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ABSTRACT

Airborne Doppler radar data, collected off the Pacific Northwest coast by a NOAA WP-3D Orion aircraft
over an 8-h period on 8 December 1993 during the Coastal Observations and Simulations with Topography
experiment, reveal the mesoscale structure of an intense frontal system while it was well offshore and as it
approached within 20 km of the Oregon coastline. During the offshore stage, a portion of the narrow cold-
frontal rainband was characterized by deep convective cores. Pseudo-dual-Doppler analyses characterize the
kinematic and precipitation structure of the deep convection.

Pseudo-dual-Doppler analyses describe the subsequent evolution of the narrow cold-frontal rainband as it
approached to within 20 km of the Oregon coast. Deformation of the frontal zone appeared to cause the dissipation
of one of three precipitation cores contained within the dual-Doppler area. The precipitation cores and the strong
convergence zone associated with the front conformed to some degree to the shape of the coastline near Cape
Blanco, Oregon, as the front neared the coast. Changes in the prefrontal flow that occurred as the front approached
the coast were qualitatively consistent with theoretical and numerical studies of upstream orographic influence.
Comparison of pseudo-dual-Doppler-derived velocity profiles with idealized numerical model calculations sug-
gests that the nearshore evolution of the frontal rainband was significantly affected by an upstream influence of

3131

Airborne Dual-Doppler Observations of an Intense Frontal System Approaching the

NOAA/ERL/National Severe Sorms Laboratory, Boulder, Colorado, and Department of Atmospheric Science, University of Washington,

the coastal orography.

1. Introduction

The growing concentration of population, commerce,
and transportation along the coastal margins of North
America has rendered our society increasingly vulner-
able to the vagaries of coastal meteorology. While ex-
treme cyclones, producing surface gusts in excess of 40
m s, are relatively infrequent along the western coast
of the United States, more ordinary cyclonic storms
often produce locally strong winds and occasional se-

* Current affiliation: Universities Space Research Asociation, Sea-
brook, Maryland.

+ The National Center for Atmospheric Research is sponsored by
the National Science Foundation.

Corresponding author address: Dr. Scott A. Braun, Mesoscale At-
mospheric Processes Branch, NASA/GSFC,Code 912, Greenbelt, MD
20771.

E-mail: braun@gilbert.gsfc.nasa.gov

© 1997 American Meteorological Society

vereweather including floods and mudslides. Thehighly
variable (and thus typically undersampled) nature of
coastal circulations, as well as their poor representation
in forecast models, have hindered progress in this area
of growing scientific interest and practical importance.

In response to the lack of data in coastal regions, the
first field phase of the Coastal Observations and Sim-
ulations with Topography (COAST) experiment was
conducted 30 November—15 December 1993 along the
Pacific Northwest coast of North America. The project
was designed to collect those special observations nec-
essary to document, and ultimately anticipate, the in-
fluence of orography on mesoscal e (10-500 km) weath-
er phenomena in coastal environments. A key goal was
to observe the mesoscale structure of fronts and other
features associated with baroclinic cyclones over the
open sea and describe their modification as they came
under the influence of orography.

This study describes pseudo-dual-Doppler (hereafter
referred to simply as dual-Doppler) radar dataand flight-
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level observations from a National Oceanographic and
Atmospheric Administration (NOAA) WP-3D Lock-
heed Orion (P-3) aircraft during the third intensive op-
erations period (I0OP 3) of COAST on 8 December 1993,
during which cold-frontal rainbands were sampled by
aircraft far offshore and then again in the coastal zone
of Oregon. The cold-frontal bands were associated with
arapidly developing cyclone that reached maturity near
the Pacific Northwest coast. During the devel oping stage
of the cyclone of 8 December 1993, while the front was
far from the coast, a portion of the narrow cold-frontal
rainband (NCFR) consisted of a line of intense, deep
convection, but near the coast, this storm system ex-
hibited aNCFR structure similar to previously observed
cold fronts [i.e., a shallower zigzag pattern of precipi-
tation cores and gap regions (Hobbs and Biswas 1979;
James and Browning 1979)].

In this paper, we focus first on the deep convection
that formed along a portion of the NCFR well out to
sea. The Doppler data collected during this offshore
phase are unique in documenting the kinematic structure
of deep convection along the cold front of a developing
oceanic cyclonic system. For the nearshore phase of the
flight, we focus on the structure and evolution of the
NCFR in the coastal zone and the possible modification
of the rainband by the upstream influence of the steep
coastal orography.

Kinematic and precipitation structures of fronts were
studied previously in the Pacific Northwest (Nagle and
Serebreny 1962; Houze et al. 1976; Hobbs et al. 1980;
Matejka et al. 1980; Hobbs and Persson 1982) and near
Great Britain (Browning and Harrold 1970; Browning
1971; Browning and Pardoe 1973; James and Browning
1979). These studies employed radars, rawinsondes, and
aircraft instrumented for cloud microphysical research.
They identified and classified rainband structures as-
sociated with warm, cold, and occluded fronts and de-
scribed the kinematic and microphysical characteristics
of the rainbands. Some interactions of these bands with
orography have been described by Browning et al.
(1974), Hobbs et a. (1975), Hill et al. (1981), and Par-
sons and Hobbs (1983a).

These previous studies relied heavily on land-based
single-Doppler radar observations. Reported dual-
Doppler results were confined to rather benign frontal
situations (Hertzman et al. 1988). Though informative,
single-Doppler data (e.g., Browning and Harrold 1970;
Hobbs et al. 1980; Matejkaet a. 1980; Hobbs and Pers-
son 1982) are inadequate to specify uniquely the rota-
tional and vertical circulations along fronts. Further-
more, these studies were confined to storms typically in
their mature stages and already under the influence of
orography. Therefore, they could not describe the full
space- and time-dependent nature of these systems.

Carbone (1982) examined aNCFR in the Central Val-
ley of Californiaby means of land-based triple-Doppler
radar. This NCFR was accompanied by strong winds,
lightning, and brief tornadoes and had updrafts of 15—
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20 m s *. The role of the local orography was not ex-
amined. Roux et al. (1993) documented a less intense
landfalling NCFR over northwestern France by means
of dual-Doppler radar. Roux et al. (1993) and Merécal
et al. (1993) applied retrieval techniquesto diagnose the
thermodynamic and microphysical structures of the
NCFR, but owing to relatively flat coastal terrain, they
could not examine strong coastal effects such as those
that occur on the west coast of North America

Research aircraft equipped to collect a combination
of in situ and remote measurements are, at present, the
only practical means to document three-dimensional air-
flow and precipitation structure over rugged coastal ter-
rain and well offshore. Several previous programs have
used aircraft in the study of cyclonic storms over the
oceans but in ways quite distinct from COAST. For
example, in the 1980 Storm Transfer and Response Ex-
periment (Bond and Fleagle 1988) and the 1987 Ocean
Storms Project (Bond and Shapiro 1991), aircraft col-
lected flight-level data within cyclonic storms over the
northeastern Pacific Ocean, but no Doppler radar data
were obtained. In 1989, ERICA (Experiment in Rapidly
Intensifying Cyclones over the Atlantic) employed
Doppler-equipped research aircraft (Wakimoto et al.
1992, 1995; Neiman et al. 1993; Blier and Wakimoto
1995), but their deployment off the east coast of the
United States implied that the storms under study were
generally moving away from shore with minimal oro-
graphic influences present. These ERICA studies fo-
cused on the structure of the warm front and the bent-
back warm front, but no dual-Doppler data on cold-
frontal structures have been reported.

2. Data and analysis

The primary dataset implemented in this study con-
sists of radar reflectivities and Doppler velocities mea-
sured by the tail radar of the P-3 (Jorgensen and
DuGranrut 1991). The radar operates at a wavelength
of 3.2 cm (X-band), has a pulse length of 150 m, a
beamwidth of 1.35° in the horizontal and 1.90° in the
vertical, and aNyquist velocity of 12.9 m s*. The scan-
ning procedure employed during COAST, referred to as
the fore—aft scanning technique (FAST; Frush et al.
1986; Hildebrand 1989; Jorgensen and Smull 1993),
consists of alternatively canting the radar beam fore and
aft by 22.5° from a plane perpendicular to the flight
track during aperiod of two full rotations. Asthe aircraft
is flown along a straight flight path, the radar sweeps
out athree-dimensional volume with fore and aft beams
intersecting at approximately 45° angles. Thus, along a
single flight leg, FAST vyields two radial velocity mea-
surements in space at time intervals of 1-5 min (de-
pending on the range from the aircraft). The horizontal
wind field is estimated from these two velocity com-
ponents.

In this study, we focus on the structure and evolution
of frontal rainbands first while they were far offshore
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and later while they were near the coast (10-60 km
offshore). Four volumes of dual-Doppler data are dis-
cussed and will be referred to by the initial times of the
flight legs (0917, 0958, 1350, and 1408 UTC; al times
are UTC with LST = UTC — 8 h). The 0917 and 0958
volumes sample the region of deep convection while
the system was well offshore, and the 1350 and 1408
volumes provide data along the cold front when it was
within 60 km of the Oregon coastline.

The National Center for Atmospheric Research
(NCAR) rpss software (Oye and Carbone 1981) was
used to unfold the radial velocities (Rinehart 1991, 81,
93) and to edit the reflectivity and radial velocity fields
to remove near-surface echo associated with sea clutter,
beam spreading, sea spray (which reached heights of
several hundreds of meters asaresult of windsin excess
of 20—-35 m s 1), echo associated with coastal orography
(the 1408 volume) and second-trip echoes (Rinehart
1991, 83) associated with the sea surface.

Prior to editing the radial velocities, the component
of radial velocity associated with the aircraft motion
was removed. The accuracy of the resulting earth-rel-
ative radial velocity is about 1.5 m st (Jorgensen et al.
1983). Radial velocity errors can occur because of im-
proper antenna pointing. These errors are often deduced
from the residual motion of the ground. However, over
the storm-tossed ocean, waves and sea spray constitute
anonstationary target and thus cannot be used to deduce
and correct for such errors. An analysis of the surface
motions over calm oceans during COAST suggested that
these pointing errors were small.

The NCAR REORDER software was used to interpol ate
reflectivities and radial velocities from the fore and aft
scans to Cartesian grids with vertical grid spacing of
500 m and horizontal grid spacing of 1.25 km at 0917,
1350, and 1408 and 1.0 km at 0958. The 1-km grid
spacing at 0958 was achieved because the radar was
scanning a sector to one side of the aircraft only. Al-
though radar returns are recorded out to a range of about
80 km, only data within 40 km of the aircraft were used
because of beam spreading. The radii of influence used
in the interpolation were 1.5 km in the horizontal (1.25
km for 0958) and 700 m in the vertical.

During the interpolation procedure, the horizontal po-
sitions of the radar reflectivity and radial velocity data
were adjusted relative to a reference time to account for
the motion of clearly identifiable precipitation cores
along the cold front during the approximately 10-min
long flight legs. Throughout the following discussion,
dual-Doppler-derived air motions will be presented rel-
ative to the mean motion of the several precipitation
cores occurring within each dual-Doppler volume and
will be referred to as core-relative air motions. Core-
motion estimates were obtained during the interpolation
by adjusting the advection velocity until the horizontal
locations of the precipitation cores in the interpolated
reflectivity fields were matched in the fore and aft scans.
The core-normal component derived in this manner
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compared well to the motion of the front as determined
from a series of lower-fuselage radar reflectivity fields.
The core-parallel component of the core motion char-
acterized the velocity of the precipitation cores along
the front. The core motion estimated for both the off-
shore and nearshore stages was 225° at 28 m s *. The
estimated error is +£10° and 2 m s

The radar reflectivity field was determined by taking
the maximum val ue of the reflectivities measured by the
fore and aft scans at a given point on the Cartesian
analysis grid. Precipitation fall speeds were estimated
from the reflectivity values by using the empirical re-
lationships for rain and snow given in Marks and Houze
(1987). A mixed ice-rain layer was used at the 1.8-km
level to approximate the fall speeds of melting particles.
The height of the 0°C level was estimated from flight-
level datato be 1.6 km behind the front and 2 km ahead
of the front, which are within about half a vertical grid
distance of the 1.8-km level. Errors in the synthesized
horizontal winds associated with the fall speed correc-
tions are expected to be small because the radar beams
were nearly horizontal in these regions.

Synthesis of the gridded fore and aft radial velocities
into horizontal wind fields was performed using NCAR
cebric (Mohr and Miller 1983). Horizontal air veloc-
ities immediately above and below the aircraft cannot
be measured accurately because of the nearly vertically
pointing beams. Radial velocities within a 60° wedge
centered above the aircraft were removed automatically
prior to editing. Interpolated radial velocities within a
40° wedge below the aircraft were removed manually
within cepric. Since the dual-Doppler flight track was
in aregion of weak horizontal velocity gradients, small
gaps in the synthesized horizontal velocities above and
below the aircraft were interpolated from nearby grid
points. A two-step Leisefilter (Leise 1981) was applied
to the velocity data prior to computation of the vertical
motions. This filter completely removed horizontal
wavelengthslessthan 4Ax and retained greater than 90%
of wavelengths larger than 8Ax (Ax = horizontal grid
spacing = 1.0-1.25 km).

Vertical air velocities were obtained by vertical in-
tegration of the horizontal divergence using variational
adjustment of the anelastic mass continuity equation
subject to boundary conditions near the surface (300 m)
and at echo top (O'Brien 1970). The lower boundary
condition for vertical velocity was set to zero at 300 m.
At echo top, the boundary condition was set to 0.25 m
st where the reflectivity exceeded 10 dBZ (following
Biggerstaff and Houze 1991) and the echo height was
greater than a specified value (7.5 km at 0917 and 0958,
5 km at 1350 and 1408). Otherwise it was set to zero.
Because the frontal rainband and its associated deep
convection were very narrow (<15 km wide) and be-
cause of thelimited horizontal grid spacing (1-1.25km),
the horizontal filtering, and the crude approximation of
the boundary values at echo top, the vertical velocity
fields may exhibit errors of several meters per second
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within the strongest convective updrafts. Therefore, our
discussion of the vertical velocity fields will generally
focus more on the qualitative aspects of this field.

Further information on the distribution of horizontal
and vertical air motions within the frontal zone is ob-
tained by using the statistical analysis approach devel-
oped by Yuter and Houze (1995a,b) known as the con-
toured frequency by altitude diagram (CFAD). The or-
dinate of the CFAD is height, and the abscissa is the
value of the parameter whose distribution is being plot-
ted. Contours of the frequency of occurrence per pa
rameter unit per unit height for the observed parameter
are plotted in this coordinate system. In this manner, the
CFAD succinctly summarizes the frequency distribution
of avariable (including components of vector quantities)
in a given radar echo volume in a single contour plot.

For CFADs of vertical velocity, it is instructive to
weight the vertical velocity by the density of air and
the horizontal area of the grid element to produce a
CFAD of the vertical mass transport (Yuter and Houze
1995b). The contoursin such a CFAD are of the vertical
mass transport of air accounted for by all drafts within
the vertical velocity interval w and w + Aw and within
the height interval Z and Z + AZ. Since the contoured
field is not normalized by the number of points at each
level in this case, the values for the contours are de-
pendent on the size of the echo area containing the data
[section 4b(4)].

3. Observational setting and flight summary

The COAST I0P 3 flight was conducted primarily
off the Oregon coast in a developing frontal system
characterized by regions of deep convection along the
cold front during its offshore stage and a more typically
observed NCFR structure during the nearshore stage.
Figure 1 shows infrared satellite imagery for the IOP3
storm. The images at 0900 and 1500 UTC (Figs. 1c,d)
correspond approximately to the times of the offshore
(0917 and 0958) and nearshore (1350 and 1408) dual-
Doppler volumes, respectively. Corresponding National
Centers for Environmental Prediction (NCER, formerly
National Meteorological Center) surface and 500-mb
analyses are shown in Figs. 2 and 3.

At 0000 (Fig. 1), the developing frontal system was
characterized by a north—south-oriented, comma-shaped
cloud band near 40°-45°N, 139°W (this cloud band is
hereafter referred to as the comma cloud). The comma
cloud lacked a well-defined warm-frontal signature in
the satellite image. The sea level pressure and temper-
ature fields (Fig. 2a) depict the IOP 3 system as a de-
veloping frontal wave. A dissipating frontal system lay
ahead of the IOP 3 storm near 130°W. At upper levels
(Fig. 3a), the comma cloud was situated just ahead of
a 500-mb trough with a strong west-northwesterly jet
to the west and diffluent southwesterly flow to the east.

By 0600 (Fig. 1b), the comma cloud had progressed
rapidly eastward to 132.5°W. The P-3 departed Boeing
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Field in Seattle at 0630 and headed westward toward
the frontal system. By 0900, the P-3 was near the south-
ern end of the comma cloud (42°N, 129°W in Fig. 1c).
The cloud shield had begun to wrap around the low
center. Figures 4a,b show 3.5-min composites of radar
reflectivity from the lower-fuselage radar at the times
of the dual-Doppler syntheses. The P-3 wasflying along
aportion of the NCFR that was characterized by intense
deep convection and was producing frequent lightning.
Reflectivities decreased north and south of the dual-
Doppler boxes because of beam spreading, attenuation,
and the slight vertical tilt of the radar above horizontal,
which caused the radar to sample increasingly higher
elevations with distance from the aircraft. North of the
dual-Doppler boxes, the convection was apparently
more disorganized, whereas to the south, convection
occurred sporadically along a generally shallower but
intense portion of the NCFR.

Surface and upper-level synoptic conditions at 1200
UTC 8 December, approximately 2 h prior to the near-
shore dual-Doppler volumes, are shown in Figs. 2b and
3b. The surface isotherm pattern shows a well-devel-
oped frontal wave. At 500 mb, the trough axis had sharp-
ened and progressed to 130°—135°W and the height con-
tours ahead of the trough implied a stronger southerly
geostrophic wind component just west of the coastline
compared to 0000 UTC. Comparison of the meridional
component of velocity in the offshore and nearshore
dual-Doppler volumes confirmed this general increase
in the southerly flow asthe system approached the coast.

By 1300, little lightning was observed and the intense
radar echoes along the NCFR were much shallower with
high-reflectivity cores (>25 dBZ) generally not ex-
tending above 5 km. The satellite image for 1500 (Fig.
1d) shows a well-developed cyclone with the cloud
shield wrapping around the low center well to the west.
The NCFR (Figs. 4c,d) was oriented approximately par-
alel to the coastline and exhibited a horizontal reflec-
tivity substructure similar to that described by James
and Browning (1979), Hobbs and Biswas (1979), and
Hobbs and Persson (1982) for NCFRs. The front first
made landfall near Cape Blanco (42.8°N, 124.5°W) on
the southern Oregon coast at 1430 UTC. Two dual-
Doppler volumes near this time (Figs. 4c,d) captured
this portion of the front just prior to landfall.

4. Precipitation and kinematic structure

a. Offshore structure of the NCFR and associated
deep convection

The frontal rainband was first detected on the lower-
fuselage radar at about 0800 as the aircraft approached
from the east. Frequent lightning was observed in the
deep convection along the front. Between 0913 and
0945 (see Fig. 4a), the P-3 flew at 1600 m parallel to
the front on its eastern (warmer) side. A 10-min flight
leg beginning at 0917 provided the data for the first
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Fic. 1. Infrared satellite images for 8 December 1993. The location of Boeing Field in Seattle, Washington, is indicated by the cross.

dual-Doppler synthesis. The dual-Doppler domainisin-
dicated by the box in Fig. 4a. The P-3 was located
immediately ahead of the intense convection, and the
tail radar scanned the regions on both sides of the air-
craft. At 0950, the P-3 crossed the front and flew parallel
to the front on its western (cold) side (Fig. 4b). Because
of thelack of precipitation on the cold side of theintense
rainband, the tail radar scanned a sector to one side of
the aircraft only. A second dual-Doppler synthesis was
performed for a 7-min flight leg beginning at 1002 (Fig.
4b). Comparison of Figs. 4a and 4b suggests that the
intense convection observed at 0922 had spread farther
south along the NCFR by 1002. The maximum reflec-
tivities exceeded 50 dBZ at 1002.

The potential for deep convection on this day is in-
dicated by a sounding (Fig. 5) constructed from flight-
level data collected well ahead of the front near 43°N,
125°W (Fig. 2b). A surface parcel forced upward by the
front would reach its level of free convection (LFC)
near 840 mb (1.5 km) and would remain positively
buoyant up through 500 mb, where its temperature ex-
cess would be 2 K. Since the frontal density current
was often deeper than 2 km, surface parcels were likely
forced above the LFC aong portions of the front. The
following subsections examine the kinematic and pre-
cipitation structure of the convection apparently pro-
duced by the lifting of this potentially unstable air by
the density current associated with the cold front.
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a) 0000 UTC

Fic. 2. Sea level pressure and temperature analyses for 8 December 1993. The solid lines are
isobars at 4-mb intervals and the dashed lines are isotherms at 2°C intervals. Stations depict
temperature (°C), dewpoint temperature, and pressure to the upper left, lower left, and upper right
of the station circle. Full wind barbs correspond to 5 m s-*, half-barbs to 2.5 m s

1) KINEMATIC AND PRECIPITATION STRUCTURE AT
0917

The 0917 dual-Doppler analysis at 800 m is shown
in Fig. 6. The zonal (X) component is denoted as U and
the meridional (Y) component as V. The U and V com-
ponents are also generally referred to as the across- and
along-front components, respectively. Terms such as
““behind, ahead, rear, and front” refer to a reference
frame oriented normal to the NCFR with the rear portion
of the system located toward the west.

Theradar reflectivity field (Fig. 6a) depictsanintense,

relatively continuous convective line between Y = —75
and —128 km that was aligned with the front. This
convective band is designated CB in Fig. 6aand is re-
ferred to hereafter as the convective band to distinguish
it from other sections of the NCFR that were generally
much shallower and characterized by weaker vertical
velocities. The precipitation along the front was signif-
icantly less intense to the north (Y > —75 km) of the
convective band (see also Fig. 4a). To the south (Y <
—128 km), the reflectivities showed a somewhat broken
pattern resembling structures more typical of NCFRs.
Three weaker bands (labeled B1, B2, and B3 in Fig.
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Fic. 3. Geopotential height and temperature analyses at 500 mb for 8 December 1993. Geo-
potential heights (solid lines) are contoured at 60-m intervals. Temperature (dashed lines) are

contoured at 5°C intervals.

6¢) were oriented roughly perpendicular to and posi-
tioned ahead of the convective portion of the NCFR and
were spaced approximately 10-15 km apart. Following
Houze et al. (1976), these bands are referred to as wav-
elike rainbands. The wavelike bands extended eastward
into awide region of stratiform precipitation, which was
much weaker or absent to the south. Raw reflectivity

data from the tail radar indicated that B2 was composed
of an ensemble of shallow, very narrow, and intense
convective elements rather than intense stratiform pre-
cipitation. Rainband B3 was entirely stratiform, whereas
band B1 was stratiform with embedded shallow con-
vection.

Houze et a. (1976, see their Fig. 3) presented asche-
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Fic. 4. Radar reflectivity composites from the lower-fuselage radar. Contour lines are drawn at 27.5, 35, and 42.5 dBZ. Reflectivities
greater than 42.5 dBZ are darkly shaded and reflectivities between 35 and 42.5 dBZ are lightly shaded. The 27.5-dBZ contour lines are
dashed where they were subjectively distinguished from the surrounding echo from the ocean surface. The coast is indicated by the thin
solid line on the right side in panels (c) and (d). Portions of the flight track corresponding to the times of the dual-Doppler legs are indicated
by the solid lines with arrows, which indicate aircraft positions at 1-min intervals. Selected times are indicated. Regions of dual-Doppler

coverage are indicated by the boxes with tick marks every 5 km.

matic analysis of rainbands documented in a cyclone
approaching the Washington coast on 27-28 November
1973. Along a segment of the cold front immediately
to the south of the triple point (the juncture between the
cold, warm, and occluded fronts), their analysis showed
wavelike rainbands oriented at large angles with respect
to the NCFR, very similar to the pattern seen in Fig. 6.
In the 27—28 November 1973 storm, the wavelike rain-
bands were also apparent in a wide region of light rain-
fall that trailed the NCFR and were observed to cross

the NCFR in the region south of the triple point. It is
possible that the wavelike rainbands observed in the |lOP
3 storm are similar to those described in Houze et al.
(1976), except that they are not seen in the region trail-
ing the NCFR because of the lack of precipitation there.
Neiman et al. (1993) found similar transverse bands
ahead of an intensely convective portion of a cold front
in the 4-5 January 1989 cyclone observed during ER-
ICA.

The U velocity field (Fig. 6b) indicates strong con-
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Fic. 5. Skew T-logp diagram depicting the thermodynamic con-
ditions well ahead of the cold front. The profiles were obtained from
flight-level temperature and dewpoint temperature between 1244 and
1255 UTC 8 December 1993 near 43°N, 125°W. Profiles below 820
mb have been linearly interpolated from nearby surface values. A
representative moist adiabat is indicated by the thin dotted line.

vergence along the length of the cold front. Westerly
core-relative velocities in the postfrontal air, up to 8 m
s 1, were maximum in the region Y < —110 km, pri-
marily behind the southern portion of the convective
band. Core-relative easterly flow in excess of 7.5 m s
occurred ahead of precipitation cores PC1 and PC2. The
inflow was weakest along the southern edge of rainband
B1 but rapidly increased from 8 to 13 m s~* near band
B2. The V velocity field (Fig. 6¢) was characterized by
northerly core-relative flow behind the front and south-
erly flow ahead of the front. There was alocal minimum
of the southerly flow to the south of band B1 and a
local maximum between bands B1 and B2.
Doppler-derived vertical velocities w at 1.8 km and
6.3 km are shown in Fig. 7. At 1.8 km (Fig. 7a), the
vertical velocities indicate a continuous line of updraft
associated with the front and several updraft coresalong
the front. Each core had a comparable amplitude of
about 6 m s* and was generally associated with a core
of higher reflectivity. Convective downdrafts were |o-
cated behind the northern end and the central portion
of the convective band. The updrafts in the convective
band extended vertically above the 6.3-km level (Fig.
7b), with the strongest drafts located at the northern and
southern ends of the convective band. The low-level
updraft associated with precipitation core PC2 was very
weak at the 6.3-km level, indicative of the shallower
structure south of the convective band at this time.
Vector winds at 1.8 km (Fig. 7a) indicate the strongest
westerly flow behind the northern and central portions
of the convective band (Y = —80to —115 km), whereas
at 800 m (Fig. 6b), the maximum westerlies lay gen-
eraly behind and to the south of the southern portion
of the convective band. At 800 m, a narrow tongue of
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stronger westerlies extended toward the central part of
the convective band (Y = —108 to —115 km) and a
second core of strong westerlies was near the northern
end of the convective band (Y = —88 km). The vertical
velocities and vector winds in Fig. 7a suggest that the
stronger 800-m westerlies between Y = —108 to —115
km and near Y = —88 km were where the elevated (1.8
km) westerly flow was transported downward toward
the surface by the convective downdrafts. For example,
the core of strong westerlies at the northern end of the
convective band was associated with a convective
downdraft (Fig. 7a) emanating from the intense con-
vection near the intersection of the front and band B2.
At 6.3 km, the vector winds indicate strong rearward
outflow behind the northern end of the convective band
and little or no rearward flow to the south.

Cross-frontal thermodynamic and kinematic charac-
teristicsareindicated by flight-level data(Fig. 8) at 1600
m during a westbound pass across the front just to the
north of the convective band (near Y = —60 kmin Fig.
6 and near 42°N, 130°-135°W in Fig. 4a) for the 13-min
period from 0844 to 0857. The flight-level pressures
have been adjusted to the 1600-m level using flight-
level temperatures to correct hydrostatically for slight
departures in atitude. The left side of the diagram cor-
responds to the warm side of the front. Between 0846
and 0849, the wind direction veered from about 210°
to 250°. A prefrontal jet reached a peak magnitude of
45 m st (indicated by the vertical line labeled T1 in
Fig. 8) immediately prior to a sharp directional wind
veer and a rapid jump in the temperature and potential
temperature and just following apressure minimum. The
lowest pressure (816 mb at T2) coincided with the max-
imum potential temperature and a relative minimum of
wind speed and wind direction just after 0848. Vertical
velocities showed an 11 m s~* updraft followed by a 7
m s~* downdraft and then more quiescent conditions.
The rear edge of the frontal rainband was encountered
near T3, where the wind direction changed rapidly from
215° to 250° the equivalent potential temperature
dropped rapidly by 8 K, and the vapor mixing ratio
decreased 2—-3 g kg~* (not shown). The temperature and
potential temperature declined more slowly behind the
front compared to the equivalent potential temperature,
indicative of marked drying behind the frontal rainband.

The vertical cross-frontal structure of the northern
portion of the convective band, along thelineY = —90
km in Fig. 6, where band B2 intersected the front, is
shown in Fig. 9. High reflectivities (>25 dBZ) asso-
ciated with the convective band (X = —402 to —410
km) extended upward to 9 km. A secondary reflectivity
maximum (X = —393 to —401 km) was associated with
band B2. Stratiform precipitation lay primarily ahead of
the convective band. Behind the convective band, ice
particles detrained by the divergent outflow aloft did not
fall below about 3—4 km, apparently as a result of sub-
limation in dry westerly flow entering the rear of the
system (Fig. 9c).
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The vertical velocity field (Fig. 9b) exemplifies the
complicated vertical motion structure within the con-
vective band in the region where bands B1 and B2 in-
tersected the front (Y = —80 to —105 km, Fig. 6c).
Near X = —404 km and below 4 km, there was an
updraft core with w > 6 m s~* associated with the lead-
ing edge of the front. A stronger updraft core (w > 11
m s~1) was centered near X = —410 km and heights of
6—7 km and suggests a rearward tilting, organized mul-
ticellular structure of the convection aong the front. A
convective downdraft located below this updraft was
associated with the local downward penetration of the
westerly flow seen in Fig. 6b. An additional elevated
strong updraft (w > 6 m s~*) was collocated with band
B2 near X = —398 km.

The cross section of across-front flow (U) through

-400 -380

X (km)

-360

Fic. 6. Dual-Doppler analysisat 0917 UTC at 800 m MSL. (a) Radar
reflectivity and vector winds. Reflectivities are contoured every 5
dBZ with values between 25 and 35 dBZ shaded. Arrows indicate
core-relative velocity vectorsfor asubset of all grid points. The vector
magnitude and core motion are indicated in the lower right. The
straight solid lines indicate the locations of the vertical cross sections
in Figs. 9 and 10. (b) The U component of the horizontal velocity.
The contour interval is 2.5 m s~*. Solid (dashed) lines correspond to
westerly (easterly) core-relative velocities. (¢) The V component of
the horizontal velocity. The contour interval is5m s~ Solid (dashed)
lines correspond to southerly (northerly) core-relative velocities. An
additional contour at 7.5 m st (thin solid line) is shown. In (b) and
(c), radar reflectivities are shaded; light shading, 525 dBZ; dark
shading, 26-35 dBZ; no shading, greater than 35 dBZ. In (a), CB
identifies the convective band, PC1 the southernmost precipitation
core within the convective band, and PC2 an additional precipitation
core described in thetext. In (c), B1, B2, and B3 indicate thelocations
of wavelike rainbands discussed in the text. Coordinate values are
distances from Cape Blanco, Oregon.

the convective band shows a nearly 6-km-deep layer of
westerly flow behind the convective line (Fig. 9¢) with
maximum velocities just above the melting level. In
contrast to the deep westerly flow behind the convective
band, the post-frontal westerly flow behind PC1 (Fig.
10b) and PC2 (not shown) was relatively shallow (only
up to 3 km). It is unclear whether the deeper layer of
westerly postfrontal flow behind the northern portion of
the convective band was present before the onset of the
deep convection, thereby acting to force it, or if it de-
veloped in response to the convection. Strong westerly
flow also occurred at upper levels ahead of the line and
was associated with strong larger-scale westerly flow as
well as divergent outflow from the convection. This
strong westerly outflow al oft carried significant amounts
of precipitation generated within the convective updrafts
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Fic. 7. Radar reflectivity, core-relative velocity vectors, and vertica velocity at (a) 1.8 km and (b) 6.3 km MSL at 0917 UTC. Radar
reflectivities are shaded; light shading, 5-25 dBZ; dark shading, 26-35 dBZ; no shading, greater than 35 dBZ. Arrows indicate core-relative
velocity vectors for a subset of all grid points. The vector magnitude and core motion are indicated in the lower right. Contours of upward
motion (solid lines) are drawn at 2 m st intervals beginning at 1 m s-*. Contours of downward motion (dashed) are drawn at 1 m s
intervals beginning at —1 m s*. The thin solid contour correspondsto 0 m s—*. In (a), CB identifies the convective band, PC1 the southernmost
precipitation core within the convective band, and PC2 an additional precipitation core described in the text. The straight solid lines indicate

the locations of the vertical cross sections in Figs. 9b and 10b.

into the region ahead of the convective line, where it
contributed to the stratiform precipitation. Core-relative
easterly flow occurred at lower levels ahead of the line
and at upper levels behind the line, and was generally
weakest within the convective updrafts. Along a small
portion of the convective band (Y = —95 to —105 km,
Fig. 6), a weak relative maximum of easterly flow co-
incided with the updraft at midlevels.

The deep convection along the NCFR shows qualities
similar to midlatitude squall lines in its across-front
flow. Across-line horizontal flows in squall lines (see
Fig. 1 of Houze et al. 1989) are often characterized by
ascending front-to-rear and descending rear-to-front
flows (e.g., Smull and Houze 1985, 1987; Houze et al.
1989). The rear-to-front flow often forms ajetlike struc-
ture near the melting level and then descends to the
surface in the convective region. The front-to-rear flow
often has maximum amplitude in the convective updraft.
In the NCFR, core-relative rear-to-front flow occurred
behind the convective band and was maximized near
the melting level. Unlike some midlatitude squall lines,
however, the front-to-rear flow was generally weak in
the convective updraft.

The along-front flow (V) is shown in Fig. 9d. A nar-
row core of stronger southerly flow was at X = —400
km and a height of 2 km. This feature was apparent
ahead of the northern portion of the convective band in
association with the stronger southerly flow adjacent to
band B2 (Fig. 6¢). Northerly core-relative flow occurred
behind the front and, at thislocation, atongue of north-

erly and weak southerly momentum air extended up-
ward to 8 km. This feature was present at 0917 only in
association with the intense convective updraft at the
northern end of the convective band (Fig. 7; similar flow
structure was also seen within intense portions of the
convective band at 0958, not shown), and indicates that,
in addition to the warm sector air, air within the frontal
zone was occasionally rising in connection with the
strong convective circulations.

Across precipitation core PC1, located at the southern
end of the convective band (Fig. 6a), the updraft was
deep (Fig. 10a), but the region of high reflectivity above
4 km was not as deep or intense as across the northern
portion of the convective band (Fig. 9). While the flow
structure ahead of the front was comparableto the north-
ern cross section, the westerly flow behind the front was
much shallower. The low-level easterly flow rose above
the front, but did not penetrate into upper levels. East-
erly flow aloft was very weak compared to the northern
portion of the convective band. Theflow structureacross
PC1 was very similar to that seen during the nearshore
stage of the storm (section 4b).

2) KINEMATIC CHARACTERISTICS REVEALED BY
CFADs

Figures 11a,b present the CFADs for the U and V
components of the core-relative horizontal velocities at
0917. Above 3 km, the distribution of U is relatively
narrow, with U increasing with height (Fig. 11a). This
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in the text.

shear is indicative of the presence of deep baroclinity
in the north—south direction in the large-scale environ-
ment (Figs. 2 and 3). The distribution at uppermost lev-
els is broadened as a result of the local influence of
strongly divergent upper-tropospheric outflow emanat-
ing from the deep convection. Below 3 km, the distri-
bution is bimodal, with distinct velocity modes repre-
senting flow within the pre- and postfrontal air masses.
The postfrontal westerly flow (U > 0 m s * below 3
km) increased with height. Combined with the deep
layer of low-level inflow (U < 0 m s%), this structure
isindicative of the deep layer of convergence associated
with the convection and the elevated postfrontal west-
erly jet (Fig. 9¢). The along-front velocities (Fig. 11b)
show a relatively wide distribution above 3 km, which
changed only dlightly with height. Below 3 km, a bi-
modal distribution occurred. The width of the gap be-
tween the two modes is effectively a measure of the
mean relative vorticity associated with the front. A
shear-zone width of 8 km (Fig. 6b) suggests a mean
vorticity of about 22f, where fisthe Coriolis parameter.
Maximum gridpoint values of vorticity (not shown)

were near 65f in association with the intense convection
at the north end of the convective band.

3) KINEMATIC AND PRECIPITATION STRUCTURE AT
0958

The P-3 resampled the frontal band approximately 41
min later beginning at 0958. The lower-fuselage radar
reflectivity pattern at 1002 and the location of the 0958
dual-Doppler box are shown in Fig. 4b. The lower-fu-
selage reflectivity pattern indicates an intensification
and slight widening of the frontal rainband since the
previous dual-Doppler time (Fig. 4a). Echoes exceeding
42 dBZ increased in area and echoes greater than 35
dBZ extended farther south along the front. The portion
of the frontal rainband within the 0958 dual-Doppler
box is approximately the same as that in the 0917 dual-
Doppler box, if one accounts for the motion of the pre-
cipitation cores along the front.

The 800-m reflectivity and core-relative vector winds
for the 0958 dual-Doppler volume are displayed in Fig.
12a and fields from a representative vertical cross sec-
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FiG. 9. Vertical cross sectionsat Y = —90 km at 0917 UTC (Fig. 6). Radar reflectivity is shaded; light shading, 5-25 dBZ; dark shading,
26-35 dBZ; no shading, greater than 35 dBZ. (a) Core-relative circulation vectors. The magnitudes of the horizontal and vertical components
are indicated in the upper-right corner. (b) Vertical velocity, contoured at 1 m st intervals. Solid (dashed) lines indicate upward (downward)
vertical velocities. The thin solid line is the 0 m s contour. (c) The U and (d) V components of the horizontal core-relative velocity,
contoured at 5 m st intervals. Solid (dashed) lines correspond to westerly (easterly) flow in (c) and to southerly (northerly) flow in (d).

tion are shown in Figs. 12b and 12c. This cross section
(at Y = —76 km) is located about 14 km northward of
the cross section in Fig. 9 (Y = —90 km) in a front-
relative reference frame, which was moving eastward
at 20 m s . Since the precipitation cores at the front
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Fic. 10. Vertical cross sections at Y = —126 km at 0917 UTC
(Fig. 6). Radar reflectivity is shaded; light shading, 5-25 dBZ; dark
shading, 26-35 dBZ; no shading, greater than 35 dBZ. (a) Vertica
velocity contoured at 1 m st intervals. Solid (dashed) lines indicate
upward (downward) vertical velocities. The thin solid line is the O
m st contour. (b) The U component of the horizontal core-relative
velocity contoured at 5m s~tintervals. An additional contour isdrawn
a 7.5 m st (thin solid line). Solid (dashed) lines correspond to
westerly (easterly) flow.

moved at a speed of about 20 m s~ along the front, the
cross section cuts roughly across the portion of the rain-
band that evolved from PCL1 in the 0917 dual-Doppler
volume.

The vertical velocity field in Fig. 12b shows an in-
tense convective updraft at the leading edge of the fron-
tal band (X = —354 km) that tilted significantly to the
west with height. A second strong updraft was located
farther rearward at upper levels. Compared with the
reflectivity structure along the convective band at 0917
(Fig. 9), the region of reflectivities exceeding 35 dBZ
approximately doubled in width and extended vertically
to near 7 km. At 0958, the region of reflectivitiesgreater
than 25 dBZ associated with PC1 extended well to the
rear of the front at upper levels, whereas at 0917 (Fig.
10) reflectivities at upper levels behind the precipitation
core were weak.

The across-front velocity field (Fig. 12c) shows a
midlevel core of strong front-to-rear (easterly) velocities
within the convective updraft in the 3-6-km layer, in
contrast with the weak midlevel easterly flow at 0917
(Fig. 9c). Postfrontal westerly velocities were maximum
near the melting level and a weak secondary core of
westerlies (up to 2.5 m s~%) was just above this westerly
jet near the back edge of the rainband. The westerly
flow was somewhat weaker than that shown in the north-
ern vertical cross section at 0917 (Fig. 9c), but was
stronger and deeper than that found behind PC1 at that
time (Fig. 10b). This raises the question of whether the
deep postfrontal westerly flow behind PC1 at 0958 de-
veloped in response to the intensification of the precip-
itation core after 0917, in amanner similar to rear-inflow
development in squall lines (Weisman 1992), or if PC1
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respectively.

intensified as it moved along the front into a region
characterized by adeep postfrontal westerly flow branch
associated with the synoptic-scale cyclone previously
observed behind the northern portion of the convective
band at 0917. Thisissue cannot be resolved in this study
but could be addressed in future observational or nu-
merical experiments.

b. Nearshore structure of the NCFR

By 1400, the cold front was rapidly approaching the
Oregon coastline and would soon make landfall at Cape
Blanco (Fig. 1d shows the frontal cloud position shortly
after landfall; Figs. 4c,d show the location of the NCFR
relative to Cape Blanco). Thelower-fuselage reflectivity
pattern at 1356 (Fig. 4c) shows the front approximately
50 km offshore near the southern end of the dual-Dopp-
ler box and as much as 100 km offshore to the north
and south. The reflectivity and velocity data from the
tail radar did not extend to the coast at this time. At
1411 (Fig. 4d), the front was within about 30 km of the
coast (20 km by the end of the dual-Doppler flight leg
at 1418). Stratiform precipitation extended over the ter-
rain near Cape Blanco. The nearshore dual-Doppler vol-
umes for 1350 and 1408 provide detailed information
on the structure and evolution of the NCFR and suggest
possible orographic influences on the rainband.

l) KINEMATIC AND PRECIPITATION STRUCTURES

Figures 13 and 14 show the 800-m reflectivity and
core-relative velocity fields at 1350 and 1408, respec-
tively, as the front approached to within 20 km of the
coast. The reflectivity patterns depict a NCFR structure
similar to those reported in Hobbs and Biswas (1979),
James and Browning (1979), and Hobbs and Persson
(1982) with precipitation cores oriented at an angle to
the synoptic-scale front. The precipitation coresin Figs.
13c and 14c wererotated anticyclonically approximately
15° relative to the mean orientation of the wind-shift
zone, somewhat |ess than the 30°—40° reported by Hobbs
and Biswas (1979) and Hobbs and Persson (1982).

At 1350, three precipitation cores (labeled PC3, PC4,
and PC5 in Fig. 13a) had peak reflectivities exceeding
45 dBZ. The precipitation cores were much shallower
than the convective band observed offshore but were
similar in depth to PC2 at 0917. However, low-level
reflectivities in the precipitation cores were of equal or
greater magnitude than those in the convective band.
By 1408, PC4 rapidly dissipated while PC3 and PC5
remained intense. An important question is what pro-
cesses maintained PC3 and PC5 while simultaneously
weakening PC4?

At 1350, the across- and along-front velocity fields
(Figs. 13b and 13c, respectively) were quasi-two-di-
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Fic. 12. Dual-Doppler analysis at 0958 UTC at 800 m MSL. (a) Radar reflectivity and vector winds. Reflectivities
are contoured every 5 dBZ, and values between 25 and 35 dBZ are shaded. Arrows indicate core-relative velocity vectors
for a subset of all grid points. The vector magnitude and core motion are indicated in the lower right. The straight solid
line indicates the location of the vertical cross sections in (b) and (c). (b) Vertical cross section of vertical velocity
contoured at 1 m st intervals. Solid (dashed) lines indicate upward (downward) vertical velocities. The thin solid line
isthe 0 m s* contour. (c) Vertical cross section of the U component of the horizontal velocity, contoured at 5 m st
intervals. Solid (dashed) lines correspond to westerly (easterly) core-relative flow. In (b) and (c), radar reflectivity is
shaded; light shading, 5-25 dBZ; dark shading, 26-35 dBZ; no shading, 36-45 dBZ; black shading, greater than 45
dBZ. PC1 and PC2 indicate precipitation cores discussed in the text.

mensional; however, some along-front variability was
apparent. For example, the V field shows two prefrontal
jet maximaimmediately ahead of the shear zone at 1350.
The first and most intense maximum was located at the
northern end of PC5 and extended northward ahead of
PC4. The second maximum was near the northern end
of PC3. These maxima resided primarily ahead and
northward of locations where the U convergence zone
bulged forward (Y = —20 and —72 km). These bulges
in U were associated with zones of enhanced postfrontal
westerly flow behind PC3 and PC5. Furthermore, the
orientation of the V wind-shift zone between the south-
ern bulge (Y = —70) and the southern end of the north-
ern bulge (Y = —40) was such that 0V/oY > 0 in PC4
and near zero in PC3 and PC5. Therefore, while U was
convergent everywhere along the front, V was locally
divergent near PC4. One can postulate, then, that the
dissipation of PC4 was associated with a change in the
orientation of the V wind-shift zone from north—south
at some earlier time to north-northwest—south-southeast
by 1350. Section 5 provides evidence that this evolution
was caused in part by the upstream influence of the

orography.

By 1408 (Fig. 14b), the U field shows even greater
along-front variability. The southern bulge at the
northern end of PC5 intensified and a new bulge
formed near the remnants of PC4. The V field (Fig.
14c) shows three prefrontal jet maxima, each asso-
ciated with a bulge in the U field. Interestingly, the
V wind-shift (cyclonic shear) zone exhibited much
less along-front variability in shape than the U con-
vergence zone.

The vertical structure across PC3 at 1408 is shown
in Fig. 15. The reflectivity field shows an intense pre-
cipitation core with reflectivities exceeding 45 dBZ.
The 25-dBZ contour extended vertically to 4-5 km,
compared to 8-9 km in much of the convective band
(Fig. 9). The echo depth of this NCFR (9 km) was
greater than NCFRs observed previously, which had
echo depths generally less than 3—6 km (Browning
and Harrold 1970; Carbone 1982; Hobbs and Persson
1982; Roux et al. 1993). The intensity of reflectivity
was lessthan that for the NCFR over land documented
by Carbone (1982), in which reflectivities exceeded
50 dBZ, but comparable to reflectivities observed by
Hobbs and Persson (1982) and Roux et al. (1993).
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The resolved updraft in Fig. 15b was collocated
with the precipitation core and had maximum ampli-
tude (approximately 6 m s=*) near 3 km, suggestive
of forced ascent at the leading edge of the density
current. The resolved updraft magnitudes are similar
to several previous observations (Browning and Har-
rold 1970; Hobbs and Persson 1982; Roux et al. 1993)
but are much less than those described by Carbone
(1982), whose analysis resolved motions on scales of
2-3 km versus 8-10 km for the airborne Doppl er anal -
ysis. Updrafts in the gaps between precipitation cores
(not shown), including PC4 at 1408, were weak and
disorganized since the core-relative prefrontal flow

Fic. 13. Dual-Doppler analysis at 1350 UTC at 800 m MSL. (a)
Radar reflectivity and vector winds. Reflectivities are contoured every
5dBZ, and values between 25 and 35 dBZ are shaded. Arrowsindicate
core-relative velocity vectorsfor asubset of all grid points. Thevector
magnitude and core motion are indicated in the lower right. (b) The
U component of the horizontal velocity. The contour interval is 2.5
m s 1. Solid (dashed) lines correspond to westerly (easterly) core-
relative velocities. (¢) The V component of the horizontal velocity.
The contour interval is 5 m s*. Solid (dashed) lines correspond to
southerly (northerly) core-relative velocities. An additional contour
at 7.5 ms ! (thin solid line) is shown. In (b) and (c), radar reflectivity
is shaded; light shading, 525 dBZ; dark shading, 26-35 dBZ; no
shading, 36-45 dBZ; black shading, greater than 45 dBZ. The boxes
indicate the areas used to obtain the average velocity profilesin Fig.
21. The bold solid curve in each panel is the coastline near Cape
Blanco. PC3, PC4, and PC5 indicate precipitation cores discussed in
the text.

was approximately parallel to the orientation of the
density current.

The U velocity field across PC3 (Fig. 15c) shows
an approximately 4-km-deep layer of easterly core-
relative inflow topped by a layer of strong westerly
flow ahead of the front (X > —15 km). The easterly
inflow was strong near the surface and al so at the 3-km
level. Theinflow rose over thefront but then stagnated
there in a core-relative sense as the cross-frontal flow
at mid-to-upper levels above the cold air was very
weak. The postfrontal westerly flow was maximum
near the surface, in contrast to the elevated westerly
flow observed offshore behind the convective band.
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2) KINEMATIC CHARACTERISTICS REVEALED BY
CFADs

Figures 11c—f show the CFADs for the core-relative
velocitiesU and V at 1350 and 1408. Above 3 km (Figs.
11c,e), the distributions of U are quite narrow. The dis-
tribution is bimodal below 3 km, asat 0917, but at 1350
and 1408 the U CFADs show the low-level westerly
flow decreasing with height with the maximum westerly
flow near the surface.

CFADs of the along-front velocities (Figs. 11d,f)
show that significant changes occurred after 0917. By

Fic. 14. Same as Fig. 13 but for 1408 UTC. The location of the
vertical cross section through PC3 (Fig. 15) is indicated by the thin
solid line. The right edge of the box lies just outside the domain.

1350 and 1408, the distributions above 3 km narrowed
somewhat and shifted to larger values, particularly in
the 3—-7-km layer. The shift to larger values was asso-
ciated with theincrease in the large-scal e southerly flow
by 1200 (Fig. 2b and 3b) and the appearance by 1350
and 1408 of a strong southerly jet at midlevels ahead
of the front (Fig. 15d). The origin of this jet is unde-
termined. Below 3 km, the distributions were bimodal,
as at 0917, but the gap between the two modes had
increased substantially as the prefrontal flow increased
by about 5 m s* and the flow behind the front became
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and vertical components are indicated in the upper-right corner. (b) Vertical velocity w contoured at 1 m st intervals. Solid (dashed) lines
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core-relative velocity, contoured at 5 m st intervals. Solid (dashed) lines correspond to westerly (easterly) flow in (c) and to southerly

(northerly) flow in (d).

slightly more negative. This result implies a change in
the mean relative vorticity of the front between the off-
shore and nearshore stages from 22 f to about 29f. Max-
imum gridpoint values were about 75f. The magnitude
of the relative vorticity in the IOP 3 NCFR is compa-
rableto those reported by Browning and Harrold (1970),
Hobbs and Persson (1982), Bond and Shapiro (1991),
and Roux et al. (1993) but is much less than the max-
imum values of 100—300f obtained in the higher-res-
olution analysis of a strong NCFR over land described
by Carbone (1982, 1983).

It is interesting to note that the components of the
precipitation-core motion (20 m s~* in aground-relative
sense in both the across- and along-front directions, 0
m st in the core-relative frame of Fig. 11) do not cor-
respond to the velocity modes in either the pre- or post-
frontal air masses. Instead, the CFADs show that at
lower levels the core motion components lie in the low-
frequency velocity range between the two modes and
are close to the average of the values in the two modes.
Hobbs and Biswas (1979), Hobbs et al. (1980), and
Hobbs and Persson (1982) found that the motion of the
precipitation cores normal to the front corresponded to
the velocity of the front. The CFADs for V confirm
Hobbs and Persson’s (1982) observations that the mo-
tion of the precipitation cores along the front also cor-
responded approximately to the mean of the velocities
in the pre- and postfrontal air masses. Low-level ve-
locities corresponding to the core motion components
were found only within the frontal zone and were ob-
served very infrequently.

3) MECHANISMS FOR ALONG-FRONT VARIABILITY

Previous studies have tried to explain the along-front
variability in NCFRs in terms of gravity currents and
hydrodynamic instability associated with strong shear
of the along-front winds. Carbone (1982), Hobbs and
Persson (1982), Parsons and Hobbs (1983b), Parsons et
al. (1987), and Parsons (1992) have shown that NCFRs
behave much like density currents. Hobbs and Persson
(1982) and Parsons and Hobbs (1983b) compared the
along-front variability in NCFRs to lobes and clefts ob-
served in laboratory tank experiments of gravity cur-
rents (Simpson 1969, 1972). The forward-sloping wind-
convergence zones in the NCFRs in these studies and
their similarity to those in the gravity currents were
thought to be indicative of a gravity current mechanism
for the generation of along-front variability. Parsonsand
Hobbs (1983b) suggested that an argument against the
gravity current mechanism is that the expected wave-
lengths based on gravity current theory are much smaller
than the often observed wavelengths of greater than 15
km.

Matejka et al. (1980), Carbone (1982), Hobbs and
Persson (1982), and Parsons and Hobbs (1983b) sug-
gested that hydrodynamic instability associated with
horizontal wind shear across the front might be respon-
siblefor the along-front variability. Rayleigh (1945) and
Haurwitz (1949) have shown that when a shear zone is
represented by a constant shear, wavelengths less than
5W (W is the width of shear zone) were stable while
wavelengths of 8W experienced the maximum growth
rates. The phase speed of the wave was equal to the



DecemBER 1997

—_
(=)

2) 0917 UTC
=8
£ 50
=8 0 150
.g’ 4 150 250
o2 0
0
> ) 2 7 3 ) 10
12 b) 1350 UTC
% 5 50
54 150 50
T2 —5(\ U 202
0
2 ) 2 7 3 ) 70
1015y 1408 UTC
g8
=6 -50 50
5 <.)
@ 150
T2 /
0
2 0 3 2 3 8 70
W (m/s)

Fic. 16. Vertical mass transport CFADs. The bin sizeis1 m st
and the vertical grid increment is 500 m. The contour interval is 100
Ggst

average of the velocities on each side of the shear zone.
Based on the V fields at 1350 and 1408, the width of
the shear zone was 4-8 km, suggesting maximum
growth rates for wavelengths between 32 and 64 km.
If we assume that the length scales of the precipitation
cores were determined by the wavelength of a hydro-
dynamic instability, then the wavelength can be defined
as the distance between the northern ends of the pre-
cipitation cores. At 1350, the approximate wavelength
was 27 km, while at 1408. because of the dissipation
of PC4, the wavelength was 54 km. The observed wave-
lengths are near or within the range of values expected
from theory. As shown in the CFADs for V (Fig. 11),
the velocity of the cores along the front was approxi-
mately equal to the average of the velocities in the pre-
and postfrontal air masses, as expected from the theo-
retical considerations.

Moore (1985) investigated the coupling of convective
and shear instabilities and showed that the most unstable
wave had properties similar to precipitation cores in
NCFRs. In his analysis, Moore modeled the NCFR as
a narrow zone with unstable stratification. The unstable
stratification was used to represent the effects of mois-
ture on stability. For the case with strong wind shear in
thisunstably stratified zone (see Moore'sFig. 15), which
was 5 km wide, the solution was composed of a com-
bination of a gravity wave mode and a shear—gravity
wave mode whose features were reminiscent of NCFRs.
Updraft regions (taken to represent precipitation cores)
exhibited anticyclonic axis rotations of approximately
30° relative to the shear zone, in good agreement with
observational studies (Hobbs and Biswas 1979; Hobbs
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and Persson 1982). The horizontal winds, when ex-
amined in a reference frame with the Y axis oriented
along the updraft axis, indicated regions of stronger
westerly flow behind the precipitation cores (updraft
cores) and stronger southerly flow at the northern ends
of the precipitation cores. This pattern is very similar
to the patterns of westerly flow and prefrontal jet max-
ima aong the NCFR in Figs. 13 and 14 and suggests
that the along-front variability may be the result of the
interaction of convective and shear instabilities.

4) VERTICAL MASS TRANSPORTS AND IMPLICATIONS
FOR PRECIPITATION PROCESSES

Vertical mass transport CFADs for 0917, 1350, and
1408 are shown in Fig. 16 and the total mass transport
for each time is shown in Fig. 17. The vertical mass
transport CFAD contour values are dependent on the
size of the sampled echo area. Figure 18 shows the
number of points for each level in the 0917, 1350, and
1408 analyses and indicates that the number of points
were comparable at 0917 and 1350 and only slightly
larger for the 1408 radar volume. Therefore, the contour
values of vertical masstransport can be reasonably com-
pared and inferences can be drawn on changes in the
vertical mass transport with time. The differencesin the
vertical mass transport between the offshore convective
band and the nearshore NCFR are readily apparent. The
total vertical mass transport (Fig. 17) in the convective
band at 0917 was approximately twice that associated
withthe NCFR at 1350 and 1408 and peaked at aslightly
higher level. Keeping in mind the limitation on the ac-
curacy of the vertical velocities (section 2), we see from
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Fic. 18. Number of vertical velocity points as a function of height
for the dual-Doppler volumes at 0917, 1350, and 1408 UTC.

Fig. 16 that the upward mass transport at 0917 came
from alarger range of vertical velocity magnitudes (pri-
marily from velocities between about 1 and 6 m s72),
whereas at 1350 and 1408, the upward mass transport
came primarily from weaker vertical velocities (less
than 3 m s*). The mass transport CFADs at 1350 and
1408 evidently characterize the vertical mass transport
associated with the density current in the more stable
nearshore environment. Comparison of the contribu-
tions to the mass transport by updrafts less than 3 m
st at 1350 and 1408 with that at 0917, in conjunction
with the vertical cross sections of dual-Doppler veloc-
ities, suggests that the density current was the dominant
factor at all times but that the greater instability at 0917
led to additional mass transport by updrafts with mag-
nitudes greater than 3 m s~*. The downward mass trans-
port at each time was generally associated with down-
draft magnitudes less than 2 m s2.

The low-level reflectivities in the nearshore NCFR
were of equal or greater intensity as in the offshore
convective band despite the weaker vertical mass trans-
ports. The concentration of the vertical mass transport
at lower levelsin the nearshore NCFR (Fig. 16) suggests
that coalescence growth (rain accreting cloud water and
riming of precipitating ice particles) and the melting of
precipitating ice particles dominated the production of
precipitation (Hobbs 1978; Matejka et al. 1980; Rut-
ledge 1989; Rutledge and Hobbs 1984; Marécal et al.
1993). The greater mass transport in a deeper layer in
the convective band suggests that ice particle growth
processes were more active in the convective band and
a substantial fraction of the precipitation generated in
the convective band was transported into the upper tro-
posphere by the larger vertical air velocities. Once in

MONTHLY WEATHER REVIEW

VoLuMmE 125

N

43,0+ N
5 PC3
B
S 1428
L
=2
Z
-1
4251 h

! i
-125.0 -124.5

Longitude (degrees)

!
-125.5

Fic. 19. Radar reflectivity composite from the lower-fusel age radar
at 1428 UTC. Contour lines are drawn at 27.5, 35, and 42.5 dBZ.
Reflectivities greater than 42.5 dBZ are darkly shaded and reflectiv-
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contour lines are dashed where they were subjectively distinguished
from the surrounding echo from the ocean surface. The coast is in-
dicated by the thin solid curve on the right. A portion of the flight
track isindicated by the solid line with arrows, which indicate aircraft
positions at 1-min intervals. PC3, PC4, and PC5 indicate precipitation
cores discussed in the text.

the upper troposphere, the strong westerly flow then
transported theice particleswell ahead of the convective
band to form the region of stratiform precipitation. The
weaker and shallower vertical circulation in the near-
shore NCFR carried far fewer hydrometeors into the
upper troposphere; hence, a greater percentage of the
precipitation generated by coalescence in the updrafts
fell to the surface locally in the NCFR.

5. Orographic influences on the NCFR

Figure 19 shows the radar reflectivity from the lower-
fuselage radar at 1428 as the NCFR moved to within
10 km of the coast. Precipitation cores PC3, PC4, and
PC5 are still apparent in the reflectivity pattern. It is
evident that, as the NCFR approached the coast, its
shape mirrored that of the coastline to some degree. This
evolution of the NCFR may have resulted from an up-
stream influence of the steep orography along the coast
near Cape Blanco.

Studies of the upstream influence of mountain ridges
have shown that an incident flow normal to the terrain
is decelerated by the terrain and turned to the left by
the Coriolis force upstream of the mountain ridge in the
Northern Hemisphere (Smith 1979; Pierrehumbert
1984; Pierrehumbert and Wyman 1985). Such decel-
eration or blocking of the low-level flow has been ob-
served to produce barrier jets along coastal mountain
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regions (Overland 1984; Overland and Bond 1993,
1995). In the case of an infinitely long ridge (Pierre-
humbert 1984; Pierrehumbert and Wyman 1985), the
upstream deceleration of the across-mountain flow and
acceleration of the along-mountain flow are primarily
functions of the Rossby number Ro = U,/fL (U, isthe
incident flow, L the half-width of the windward slope)
and the nondimensional mountain height h,, = NH/U,,
(N is the Brunt-Vaisala frequency, H the mountain
height). For small Ro, the upstream decelerationrelative
to the magnitude of the incident flow scales as Roh,, =
(N/f)H/L, whereas for large Ro, the upstream deceler-
ation scales as h,, (Pierrehumbert 1984). The offshore
horizontal extent of the decelerated region approxi-
mately scales as the Rossby radius of deformation Ly
= NH/f.

Cape Blanco is located near the northern end of a
guasi-two-dimensional mountain range in southern Or-
egon and northern California. In this region, the coastal
terrain rises approximately 1.6 km within 200 km of the
coast and remains high for hundreds of kilometers far-
ther inland—that is, it resembles a broad plateau. For
N = 10-2 s (estimated from flight-level observations)
and f = 10“ s, the terrain near Cape Blanco is dy-
namically steep (Roh,, > 1). For mean onshore flow of
10-15 m s7¢, typical of the conditions on 8 December
1993, Ro = 1-1.5, h,, = 1-1.6, and L, = 150 km. Given
the large effective height (h,, = 1) and steepness (Roh,,
> 1) of the coastal terrain, significant deceleration of
the across-shore flow and acceleration of the alongshore
flow are expected.

To isolate the influences of the orography on the flow
in the dual-Doppler syntheses, the horizontal velocity
fields in the stratiform precipitation region ahead of the
front are examined. Two assumptions are required for
this analysis. First, since the mesoscale structure of the
mountain range near Cape Blanco is quasi-two-dimen-
sional, we assume that a two-dimensiona conceptual
framework that includes the Corialis force (Pierrehum-
bert 1984; Pierrehumbert and Wyman 1985; Braun et
al. 1996) is appropriate in this case. Although the pres-
ence of the cape along the coast is an obvious departure
from two dimensionality, we assume that the effects of
such coastline irregularities are small compared to the
overall effects of the coastal mountain range. Second,
we assume that the structure of the orographically in-
fluenced flow ahead of the front is steady in the ground-
relative reference frame. Consequently, the dual-Dopp-
ler velocities ahead of the front are assumed to be rep-
resentative of the steady response to flow over orog-
raphy at the given range from the coast as the
dual-Doppler area shifts closer to the coast between
1350 and 1408.

Additional support for the observational evidence of
upstream orographic influence is gained through a com-
parison of the dual-Doppler results with the numerical
calculations of Braun et al. (1996). Braun et al. (1996)
used a two-dimensional terrain-following coordinate
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FiG. 20. (a) Perturbation across-shore velocity u’ and (b) alongshore
velocity V at t = 24 h associated with uniform incident flow over
plateau-shaped terrain from the numerical model calculations of
Braun et al. (1996). In (@), the contour interval for negative values
is1 ms; for positive values, contours are drawn at 2 m st intervals
with an additional contour at 1 m s~*. In (b), the contour interval is
3 m s Solid (dashed) lines correspond to positive (negative) values.
Only a portion of the total domain (3000 km in the horizontal, 14
km in the vertical) is shown.

model to cal culate the response to uniform incident flow
over aplateau with aheight H of 1500 m and awindward
slope half-width L of 78 km. Thisterrain profileis qual-
itatively similar to the terrain at the coast near Cape
Blanco. The numerical model issimilar to that described
by Durran and Klemp (1983) with major differences
being that it is Boussinesq, excludes the effects of mois-
ture, and includes the Coriolis force and an equation for
the along-mountain velocity component. The dual-
Doppler results are compared to the case described by
Braun et a. (1996) for which Ro = 1.3 and h,, = 1.5.
The specified values of U, N, and f were 10 m s,
102 5%, and 10-* s, respectively.

To ad interpretation of the dual-Doppler fields, we
first describe the characteristics of the flow from the
calculations of Braun et al. (1996). The perturbation
across-shore (U = U — U,) and the along-shore (V)
components of the flow after 24 h of model time are
shown in Fig. 20. Upstream of the orography, the u’
field (Fig. 20a) is characterized by a region of signifi-
cantly decelerated flow, which extends offshore ap-
proximately 150 km and in the vertical through a depth
slightly greater than the plateau height. Above this re-
gion, the flow is weakly accelerated. The downstream
perturbations over the plateau are associated with atrain
of inertia—gravity waves. The alongshore flow (Fig. 20b)
is characterized by a strong barrier jet above the wind-
ward slope that decays more slowly upstream than the
across-shore component, in agreement with linear cal-
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Fic. 21. Vertica profiles of the area-averaged ground-relative across-shore (a) and (c) and
alongshore (b) and (d) flow. Profilesin (a) and (b) are averages obtained from the dual-Doppler
data within the boxes shown in Figs. 13 and 14. The solid and dashed lines correspond to the
dual-Doppler volumes located approximately 40-km offshore (1350) and at the coast (1408),
respectively. Profilesin (c) and (d) are averages for similar locations relative to the terrain from
the numerical model (see text for details). Only the lowest 3 km of data are shown.

culations by Pierrehumbert (1984), and extends through
a depth about twice the mountain height. From our as-
sumption that the flow upstream of Cape Blanco is ap-
proximately steady and two-dimensional, it is expected
that as the dual-Doppler area shifts toward the coast,
the across-shore component will decrease below 1-1.5
km and the alongshore component will increase below
about 3 km. Also, based upon the magnitude of the
upstream perturbations and their gradients in the model
velocity fields, we expect that changes in the alongshore
flow will be somewhat more apparent than changes in
the across-shore flow.

The influences of the coastal orography are apparent
to some degreein thelow-level horizontal velocity fields
from the dual-Doppler syntheses. By 1350, the NCFR
was within 60 km of the coast and within the 150-km
Rossby radius. Therefore, the NCFR was likely already
under the upstream influence of the orography at this
time. Examination of the along-front flow in Figs. 13c
and 14c shows an enhancement of the flow over the
terrain. At 1350, the velocities ahead of the prefrontal
jet were about 10 m s~t. By 1408, regions of velocities
greater than 12 m s* occurred over the coastal terrain.
In the across-front flow (Figs. 13b and 14b), distinct

changes in the flow are not readily evident ahead of the
front; however, the change in the shape of the conver-
gence zone to match approximately that of the coast is
suggestive of an orographic impact.

Changes in the flow can be isolated better by ex-
amining mean velocity profiles in the region ahead of
PC3, where the precipitation extended over the terrain
by 1408. Mean profiles of the ground-relative U and V
(referred to as the across-shore and aongshore flow,
respectively) were obtained by averaging these velocity
components over the regions shown by the boxes in
Figs. 13 and 14. The average profiles are shown in Figs.
21a,b. The profiles at 1350 represent mean flow char-
acteristics approximately 10—40 km offshore, and the
profiles at 1408 characterize the mean flow immediately
offshore to about 20 km inland. Since significant effects
of the orography are expected to occur at low levels,
we restrict our focus to changes in the horizontal ve-
locity structure below 3 km.

The profiles of the across-shore flow (Fig. 21a) in-
dicate two layersin which the velocity changes by more
than 1 m s~ In the 2-3-km layer, the across-shore flow
decreases by up to 4 m s~*. Inspection of vertical cross
sections across PC3 at 1350 (not shown) and 1408 (Fig.
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15c) suggests that this difference was associated with
the strong prefrontal core-relative easterly flow near 3
km that was only partially illuminated by the radar at
1350 but became more visible to the radar as the pre-
Cipitation area expanded. Since it occurs well above the
mountain height, this layer of stronger core-relative
easterly flow islikely associated with the frontal system.
Below 1 km, the across-shore flow decreases by ap-
proximately 2 m st near the surface and the difference
between the profiles decreases with height. This change
in velocity is consistent with a deceleration of the flow
upstream of the orography; however, other causes for
this change cannot be ruled out. Figure 21b shows a
3-km-deep layer in which the alongshore flow increased
as the dual-Doppler area neared the coast. The differ-
ence is largest near the surface (3 m s™*) and decreases
with height. This change in the alongshore flow is con-
sistent with the expected upstream orographic impact.

More compelling evidence for an upstream orograph-
ic impact is obtained by comparing the dual-Doppler-
derived profiles with those from the model. Model pro-
files were obtained by averaging velocities over three
adjacent grid columns at two locations: thefirst centered
just inland of the coast at X = 1440 km (Fig. 20) and
the second located 36 km upstream at X = 1404 km.
The 36-km separation between these model profiles is
comparable to the distance in the across-shore direction
separating the dual-Doppler averaging areasin Figs. 13
and 14. The model results are averaged over three grid
columns to improve comparison to the area-averaged
dual-Doppler data.

Profiles of the across- and alongshore components of
the flow from the model are shown in Figs. 21c,d. Pre-
dicted changes in the across-shore flow are relatively
small (Fig. 21c). Maximum changes occur near the sur-
face, where the across-shore flow is reduced by nearly
2 m s between the offshore location and the coast.
The across-shore velocity change reverses sign near
1500 m, the height of the plateau. These changesin the
model across-shore flow are comparable in magnitude
to the changes in the dual-Doppler profiles, although
velocity perturbations associated with the front (e.g., in
the 2-3-km layer in Fig. 21a) complicate the compar-
ison.

The alongshore profiles from the model (Fig. 21d)
indicate an increase in the alongshore flow below 3 km
between the offshore and coastal locations. The differ-
ence is largest near the surface (3 m s*) and decreases
with height. While the actual shapes of the V profiles
from the model and the dual-Doppler data are different,
the magnitude and vertical distribution of the changes
are nearly identical.

The comparison of the model and dual-Doppler wind
fields together with the observed behavior of the re-
flectivity cores as they moved toward the coast supports
the hypothesis that the NCFR was modified by the up-
stream influence of the coastal orography. A schematic
diagram depicting the interaction of the NCFR with the
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Fic. 22. Schematic depiction of the evolution of the NCFR as it
came under the increasing influence of the coastal orography. Ellipses
represent precipitation cores PC3, PC4, and PC5. The position of the
frontal wind-shift zone and the precipitation cores are indicated at
three times. The extent of the region influenced by the coastal orog-
raphy isindicated by the Rossby deformation radius L at the bottom
of the figure.

orography near Cape Blanco is shown in Fig. 22. At
71, the NCFR was located a distance greater than L,
from the coast and was not yet in the region of influence
of the orography. The NCFR contained several precip-
itation cores, each of similar length. As the NCFR ap-
proached to within a distance Ly of the coast by 72, it
felt the decelerating influence of the orography most
strongly in the vicinity of the cape. The deceleration of
the NCFR just off the cape caused an indentation in the
front to develop by 72. Since the wind-shift zone was
associated with the front, the change in orientation of
the front near PC4 was concurrently associated with a
change in the orientation of the wind-shift zone (Figs.
13c and 14c), which caused the meridional component
of the velocity to become locally divergent and may
have led to the eventual dissipation of PC4 by 73. By
the time the NCFR reached the coast, its shape was
deformed such that it mimicked the shape of the coast-
line.

6. Conclusions
a. Characteristics of an oceanic front

Past studies of North Pacific cool-season fronts,
which produce most severe weather along the coastal
zone of northwestern North America regardless of sea-
son, have documented various kinematic, thermody-
namic, and microphysical characteristics of these storms
(Nagle and Serebreny 1962; Houze et al. 1976; Hobbs
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and Biswas 1979; Matejka et al. 1980; Hobbs et al.
1980; Carbone 1982, 1983; Hobbs and Persson 1982;
Bond and Shapiro 1991). However, these studies (with
the exception of Carbone 1982, 1983) were based on
conventional radar, single-Doppler radar, and flight-lev-
el aircraft measurements and were generally unable to
examine quantitatively the three-dimensional mesoscale
structure of fronts far offshore and in the coastal zone.
The case study presented here adds to this body of re-
search significantly by using high-resolution airborne
dual-Doppler radar to map simultaneously the detailed
kinematic and radar echo structure of a strong frontal
system approaching the coast of Oregon. The results of
this study provide quantitative measures of certain as-
pects of these fronts and suggest some of the modifi-
cations such fronts may undergo as they approach the
rugged coastline.

« Frontal kinematics. The dominant precipitation fea-
ture was a narrow cold-frontal rainband (NCFR). One
of the most robust measurements provided by the air-
borne dual-Doppler radar is the detailed three-dimen-
sional wind field encompassing this rainband. These
dataindicate amean vertical vorticity in thefrontal zone
of 20-30f (maximum values were approximately 60—
75f1) at the resolved scales of motion of 810 km. The
maximum values of vorticity are comparable to those
found in other NCFRs (Browning and Harrold 1970;
Hobbs and Persson 1982; Bond and Shapiro 1991; Roux
et al. 1993) but were much weaker than the 100-300f
noted by Carbone (1983). Maximum resolved vertical
velocities were about 6 m s~ at low levels along the
frontal density current and greater than 10 m s—* at upper
levelsin the offshore convective band. The density cur-
rent vertical motions are similar to previous observa-
tions of NCFRs. The upward mass fluxes at the front
were dominated by contributions from resolved updrafts
of about 1-3 m s~%; significant contributions from stron-
ger updrafts occurred at mid-to-upper levelsin the off-
shore convective band.

» Development of convection along the front. Littleis
known about the pattern of deep convective cell de-
velopment along cold fronts of the type studied here.
This study has shown that the new convective cells sys-
tematically formed to the south of existing cells. Future
studies should address what, if any, effect this devel-
opment has on the position and structure of the front
itself.

« Postfrontal, cross-frontal flow. This study raises
questions about the interaction of the postfrontal, cross-
frontal flow component with the convection forced by
the density-current-like cold front. At locations along
the NCFR where convection was deep and intense, the
rear-to-front westerly current behind the NCFR was also
deep and had maximum velocities just above the 0°C
level, reminiscent of rear-inflow jetsin squall lines. This
behavior raises the question of cause and effect, which
probably is best answered in the context of a high-res-
olution numerical model.
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» Wavelike rainbands. Small-scale parallel rainbands
oriented obliqueto and in the vicinity of the NCFR were
seen previously in a storm approaching the northwest
coast of the United States (Houze et a. 1976). The
reappearance of this phenomenon in the present case
suggests that these bands are indeed characteristic of
this type of oceanic frontal system.

b. Offshore versus nearshore character of the front

By virtue of observing the frontal system for several
hours, beginning when the front was far out to sea and
ending when the front was near the coast, we have been
able to quantify observed changes in the frontal struc-
ture, which were possibly produced by changes in the
low-level stability and by the interaction of the front
with steep coastal topography as it came ashore.

« Intensity. The depth of the radar echo and magnitude
of the Doppler-derived vertical velocity in the NCFR
measure the intensity of the front. Both characteristics
decreased asthe front moved from well offshoreto with-
in about 60 km of the coast in the portion of the front
observed by the aircraft radar. The cessation of deep
convection and obvious signs of storm electrification
near the coast suggests the stabilization of the lower
troposphere as the front advanced toward the coast.
Whether the weakening of the front as it approached
the coast is common or not awaits further study—doc-
umentation by more observations and examination via
numerical modeling.

» Microphysical inferences. As noted above, the radar
echo depth and the maximum vertical motions decreased
as the NCFR approached the coast. However, the max-
imum radar reflectivity at low levels did not change
significantly. In other words, the rainshowers along the
NCFR remained about the same intensity. The constan-
cy of the surface rain rate as the depth of the convection
decreased suggests a change in the microphysical char-
acter of the frontal clouds as they approached the coast.
The anecdotal evidence of frequent lightning when the
front was far offshore yet apparent absence of lightning
when the storm was close to shore is further suggestive
of microphysical changes. The CFADs of vertical mass
transport show that the mass transport was dominated
by relatively weak low-level updrafts along the frontal
density current both far offshore and near shore but also
show that a significant amount of additional vertical
mass transport occurred in the stronger mid-to-upper-
level updrafts in the offshore convective band. The con-
centration of vertical mass transport at low levelsalong
the frontal density current both well offshore and near
shore probably explains the similarity of the surfacerain
rates at both locations since most of the condensation
occurred at low levels. The strong mid-to-upper-level
updrafts in the offshore convective band probably in-
creased the production and upward transport of ice par-
ticles to form the stratiform cloud and precipitation ob-
served primarily ahead of the NCFR. Conversely, these
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results imply that the convection was no longer feeding
much, if any, ice into the upper-level clouds of the fron-
tal system by the time the storm arrived at the coast,
which may explain the decrease in echo depth.

e Shape of the front. On horizontal maps of radar
reflectivity, the NCFR, which effectively marks the po-
sition of the surface front, was observed to change its
shape as it approached Cape Blanco, a westward-jutting
segment of the southern Oregon coastline. The terrain
rises quite steeply along this portion of the coast, and
the segment of the front upstream of Cape Blanco ap-
parently was slowed down by the presence of the steep
coastal terrain, resulting in afrontal shape that mirrored
that of the coastline to some degree.

» Change in the prefrontal flow. Along with the
change in shape of the NCFR as the front approached
the coast, the low-level prefrontal wind parallel to the
front (and also parallel to the coast) increased while the
wind perpendicul ar to the front decreased. Thisbehavior
is suggestive of a coastal mountain influence, but it
cannot be clearly separated from the large-scale baro-
clinic development of the frontal system and the syn-
optic-scale cyclone via the available observations. The
relative contribution of these or other possibleinfluences
upon the front’s observed behavior is probably best in-
vestigated by numerical modeling in which controlled
experiments can separate orographic and baroclinic
components of the flow.
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