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ABSTRACT

Doppler radar data and airborne cloud microphysical measurements obtained in the CYCLES PROJECT
indicate that a warm-frontal rainband in an extratropical cyclone was characterized by a precipitation
process in which clouds at low levels were enhanced by a mesoscale updraft. Ice particles, apparently
formed in shallow convective cells aloft and then drifted downward, undergoing aggregation just above
the melting layer. This study demonstrates the crucial role of the low-level mesoscale updraft in condensing
a sufficient amount of cloud water for particles to accrete as they fell through the lower portion of the

frontal cloud.

1. Imtroduction

This paper is the third in a series dealing with
the mesoscale structure of clouds and precipitation
in extratropical cyclones moving into Washington
State from the Pacific Ocean. In Part I of the series,
Hobbs er al. (1980) described the mesoscale rain-
bands associated with a well-defined cold front. In
Part II, Herzegh and Hobbs (1980) examined rain-
bands in warm-frontal regions of cyclones. The
present paper is a further examination of warm-
frontal rainbands.

Warm-frontal rainbands may be described as
mesoscale features within which the widespread
precipitation associated with the warm advection
and general upward motion of a cyclone is en-
hanced. Widespread frontal precipitation is char-
acterized in general by ice particles forming aloft
and growing as they drift downward toward a well-
defined melting level. The formation of the ice par-
ticles often occurs in a layer of shallow convective
‘‘generating cells’’, from which trail long sloping
streamers of snow that form distinctive radar echo
patterns (Battan, 1973, pp. 195-197). Such cells are
particularly notable in the vicinities of warm-frontal
rainbands and evidently play a role in enhancing the
precipitation in those regions. Houze ef al. (1976b)
and Hobbs and Locatelli (1978) showed that most of
the growth of the precipitation particles occurs
below the layer containing the cells. Herzegh and
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Hobbs (1980), using observed vertical profiles of
radar reflectivity, quantified this result, showing
that 80% of the growth of precipitation particles
occurred after they fell out of generating cells. Direct
sampling of the precipitation particles in warm-
frontal rainbands shows that a primary growth
mechanism as the particles approach the melting
level is aggregation (Matejka et al., 1980). Herzegh
and Hobbs (1980) showed that the falling particles
also grow by scavenging smaller cloud droplets in
their paths both before and after they pass through
the melting layer.

These results indicate that the shallow convective
cells aloft do not by themselves increase the pre-
cipitation from the clouds associated with warm-
frontal rainbands. Rather, most of the mass of the
precipitation particles is acquired as they fall
through lower level stratiform cloud. The ice par-
ticles from the cells aloft thus aid in the micro-
physical conversion of cloud water condensed at
lower levels to precipitation, while the condensa-
tion of water vapor in the lower cloud provides the
mass of water accrued by the falling ice particles.

Herzegh and Hobbs (1980) found a mesoscale
region of enhanced lifting in the lower cloud layers
associated with one of the warm-frontal rainbands
they studied. This result suggests that mesoscale
lifting at low levels was dynamically enhancing the
condensation of water vapor, thus producing a thick,
water-laden cloud.

It thus appears from previous studies that the en-
hancement of the precipitation in warm-frontal
rainbands may result from: 1) generation of ‘‘seeder”’
crystals aloft, which as they fall out, increase the
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microphysical conversion of ‘‘feeder’’ cloud water
condensed at lower levels to precipitation water;
2) enhanced mesoscale lifting, which increases the
amount of feeder cloud water by the condensation of
vapor at low levels; or 3) a combination of both of
these mechanisms.

In the present study, we confirm in a case study
that both mechanisms occur in combination and that
the mesoscale lifting at low levels is crucial in ac-
counting for the amount of rain associated with a
warm frontal rainband.

2. Data

The data used in this study were obtained on 13
December 1977 as part of the CYCLES PROJECT
of the University of Washington. A complete
- description of the observational facilities is given
in Part I (Hobbs et al., 1980).

3. Methods of air motion computation

Two methods of deriving the air motion pattern
within the rainband have been applied in this study.
Method I is used to derive the air motion pattern in
a vertical plane that is perpendicular to the rainband.
This two-dimensional air motion pattern is derived

_from the CP-3 Doppler velocity measurements. Co-
ordinates are x, horizontal and normal to the band,
and height z. The horizontal wind in the x direction

_is u. An isotach analysis of # determined from the

" radar data was then performed in the x-z plane and
values of « in a Cartesian grid were interpolated.
A horizontal spacing of 2.60 km and vertical spacing
of 0.33 km was used. The horizontal divergence,
Au/Ax, was calculated for the entire field. A value of
Ax of 5.2 km was used. It was assumed that the diver-

_gence of the horizontal wind v along the rainband,
that is in a direction y, normal to the x-z plane, is
small compared to Au/Ax. The two-dimensional
continuity equation

Aw . Au
—_= T, (1)
.Ap Ax

where p is pressure and w (=dp/dt) the vertical
velocity, was integrated to obtain w at 0.33 km in-
tervals in the vertical. A lower boundary condition
of no vertical motion was used, and p and z were
used interchangeably assuming they were related
hydrostatically by 8p = —pgdz, where g is the ac-
celeration of gravity and p the density, given by
po €xp(—z/H), where p, is the surface density and
H the scale height.

Method II for deriving air motions from Doppler
radar measurements is the ‘‘velocity-azimuth dis-
play”’ (VAD) technique of Browning and Wexler
(1968) in which a Fourier series is used to represent
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an azimuthal sequence of radial velocity measure-

ments obtained at a given range and elevation angle.

Kinematic properties of the horizontal wind field,

such as average speed and direction, divergence,

deformation and orientation of the axis of dilatation,

are determined for the circular region defined by the
range and elevation angle by various algebraic

combinations of the Fourier coefficients. Using this

technique, we calculated the divergence for eight
levels in the vertical, and the continuity equation
was used to calculate the corresponding vertical
velocity profile, with no vertical motion applled as
the lower boundary condition.

Browning and Wexler’s technique for computing
the divergence requires knowledge of the particle
fallspeed ©,. We obtained values of v, of about
7 m s from measurements taken when the Doppler
radar was pointing vertically.

From VAD data, both components of the diver-
gence, du/dx and §v/dy, can be computed. By
examining the values of these components, we deter-
mined the validity of the two-dimensional assump-
tion used in Method 1.

To minimize VAD errors owing to partial filling of
the VAD circle by detectable precipitation, spatial
variability of particle fallspeeds and strong vertical -
wind shear, we have restricted the elevation angle
to a maximum of 9° and the radius of the VAD circle
to a maximum of 9 km in all our calculations. Hills
or other terrain features did not affect these meas-
urements and calculations since within 9 km range of
the radar 80% of the region covered was ocean and
the remaining 20% extremely low and flat land.

4. Horizontal patterns

The frontal cloud pattern detected by satellite at
the time of our study, 1130-1230 PST, was quite
typical of cylones moving into Washington State
from the Pacific Ocean (Fig. 1a). The precipitation
pattern revealed by radar is shown in the inset. The
National Weather Service’s surface map analysis
(Fig. 1b) shows the frontal pattern as it was moving
onshore just after the time of our detailed observa-
tions. The airflow at 500 mb a short time later is
shown in Fig. lc.

The rainband studied in detail here is that labeled 3
in the inset of Fig. la. A switch in orientation oc-
curred between the leading rainbands 1-3 and the
trailing rainbands 4-8. This change in rainband
orientation is rather typical of this type of cyclonic
storms. Houze et al. (1976b) used such changes in
orientation to classify rainbands into various types.
According to their classification, the first group of
rainbands (1-3) are considered ‘‘warm-frontal”’
rainbands. Rainband 3 was the last of the warm-
frontal rainbands associated with this cyclone to

_pass through the area of study.
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FiG. la. Satellite view of the clouds associated with the frontal positions at 1145 LST. Shaded area
was traced from infrared imagery. The inset represents an expanded view of the hatched rectangle
showing a composite of the horizontal patterns of the precipitation (radar echoes = 25 dBZ)

comprising rainbands 1-8.

5. Radar reflectivity cross section

Figure 2 shows a vertical cross section of the radar
reflectivity pattern associated with the rainband.
A pronounced melting layer, indicated by the band
of high reflectivity at ~2 km, emphasizes the basi-
cally stratiform structure of the precipitation in the
rainband. Had convective-scale updrafts and down-
drafts been present to any considerable extent at
the height of the melting layer, the melting band
would have been irregular, discontinuous or com-
pletely obscured. Above 3 km, the radar echo was
much less stratiform. The three perturbations of the
24 dBZ echo contour had the appearance of pre-
cipitation trails from generating cells. This impres-
sion is affirmed by data from aircraft penetrations
at the 3, 4 and 5 km levels (see Section 9).

The horizontally uniform structure below the trails
from the generating cells in Fig. 2 is consistent with
previous studies in which aircraft penetrations be-
low the level of generating cells in the clouds associ-
ated with warm-frontal rainbands have revealed

generally uniform structures with no evidence of
convective activity (Houze et al., 1976a; Matejka
et al., 1980).

6. Divergence

The quantity Au/Ax computed by Method I from
the Doppler velocity data for 1130 LST is shown in
the x-z plane in Fig. 3a. To the extent that the rain-
band is two-dimensional, this quantity is equal to the
divergence of the horizontal wind. Fig. 3a and all
subsequent figures involving air motion fields cal-
culated by Method I show values only within the
boundary of the 34 dBZ echo contour. The Doppler
velocities obtained outside this contour were char-
acterized by unrealistic vertical wind shears and
were therefore considered unreliable.

At low levels (below 2 km), the values of Au/Ax
were all in the range of ~2 x 107%to —5 x 1074 s~
This pattern extends continuously across the rain-
band, showing that the lower 2 km of the cloud as-
sociated with the rainband coincided with a meso-
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FiG. ib. National Weather Service surface analysis for 1300
LST 13 December 1977, showing isobars and frontal positions
along the west coast of the United States.

scale region of rather uniform convergence. Near
the back edge of the rainband (60 km from the radar),
the region of convergence extended upwards to the
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Fi1G. lc. National Weather Service 500 mb analysis for 1600
LST 13 December 1977. Solid lines indicate the 500 mb height
(dam).

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 38

SW—

HEIGHT (km)
IS

] i
70 60 50 40 30
DISTANCE FROM RADAR (km}

FiG. 2. Radar reflectivity patterns (dBZ) in a vertical plane
perpendicular to the warm-frontal rainband. The data were taken
along the 212° radial (from Pt. Brown, Washington) at 1130 LST
13 December 1977. :

top of the echo. The middle portion of the echo is
dominated by divergence of a magnitude similar to
that of the convergence. .

At 1200 LST, the rear portion of the band was
centered over the radar, and the VAD method could
therefore be applied in the region indicated by the
dashed line in Fig. 3a. Profiles of the divergence
components obtained for this region are shown in
Fig. 3b. The 0u/dx term is dominant, ranging from
—5 X 10~* s~ at the surface to —1 X 10~* s~ 1at 1.5
km. These values are highly consistent with those
in the dashed region in Fig. 3b. These results support
the validity of the two-dimensional approximation
used in Method 1.
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F1G. 3a. Pattern of Au/Ax (in units of 10~¢ s~!) in the warm-
frontal rainband calculated by Method 1. Outside boundary is
the 34 dBZ contour. The dashed line represents the region
where the VAD analysis was performed.
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F1G. 3b. Vertical profiles of du/dx and 8v/8y in the warm-
frontal rainband calculated from Method II. Values represent
the average divergence over a circle of radius 9 km.

7. Vertical velocity

The vertical velocity w, computed from the
Au/Ax field in Fig. 3a using (1), was upward through-
out the rainband echo, with magnitudes of tens of
centimeters per second (Fig. 4a). The entire rain-
band below the 3 km level may, therefore, be re-
garded as a mesoscale upward motion feature. As
noted in discussing Fig. 2, convective cells were
evidently located above the 3 km level. The vertical
velocity profile calculated by the VAD method (Fig.
4b) is in excellent agreement with the vertical veloc-
ity calculated by Method I for the region bounded by
the dashed line in Fig. 4a. For example, within the
dashed region, the average vertical velocity at the
same level in Fig. 4b is 28 ¢cm s™'. Because of the
excellent agreement of the vertical velocities com-
puted by two independent sets of measurements
(obtained 30 min apart), we feel the vertical veloci-
ties computed by both methods are accurate.

8. Surface pressure

The region of enhanced vertical velocity and con-
vergence associated with the rainband extended
down into the planetary boundary layer (lowest 1
km). Convergence and vertical motion in the bound-
ary layer are associated with cross-isobaric flow.
Hence, a mesoscale perturbation in the surface
pressure field may be expected to accompany the
mesoscale perturbation in divergence and vertical
velocity. Mesoscale perturbations in pressure asso-
ciated with rainbands have been noted previously in
CYCLES studies (e.g., Houze et al., 1976b). The
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FIG. 4a. Pattern of the vertical velocity (cm s™*) obtained from
Method 1. Outside boundary is 34 dBZ and the dashed line rep-
resents the VAD analysis region.

barograph trace at the radar site showed such a
perturbation during the passage of the rainband con-
sidered in this study.

Although its applicability to phenomena of the
scale of our rainband may be somewhat question-
able, Ekman-layer theory may be invoked to esti-
mate the vertical velocity associated with the
observed pressure perturbation. The appropriate
equation (see Holton, 1972, p. 89) is

_ D o
£ 2upf ox®’

where wj is the vertical velocity at the top of the
Ekman layer, D the depth of the Ekman layer, and
f the Coriolis parameter.

The value of 8*p/8x* associated with the passage
of the rainband was estimated from the barograph
trace shown in Fig. 5. It is assumed that the dip in
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F1G. 4b. Profile of the vertical velocity obtained from Method 11.

Values represent the average vertical velocity over a circle of
radius 9 km.
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F16. 5. The barograph trace obtained at Pt. Brown, Washington. The bracketed
portion of the trace represents the ieading and trailing edge of the warm-frontal

rainband passage determined from rainfall records.

the trace centered near the leading edge of the rain-
band was the pressure perturbation associated with
the band. Ideally, the dip would be expected to be
centered within the band. The slight misfit of the
pressure and precipitation records could be as-
~sociated with a few minutes uncertainty in timing.

The value of 9%p/dx2 centered in the dip is estimated

to be in the range 2.2-2.6 X 1073 mb km~2. Then,
assuming D = 1 km, p = 1.1S kg m~% and f = 1.07
X 107* s7!, we obtain a vertical velocity at the 1 km
level of 28-34 cm s™!. These values are consistent
with the values of w computed from Doppler radar
data by both Methods I and II.

9. Airborne. observations of cloud and precipitation
structure above the melting level

The B-23 aircraft flew northeast—southwest
passes through the clouds associated with the rain-
band at altitudes of 3, 4 and 5 km. These passes were
in the region of generating cell streamers evident
above the melting level in Fig. 2. Summarized below
are the cloud microphysical observations that were
obtained on these passes.

a. Ice-particle concentrations and cloud liquid water
contents

The ice particle concentrations measured at 5 km
(Fig. 6a) were generally high (20-60 per liter). Sharp
peaks at 1145, 1147 and 1150 PST evidently corre-
sponded to precipitation streamers of generating
cells. The peaks in ice concentration on both
the northeast and southwest side of the band coin-
cided with peaks in cloud liquid water content. Since
updrafts had to have been present to sustain such
liquid water peaks in the presence of ice, we con-
clude that these observations were obtained within
the layer of active convective cellular overturning.
Serial rawinsonde ascents ahead of and to the rear
of the rainband were not definitive, but did indicate
that this layer was probably close to moist adiabatic.
The absence of a liquid water peak at 1147 PST sug-
gests that the updraft motion producing this par-
ticular streamer had ceased.

At 4 km, observations essentially similar to those
at 5 km were obtained (Fig. 6b). Two peaks in ice

particle concentration were observed, with one of
them (on the northeast side of the band) almost
coinciding with a peak in cloud liquid water con-
tent, indicating that at 4 km, too, convective. up-
drafts were active.

At 3 km, however, the ice particle concentration,
except for the dip at 1108 (Fig. 6¢c), was spread more
uniformly across the rainband, with no sharp peaks.
The cioud liquid water content was generally sup-
pressed to values < 0.1 g m~® all across the band.
These observations indicate that the aircraft at this
level was below the layer of convective overturning
and that the streamers from the cells were becoming
more diffuse and broadening as they extended
downward. '

b. Particle replicas

A summary of a careful inspection of the replicas
of particles obtained in Formvar on the three pene-
trations of the clouds associated with the rainband
is given in Table 1. The primary findings were the
general increase in maximum particle size with de-
creasing height and the presence of large aggregates
of crystals (=3 mm in dimension) at 3 km and the
general absence of aggregates at 4 and 5 km. Some
riming was noted in all the samples. Evidently, ice
particles produced in cells in the 4-5 km layer grew
at first by a combination of deposition and riming.
As shown by Houghton (1950) deposition probably
dominated initially, with riming becoming dominant
as the particles’ sizes increased. As the streamers
extended down into the warmer air at 3 km, aggrega-
tion apparently became very important in producing
the largest particles. Such a sequence of growth
is consistent with the well-known fact that the
aggregation of ice particles increases sharply as the
ambient temperature increases toward 0°C (Hobbs,
1974, p. 641). ' .

10. Water budget of the rainband

The foregoing radar and aircraft observations
may be synthesized by considering the overall water
budget of the rainband. Assuming that the rainband
was in a steady state and that no evaporation was
occurring within its boundaries, the condensation






