shown that these dry tongues are related to

convective, mesoscale rainbands embedded in the general warm-frontal cloud

layer.

Newton (1950), in his case study of a pre-frontal squall line also

observed a layer of low-6 air aloft ahead of the cold front and beneath

the precipitating overhang of the squall line cloud. He claims in that

particular case that no air in the pre-frontal air mass had values of

wet-bulb potential temperature as low as the values in the low-6 tongue.

Tongues of dry, low wet-bulb potential temperature air ahead of the

cold front and above the warm-frontal surface appear to be rather common

features of cyclonic storms. However, despite the frequent observation of

the low-6 tongues, the origins of the air in them have not yet been
W

adequately documented. In this study, it is possible that the low-6^ air

could have originated either in the subtropical air mass ahead of the

occluded front, or it could have become detatched from the cold air mass

through the. process envisioned by Kreitzberg (1963) and Kreitzberg and

Brown (1970).
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3.5 Moisture Analysis

The vertical time section of relative humidity is shown in Fig. 3. 7.

The prefrontal region of the storm was on the whole rather dry. This is

in agreement with the satellite photographs in Fig. 3.1 which show that

there was little cloud structure associated with the system ahead of the

narrow cloud band along the occluded front. This frontal band appears on

the relative humidity cross-section as the region of very high relative

humidity along the leading edge of the cold air mass. The low-9 tongue

above the warm-frontal surface was very dry, with relative humidities as

low as 24 per cent.

Two additional regions of very high relative humidity occurred within

the cold air mass around seven and seventeen hours after the frontal trough

passage. They are apparently related to the two secondary fronts.

3.6 Stability

Regions of potential instability 36 /3p > 0) in the frontal system

are those areas enclosed below the dashed line in Fig. 3.6. A shallow

layer of potential instability was located aloft ahead of the occlusion

where the low-6 tongue overran the warm frontal zone. Except for this
w

layer of air, however, the pre-frontal region was potentially stable.

A deep, potentially unstable layer existed immediately ahead of the

occluded front and resulted from the strong maximum of 6 at the surface

in the southerly flow within the frontal zone.

A layer of potentially unstable air continued to exist behind the

front throughout the cold air mass.

^ potentially unstable layer of air is one in which the air becomes

unstable with respect to vertical displacements if the layer is brought

to saturation.
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3. 7 Composite Analysis

3. 7.1 Types of Data Composited

The dynamics and overall structure of the frontal cloud are shown in

Fig. 3.15. The two-dimensional airflow relative to the front was derived

from the observed horizontal winds and the vertical velocity computed by

the isentropic method (Eqn. 2.1) The frontal position and region of

potential instability were taken from the rawinsonde cross sections (Figs.

3.5 and 3.6). The cloud structure shown in Fig. 3.15 is a projection onto

the cross-section of a sketch made inflight while the front was moving

across the Puget Sound Basin and approaching the rawinsonde site in the

foothills of the Cascades.. The cloud mass accompanying the occluded front

is the frontal band seen in the satellite photographs in Fig. 3.1. Its

structure as depicted in Fig. 3.15 is very consistent with a ground-based

time-lapse movie and Doppler radar observations showing its approach and

passage at mountain stations. The precipitation depicted reaching the ground

represents rainfall received at North Bend (6 kilometers from the rawin-

sonde site) while the precipitation depicted falling from the upper-level

cloud represents a region of snowfall in the clear air between the cloud

layers reported by the aircraft crew.

Since the cloud configuration observed from the aircraft was not

located directly over the rawinsonde site the cloud sketch has been

projected onto the composite so that the clouds have the same relation to

the surface frontal trough that they had in actuality. Allowance was

carefully made for the changing location of the front during the duration

of the flight.
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Fig. 3. 15. Stream ines relative to front wi th vertical veloci ties
computed from conservation of wet-bulb potent ial temperature.
Clouds C^:;;:;;:;;;) and precipi tation (!|!|!111!1) are as observed from
a ircraft and ground. Potential ly unstable ai r (PL)) is
enclosed by the dashed ines. Vectors show displacement of
a parcel in one hour at ts computed veloci ty wi th vertical
component in mi ibars and horizontal component in ki lometers
Dashed vectors were plotted when vertical grid increments
(shown by bars) larger than 50 mb were used in cal culating
the verti cal veloci ty. Dots show grid points for which a
rel iable vertical veloci ty could not be cal culated because
of a smal vertical gradient of wet-bulb potential temperature,
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The pressure scale in Fig. 3.15 applies to the rawinsonde data. The

heights of the clouds in the composite relative to the rawinsonde data were

adjusted when the clouds occurred over terrain with an elevation different

from that of the rawinsonde site (128 m above sea level) The rule used

to make this adjustment was that the air masses were assumed to be lifted

intact over smoothed ground contours (i.e. the data in Fig. 3.15 is plotted

using height above ground as the vertical coordinate) Such vertical

adjustments were of a minor nature. The point emphasized here is that the

superposition of the aircraft cloud sketch onto the rawinsonde cross-

section data was done in an objective manner.

3. 7.2 Consistency of the Composited Data

The various components pictured in the composite in Fig. 3.15 display

a good degree of consistency. For example, the frontal cloud occurs

primarily in the main lifting zone immediately ahead of the front.

Distributed through the shallow layer of potentially unstable air aloft

ahead of the front are small cumulus cells.

The general shape of the frontal cloud band and the location of the

precipitation falling from it agree well with the computed streamline

pattern. In the lower part of the frontal cloud, the general motion of the

cloudy air was from the leading edge toward the back edge of the cloud.

The younger cloud parcels in the frontal band were therefore toward the

leading edge of the cloud band, while the older cloud parcels were toward

the rear, behind the surface pressure trough. It was primarily from this

The horizontal motion of air parcels back through the front in the lower
levels suggests that the air mass contrast within the frontal zone in the
lower troposphere is controlled by downward turbulent mixing of the cold
air mass into the boundary layer air as discussed by Saucier (1955 p. 190)
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older cloud that precipitation fell, after the cloud particles had had time

to grow to precipitable size. The frontal cloud was shallower behind the

front where it was subjected to erosion by the drier, subsiding air.

The middle to upper part of the frontal cloud occurs in a region where

the horizontal wind in the plane of the cross-section was very nearly equal

to the speed of the front. Therefore, the direction of the streamlines in

this region is uncertain. The cloud at the high levels may either result

from continuous .frontal lifting along the cold frontal surface of from

occasional convective penetrations from the potentially unstable cloud below.

Streamlines computed from the mass continuity equation, as described

in 2. 3, are shown in Fig. 3.16 and are generally consistent with the

isentropic streamlines in Fig. 3.15. The main difference appears to be

that the boundary between upward and downward motion in the lower troposphere

is about an hour later in the air motion pattern deduced from mass

continuity.

3.7. 3 The Frontal Band as an Organized Convective System

There is considerable evidence that the frontal cloud was convective

in nature. For example, the lifting of the deep layer of potentially

unstable air ahead of the front should have resulted in unstable ascent

above the condensation level (see Fig. 3.1 5) A comment in the aircraft

log referring to the option of flying through or around the frontal clouds

at the 700 mb level evidently implies that the cloud band at that level

consisted of irregular towers. In another pilot report made near Seattle

less than one hour after the frontal trough passage, the tops of the

clouds were reported to be at the 8000 foot (750 mb) level, with scattered

buildups to 11,000 to 12 ,000 feet (650 mb).
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Evidence for the convective nature of the frontal band when it passed

over the Cascade Range is found in Figs. 3.17 and 3.18 which show precipi-

tation rates measured by high-resolution tipping buckets at Hyak and

Snoqualmie Summit, both near the crest of the Cascade Range. The rapidly-

vacillating precipitation rates during the passage of the frontal band are

characteristic of a convective situation.

The convection in the mesoscale frontal band appears to have behaved

as an organized convective system, similar in some respects to the severe

thunderstorm described by Newton (1962) or the organized tropical

convective system described by Zipser (1969). These systems have in

common the property that their dynamical structures are organized so that

the storms perpetuate themselves, and are thereby able to exist for many

hours. The frontal band as pictured in Fig. 3.15 appears to have been

organized in such a manner. The moisture and potential instability of the

frontal cloud was continually replenished by the narrow low-level, high-9

flow described in 3.4. 3. Mechanical lifting which served to condense

the moisture and release the instability was continually provided by the

advance of the cold air mass itself. This mechanical lifting may have

been supplemented by a precipitation-induced downdraft spreading under the

updraft as it does in the other examples of organized convective systems.

Since the frontal and convective downdrafts apparently coincided, the actual

mechanical lifting was probably due to a combination of these two effects.

The frontal cloud band was similar in other respects to the organized

convective systems described by Newton and Zipser. For example the

horizontal width of the core of strong lifting and subsidence in the frontal

cloud was approximately the same as that of severe thunderstorms and

organized tropical convection, roughly 90 kilometers. It is also
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noted that the concentration of precipitation in the downdraft zone as

seen in Fig. 3. 16, is a characteristic of organized convective systems.

The streamlines computed from the mass continuity equation, however, do not

show this feature, but rather show lifting throughout practically all of

the cloud (Fig. 3.17).

3. 7. 4 Moisture Budget

The maintenance of the moisture supply for the frontal cloud may be

envisioned by first noting from Fig. 3.14 that the air which flowed into

a vertical column located over the Washington coast near the leading edge

of the frontal cloud did so along trajectories emanating from the south

at the surface and from the south-southwest at 850 mb. Viewed in a coordinate

system moving with the front these air parcels moved toward the front

(Fig. 3.14b). From Figs. 3.15 and 3.16, it is evident that this low-level

relative flow toward the front supplies moisture to the frontal

cloud. The net horizontal convergence of water vapor below the 800 mb

level due to the flow perpendicular to the front was computed from the

sounding data obtained 2 hr before and 2 hr after the frontal trough passage

and was found to have been 3.2 x 10 g m sec (for a unit length of the

frontal band).

If this moisture was deposited uniformly over a band 80 km wide (the

observed average width of the frontal rainband) as fast as it was converged,

the rainfall rate would have been approximately 1.5 mm hr. The observed

average rainfall rate in the frontal band as it passed over the Puget Sound

Basin of western Washington was approximately 1 mm hr (This value can be

deduced from Fig. 4.3, to be discussed in Chapter 4. ) The difference in

these two rainfall rates is well within the noise level of the data. The

component of the airflow parallel to the front in the moving coordinate
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system could not have supplied a significant amount of moisture to the

frontal cloud because of the small cross-sectional area of the frontal

band in the plane perpendicular to the front. The moisture of the frontal

cloud was therefore continuously maintained at very low levels by northward

moving parcels (as shown in Fig. 3.14) which had a slower eastward

component of velocity than the front and were therefore continually being

overtaken by the front.

3. 7.5 Precipitation Efficiency

From the foregoing discussion of the moisture budget of the frontal

cloud band, it can probably by stated that the water vapor convergence

agrees with the precipitation role within, say, a factor of two. There does

not, however, appear to be enough data to warrant a quantitative estimate

of the precipitation efficiency of the system. There are nevertheless

several qualitative aspects of the structure of the frontal band as

pictures in Fig. 3.15 which could conceivably influence the precipitation

efficiency.

The precipitation at North Bend (depicted in Fig. 3.15 ) occurred behind

the frontal trough. The precipitation at other precipitation gauges

throughout the Puget Sound Basin often began ahead of the front, but the

heaviest precipitation in general fell in the hour or one and one-half

hours after the frontal passage. In this most heavily precipitating region

of the storm, the drier, subsiding air of the cold air mass mixing into the

cloud from above apparently acted to dissipate the frontal cloud,

evaporating some of the condensate before it had a chance to precipitate

out. This erosion of the frontal cloud likely contributed to the

inefficiency of the precipitation process.
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A second possible source of inefficiency is the loss of condensate

from the active regions of the cloud which resulted when the cloud pene-

trated to high levels. At these high levels, some of the condensate

would be blown forward ahead of the front and away from the region of

precipitation.

However another aspect of the penetration of frontal cloud to high

levels which could have contributed to increased efficiency of the

precipitation, was the possible ice seeding of the lower clouds by the

towers which had penetrated to the higher levels. The snowfall from the

upper cloud deck into the precipitating cloud behind the front in Fig. 3.15

is an example of a way in which this seeding could have taken place.

3. 8 Magnitudes of Vertical Velocities

The vertical velocity (01) fields calculated by the two methods

described in 2. 3 have been shown in Figs. 3.15 and 3.16. Values of 01

calculated from eqn. (l) were deleted from Fig. 3. 15 if the vertical

gradient of 6 was small enough to make oj indeterminable specifically,

points were deleted if 89 /9p| was less than 0.01 K mb. In Fig. 3.15,

dashed vectors indicate where vertical velocities were computed using

a grid spacing larger than 50 mb.

The region of lifting immediately ahead of the occluded front and the

subsidence zone behind it appear clearly in both Figs. 3.15 and 3.16.

However, in the center of both the updraft and downdraft zones the 9

isotherms were nearly vertical and the magnitudes of the vertical velocities

could not be estimated reliably from the conservation of wet-bulb potential

temperature (Fig. 3.15). The vertical velocities in Fig. 3.16 computed
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from the mass continuity equation (eqn. 2.2) indicate that the updraft

magnitudes in the cloud averaged from -25 to -30 mb hr (or 7 to 8 cm

sec ). Downdrafts in the cloud layer just behind the front ranged from

10 to 50 mb hr~ (or -3 to -14 cm/sec).

The vertical velocities computed from the mass continuity equation

agree very closely with those required to explain the observed rainfall

rate in the frontal system. As mentioned above, hourly precipitation

amounts in the Puget Sound Basin indicated that the average rainfall rate

in the frontal band was approximately 1 mm hr To estimate the vertical

velocity required to produce this precipitation, the frontal cloud was

assumed to be located between the 900 and 600 mb levels and the moisture

distribution was determined from the sounding taken at 1100 PST which

passed through the frontal cloud band. The average vertical velocity

required to produce a condensation rate of 1 mm hr in this layer is -28

mb hr (8 cm sec ).

3.9 Doppler Radar Data

It was hoped that the Doppler radar measurements made at Hyak on the

crest of the Cascade Range would provide some further indication of the

magnitude of vertical air motions in the frontal clouds. An analysis of

the data which were obtained is shown in Fig. 3.19

The horizontal axis in Fig. 3.19 is labeled in hours after the

frontal trough passage at the radar site, and the vertical axis is labeled

in height above ground. The frontal position shown is identical to that

drawn in the rawinsonde cross-sections, after adjusting for the difference

in elevation between the Doppler radar site (900 m above sea level) and the

rawinsonde site (128 m above sea level) by assuming again that the air masses

were lifted intact through the elevation difference. Because of uncertainties
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in timing at the radar site, there is a possible error in the data of +/- 20

min, so the frontal position in Fig. 3. 16 is accurate only within this

margin.

Fig. 3.19 contains two basic types of information. The existence or

absence of precipitation-size particles at various levels above the radar

site are indicated by shaded and unshaded areas respectively. The average

vertical velocities of these particles are indicated by various types of

shading.

Of particular interest are the regions which appear to contain upward-

moving particles. The precipitation detected by the radar was composed

primarily of snow. Assuming that the particles had fall velocities of at

least 0.5 m sec which is reasonably consistent with the measurements

obtained by Locatelli and Hobbs (1974) in the Cascades it would be

inferred that the upward-moving particles shown in Fig. 3.19 were supported

by updrafts of a few meters per second. These updraft speeds, however, are

more than an order of magnitude larger than those computed from the rawinsonde

and precipitation data in 3. 8 and must therefore be interpreted with

considerable caution.

If the antenna was not pointing exactly vertically, horizontal

motions of precipitation particles could have been detected as apparent

vertical motions. A check of the alignment of the radar antenna revealed

that it could not have been pointing away from true vertical by more than

2. From the observed horizontal winds aloft it would appear that the

largest fictitious vertical velocity which could have been recorded as a

result of an error of this magnitude in antenna alignment would have been

1 m sec which is a factor of two or more smaller than the upward
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velocities enclosed by black shading in Fig. 3.19 The large updraffs

detected by the radar are therefore not fully explained either by frontal

dynamics or an error in the antenna alignment.

It is possible that orographic air motions or turbulence associated

with the strong winds aloft in the frontal zone 30-40 kt in the cloud

layer) may have influenced the particle motions over the radar. In the

next section, it is shown that local orographic air motions could have

approached 2-3 m sec

The qualitative agreement of the Doppler radar data in Fig. 3.20 with

the frontal structure shown in Fig. 3.15 is quite good. A deep layer of

precipitation which takes 2-3 hr to pass over the radar accompanied the

frontal passage. This deep layer was apparently associated with frontal

lifting. It was followed by a 2-hr period of very suppressed precipitation

activity, i.e. precipitation was confined to a 1-km layer near the ground

from 2 to 4 hr after the frontal trough passage in Fig. 3. 19. This period

probably corresponds to the narrow zone of post frontal subsidence seen in

Figs. 3.15 and 3.16. It was followed by a long period of orographic

precipitation extending through a relatively deep layer. It appears from

Fig. 3. 19 that the frontal structure was still quite evident in the vertical

precipitation pattern after the system had passed over the windward slope

and had reached the radar site at the crest of the Cascade Range.

3.10 Estimate of Orographic Air Motions
.’"~-"~~-’ ’^

To investigate the extent to which orographically caused air motions

altered the vertical motions of the frontal zone as it passed over the

Cascade Range a theoretical model of airflow over a two-dimensional

mountain barrier was employed. This model was developed in the Cloud

Physics Group at the University of Washington by Hobbs et al. (1973) and



72

Distance from Hyak (km)
( a )

Distance from Hyak (km )
(b)

Orographic vertical ai r velocities (m sec"^ computed by a
laminar a rflow model (Hobbs e_t_ aj_. 1973; Fraser e_t_ aj_. 1973)
over (a) a smoothed, west-east profi le of the Cascade Range,
and (b) a smoothed, southwest-northeast profi le of the
Cascade Range. The orographi c profi les were constructed from
strips of terrain through Hyak (location shown in Fig. 2.
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Fraser et al. (1973). For input, the model requires a single upstream

sounding from which the steady-state, two-dimensional, laminar flow over

the mountain range is calculated. The sounding used here was one taken at

the rawinsonde site during the time the front was passing over the Cascade

Range. The orography used in the first run of the model was a smoothed

profile of the Cascade Range along a west-east strip through the Doppler

radar site at Hyak. This smoothed, west-east profile of the Cascades and

the orographic vertical velocities computed by the model are shown in

Fig. 3.20(a).

Since the idealized mountain barrier shown is assumed to be uniform

in the north-south direction, only the westerly wind component from the

sounding input contributed to the calculated orographic motion pattern. In

this sense, the results of the airflow model in Fig. 3. 20(a) are similar to

the calculations of frontal vertical velocity from the rawinsonde data, for

in these latter calculations the frontal system was assumed to be uniform

in the north-south direction, and only the westerly wind component entered

into the calculations.

On the windward side of the mountain profile in Fig. 3.20(a) the

largest orographic vertical velocity obtained was + 20 cm sec The

average upward velocity in the frontal cloud calculated in 2. 8 was 7-8 cm

sec It is concluded that the frontal vertical motions are probably

The large oscillation of vertical velocity which occurs above 3 km on the
leeward side of the mountain profile in Fig. 3.20(a) is a feature resulting
from the model’s extreme sensitivity to the ratio of the static stability
to the wind speed normal to the barrier (see Fraser et al. 1973). By
assuming that different depths of air at the surface upstream of the
mountain range were totally blocked by the mountain barrier, the magnitude
of the oscillation can be made to vary widely, while the vertical velocities
at lower levels along the windward slope of the mountain profile remain
relatively unaffected.
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altered by the orography at the very most by a factor of three, and more

likely by less than a factor of two since the vertical extent of the 20 cm

sec orographic vertical velocities is less than that of the frontal cloud.

Therefore, insofar as the front and the Cascade Range can be assumed

to be two-dimensional (i.e. uniform in the north-south direction) this

run of the model indicates that the overall, average effect of the Cascade

Range on the frontal vertical motions was rather small. However, the

topographical map of Washington in Fig. 2.1 shows that while on the broad

average the Cascade Range does approximate a north-south barrier, there is

nevertheless a good deal of non-uniformity within it. In particular, the

Cascade Range consists of several ridges aligned in directions other than

north-south. Since the wind at cloud level in the frontal zone was

strongly from the southwest it is possible that the ridges which presented

faces to this full southwest wind produced vertical motions which, while

averaging out to a large degree over the entire range did give large

localized upward or downward motions in the vicinities of the ridges.

The model was therefore run again, this time using a smoothed profile

of the Cascades along a southwest-northeast strip through Hyak. This

mountain profile and the computed vertical velocities are shown in

Fig. 3. 20(b). Some of the individual .ridges appear in the smoothed

southwest-northeast mountain profile. The orographic vertical velocity

pattern which was computed shows that localized upward and downward

motions as high as two meters per second may occur near the larger ridges.

These two runs of the model indicate that the Cascade Range on the

average, altered only slightly the vertical motions accompanying the front:

certainly by no more than a factor of three, and more likely by much less

than this. At any individual location within the Cascades however, the



75

vertical motions could have been significantly influenced by local mountain

ridges which were oriented perpendicular to the full wind.

Since the .Doppler radar at Hyak was located to the southwest of a large

ridge (see Figs. 2.1 and 3.20(b)), it is possible that a portion of the

strong upward velocities measured there during the passage of the frontal

band were due to the effects of the local orography.

Further insight into the effects of the orography on the frontal

system is obtained from a very different point of view in the following

chapter in which the surface precipitation data is analyzed.
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CHAPTER 4

DISTRIBUTION OF PRECIPITATION IN RELATION TO

THE DYNAMICS OF THE FRONT AND TO THE OROGRAPHY

4.1 Introduction

In the preceding chapter it has been shown that the occluded front

was organized so as to cause a band of clouds to form in the region of

lifting in the forward part of the frontal zone and to produce precipitation

in the region of subsidence in the back part of the frontal zone. The

moisture for the generation of these clouds was supplied by a low-level

southerly flow of high wet-bulb potential which was being overtaken by the

approaching front. If the vertical motions or any other important features

of the frontal structure were altered by the orography, these changes

should be reflected in the precipitation received at the ground.

Hourly precipitation amounts for the period of the storm from eighty-two

precipitation gauge stations throughout Washington have been published by

NOAA (1973) The locations of these stations are shown in Fig. 2.2. The

stations are quite well scattered across the state and they are positioned

in a variety of ways with respect to the orography. The data from these

stations were used to study the manner in which the precipitation pattern

changed as the front moved across the various orographic features of the

state. Of primary interest here is the behavior of the front as it passed

through the Puget Sound Basin and over the Cascade Range.

The broken line in Fig. 2.2 marks the position of the crestline of the

Cascade Range. This line divides the westward from the eastward flowing
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rivers in the Cascades and it roughly coincides with the west-east summit

of the range.

The amount of precipitation received during any hour at any station

can be expected to depend on two factors: the position of the frontal zone

in relation to the station, and the position of the station relative to the

orography, specifically, to the Cascade Range. For this reason, a method

of plotting the precipitation data was devised so that the time from the

passage of the frontal trough is measured along one axis and the distance

from the Cascade Range crestline is measured along the other axis. This

method of plotting is illustrated in Fig. 4.1. The station shown is at

some fixed distance west or east of the Cascade Range crestline. This

specifies one coordinate of the plot. At the midpoint of any given hour

there is also defined a certain time before or after the frontal trough

passage at the station. This specifies the other coordinate. In this way,

each hourly precipitation amount from each station can be appropriately

located on the plot.

The resulting plot is of the form shown in Fig. 4.2. The horizontal

scale is labelled in hours after the frontal trough passage. The vertical

scale is labelled in distance (kilometers) from the Cascade Range

crestline. The horizontal and vertical axes themselves represent the

Cascade Range crestline and the frontal trough passage, respectively.

Various horizontal strips of the plot may be identified with certain

orographic regions, while various vertical strips may be identified with

regions of the frontal system. The Puget Sound Basin, for example lies

between 111 and 45 kilometers west of the Cascade Range crestline. At

approximately 45 kilometers west of the crestline, the foothills of

the Cascades begin to rise. The area between 40 kilometers west of the
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Fig. 4. Defini tion of the coordinates used in plotting the hourly precipi tation data in

Fig. 4.3. For each hour and for each precip.i tation gauge station the t ime from

the frontal trough passage at the station and the di stance of the station from

the Cascade Range crestl ine can be determined.
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crestline and the crestline therefore represents the windward slope of the

Cascade Range. The area from the crestline to approximately 74 kilome-

ters east of the crestline corresponds to the leeward slope of the Cascade

Range. Similarly, the area between one and one-half hours before the

frontal trough passage and three hours after the frontal trough passage

corresponds roughly to the zone of purely frontal precipitation (as shown

in Fig. 3.15)

The hourly precipitation amounts for all forty of the precipitation

gauge stations in Washington within the range of 111 kilometers west to

74 kilometers east of the Cascade Range crestline (i.e. the Puget

Sound Basin and Cascade Mountains) were plotted on this graph. Mean values

were then computed over grid boxes of size one hour (along the horizontal

axis) by 18.5 kilometers (along the vertical axis) Mean values less than

.025 cm hr~1 (0.01 inches hr were regarded as unmeasurable trace amounts. A

contour map of the resulting precipitation field is presented in Fig. 4.3.

The values shown are precipitation rates in hundredths of centimeters per hour.

The arrows along the left border of the figure indicate the positions

relative to the crestline of the forty precipitation gauge stations used.

The broken lines in the figure outline the same orographic and frontal

regions defined in Fig. 4.2. The purpose of the capital letters is to aid

in the following discussion of the diagram.

4.2 Analysis of Hourly Precipitation Data

There are two dominant features in the precipitation pattern shown in

Fig. 4. 3: a band of precipitation which accompanied the frontal passage



,-2
Average hourly precipi tation amounts (in 10 cm) in coordinate system

shown in Fig. h.2. Arrows on left-hand s ide of diagram indicate

pos tions of stations

14 13 12 II 10 9 8 7

Hours after frontal trough passage (T)



82

and precipitation which continued long after the frontal passage on the

windward slope of the Cascade Range. The first of these the precipitation

accompanying the front, appears as the shaded vertical region (indicated

by letter A in Fig. 4. 3) along the line marking the frontal trough passage

it evidently corresponds to the precipitation from the frontal band. After

the passage of the frontal band, precipitation ended in the Puget Sound

Basin (region B) but continued along the windward slope of the Cascade

Range during much of the post-frontal period, as is indicated by the shaded

horizontal region, C. This continued precipitation was apparently due to

the orographic lifting of the post-frontal air mass as it advanced over the

Cascades.

It has been shown (see Fig. 3. 14) that in the Puget Sound Basin, the

frontal cloud was generated in the region of lifting ahead of the front and

that it precipitated farther back in the frontal zone. The precipitation

pattern in the Puget Sound Basin (the region between 111 and 45 kilome-

ters west of the Cascade Range crestline in Fig. 4. 3) reflects this structure,

The precipitation began shortly after the start of the frontal lifting. The

heaviest precipitation occurred at or after the frontal trough passage. By

two and one-half hours after the frontal trough passage, the precipitation

had stopped.

In the Puget Sound Basin, the measurable precipitation from the

frontal band (region A in Fig. 4. 3) began, on the average, approximately

one to one and one-half hours before the frontal trough passage In the

Cascade Mountains however, the onset of the measurable frontal

precipitation was considerably delayed (region D) At the Cascade Range
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crestline, for example, the frontal precipitation did not begin on the

average until shortly after the frontal trough passage. Eastward of

37 kilometers east of the Cascade Range crestline there was no

precipitation at all associated with the frontal passage (region E) until

much farther into eastern Washington (beyond the range of Fig. 4. 3).

The delay in the onset of frontal precipitation over the Cascades is

noteworthy in that it first occurred partway up the windward slope of the

Cascade Range. Since the winds above the immediate surface layer were

quite strongly southwesterly both before and after the frontal passage

(see Fig. 3.5) it might well be expected that the precipitation on the

windward slope should have arrived, if anything, earlier than it did in the

Puget Sound Basin, forming a pre-frontal counterpart to the orographic

precipitation, (region C). That there is in fact, a delay in the onset of

frontal precipitation beginning on the windward slope suggests that the

Cascade Range affected the structure of the front in an additional manner

than simply modifying the vertical air motions.

The increasing delay in the start of precipitation (region D) as the

front progressed over the Cascade Range can be explained by first recalling

from 3. 7.4 that moisture was fed into the frontal clouds entirely below the

800 mb level. Furthermore according to Fig. 3.14a, this air was fed into

the cloud from directions ranging from south, near the ground, to south-

southwest at the 850 mb level. In the Puget Sound Basin this flow

apparently provided the moisture for the continual reformation of the

frontal cloud as depicted in Fig. 3.14(a) If this flow pattern moved

intact over the Cascade Range, the air parcels feeding moisture into the

frontal cloud would have had to have been lifted and traversed considerable

distances over the rugged terrain of the north-south mountain range.
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The low-level flow which fed moisture into the frontal cloud band in the

Puget Sound Basin, probably did not succeed in traversing the high, rugged

terrain of the Cascade Range. Air parcels arriving from the south and south-

southwest below the 850 mb level, instead, were probably blocked as they

encountered the Cascade Range, never reaching the frontal cloud zone. This

process would cut off the supply of warm, humid marine air from which the

frontal clouds derived their moisture. It is noted that the results of the

numerical model of Fraser et al. (1973) also suggest that low-level winds with

weak westerly winds are blocked by the Cascade Range.

Blocking of the low-level flow by the mountainous terrain as the front

crossed the Cascades is suggested by the hourly observation data. Fig. 3.12

shows that when the front was on the Pacific coast and when it was passing

through the Puget Sound Basin, the high-9 flow was characterized by strong,

gusty, southerly winds. In Fig. 3.12(f) however, the front is shown

directly over the Cascade Range, and, rather than southerly winds, the

Stampede Pass weather station (SMP) situated on the crestline, reported a

calm. This is further illustrated in Fig. 4.4 which shows the series of

hourly winds at the Olympia (OLM) Toledo (TDO) and Bellingham (BLI)

weather stations in the Puget Sound Basin as well as at Stampede Pass

around the times of local frontal trough passage. In the immediate surface

layer there was at all the stations, a slight confluent flow into the

frontal trough. Near the time of the frontal trough passage the wind at

the Puget Sound stations veered to form a strong, southerly flow. The wind

at Stampede Pass, however, apparently just died down and shifted. The

wind record at Keechelus Lake Dam in the Cascade Mountains likewise showed

no southerly flow around the time of the frontal trough passage.
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As the moisture supply of the frontal cloud band was blocked out on

the windward slope of the Cascade Range, the air lifted ahead of the front

was probably replaced by dry continental air from east of the Cascade

Range. The tendency for easterly surface winds in the Cascade Mountains

ahead of the front is noted at station SMP (Stampede Pass) in Fig. 3.13(a)-

(e). Evidence that the air near ground level was of a different character

when the front was pas.sing over the Cascade Range than when it passed over

the Puget Sound Basin is found in the surface traces of temperature and

relative humidity. It was shown earlier that at North Bend, at the eastern

edge of the Puget Sound Basin, the low-level, high-0 flow was marked by a
w

peak in temperature accompanied by increasing relative humidity (see Fig.

3.12) At Snoqualmie Summit and Hyak, near the crest of the Cascade Range,

however, the increase in temperature just before the frontal trough passage

was accompanied instead by a decrease in relative humidity.

As the high-6 flow was blocked by the mountains the onset of

precipitation relative to the front should have been delayed, just as it

was in region D in Fig. 4. 3. Since the youngest cloud in the frontal band

was found toward its leading edge (as explained in 3.7) it is reasonable

that, as the front moved into the mountains and its source of moisture was

cut off, the forward edge of the cloud and precipitation would have been

the first to disappear. This process is illustrated schematically in

Fig. 4.5 by a series of west-east cross-sections of the front moving

across the Puget Sound Basin and Cascade Range.

When the high-6 flow was cut off, new clouds ceased to form at the
W

forward edge of the frontal band, and the existing clouds moved back within

the frontal zone until they were eroded by the subsidence behind the front.

On the leeward slope of the Cascade Range, the total disappearance of the

frontal band at letter E, 37 kilometers east of the crestline could
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Fig. 4.5. Schemat ic, west-east cross-section showing the effect on the frontal
cloud band of the interruption of the southerly flow of high wet-bulb

potential temperature ai r by a mountain range. In (a) the low-level

flow of h igh-9^ a r suppl ies moisture for the continuous generation
of the frontal cloud. n (b) the high-6^, flow is cut off when the

system enters the mountains In (c) and (d) the generation of new

frontal cloud in the forward part of the frontal zone has stopped,
and the leading edge of the cloud band recedes ever farther back in

the frontal zone.
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have been due to this final erosion of the remaining frontal clouds. It

could also have been associated with the downslope winds on the leeward

slope (the usual explanation) or some combination of the two effects. But

the progressive disappearance of the frontal band beginning on the windward

slope of the Cascade Range strongly suggests that the cutting-off of’ the.

low-level, moist flow by the mountains was an important process.

Two additional bands of precipitation, much more diffuse and spotty

than the main frontal band, occurred during the post-frontal period and are

indicated in Fig. 4.3 by letters F and G. They evidently are related to the

two secondary fronts and their accompanying regions of high relative humidity

shown in the post-frontal period in Figs. 3.6 and 3.7. These fronts will be

discussed in Chapter 6.

4. 3 Total Precipitation from the Frontal Band

It has been suggested above that the Cascade Range had two major

effects on the precipitation pattern. On the one hand, the lifting of the

system over the mountains enhanced the upward vertical velocities and may

have thereby enhanced the condensation and precipitation rates (see 3.9).

On the other hand, the mountains apparently cut off the source of moisture

of the organized frontal band, a process which led to a delay in the onset

of frontal precipitation on the windward slope of the Cascade Range.

In order to examine the net effect of the Cascade Range on the amount

of precipitation received from the. frontal band, the total precipitation

amounts received during the passage of the frontal band at all fifty-nine

of the hourly precipitation gauge stations in the western two-thirds. of

Washington were arranged according to their distance from the Cascade

Range crestline and then averaged in 18.5 kilometer intervals. The

period of frontal band precipitation was defined to be the interval

beginning with the start of frontal precipitation at each station (always
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well-defined in this storm) and ending two and one-half hours after the

local frontal trough passage which was the time the frontal band

precipitation ended in the Puget Sound Basin (shown at region B in Fig. 4.3).

For this computation, each hourly precipitation amount was assumed to be

evenly distributed throughout the hour. The resulting graph of average

total frontal band precipitation relative to the Cascade Range crestline is

shown in Fig. 4.6(a).

The total precipitation received during the post-frontal period was

also graphed in a similar manner, and is shown in Fig. 4.6 (b) The period

of post-frontal precipitation was defined as the period beginning two and

one-half hours after the frontal trough passage and ending approximately

twenty-six hours after the frontal trough passage (when there was a

definite break in the precipitation at almost all the stations before the

arrival of the next frontal system).

Both the precipitation received from the frontal band and the

post-frontal precipitation show similar general tendencies with respect to

the orography. A large maximum of precipitation occurred in the Olympic

Mountains and Pacific coastal region. Far lesser amounts were received in

the Puget Sound Basin. A second, smaller maximum was found near the

windward slope of the Cascade Range and the amounts decreased down the

leeward slope to the point where no precipitation was received on the plain

to the east of the Cascade Range.

The frontal band precipitation was a maximum between 74 and 18

kilometers west of the Cascade Range crestline, and the amounts dropped

off quite sharply east of this point. The western edge of this maximum

occurred approximately 9 to 28 kilometers west of the western edge of

the foothills of the Cascade Range, so it is doubtful whether the maximum

can be attributed primarily to orographic lifting. Instead, it appears that
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the relatively large amounts of precipitation received from the frontal

band between 74 and 18 kilometers west of the Cascade Range crestline

were the result of the large, low-level influx of moisture into the frontal

band which occurred while the front was passing through the low-lying Puget

Sound Basin. If the low-level, high-6 flow was cut off by the mountains
w

a short time after the front entered the foothills of the Cascades a

subsequent decrease in precipitation would be expected to occur east of

the point where the high-6 flow was cut off. This provides a possible
W

explanation for the sudden decrease in precipitation observed eastward of

18.5 kilometers west of the Cascade Range crestline (see Fig. 4.6 (a))

The post-frontal precipitation, on the other hand, was apparently

caused largely by orographic lifting. The maximum post-frontal precipi-

tation over the Cascade Range occurred between 55 and 37 kilometers west

of the crestline that is, in the foothills of the Cascades and the amounts

gradually decreased eastward across the range.
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CHAPTER 5

CLOUD CONFIGURATIONS AND MICROSTRUCTURE

5.1 Introduction

In the preceding two chapters, the dynamical structure of the frontal

system has been described and related to the observed cloud and precipitation

patterns. The variations in the frontal dynamics which occurred as the

front moved across the Cascade Range have been inferred by comparing

measurements taken at different locations in the state.

With this framework established, it is now possible to study the cloud

microphysical data, and relate these observations to the dynamics of the

frontal system and to the orography. To do this the microphysical data

are examined in two ways. First, the data are incorporated into the verti-

cal cross section composite (Fig. 3.15) Then the overall horizontal

pattern of the microphysical measurements at the standard sampling altitude

of 2.4 to 3.0 km above sea level is presented in the formal of Fig. 4.2,

in which variations relative to the frontal system and variations relative

to the Cascade Range crestline are separated into perpendicular coordinates.

Following these two analyses the possible occurrence of excessively high

concentrations of ice particles in the frontal cloud is examined.

5.2 Cross-section Analysis of Cloud Data

5.2.1 Frontal Cloud

The composite diagram showing the frontal band in the Puget Sound

Basin (Fig. 3.15) was constructed from the rawinsonde data and from an

inflight cloud sketch. In Fig. 5.1 the microphysical measurements which
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were obtained along the path followed by the aircraft, have been added to

the composite diagram to display the cloud microstructure in a vertical

cross-section. Microphysical quantities shown in the figure include cloud

liquid water content, ice particle concentration, maximum ice particle size

predominant ice crystal type, and degree of ice particle riming. Zones of

turbulence encountered by the aircraft are also indicated.

Ice particle concentrations were determined by two techniques: Formvar

replication and optical detection (see Sec. 2.5) The pattern of ice

particle concentrations indicated in Fig. 5.1 and all subsequent figures

was arrived at by combining the information from these two methods. The

Formvar samples were obtained only intermittently, as shown in Fig. 5.1,

whereas, the optical measurements were made continuously. The particular

version of the optical ice particle counter in use during this investigation

was not rigorously calibrated; however, its readings were found to be well

correlated with the ice particle concentrations deduced from Formvar

samples. The latter therefore were used to calibrate roughly the optical

measurements which could then be used to indicate the detailed variations

of ice particle concentration along each flight path.

The deduction of ice particle concentration from Formvar samples

is a difficult problem, and the methods used in this study are discussed

below in Sec. 5.4.

It is seen from Fig. 5.1 that at the flight level of the aircraft the

main body of the frontal cloud was composed primarily of ice particles

except within the high-level cumuliform clouds at the forward edge of the

main cloud mass and in the lower precipitating cloud deck behind the front.

The maximum ice particle size in each sampled volume of the upper part of

the frontal cloud was fairly constant. The degree of riming, on the other
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hand, showed a marked decrease as the aircraft progressed from the liquid

water zone on the leading edge of the frontal cloud to the trailing edge

of the cloud mass. The region of high riming and liquid water content on

the leading edge was also marked by increased turbulence. This combination

of factors suggests that this region was the most convectively active part

of the frontal cloud.

Most of the ice particles collected during the aircraft flights were

irregular in shape. The types which could be identified are indicated in

Fig. 5.2. The possible nucleation temperatures of the identified crystal

habits (according to Magono and Lee 1966) range from -10 to -20C for the

plates and stellars (P and S in Fig. 10) and from -10 to -25C for the

occasional short columns (SC in Fig. 10) The lowest temperature noted

at flight level when particle samples were collected was -9.6C. All of

the particles with identifiable habits therefore originated above the

flight level of the aircraft. That is, they were falling through this

level as opposed to being transported upward by updrafts. This result is

consistent with the average cloud updraft speeds of 6 to 14 cm s computed

in Sec. 3. 8 since the terminal fall velocities of the larger crystals

would have been as large as 50 cm s (Locatelli and Hobbs 1974) However,

this does not rule out the possibility that some of the irregularly-shaped

ice particles or graupel, for which the nucleation temperature is not known,

may have been carried upward at some time during their lives by locally

intense cumulus scale updrafts such as were apparently occuring near the

leading edge of the frontal cloud.

An interesting feature in Fig. 5.1 is the precipitation of ice

particles from the upper cloud layer into the lower cloud deck behind the

front. The "releaser-spender" (or, to use the more common terminology,
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"seeder-feeder") process described by Bergeron (1950) may thus have been

an important factor in the growth of precipitation in this frontal system.

5.2.2 Orographic Effects

Figs. 5.2-5.4 illustrate the changes in cloud structure which occurred

over the Cascade Range. These figures are similar in format to Fig. 5.1,

which showed the structure of the system as it was beginning to pass over

the Cascade Range. In Figs. 5. 3-5.4, however, the topography is empha-

sized by using height above sea level as the vertical coordinate rather

than height above ground. It should be noted that the horizontal scale in

Figs. 5.2-5.4 is not a geographical scale. The orographic features are

positioned relative to the front according to the time the aircraft flew

over them. The mountain profile appears stretched or contracted depending

on whether the flight path was in the opposite or the same direction as

the frontal motion.

The shape of the frontal surface in Figs. 5.2-5.4 is similar to that

shown in Fig. 5. 1, except that the boundary of the cold air mass has been

displaced upward slightly to account for lifting of the air mass over the

Cascade Range. The front could not be located more precisely since there

were no rawinsonde data over the mountains.

From Figs. 5.2 and 5. 3 it is noted that the large amount of cloud

previously located ahead of the front (Fig. 5.1) was sharply reduced as the

system crossed over the Cascade Range and the amount of cloud behind the

front increased. The increase in cloudiness behind the front evidently

occurred as orographic lifting on the western slope of the Cascade Range

acted to offset post-frontal subsidence. The explanation for the decrease

in the amount of cloud ahead of the front is not as obvious since the

precipitation data discussed above in Sec. 4.2 indicate that this decrease
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began on the windward (western) slope of the Range. Therefore it is not

possible simply to invoke orographic sinking to explain the decrease in

the amount of cloud ahead of the front.. As suggested in Sec. 4.2 this

decrease in cloud on the windward slope was probably due to blocking of

low-level horizontal winds by the Cascade Range.

Although much of the cloud mass seen ahead of the front in Fig. 5 .1

had disappeared by the time of the flights shown in Figs. 5.2 and 5. 3, the

cloud microstructure observed in Figs. 5.3 and 5.4 suggests that frontal

lifting was still playing a role in the formation of the clouds over the

Cascade Range. The largest values of liquid water content, the largest

concentrations of ice particles and the most heavily rimed ice particles

were all found to the lee of the Cascade Crest and in the portion of the

cloud mass which was closest to the front. If the clouds were entirely

orographic in nature the most active portions would occur on the windward

side of the crest. The cloud masses shown in Figs. 5.2 and 5.3 evidently

were the result of a combination of frontal and orographic effects

It is further noted that the relative positions of liquid water and

ice shown in both Figs. 5.2 and 5.3 were similar to those in the purely

frontal cloud of Fig. 5.1. In all three cases the leading (eastern) -edge

of the cloud mass is marked by a narrow zone of liquid water and very

little or no ice. These properties characterize relatively young clouds.

This zone was followed immediately to the west, in all three cases by the

region of highest ice particle concentration in the cloud. The remainder

of the cloud in each case was composed of ice particles in reduced

concentrations and only occasional liquid water. The similarity of internal

cloud structure seen in Figs. 5.1, 5.2, and 5. 3 suggests that frontal

rather than orographic, dynamics were dominant in the eastern portions of
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’the cloud masses shown in Figs. 5.2 and 5. 3.

Figure 5.4 shows the cloud pattern encountered over the Cascade Range

six to eight hours after the surface frontal passage. By this time the

clouds were apparently purely orographic in origin. This orographic nature

is evident by the fact that they were found almost exclusively on the

windward slope of the range. In addition, the general cloud structure

shown in Fig. 5.4 is quite unlike that observed earlier when the front was

in’ the vicinity of the Cascade Range. In the earlier cases (Figs. 5.1, 5.2,

and 5. 3) the eastern edge of the cloud system was consistently marked by a

narrow zone of maximum liquid water content and low ice particle concentration

followed immediately to the west by a zone of maximum ice concentration and

low liquid water content. With the front no longer influencing the cloud

formation processes (Fig. 5.4) the most active cloud was found over the

western (upwind) foothills of the mountain range where a narrow zone of

liquid water and no ice was followed immediately to the east by a narrow

zone of maximum ice concentration and reduced liquid water content. This

reversal of microstructure implies that the cloud structure observed

earlier over the Cascade Range (Figs. 5.2 and 5. 3) was at least partially

frontal in nature.

5. 3 Horizontal Analysis of Cloud Data at the 2.4 to 3.0 km Level

The aircraft followed the approximate flight path shown in Fig. 2.1.

On each leg of the flights the Puget Sound Basin and the Cascade Range were

traversed; therefore, the orographic variations in the microphysical

parameters can be readily studied. Since each flight leg was made at a

different time, the various legs were made in different regions of the

frontal system. Moreover, because of the relatively high speed of the
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aircraft each individual flight leg covered, to a smaller extent, different

regions of the frontal system. Therefore the variations in the microphysi-

cal parameters with respect to the frontal dynamics can also be studied.

The aircraft generally flew at an altitude of 2.4 to 3.0 km (8000 to

10,000 ft) above sea level, that is, in the 750 to 690 mb layer; therefore

nearly all of the microphyical data are in this layer.

For these reasons the measurements of cloud liquid water content and

ice particle concentrations at the 2.4 to 3.0 km level are graphed in the

format of Fig. 4.2, in which variations with respect to orography and

variations with respect to the frontal system are separated into perpendicular

coordinates. This plot is shown in Fig. 5.5. Regions of measurable cloud

liquid water content in Fig. 5.5 are indicated by shading. Ice particle

concentrations are indicated by contours and are obtained using data from

both the "Formvar" particle sampler and the continuous optical polarization

ice particle counter. The procedure for determining ice particle concen-

trations from the raw data are discussed below in Sec. 5.4.

Also shown in the figure are the flight paths of the aircraft. Eight

flight legs were made in all in the time span covered by Fig. 5. 5 and these

legs are numbered chronologically for future reference.A The flight paths

and microphysical data of flight legs 2, 3, 4, and 5 are those depicted in

the cross-sections Figs. 5.1-5.4 respectively. The capital letters in

Fig. 5.5 locate regions to be referred to in the following discussion.

The regions of ice and liquid water cloud at 2.4 to 3.0 km shown in

Fig. 5.5 have been extrapolated into some areas where no actual measurements

were made at the 2.4 to 3.0 km level. These extrapolations were guided by

the sketches of the cloud configurations made in-flight during flight legs

*The same flight leg numbering was used in Table 2.5.
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1, 2, 3, 4, and 5.

Several recognizable features can be seen in Fig. 5.5. The frontal band

at the 2.4 to 3.0 km level appears as a vertical band (indicated by letter A

in the figure) straddling the line marking the surface frontal trough passage.

The orographic, post-frontal clouds at the 2.4 to 3.0 km level appear as

the horizontally-oriented band and patches region B, along the windward

slope of the Cascade Range. These features were previously noted in the

precipitation analysis (Fig. 4. 3).

It is seen in Fig. 5. 5 that the leading edge of the frontal cloud was

increasingly delayed within the frontal zone as the front progressed across

the Cascade Range (region C) This recession of the leading edge of the

frontal band, culminating in its complete disappearance at approximately

32 kilometers east of the Cascade Range crestline (region D) was also

seen in the precipitation analysis (Fig. 4.3) and in the series of vertical

cross-sections (Figs. 5.1-5.4) As explained in 4.2 this behavior of

the clouds is attributed to the interruption of the supply of moisture to

the organized frontal band which resulted when the low-level, high wet-bulb

potential temperature flow from the south was cut off as the system crossed

the Cascade Range.

The trends in the cloud liquid water content and ice particle concen-

trations which were noted in the cross-sections (Figs. 5.1-5 .4) are also

visible in Fig. 5.5. Moderate liquid water contents consistently

appeared in a relatively narrow zone at the leading edge of the frontal

band. However, the main body of the frontal band at the 2.4 to 3.0 km level

consisted almost entirely of ice in very high particle concentrations with

the largest concentrations immediately behind the zone of maximum cloud

liquid water content. This pattern continued as the front crossed the
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mountains, even though the leading edge of the frontal band receded behind

the front.

The post frontal, orographic cloud at the 2.4 to 3.0 km level along the

windward slope of the Cascade Range (region B) was initially composed of

extensive regions of ice particles. However, six hours after the frontal

trough passage the clouds became notably convective with spotty cloud liquid

_3
water contents as high as 1.40 g m and hail reported by the aircraft.

As suggested in 4.2, the upslope winds on the western slope of the

Cascade Range apparently had two different effects on the cloud in the

post-frontal region. By offsetting to some extent the post-frontal

subsidence, they enabled the deep frontal clouds to persist over the

windward slope farther behind the front than they were able to do in the

Puget Sound Basin. The upslope winds also caused new, purely orographic

clouds to form as the potentially unstable cold air mass was lifted over

the mountains. The two distinct types of clouds noted in the orographic

band (region B) possibly reflect both these effects of the upslope winds.

The extensive, totally glaciated clouds occurring at the flight level

between 2-1/2 and 6 hours after the frontal trough passage were apparently

the remaining frontal band clouds still persisting along the windward slope

quite far behind the front. The new, convective clouds which appeared after

six hours after the frontal trough passage were probably newly-generated by

orographic lifting.

The largest cloud liquid water contents and ice particle concentrations

recorded by the aircraft in the frontal band (region A) occurred when the

frontal band was over the Cascade Mountains. This apparently reflects the

coincidence of the frontal lifting and the orographic lifting which occurred

when the front moved up the windward slope of the Cascade Range. It is noted,
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however, that the largest ice particle concentration recorded at the flight

level was 300 !~ which occurred 15 kilometers east of the Cascade Range

crestline at position E in Fig. 5.5 whereas the largest ice particle

concentration recorded in the frontal band over the Puget Sound Basin (the

region between 111 and 45 kilometers west of the Cascade Range crestline)

was 60 i Therefore, the maximum ice particle concentrations in the frontal

band over the Cascade Range crestline exceeded those in the Puget Sound

Basin by about a factor of five only.

The position of the maximum ice particle concentration of 300 & at

position E in Fig. 5.5 15 kilometers east of the crestline, corresponds

almost exactly to the maximum of the average ice particle concentration

recorded over the Cascades throughout the winter of 1971-72 (Hobbs et .al.

1972 p. 67).

5.4 High Concentrations of Ice Particles in the Frontal Band

Observed concentrations of ice particles have received much attention

in the last few years as several researchers have reported concentrations

which are orders of magnitude larger than ice nucleus concentrations

measured at similar temperatures (e.g. Braham, 1964; Mossop, et al. 1967

Hobbs 1973). In the presence of such high concentrations of ice particles

Bergeron’s (1935) "ice crystal process" would be ineffective as a particle

growth mechanism. The possible occurrence of anomalously high concentrations

of ice particles was investigated for the frontal cloud band studies here.

Before examining the results of this investigation, it should be noted

that ice particle concentrations inferred from Formvar samples are very

sensitive to the criteria adopted in counting the replicated particles.

However, by making counts under different sets of assumptions limiting

values of the concentrations can be determined.
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Of the various counting procedures which may ’be adopted, the most

conservative estimates of ice particle concentrations- are obtained by

counting only regularly-shaped ice particles which have ’been replicated

intact, and by counting fragmented blotches of ice particles as single parti-

cles. A less restrictive ’technique, described by Hobbs et al. (1972) is to

count all the ice particles collected (irregular as well- as regular) unless

they were obviously produced by fragmentation during.collection. Careful

comparisons of these two methods by our group -have shown that for particle

concentrations of the order of those encountered- during the flight shown in

Fig. 5 .1, the second counting method gives estimates which’are generally

about two orders of magnitude larger than ’the conservative estimate. The

latter is hereafter referred to as the lower limit concentration. The ice

particle concentrations indicated in Fig. 5.1 were obtained by counting the

crystals first using the method described by Hobbs et al. (1972) then

lowering the count by one order of magnitude to give our best estimate of the

true concentration. These best estimates give concentrations on the order

of 50 to 100 A however, the values could have been an order of magnitude

greater.

Since the optimum concentration of ice particles for growth of particles

by deposition from the vapor phase is about 1 A the classical "ice-crystal

process" would not have been very effective in the frontal cloud shown in

Fig. 5.1. However, the prevalence of rimed ice particles and aggregates

found along the flight path of the aircraft suggest that collection processes

were important in producing precipitation-size particles.

The observed ice: particle concentrations have been compared with ice

nucleus concentration N computed from the relationship:

AT-20
w
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where N is the concentration of active nuclei per liter at a supercooling

AT (expressed in degrees Celsius). This relation predicts ice nucleus

concentrations which are in the center of the measured values described by

Fletcher (1962, p. 241).

Following Hobbs (1969) the ratio of the observed ice particle concentra-

tion to the assumed ice nucleus concentration (as given by Eqn. (3)) is

referred to as the ice enhancement ratio (R). Values of R for a typical

value of the ice particle concentration found along the flight path shown

in Fig. 5.1 are listed in Table 5.1. The values of AT used in these

computations are based on the nucleation temperatures of the crystal habits

noted along the flight path in Fig. 5.1 and on the cloud top temperature

(-26C) estimated from the rawinsonde data. The values 10C and 20C for AT

in Table 5.1 correspond to the highest and lowest possible nucleation

temperatures for plate-like or stellar crystals which were found in all but

one sample, while AT 26C corresponds to the cloud top temperature and to

the lowest nucleation temperature for the occasional short columns found in

one sample.

-The values of R in Table 5.1 suggest that ice enhancement may have been

present in the frontal cloud, however the evidence is not conclusive. If

most of the sampled ice particles were nucleated between -10 and -20C, as

is suggested by the prevalence of plates and stellars then the ice

4
enhancement ratio would have been somewhere between 5 x 10 and 50 according

to our best estimate of the ice particle concentrations (see Table 2)

However, if the majority of the ice particles sampled were actually nucle-

ated near cloud top (-26C) then there was no ice enhancement.

Although anomalously high ice particle concentrations have been

observed by several researchers (as noted previously) no physical process
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Table 5.1 Ice enhancement ratio R for ice particle concentrations

estimated by different couting methods and for ice nucleus

concentrations given by eqn. (3) at various AT’s.

AT(C) Lower

Limit of R

Best

Estimate ’of’R

Value of R

using counting

method of Hobbs

et al. (1972)

10

20

26

5 x l63’

5 x 10-1-5

^5 x 10

5 x 10

5 X 10-0-5

5 x 105
5 x 102
5 x 100-5
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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 clouds which have .existed for less than about ten

minutes (see reviews by Mossop, 1970, and Hobbs 1973). This time scale

is consistent with out knowledge of the frontal cloud system portrayed in

Fig. 5.1. Indeed, because of its quasi-steady nature, this cloud system

could have existed for several hours before it was penetrated by the aircraft.

Although the evidence for ice enhancement is inconclusive in this

particular frontal cloud, our studies are revealing that ice enhancement in

various types of Pacific Northwest cloud systems is not uncommon.. Further

case studies of frontal systems, .with detailed documentation of the cloud

dynamics and microphysics, are evidently required to clarify the role of

cloud ice in the precipitation processes of frontal clouds.
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CHAPTER 6

SECONDARY FRONTS

Two mesoscale tongues of high-6 air occurred in the cold air mass,
w

well behind the primary front and they have been denoted by dotted lines

in Figs. 3.5-3.9. Their structure in the wet-bulb potential temperature

field is qualitatively similar to that of the warm-6 tongue associated

with the primary front, except that the later tongues are broader and more

diffuse, each covering a period of three to five hours at the rawinsonde

site. Because of the similarity in structure of the warm-9 tongues in the

cold air mass to the narrow warm tongue associated with the primary frontal

system, they are referred to as secondary fronts. The axis of each warm

tongue was followed by a secondary surge of low-6 air and was apparently
W

associated with precipitation. The leading edges of these surges were

marked by relatively strong gradients of wet-bulb potential temperature

however the secondary frontal zones were so diffuse that the zones of

strong gradient of 9 sometimes lagged three to four hours behind the axes

of the warm tongues (see Fig. 3.6).

Fig. 3.5 shows that the secondary fronts apparently coincided with

axes of warm dry-bulb temperature. Moreover, Fig. 3.6 shows that the

secondary tongues of high wet-bulb potential temperature air were relatively

deep, and, consequently, the fronts were accompanied by a marked increase

in the depth of the layer of potential instability.

In general, the surface pressure rose continually following the

passage of the primary front. However, barograph traces from North Bend

( five kilometers from the rawinsonde site) and from Snoqualmie Summit
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and Kachees Lake Dam in the Cascade Mountains show that, as the secondary

fronts passed through the stations the pressure leveled off or decreased

slightly before resuming its rise. These secondary pressure troughs

(superimposed on the general rising pressure tendency) occurred up to three

hours after the axes of the secondary warm tongues analyzed on the rawinsonde

cross-sections.

The passage of the first of the secondary fronts was indicated in

varying degrees at the surface stations. At some stations there was little

indication of any secondary frontal passage, while at others there were

temperature drops dew point temperature drops ,. or wind shifts. Between

the sixth and seventh hours after the primary frontal passage, Hoquium

(HQM in Fig. 3.3) reported a temperature fall of 3F and a dew point

temperature fall of 7F. At the University of Washington (see- Fig. 2.1)

there was a simultaneous drop in temperature (7F) and dew point

temperature (6F) and a wind shift just after five hours after the primary

frontal trough passage. At many stations the wind, which had assumed a

westerly or southwesterly direction after the passage of the primary

front, backed off somewhat a few hours after the primary frontal passage

before veering even more sharply from the west or west-northwest after

the passage of the secondary front.

The relative humidity cross-section (Fig. 3.7) shows that each of the

secondary fronts was accompanied by a rather extensive region of high

relative humidity. An isentropic calculation (Eqn. (1)) of the vertical

motion indicates that some lifting occurred ahead of, and subsidence behind,

the secondary fronts.

The precipitation pattern in the Puget Sound Basin and Cascade

Mountains (Fig. 4. 3) shows that two general periods of precipitation
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(regions F and G) occurred during the past-frontal period. These periods of

precipitation may have been related to the secondary fronts. From Fig. 3.6

it is evident that the regions F and G in Fig. 4. 3 which occur at 10 and 21

hr after the primary frontal trough lag behind the warm-6 axes of the
w

secondary fronts at ground level. It is noted, however, that each of the

frontal precipitation zones (A, F and G in Fig. 4. 3) coincides with the

passage of the strong gradient of 6 ahead of the cold surge behind each

warm-6 tongue. The lag of the precipitation behind the warm tongues may

be explained by the general relative motion of air from ahead of the fronts

back toward the approaching cold air. This relative flow could have

carried precipitation particles condensed ahead of the fronts horizontally

toward the cold air as they gradually settled out. Over the Cascade Range

the precipitation after the passage of the primary frontal band was

predominantly snow which because of its slow fallspeed could have been

carried horizontally a considerable distance before reaching the ground

behind the secondary fronts.

Unlike the organized band of precipitation which accompanied the

primary front (region A in Fig. 4. 3) the precipitation associated with the

secondary fronts was spotty and fell largely on the windward slope of the

Cascade Range or in the more hilly regions of the Puget Sound Basin. This

implies that the lifting ahead of the secondary fronts was probably quite

weak or disorganized, and that additional orographic lifting was usually

required to produce measurable amounts of precipitation.
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The precipitation rate measured by a high-resolution tipping bucket

gauge at Hyak on the crest of the Cascade Range (Fig. 3.17 ) clearly shows

the period of precipitation which followed the passage of the secondary

front five hours after the primary frontal trough passage. The

precipitation rate at Snoqualmie Summit, another station situated near the

crest of the Cascade Range shows a similar pattern (Fig. 3.18) At

Snoqualmie Summit the period of precipitation associated with the secondary

front (beginning approximately five hours after the primary frontal trough

passage) appears to have had a finer mesoscale structure, consisting of

four periods of more intense precipitation each of which lasted from

one-half to one hour.

It could not be determined whether the secondary fronts were aligned

closely parallel to the primary front. The secondary fronts however, do

appear to have extended in a northerly-southerly direction, as the

precipitation amounts which contributed to regions F and G in Fig. 4.3 were

received in northern, central, and southern regions of Washington.

The precipitation pattern shown in Fig. 4.3 and the tipping bucket

records shown in Figs. 3.17 and 3.18 suggest the important conclusion

that most of the precipitation which fell in the post-frontal period

(i.e. after the passage of the primary frontal band) was associated with

the two mesoscale secondary fronts. More specifically the orographic

precipitation in the Cascade Mountains which occurred in the post-frontal

period was not continuously or randomly distributed throughout the period,

but was instead largely concentrated in the four to seven hour periods

following the passage of a secondary front.
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The existence of secondary fronts behind the primary occluded frontal

zone has been recognized by Kreitzberg (1963) and by Kreitzberg and

Brown (1970) In the latter study, carried out in New England, two

secondary fronts were observed during the post-frontal period, but they

appeared to be unrelated to any significant weather. In the autumn of

1973, the Cloud Physics Group at the University of Washington observed

large mesoscale bands of precipitation behind fronts over the Pacific

Ocean using a powerful PPI and RHI radar situated at Neah Bay on the

northwest tip of the Olympic Peninsula of Washington. It is possible that

these post-frontal bands of precipitation are related to secondary frontal

structures.
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CHAPTER 7

CONCLUSION

7.1 Summary of Results

The principal observations and conclusions which have been made in

this case study are listed below.

(a) The pre-frontal region of the occluded frontal system, rather

than possessing a well-defined warm-frontal structure, was marked by only

a slight packing of the wet-bulb potential temperature isotherms. These

9 isotherms displayed a distinct wavy pattern, with wavelengths on the

order of 220 kilometers. The pre-frontal region of this particular

system was too dry for significant pre-frontal clouds or precipitation to

develop.

(b) A low-level flow of high wet-bulb potential temperature air

ran parallel to the occluded front in the pressure trough of the system.

Air flowing into this high-9 zone from the south and south-southwest was
w

being rapidly overtaken by the frontal system. The moisture of the frontal

cloud band was supplied by this low-level flow.

(c) Above the warm-frontal surface, around the 750 mb level, there

existed a tongue of air with low wet-bulb potential temperature. This

low-9 tongue was characterized by low relative humidities. This feature

was similar to that observed by other researchers in particular Kreitzberg

and Brown (1970). It could not be determined in this study whether the

tongue of low-9 air originated in the middle troposphere of the subtropical
W

high ahead of the front and to the south, or whether it had originated from

within the cold air mass.
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(d) The dynamics of the occluded front were characterized by

thermodynamically unstable lifting in a relatively narrow zone ahead of

the front and by subsidence behind the front. The width of the core of

lifting and subsidence was approximately 90 kilometers.

(e) The precipitation associated with the primary front fell from a

single mesoscale cloud band aligned parallel to the front. The cloud

parcels in the mesoscale band formed in the region of unstable lifting

ahead of the front and gradually moved horizontally toward the cold air

mass. During this time, the cloud particles grew to precipitable size.

In general, the heaviest precipitation fell behind the front.

(f) The mesoscale frontal cloud band was apparently operating as an

organized convective system. The low-level flow of high wet-bulb potential

temperature air maintained the potentially unstable stratification in the

frontal lifting zone. The subsidence within the cold air mass may have

coincided with the precipitation downdraft of the system, and the spreading

of cold air provided the mechanical lifting needed. to continuously release

the potential instability ahead of the front.

(g) The Cascade Range had two major effects on the frontal system.

As the front moved into the mountains, the terrain apparently blocked the

low-level flow pattern; this interrupted the supply of moisture to the

system. In addition, the mountains modified the vertical air motions of

the front, although apparently not enough to destroy its overall dynamical

structure.
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(h) When the low-level, moisture supply was cut off by the mountains

new clouds ceased to form in the forward part of the frontal zone.

Therefore, the leading edge of the clouds and precipitation gradually

receded even farther back in the frontal zone. This effect was noticeable

even when the front was crossing the windward slope of the Cascade Range.

This failure of new clouds to form in the forward part of the frontal zone

was probably largely responsible for the eventual disappearance of frontal

clouds and precipitation east of the Cascade Range.

(i) The modification of the vertical air motions by the windward and

leeward slopes of the Cascade Range probably had the following effects.

(i) By offsetting to some degree the post-frontal subsidence the

upslope winds on the windward slope enabled the frontal cloud to exist

much farther behind the front than in the Puget Sound Basin.

(ii) The upslope winds also produced new, purely orographic

clouds and precipitation during the post-frontal period.

(iii) The downslope winds on the leeward slope reinforced the

post-frontal subsidence and rapidly eroded the already-existing

frontal cloud as it moved east of the crest of the Cascade Range.

(The results of this process are not to be confused with those due to

the cutting off of the low-level, high wet-bulb potential temperature

flow. The latter process halted the formation of new frontal cloud

in the forward part of the frontal zone and thereby caused the leading

edge of the already existing frontal cloud to recede ever farther

back in the frontal zone. )

(j ) The frontal band at the 2 .4 to 3.0 km level consisted largely of
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high concentrations of ice particles. However, moderate amounts of cloud

liquid water and relatively strong turbulence were consistently found at the

leading edge of the cloud band, even when this leading edge had receded

behind the front over the Cascade Mountains. The maximum ice crystal

concentrations were found immediately behind this zone of liquid water.

(k) There is evidence that the concentrations of ice particles

measured in the frontal cloud band could have exceeded the normally assumed

4
concentrations of ice nuclei by roughly a factor of 10 to 10

(1) The precipitation in the post-frontal period, and in particular

the orographic precipitation in the Cascade Mountains was not randomly

distributed throughout the post-frontal period, but was concentrated in

four to seven hour periods immediately following the passages of two

mesoscale, secondary fronts within the cold air mass

7.2 Recommendations for Future Research

Future field research of frontal systems should continue to emphasize

simultaneous measurements on a variety of scales: synoptic, meso, cumulus

and microphysical. The research of the past dozen years has demonstrated

that attaining a realistic picture of a frontal system will involve the

understanding of its mesoscale organization, and that this mesoscale

structure is dependent, in ways not well understood, on both the synoptic-

scale pattern around it as well as the cumulus and microphysical processes

embedded within it.

It should not be expected a_ priori that frontal systems which appear

similar at first glance will closely resemble each other in their mesoscale

structure. The analysis of each system, and, to some extent the

techniques used in the analysis, must remain flexible, conforming to and
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developing from the nature of the particular system being studied as well

as the extent quality, and types of data available. While similar

mesoscale patterns are beginning to be observed in frontal systems in

various parts of the world, no satisfactory, working mesoscale picture

has yet emerged from the relatively few case studies which have been made.

For example the mesoscale structure in the warm-frontal region of

frontal systems or the secondary frontal structure in the post-frontal

region, or the possibility of a frontal evolutionary process which relates

the pre-frontal structure to the dynamics of the primary front (as

proposed by Kreitzberg, 1963) have yet to be incorporated into a

well-documented and integrated picture. While the variety observed from

one case study to the next may be largely due to the differences in age

or stage of development of the system, it may also, as suggested by

Kreitzberg (1963) be due to the fact that there is simply not a great

amount of mesoscale uniformity among frontal systems. As long as this

latter possibility exists it is important that the analyses of individual

cases remain flexible.

In order that the analytical approach remain responsive to the

character of an individual system, it is probably preferable to measure a

wide variety of parameters rather than to concentrate on detailed

measurements of just a few variables. The backbone for any frontal study

should consist of one set of serial rawinsondes (spaced perhaps at 1-1/2 to

3 hour intervals) a network of precipitation gauges (the already-existing

NOAA network supplemented by a few, higher-resolution gauges) and a network

of surface observations (hourly observations supplemented by a few

accurately-timed, continuous chart recorders)
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The availability of a research aircraft is a significant resource.

Besides making possible the study of the microphysical and convective

processes, the aircraft can also be used to obtain an overview of the cloud

system; the in-flight cloud sketches in particular have proven to be

extremely valuable in the present study. There is a need in studying

apparently two-dimensional frontal cloud bands to check the actual degree

of uniformity which exists in a direction parallel to the front. It is

likely that this could be far better determined by the research aircraft

flying a leg parallel to the front than by increasing the number of

serial rawinsonde sites as was done by Kreitzberg and Brown (1970) The

variations (or lack of variations) in the airborne measurements parallel to

the front, coupled with the surface precipitation data, could provide a

sensitive indication of any non-uniformity or mesoscale structure in this

direction.

There will be a greater need in future research to be able to analyze and

evaluate the meteorological situation in real time so as to use the

limited aircraft flight time most effectively. The position of the front

(or possibly the pressure trough of the system) must be carefully tracked,

when possible, on an hourly basis and the aircraft should try to make

uninterrupted traverses through the frontal zone at two or more different

levels. The lowest of these flight levels should be below the top of the

potentially unstable layer in the zone of lifting ahead of the front. In the

present study, this region of the frontal zone was unfortunately not

investigated by either the aircraft or the Doppler radar. Since this is the

region of the frontal zone where water is condensed and where the cloud

particles grow to precipitable size this is obviously a most important region

to be measured for microphysical studies.
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It will also be desirable to be able to direct the aircraft, when

practical, into observable mesoscale features (for example, into pre-frontal

or post-frontal rain bands or cell clusters) These features characterized

by relatively intense precipitation, can be quickly identified at the control

center on PPI radar scans or on monitored precipitation gauges, and this

information may then be radioed to the aircraft. If the mesoscale areas

take the form of regularly-spaced rainbands or cell clusters it should be

remembered that the regions between the bands or clusters can also be

considered mesoscale features and should be sampled and investigated in a

manner similar to the heavier precipitation areas.

The effects of a mountain range on a frontal system are a most

interesting area for further study. These effects can be expected to vary

from system to system depending on the orientation of the front relative

to the mountain range the strength and degree of organization of the frontal

dynamics the amount of moisture available in the system, and the speed and

motion of the front. Predictions of how precipitation will be distributed

on a mountain range could be useful in flood warning and control and in

hydroelectric planning. Since determining the effects of a mountain range

on a front necessitates the measurement of the front before it is affected

by the mountains frontal studies being performed near mountain ranges

should not ignore the opportunity to extend their studies to include

orographic effects. Such an extension can be done relatively simply;

perhaps only by placing a few moderately-sensitive precipitation gauges

at various locations on the slopes of the range and by flying the research

aircraft once back and forth across the mountains while the front is crossing

the range. If, after having crossed the mountain range the aircraft can
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land and wait a short time before making its return leg, then the data

collected should be even more useful.

Finally, when selecting frontal systems for study, moderately weak

systems should not be overlooked. The structure of such systems may be

easier to unravel than more vigorous systems In this study, for example,

the frontal system was moderately dry; pre-frontal clouds were minimal and

unpromising. Yet this situation also permitted the occluded frontal cloud

band and the frontal precipitation to be clearly recognized. In-flight

cloud sketches, for example are most useful and reliable when the aircraft

can periodically break into clear air. The variations in intensity and in

available moisture from system to system are in fact, the most obvious

ways in which individual frontal systems differ. Therefore systems

covering a variety of intensities and degrees of cloudiness should be

studied.

The immediate goals for future field studies of frontal systems

should be to determine the degree of similarity and the degree. of

variation which exists among frontal systems particularity in their

mesoscale structure and to integrate any consistently observed

features into a working, physical picture of the. frontal system as a

whole.

This was done in flight legs 3 and 4 in this study (see Table 2.5 and

Fig. 5.5).



124

REFERENCES

Austin, P.M. and R.A. Houze, 1972: Analysis of the structure of
precipitation patterns in New England. J. Appl. Meteor. 11, 926-935.

Bergeron, T. 1935: On the physics of cloud and precipitation. Proc.
5th Assembly LL G.G.I. Lisbon, 2, 156.______

1937: On the physics of fronts. Bull. Amer. Meteor. Soc. 18,
265-275.

Bergeron, T. 1950: Uber der mechanisms ausgiebigen niederschlage. Ber.
Deut. Wetterd. _1_2_, 225-232.

Bjerknes, J. 1924: Diagnostic and prognostic application of mountain
observations. Geofys. Publ. 3, No. 6.

______, and H. Solberg, 1922: Life cycles of cyclones and the polar
front theory of atmospheric circulation. Geofys. Publ. 3, No. 1.

Browning, K.A. 1971: Radar measurements of air motion near fronts
Part 2: Some categories of frontal air motion. Weather, 26 320-340.

______, 1973: Meso-scale structure on rain systems in middle latitudes.
World Meteorological Organization, Commission for Atmospheric Sciences
Sixth session, Versailles.

______, M.E. Hardman, T.W. Harrold, and C.W. Pardoe 1973: The structure
of rainbands within a mid-latitude depression. Quart. J. Roy. Meteor.
Soc. 9j[, 215-231.

______, and T.W. Harrold, 1969: Air motion and precipitation growth
in a wave depression. Quart. J. Roy. Meteor. Soc. 95 288-309.

______, and C.W. Pardoe, 1973: Structure of low-level jet streams ahead
of mid-latitude cold fronts. Quart. J. Roy. Meteor. Soc. 99 619-638.

Elliott, R.D. and E.L. Hovind, 1964: On convection bands within Pacific coast
storms and their relation to storm- structure. J. Appl. Meteor. 3, 143-154,______

and ______, 1965: Heat, water, and vorticity balance in frontal
zones. J. Appl. Meteor. 4_, 196-211.

Fletcher, N.H. 1962: The Physics of Rainclouds Cambridge Cambridge
University Press, 390 pp.

Fraser, A.B. R.C. Easter, and P.V. Hobbs 1973: A theoretical study of the
flow of air and fallout of solid precipitation over mountainous
terrain: Part I. airflow model. J. Aim. Sci. 30 801-812.



125

Harrold, T.W. 1973: Mechanisms influencing the distribution of
precipitation within baroclinic disturbances Quart. J. Roy. Meteor.
Soc. 99_, 232-251.

Hobbs P.V. 1973 Anomalously high ice particle concentrations in
clouds. Invited review paper. Eighth International Conf. on
Nucleation, Leningrad, September, 1973.

R.C. Easter, and A.B. Fraser, 1973: A theoretical study of the
flow of air and fallout of solid precipitation over mountainous
terrain. Part II microphysics J. Atm. Sci. 30 813-823.

______, L.F. Radke A.B. Fraser, J.D. Locatelli C.E. Robertson D.G.
Atkinson, R.J. Farber, R.R. Weiss and R.C. Easter (with an Appendix
by K.R. Hardy) 1971: Studies of winter cyclonic storms over the
Cascade Mountains (1970-71) Contributions from the Cloud Physics
Group, Research Report VI University of Washington (Seattle)
306 pp.

______, ______, J.D. Locatelli D.G. Atkinson, C.E. Robertson R.R.
~Weiss F.M; Turner, and R.R. Brown, 1972 Field observations and

theoretical studies of clouds and precipitation over the Cascade
Mountains and their modification by artificial seeding (1971-72)
Contributions from the Cloud Physics Group, Research Report VII
University of Washington (Seattle) 293 pp.

Kreitzberg, C.W. 1963: The Structure of Occlusions as Determined from
Serial Ascents and Vertically-directed Radar. Ph .D. thesis
Dept of Atmospheric Sciences University of Washington (Seattle)
164 pp. [Also published as AFCRL Contract No. AF-19 (604)-5192,
121 pp. available from Air Force Cambridge Research Laboratories

Bedford, Mass.]

and H. A. Brown, 1970 Mesoscale weather systems within an
’1,,,,;^,, ft.^.^,1 M^-I-^^-M Q iLlT-ll^Oocclusion. J. Appl. Meteor. 9_, 417-432.

Locatelli, J.D. and P.V. Hobbs 1974 Fall speeds and masses of solid
precipitation particles J. Geophys. Res 79 2185-2197

Mason, B.J. 1969 Some outstanding problems in cloud physics the
interaction of microphysical and dynamical processes Quart. J. Roy.
Meteor. Soc. ^5_, 449-485

Mossop S.C. 1972: The role of ice nucleus measurements in studies of
ice particle formation in natural clouds. J. Rech. Atmos 6_,
377-389.

Newton, C.W. 1950: Structure and mechanism of the prefrontal squall line.
J. Meteor. 1_, 210-222

1962 Dynamics of severe convective storms National Severe Storms
Project Report No. 9 U. S. Dept of Commerce Washington, D. C.



126

NOAA, 1973: Hourly Precipitation Data Washington, 23, no. 3 [U. S.
Dept. of Commerce, NOAA, Environmental Data Service, Asheville, N. C. 3

Reed, R.W. 1972: S.M.. Thesis Dept. of Meteorology, Massachusetts Institute
of Technology, Cambridge Mass

Sansom, H.W. 1951: A study of cold fronts over the British Isles. Quart
J. Roy. Meteor. Soc. 77 96-120.

Saucier, W.J. 1955 Principles of Meteorological Analysis. The University
of Chicago Press 438 pp.

Turner, F.M. and L.F. Radke, 1973: The design and evaluation of an
airborne optical ice particle counter. J. Appl. Meteor. 12
1309-1318.

Weiss R.R. and P.V. Hobbs 1974: The use of a vertically pointing
pulsed Doppler radar in cloud physics and weather modification research.
Submitted to J. Appl. Meteor.

Zipser, E. J. 1969: The role of organized unsaturated convective downdrafts
in the structure and rapid decay of an equatorial disturbance.
J. Appl. Meteor. J3, .799-814.



127

ACKNOWLEDGMENTS

We wish to thank all members of the Cloud Physics Group who helped

to collect the data described in this report. In particular, the

following deserve special mention: J. Locatelli, C. Robertson, K. Biswas

L. Engel, and J. Russell. This report is. based on the M.S. thesis of

T. J. Matejka.

This research was supported by Grants GI-31759 from the Weather

Modification Program, RANN, National Science Foundation, and Grant

GA-40806 from the Meteorology Program’ of the Atmospheric Sciences Section

of the National Science Foundation.


