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ABSTRACT

Detailed information is deduced on the mesoscale organization of precipitation, the structures of the
clouds, the air flows associated with mesoscale rainbands, and the precipitation efficiencies and the
mechanisms producing precipitation in the rainbands associated with a cold front. Measurements were
obtained with quantitative reflectivity and Doppler radars, two instrumented aircraft, serial rawinsondes
and a network of ground stations.

The regions of heaviest precipitation were organized into a complex mesoscale rainband in the warm-
sector air ahead of the front, a narrow band of precipitation at the 'surface cold front, and four wide
cold-frontal rainbands. The wide cold-frontal rainbands and the smaller mesoscale areas of precipitation
within them moved with the velocities of the winds between ~3-6 km. The narrow rainband, which was
produced by strong convergence and convection in the boundary layer, moved with the speed of the cold
front at the surface. A coupled updraft and downdraft was probably responsible for the heavy precipitation
on the cold front being organized, on the small mesoscale, into ellipsoidal areas with similar orientations.

The precipitation efficiencies in the warm-sector and narrow cold-frontal rainbands were ~40-50% and
~30-50%, respectively. One of the wide cold-frontal rainbands, in which there was a steady production of
ice particles in the main updraft, had a precipitation efficiency of at least 80%, whereas another wide cold-
frontal band, in which some precipitation evaporated before reaching the surface, had a precipitation
efficiency of ~20%.

Ice particles from shallow convective cells aloft played important roles in the production of precipitation
in the wide cold-frontal rainbands and in some regions of the warm-sector rainband. These ‘‘seed”
ice particles grew by aggregation and by the deposition of vapor as they fell through lower level ‘‘feeder”
clouds. About 20% of the mass of the precipitation reaching the ground in the wide cold-frontal rainbands

originated in the upper level ‘‘seeder’’ zones and ~80% in the ‘‘feeder’’ zones.

1. Introduction

In recent years, there has been growing awareness
that the key to significant progress in understanding

precipitation processes and in improving the fore-

casting of precipitation lies in increasing our
knowledge of mesoscale phenomena and their inter-
actions with larger (i.e., synoptic) and smaller (i.e.,
convective and microphysical) scales. Extratropical
cyclones, which dominate the weather and precipita-
tion in temperate latitudes, are characterized by air
motions, clouds and precipitation that are organized,
often markedly so, on all these scales.

Several investigators (e.g., Nagle and Serebreny,
1962; Kreitzberg, 1964; Elliott and Hovind, 1964;
Browning and Harrold, 1969; Austin and Houze,
1972) have studied and related aspects of the synoptic

! Contribution No. 506, Atmospheric Sciences Department,
University of Washington.

? Present affiliation: The Center for the Environment and Man,
Inc., Hartford, CT 06120.

0022-4928/80/030568-29%11.25
© 1980 American Meteorological Society

and subsynoptic scales of organization in extra-
tropical cyclones. However, prior to 1973 there had
not been a systematic and sustained attempt to
investigate simultaneously the meso- and microscale
phenomena in these systems which act in com-
bination with larger scale processes to produce
clouds and precipitation. In 1973 the Cloud Physics
Group at the University of Washington (UW) initiated
such a study and termed it the CYCLES (for
CYCLonic Extratropical Storms) PROJECT.
Results of earlier analyses of CYCLES data,
based predominantly on measurements collected in
cyclonic storms as they passed across western
Washington, have been reported by Hobbs e al.
(1975), Houze et al. (1976a,b), Hobbs and Locatelli
(1978), Hobbs (1978) and Matejka et al. (1979). The
present paper, which describes a detailed case study
of a cold front, is the first in a series in which
significant use is made of later data collected in
cyclones over the Pacific Ocean, before their landfall
in Washington. In this study, three types of
mesoscale rainbands preceding and accompanying a
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TaABLE 1. Observational facilities used in the CYCLES PROJECT for investigating various scales of phenomena.

(a) Synoptic scale

(b) Mesoscale

(c) Microphysical scale

Visible and infrared
photographs from satellites*
National Weather Service
synoptic data*
Rawinsondes

Radars (reflectivity and Doppler)

Special network of ground stations for recording
pressure, temperature and precipitation*
Two aircraft (UW B-23* and NCAR plane)

Two aircraft (UW B-23*
and NCAR plane)

Vertically pointing
Doppler radar

* Data telemetered to CYCLES Control Center.

cold front are identified. Their horizontal and
vertical structures and substructures are described,
and the motions of the rainbands and of elements
of their substructures are related to the larger scale
wind field. Vertical air motions in the rainbands are
computed from Doppler radar data and from aircraft
measurements, and mesoscale airflows in the rain-
bands are deduced. The nature of the precipitation
growth is examined, and the efficiencies of pre-
cipitation production in the rainbands are calculated.
The description of this research begins in Section 3.
In the following section, the field facilities available
for the CYCLES PROJECT and the various ways in
which they have been deployed and utilized are
described. The information given in Section 2 is
relevant not only to this paper but to subsequent
papers in this series.

2. Facilities and their modes of operation in the
CYCLES PROJECT

The first problem with which one is faced in
attempting to describe synoptic, mesoscale and
microscale processes in cyclonic storms is the vast
range of spatial scales involved (~1 um up to
10° km) and the need to document events which
have time scales ranging from a few seconds to days.
The facilities used in the CYCLES PROJECT to
cover these scales are summarized in Table 1 and
their disposition in the field is shown schematically
in Fig. 1.

During CYCLES operations, many of the instru-
ments in the field are monitored at a Control Center
located at UW in Seattle, allowing decisions regarding
the deployment of personnel and facilities to be
made from this site. One person in each work shift
is concerned with keeping abreast of the developing
synoptic situation and providing short-term forecasts
to the Project Director. National Weather Service
(NWS) synoptic data are available through tele-
printers and facsimile facilities at UW, and current
SMS-2 satellite photographs are received every
30 min. In addition, extra high resolution satellite
photographs of the project area are available for
post-analyses.

There are 72 low-sensitivity raingages (resolution
~0.25 mm of rainfall) in the project area which
are operated by various governmental and local

agencies. This network is supplemented by seven
ground stations, each consisting of an automatic
high-sensitivity . tipping bucket raingage (resolution
~0.04 mm per tip) and pressure and temperature
sensors (Fig. 1). Data from these seven stations are
transmitted to UW where they are displayed in real
time on strip charts and digitized by computer.

Rawinsondes are launched at intervals ranging
from 1 to 3h during CYCLES operations. In
1973-74, 1974-75 and 1975-76 the rawinsonde unit
was located at UW. In subsequent seasons it was
moved to Pt. Brown on the Washington Coast (Fig. 1).

The characteristics of the three radars used in the
project are listed in Table 2. During the 1974-75
field season, the CP-3 radar was located 14 km north
of Seattle; in the following year it was located 45 km
south of Seattle. Subsequently, it was moved to
Pt. Brown. At Pt. Brown the radar can obtain an
unobstructed view of storms over the Pacific Ocean
out to a distance of ~ 140 km from the coast (Fig. 1).
Early in the CYCLES PROJECT it was discovered
that the color display of Doppler velocities provided
by the CP-3 radar could be used in real time to
identify many important mesoscale features as well
as frontal motions (Baynton et al., 1977; Locatelli
and Hobbs, 1978). Information from the CP-3 radar
is relayed every 15 min by telephone or radio to the
CYCLES Control Center.

The CP-3 radar is operated in three basic modes.
The first is a PPI scanning mode designed to detect
approaching storms. Once a storm has moved within
a radar range and a decision has been made to study
the storm, the CP-3 radar is operated in conjunction
with the two research aircraft in either a Type 1 or
a Type 2 mode.

In a Type 1 mode, the CP-3 is used to identify
significant mesoscale features of the storm into
which the aircraft are then directed. These mesoscale
features are tracked by the radar and the aircraft as
they move over the ocean and onto the land. In this
type of operation, emphasis is placed on obtaining
PPI’s of reflectivity and Doppler velocities at different
elevation angles, with occasional RHI scans through
mesoscale features of particular interest and occa-
sional vertically pointing radar measurements.

In the Type 2 mode, emphasis is placed on ob-
taining reflectivity and Doppler data at various
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TABLE 2. Characteristics of radars used in the CYCLES PROJECT.

NCAR CP-3 UW search UW vertically point-
radar radar ing Doppler radar
Wavelength (cm) ’ 5.45 3.2 3.2
Maximum power (kW) 372 250 7
Pulse repetition frequency (Hz) 1071 500 4000
Pulse length (us) 1 1.75 0.25
Beam width (deg) 1.1 1 0.5
Range (km) 140 100 16 adjustable levels
. in vertical
Receiver bandwidth (MHz) 10 4 4
Antenna diameter (m) 3.7 p 2 3
Scan speed (rpm) 1-3 10-15 —_

Presentation

PPI, RHI or time-height color
display scans of reflectivity
and Doppler velocities

PPI reflectivities Spectra of fallspeeds
of precipitation

particles

heights above the radar. In this case the aircraft fly
back and forth above the radar at various heights.

As a storm moves eastward and beyond the range
of the CP-3 radar, it comes within range of UW
search radar which is located in Seattle (Fig. 1). This
radar can track the storms until they move into the
Cascade Mountains. The rapid speed at which this
radar is scanned (10-15 rpm) has proved useful in
tracking small mescoscale features (Hobbs and
Locatelli, 1978). .

The UW vertically pointing Doppler radar, which
is located in Seattle, provides measurements of the
spectrum of fallspeeds of precipitation particles at
16 (adjustable) heights above the radar. On some
occasions, the vertically pointing antenna for this
radar is used to transmit the 250 kW of incoherent
radiation from the UW search radar. This provides
a time-height record of the radar echo pattern above
the radar.

The principal aircraft used in the CYCLES
PROJECT is the UW B-23. In the winters of 1974-75,
1975-76, 197677 and 1977-78, NCAR’s Sabreliner
aircraft was also used. The instruments which were
aboard these two aircraft during the 1977-78 field
project are listed in Table 3; the instrumentation
used in other seasons was very similar. The B-23
and Sabreliner are particularly well instrumented
for cloud microphysical and air motion measure-
ments, respectively. Most of the measurements are
displayed aboard the aircraft in real time, as well
as being recorded on magnetic tape for subsequent
analysis. A large number of the measurements made
aboard the B-23 are telemetered to the UW Control
Center where they are displayed in real time on
strip charts. Both aircraft have two-way radio
communication with the UW Project Director.

The two aircraft, which generally fly simultaneously,
are directed by the Project Director into mesoscale
features observed by the ground radars. The fast and
high-flying capabilities of the Sabreliner make it
particularly useful for obtaining an overview of the

storms from high altitudes and for probing the higher
clouds. The B-23, which is capable of flying in heavy
icing conditions, is generally used to obtain measure-
ments from just above ground level up to altitudes
to ~5.5 km.

The large quantity of information available to the
Project Director in real time allows him to direct
the aircraft into the most interesting regions of the
storms. This permits simultaneous airborne and.
radar measurements to be obtained for several
hours in various mesoscale features associated with
cyclonic storms as they move from over the Pacific
Ocean, onshore and then over western Washington.

3. The mesoscale and microscale structure and
organization of a cold front

We now turn to a description of a well-defined
cold front that was documented using the facilities
and techniques described above. Analysis of the
measurements that were obtained has provided, for
the first time, a detailed picture of the mesoscale
and microscale processes associated with clouds and
precipitation in cold fronts. The analysis begins with
a brief description of the large-scale weather
situation and the frontal structure as observed with
serial rawinsondes. Radar data are then used to obtain
a description of the large and small mesoscale
organization of the precipitation. Air motions within
mesoscale rainbands associated with the front are
calculated from Doppler radar data, and the rates of
condensation implied by these air motions are
compared to the rainfall rates to obtain estimates
of the precipitation efficiencies in the rainbands. The
study concludes with a quantitative evaluation of
the mechanisms for precipitation growth in the
various regions of the system.

a. Synoptic setting

The cold front moved ESE through the CYCLES
observational network on 17 November 1976; it was
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TABLE 3. Measurements made aboard the two research aircraft used in the CYCLES PROJECT.
Measured Measured
parameter Instrument Range parameter Instrument Range
(@) The University of Washington’s B-23
Total air Rosemount platinum Cloud and precip-
temperature* resistance =70 to 30°C itation particles = MRI Formvar replicator —
Static air In-house platinum Ice particle UW optical ice particle
temperature* resistance ) =70 to 30°C concentrations* counter 0 to 1000 ¢~
Dewpoint* Cambridge thermo- *Ground com-
. electric type —40 to 50°C munications FM transceiver 190 km
Pressure altitude* Rosemount variable Photography Automax 1s to 10 min

True airspeed*

capacitance
Rosemount variable

150 to 1060 mb

capacitance 0to230 ms™!
Aircraft heading Sperry gyrocompass . 0 to 360°
Ground speedand  Bendix Doppler. 0 to 600 kts:
- drift angle navigator *30°
Angle of attack Rosemount
potentiometer +23°
Aircraft position In-house (works off
and course DME and VOR) 190 km
plotter*
Time Radio WWYV and
Systron Donner time
code generator
Altitude above
ground Radar altimeter 0 to 6 km
Horizontal winds  Computer product from ‘
true airspeed, head-
ing, ground speed and
drift angle 0to 100 m s™!
Weather radar RCA (5 cm) 95 km
Air turbulence* MRI differential .
pressure 0to 10cm?3s~!

Liquid water*

Johnson-Williams

Oto2gm™or

hot wire Oto6gm
Precipitation
particles MRI metal foil >250 um
Precipitation PMS precipitation
particles . probe 300 to 4500 um
Cloud particles PMS cloud probe 30 to 450 wm
Cloud particles* PMS ASSP probe 3to 60 um

Vertical wind

Total air

Computer product of
angle of attack,

vertical aircraft speed

and true airspeed

referenced to vertical

~10to 10 ms™!

(b) NCAR Sabreliner

Rosemount platinum
temperature resistance —70 to +30°C
Dewpoint Cambridge thermo-
electric -30 to +50°C
Dewpoint General eastern
thermoelectric —35 to +50°C
Pressure altitude Rosemount variable
capacitance 150 to 1060 mb
True airspeed Rosemount variable
: capacitance 0to 230 ms™!
Magnetic heading  Sperry gyrocompass 0 to 360°
_Aircraft velocity - Litton inertial
vector navigation system 0toS12ms™!
Aircraft position Litton inertial
. navigation system —
Horizontal air
motions Rosemount gust probe 0to512ms™!
Vertical air
motions Rosemount gust probe —25t025ms™!
Cloud particles PMS cloud probe 20 to 300 pm
Precipitation PMS precipitation
particles probe ) 200 to 3000 um
Liquid water Johnson-Williams 0to2gm?or
hot wire 0Oto6gm3

* Data telemetered to CYCLES Control Center.

associated with a cyclone centered 1200 km to the
north of Seattle (Fig. 2). The surface frontal passage
at Pt. Brown on the Washington Coast occurred
at 0730 PST. The wind shift accompanying the
frontal passage at the surface appeared as a marked
line of discontinuity in the PPI’s of the Doppler
" velocity field at 0° elévation on the color display of
the CP-3 radar. This line of discontinuity was used
to determine the orientation of the surface front and
to track its movement. During most of the study the
front was oriented perpendicular to 114° azimuth
from the radar and its component of motion in that
direction was 13 m s™!. During the latter part of the
study, the orientation became more SW-NE and the
speed slowed.
Fig. 3 shows a time-height section, derived from
serial rawinsondes launched from Pt. Brown, of

temperature, wind and relative humidity through the
frontal system. The features depicted are typical of
those associated with cold fronts. Temperatures
were generally steady as the front approached but
fell sharply behind' the front. Low-level winds,
within 70 km ahead of the cold front, were strong
and southwesterly, with maximum velocities of over
25 m s7! occurring at an altitude of 0.8 km. This
low-level jet was similar to those described by
Browning and Pardoe (1973), who found that the jets
are important in supplying moisture to the frontal
and prefrontal precipitation regions of cyclonic
storms. Winds at and above the core of the jet had a
component of motion perpendicular to the front
equal to or greater than the speed of the front. In the
boundary layer, below an altitude of 0.8 km, the
wind speed decreased and the wind direction veered
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FiG. 2. The cloud shield (stippled area), the band of precipitation (black area) associated with the
cloud front in the CYCLES observational area, and the surface position of the front at 0715 PST on
17 November 1976. The circle around Pt. Brown indicates the area of coverage of the CP-3 radar. The
inset shows an expanded view of western Washington, the locations of the high-resolution precipita-
tion gages (dots), and the range of the CP-3 radar over the land (dashed line).

with height so that the air flowed nearly parallel
to the front and was overtaken by it. Behind the
cold front, the winds backed with increasing height,
indicating the advection of cold air. The relative
humidity reached peak values in the vicinity of the
cold front, while very dry regions were observed in
the middle troposphere in the warm and cold air
masses. :

A time-height section of the wet-bulb potential
temperature (6,) is shown in Fig. 4. The close
packing of the isopleths behind the front indicates
the rapid transition to cool, dry air. Regions where
0, decreased with height, and therefore where the
air was potentially unstable, are shaded in the
diagram. A potentially unstable region was present
in the lower levels both behind and immediately
ahead of the front. In the warm airmass ahead of
the zone of precipitation, there was potential
instability in alayer in the lower-middle troposphere,
a characteristic of a subtropical airmass.

Analyses of radar reflectivity and raingage data
showed that several scales of organization of the
precipitation could be distinguished. Several meso-
scale bands of relatively high rainfall occurred
embedded within an envelope of lighter rain. Rain-
fall was generally continuous throughout the entire

period during which precipitation occurred; in this
respect, this case differs from other CYCLES case
studies previously reported, in which continuous
rain between mesoscale rainbands was either absent
or considerably lighter than in this case.

b. Mesoscale organization of the precipitation

The precipitation accompanying the passage of
this frontal system consisted of a rainband ~50 km
wide that was situated 50—-80 km ahead of the cold
front and a zone of precipitation up to 125 km wide
that straddled the cold front and contained five
mesoscale rainbands.

We will refer to the rainband well ahead of the
cold front as the warm-sector band. Four of the
rainbands in the zone of precipitation straddling the
cold front were several tens of kilometers wide and
will be referred to as wide cold-frontal rainbands.
The other band, which was situated on and moved
with the surface cold front, was only ~4 km wide;
we will refer to this band as the narrow cold-frontal
rainband.

A composite of the CP-3 radar reflectivity patterns
associated with the warm-sector rainband and the
four wide cold-frontal rainbands (labeled 1-4) are









