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ABSTRACT

The NOAA P-3 aircraft was used to collect data in a genesis region for mesoscale comma clouds over the
Gulf of Alaska. Aircraft measurements in the genesis region showed that rainbands with spacings of 65-75 km
and orientations along the mean wind shear were present. Possible mechanisms for the formation of the rainbands,
including conditional symmetric instability (CSI) and modified wave-CISK were investigated, but the data did
not allow the formation of the rainbands to be conclusively ascribed to a particular mechanism. The existence
of low static stability in the genesis region was also documented and its role in mesoscale comma-cloud devel-

opment explored.

Careful analysis of images from NOAA polar orbiter and GOES satellites together with synoptic analyses
made it possible to trace the life cycles of several mesoscale comma clouds as the genesis region moved across
the Gulf of Alaska. As the genesis region approached a preexisting polar frontal cloud band, a wave cyclone
formed on the front and absorbed one of the comma clouds. The resulting cyclone central pressure dropped
25 mb in 12 hours. The intensity of this development was underestimated by operational forecast models.

1. Introduction

A flight was carried out on 12 March 1985 by the
NOAA P-3 aircraft to gather data in a genesis region
for mesoscale comma clouds (“genesis region™ for
short) over the Gulf of Alaska. The purpose of the flight
was to document the environment in which these sub-
synoptic scale features develop. Satellite imagery and
synoptic analyses were then used to document the for-
mation of four comma-cloud systems from the genesis
region and their interactions with a polar-front cloud
band during the following 24 hours. The purpose of
this research is twofold: (i) to examine in some detail
the thermodynamic and dynamic environment in
which the comma clouds formed, and (ii) to examine
their role in initiating synoptic-scale rapid cyclogenesis.
The term “comma cloud” (short for comma-shaped
cloud system) is used in this paper to refer to mesoscale
cyclonic disturbances that form in polar airmasses
north or poleward of the polar front. Comma clouds
typically have diameters of 500 to 1000 km as seen in
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the satellite imagery and are essentially nonfrontal in
nature (Reed 1979; Mullen 1979).

Previous observational studies of comma clouds over
the Eastern Pacific Ocean have shown that these dis-
turbances form in regions of enhanced tropospheric
baroclinicity, usually in the vicinity of preexisting
frontal boundaries and on the cyclonic shear side of
upper-tropospheric jet streams (Reed 1979; Mullen
1979; Reed and Blier 1986a,b). The distinctive comma-
shaped cloud pattern seen in satellite imagery is coin-
cident with a region of differential positive-vorticity
advection, and usually forms from a merging of con-
vective clouds during the incipient stage of develop-
ment. Mesoscale analyses of comma clouds show that
they contain rainbands often of a convective character
(Businger and Hobbs 1987). In stronger cases, comma
clouds may develop mesoscale advection and precip-
itation patterns commonly associated with fronts (Lo-
catelli et al. 1982).

In reviewing the literature on the interaction of
comma clouds with polar fronts it is evident that a
variety of interactions have been documented. When
comma clouds approach polar-front cloud bands rapid
cyclogenesis can occur (Anderson et al. 1969; Zillman
and Price 1972; Carleton 1985). In cases where the
proximity is not so close (greater than 7° latitude), a
wave may be excited on the polar front, and a typical
midlatitude cyclone may develop, and remain inde-
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pendent of the comma cloud throughout its history.
In cases of closer proximity (less than 7° latitude), the
comma cloud often merges with-the frontal wave in a
process that has been termed ““instant occlusion”, in
which the comma cloud provides the occluded front,
and the frontal wave provides the warm and cold fronts
to the storm (Anderson et al. 1969). After the instant-
occlusion process these storms appear identical to clas-
sical occluded systems in the cloud signatures seen on
- satellite imagery, but may exhibit extremely rapid
pressure falls (Mullen 1983). Since they generally occur
over oceans, few case studies of the interaction of
comma clouds and polar fronts have had mesoscale
observational data available. Mesoscale analysis by
Locatelli et al. (1982) of three comma clouds that af-
fected the Washington coast showed that the advection
and precipitation patterns associated with the comma
clouds and polar fronts remained independent, even
though they may have appeared to merge when viewing
standard operational data. Browning and Hill (1985)
used mesoscale data over Great Britain to describe the
circulation pattern in a case where a polar trough in-
teracted with a polar front. The key elements of a con-
ceptual model developed by the authors are (i) a moist,
relatively warm, low-level jet associated with the polar
trough, referred to as the polar trough conveyor belt,
and (ii) a major upper level jet streak associated with
the polar front, referred to as the polar-front conveyor
belt.

In this case study, research aircraft data were avail-
able over the Gulf of Alaska, a region almost devoid
of standard operational data. Therefore, this dataset
presents a special opportunity to examine the environ-
ment in which a series of mesoscale comma clouds
evolved. In section 2, aircraft and satellite data are used
to analyze the mesoscale characteristics of the genesis
region. In section 3 synoptic analyses depicting the
evolution of the wave cyclone are presented. The in-
fluence of low values of lifted indices and surface sen-
sible-heat and latent-heat fluxes on the synoptic-scale
development are discussed in section 4. Summary and
conclusions are presented in section 5.

2. Mesoscale analysis of a genesis region for comma
clouds using aircraft and satellite data

Figure 1 shows two infrared satellite images taken
by NOAA polar orbiting satellites. At 1800 UTC 12
March 1985 (Fig. 1a) the convective feature discussed
~ below and sampled by the NOAA P-3 aircraft can be
seen as a region of bright convective clouds in the vi-
cinity of 50°N, 160°W. It has been noted (Anderson
et al. 1969; Reed 1979) that an area of enhanced con-
_vection in a cold air mass is a signature of the genesis
stage of comma clouds. An early indication of the pres-
ence of an upstream upper level disturbance was seen
as a shift in the 500 mb wind from a southwesterly to
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a westerly direction at St. Paul Island (57°12'N,
170°20'W) at 1200 UTC 12 March. Satellite coverage
showed that the convective activity initially (near 0000
UTC 12 March 1985—not shown) appeared as an in-
crease in the depth of convection of a region of open
mesoscale cellular convection near 175°W. These cells
then became organized into a quasi-banded structure
(labeled A in Fig. 1) during the latter half of 12 March.
A larger convective system (labeled B in Fig. 1a) de-
veloped 'into a small cyclonic vortex with a comma
cloud shape (labeled B in Fig. 1b). An interesting feature
which persisted from near 0000 UTC 12 March until
after 0000 UTC 13 March is a distinct region of sup-
pressed convection to the east of the NE-SW oriented
enhanced convective bands (A) referred to above. This
relatively clear area may be related to the post-frontal
subsidence associated with the preexisting polar front.

The NOAA P-3 Orion research aircraft was used to
collect flight-level and Omega dropwindsonde data in
the genesis region during the period 2200 UTC 12
March to 0400 UTC 13 March 1985. The aircraft pri-
marily sampled in the convective region labeled A in
Fig. 1. The flight track and the locations of deployment
of the dropwindsondes are given in Fig. 2. After reach-
ing the location of the second dropwindsonde, the air-
craft performed a stepped descent from 6000 m to 300
m, and sampled the atmosphere at this level along line
XY in Fig. 2. The aircraft then returned to ~6000 m
to the location of the third dropwindsonde release, and
turned southwest to the location of the fourth drop-
windsonde. Dropwindsondes 4 through 9 (number 7
failed) were released along the line labeled PQ in Fig.
2, and dropwindsondes 10 through 12 were released
along a line to the southeast. At 52°N latitude the air-
craft turned west to release dropwindsonde 13 (failed)
and 14, the aircraft then turned east and then north to
release dropwindsondes 15 and 16 along 150°W lon-
gitude. .

A series of convective rainbands (labeled R1-RS in
Fig. 3a) were encountered during the low-level portion
of the flight. Bands R4 and RS were the most intense
while R1-R3 were much weaker. The rainbands were
oriented with their lengths north~-south, while the flight
track was east-west at this time. The locations of the
rainbands were determined visually from the aircraft,
from the radar and from the signatures of precipitation
in the downward-pointing infrared radiometer obser-
vations. The wavelength of the rainbands (the distance
from the center of the radar echo of one rainband to
the center of the radar echo of the next rainband) was
~60-75 km, and their average width ~20 km. The
cloud turrets associated with deep convection in the
rainbands were observed to extend above the upper
flight level (~450 mb).

Figure 4a is a photograph of rainband R2, showing
the linear organization of the cumuliform clouds. The
radar-reflectivity pattern associated with rainband R4

is shown in Fig. 4b. Regions of higher reflectivity (>25



FIG. 1. NOAA-6 infrared-satellite images of an incipient comma cloud at a) 1800 UTC 12
March 1985, and b) 0000 UTC 13 March 1985. Locations labeled A and B are referred to in
the text.
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FIG. 2. Flight track and location of dropwindsonde releases on 12—
13 March 1985. XY and PQ are the projection lines for the cross
sections shown in Fig. 3.

dBZ) are indicative of embedded cores of precipitation
within rainbands (Businger and Hobbs, 1987).

Using satellite data, an advection velocity of 15 m
s~! was determined for the convective bands in the
genesis region. Vertical cross sections were then con-
structed (Fig. 3), and the advection velocity was used
to adjust the location of the flight-level and dropwind-
sonde data long line XY in Fig. 2 to a common time
of 2200 UTC on March 12. Figures 3a and 3b show
cross sections prepared from the dropwindsonde and
aircraft traverses along line XY. The rainband locations
shown at the bottom of Fig. 3 are consistent with the
time-space conversion.

Figure 3a shows isotachs of the v-component of the
wind (the component normal to this east-west cross
section). The isotachs show significant shear in the v-
component, especially in the western half of the section,
indicating that synoptic-scale baroclinicity was present.
It is evident from the backing of the wind with height
(shaded region in Fig. 3b) that cold-air advection was
present above ~700 mb across the cross section.

The vertical cross section of the equivalent-potential
temperature (Fig. 3b) shows this parameter decreased
with increasing height in the boundary layer (<850
mb), and increased slightly between ~850 and ~ 500
mb, (the tropopause was at ~450 mb). This implies
that the boundary-layer air was potentially unstable.
A decrease in the equivalent-potential temperature of
~3°C was present from east to west in the cross section.
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Figure 3c shows the north-south cross section pre-
pared from the dropwindsonde and aircraft traverses
along line PQ in Fig. 2. Isotachs in Fig. 3¢ show the u-
component of the wind (component normal to this
cross section). A moderately strong jet stream, with
westerly winds up to 35 m s™!, was located just below
500 mb, in the upper right-hand side of the figure. In
section 3 we will comment on the role of the differential
PVA associated with this feature on the location of the
enhanced convection and the development of the wave
cyclone. The equivalent-potential temperature analysis
for the north-south cross section (not shown) showed
a uniform layer of potential instability below ~850
mb and near neutral stability above 850 mb to the
tropopause level (>500 mb). Horizontal gradients of
equivalent-potential temperature were less than 1°C.
Calculations of the divergence (not shown) indicate that
the convergence of the component of the wind parallel
to the plane of the cross sections was an order of mag-
nitude larger for the east-west cross section than for
the north-south cross section in Fig. 3. This is consis-
tent with the observed north-south orientation of the
rainbands. The spacing and the time interval between
dropwindsonde releases on the east-west cross section
were too large to adequately sample the mesoscale cir-
culations associated with the rainbands, therefore, no
attempt was made to calculate the vertical velocities
and streamfunctions associated with these features.

To give a more detailed sample of the vertical dis-
tribution of moist-convective stability and moisture in
the genesis region, temperature and dewpoint sound-
ings from dropwindsondes 2, 5, 10 and 15 are shown
in Figs. Sa-d, respectively. The majority of the sound-
ings over the genesis region (except those in the north-
west section of the region: soundings 6-10) show a well-
mixed dry-adiabatic layer from the surface to 925-875
mb, capped by a deep moist-adiabatic layer to a height
of 550-500 mb. .

Soundings 2 and 15 were located at the eastern edge
of convective region A. Both temperature soundings
are nearly dry adiabatic from sea level to 875 mb. The
layer below 925 mb (for sounding 15) and 875 mb (for
sounding 2) is saturated due to moisture fluxes from
the underlying ocean surface (surface fluxes of latent
and sensible heat will be discussed further in section
4). The wetting of the dropwindsonde sensors in clouds
during descent may have resulted in some overestimate
of the dewpoint temperatures at low levels. Both
soundings show a dry layer from ~850 to ~700 mb
and a second moist layer from ~700 to ~600 mb,
indicative of the advection of moisture at midlevels.
Above 600 mb the dewpoint temperatures rapidly de-
creased in both soundings, perhaps as a result of post-
frontal subsidence aloft.

Sounding 5 (Fig. 5b) was taken on the western edge
of convective region A. This sounding was condition-
ally unstable from the surface to 875 mb and moist
adiabatic from there to 500 mb (close to the observed
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F1G. 3. Vertical cross-section along projection line XY in Fig. 2 showing: (a) Isotachs of the v-
component of the wind (solid contours, contour interval 2 m s~!), with the usual convention for the
wind flags (barbs denote 5 m s™!, triangles denote 25 m s™!). RI-R5 shows the positions of the
rainbands. (b) Equivalent-potential temperature (solid contours, contour interval: 2°K). Shaded region
indicates backing of the wind with height, and hatched region indicates negative values of equivalent-
potential vorticity. (c) As in (a) except u-component of the wind along projection line PQ in Fig, 2.
“J” indicates the position of the jet core at ~500 mb. All data are adjusted to a common time of
2200 UTC 12 March.
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FI1G. 4. (a) Photograph of organized convection in rainband R2
(see Fig. 3a) taken from the aircraft at 300 m elevation looking east
at 2245 UTC 12 March. (b) Radar reflectivities in rainband R4 taken
by the nose radar of the P-3 aircraft at 2330 UTC 12 March 1985.
Light shading is > 10 dBZ and dark shading is >25 dBZ. The semicir-
cles show the radar range (in km) centered on the aircraft and the
heading of the aircraft (in degrees).

height of the convective cloud tops). The atmosphere
was nearly saturated below 800 mb, gradually drying
above that height. Sounding 10 (Fig. 5c) was taken to
the north of the other soundings, in the middle of con-
vective region A. This sounding shows a saturated at-
mosphere to 550 mb with a moist-adiabatic (neutral)
lapse rate to the aircraft level at 450 mb. Soundings 5
and 10 are suggestive of an atmosphere in which deep
convection has dissipated the potential instability and
redistributed moisture in the vertical, resulting in the
moist-neutral lapse rates.

a. Mechanisms for the rainbands

Various mechanisms have been proposed to explain
the formation and maintenance of rainbands. For a
review of mechanisms for rainbands associated with
extratropical cyclones see Parsons and Hobbs (1983).
In this subsection we will discuss several mechanisms
whose predictions are most compatible with the ob-
served characteristics of the rainbands documented in
this paper.

The rainbands described in this paper were located
in the vicinity of a surface trough where there were
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FIG. 5. Vertical soundings of temperature (heavy solid line) and
dewpoint temperature (heavy dashed line) on skew-T diagrams from
dropwindsonde data at locations: (a) 2, (b) 5, (c) 10 and (d) 15 in
Fig. 2. Dry (light solid line) and moist (light dashed line) adiabats
are indicated.

considerable variations in conditions, especially vertical
windshear, over length scales of 300-500 km. A cross-
section plot (Fig. 6a) of the mean wind speed relative
to the convective feature A (4’ = u — u,,) shows only
a narrow region where 1’ = 0. This is also the region
where the vertical shear (cold air advection) is strongest
and where the two most intense convective bands (R4
and RS) were located. East of this region the shear
weakens, the bands propagate faster than the mean
wind (¢’ ~ 5-6 m s™!) and the intensity of the con-
vection is much weaker. These observations suggest
that there is only a limited region near the trough where
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FI1G. 6a. Cross-section plot along X-Y of mean u wind component
relative to the speed of convective cluster A.
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FIG. 6b. Orientation of the rainbands with respect to the shear of
the mean wind for cross section X-Y. Vyand Vp are the wind velocity
vectors at cloud top and cloud base, respectively, and Vr — Vpis the
wind shear vector.

conditions are such that bands will be produced. This
is analogous to midlatitude squall lines where the bands
of convection seem to dissipate as they propagate out
of the area of vertical wind shear (Newton 1950).

To smooth the effects of ageostrophic circulations
associated with the rainbands, a mean-wind profile was
computed for the analyzed winds in Fig. 3a, and the
vertical shear of the geostrophic wind was estimated.
Figure 6b shows vectors for the mean wind at the bot-
tom (V3), the top (Vr) and the mean wind shear (V1
- V3p) for the layer in which the rainbands occurred.
It can be seen that the orientation of the long axis of
the rainbands was approximately parallel to the direc-
tion of the mean wind-shear vector over the depth of
the cloud layer. .

To summarize: the rainbands described in this paper
had a mean wavelength of ~60-75 km (the distance
from the center of one rainband to the center of the
next rainband), and were oriented parallel to the wind-
shear vector over the depth of the cloud layer. The
most intense rainbands did not propagate with respect
to the mean flow in which they were embedded, though
weaker rainbands to their east propagated 5-6 m s™!
faster than the mean flow.

Two mechanisms that appear most promising in ex-
plaining the observations are conditional symmetric
instability (CSI) and symmetric wave-CISK (Bennetts
and Ryder 1984). Sun (1978, 1984) also investigated
rainband formation using a modified wave-CISK for-
mulation.

In favor of CSI: CSI predicts zero propagation ve-
locity with respect to the mean wind, and an orientation
of the rainband parallel to the wind-shear vector over
the depth of the cloud layer, consistent with observa-
tions. The rainband spacings of 75 km are within the
range predicted by CSI, and the near neutrality of the
atmosphere to CSI (Fig. 5¢) may imply CSI adjustment.

To further diagnose the potential for conditional
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symmetric instability in a saturated atmosphere, the
equivalent-potential vorticity (g.) was computed. Ben-
netts and Hoskins (1979) showed that regions of neg-
ative equivalent-potential vorticity will be unstable to
moist-symmetric overturnings. To make these com-
putations, a grid was constructed and the values of the
wind velocities and equivalent-potential temperatures
were read off the cross sections in Fig. 3. The equation
for equivalent-potential vorticity can be written (Hos-
kins et al., 1985):

qe=—'g(fk+vva)'vpae (1)
where:
qd. equivalent-potential vorticity,
g  acceleration due to gravity,
f Coriolis parameter,
V  wind velocity,
6. equivalent-potential temperature,
p  pressure,
V, three dimensional gradient operator in xyp space,
k  unit vector in the vertical.

As discussed above, the horizontal gradients in po-
tential temperature in the north-south direction were
less than 1°C. Thus, we will limit ourselves to the two
dimensions of the east—west cross section. In this case,
the equivalent-potential vorticity reduces to

d a9 dv 96
g

e = —8{7= . 2
q g{ ap ap Ox )

ax
where v is the north-south velocity component of the
wind.

The hatching in Fig. 3b indicates regions with neg-
ative values of equivalent-potential vorticity. The neg-
ative values below ~850 mb are largely the result of
the decrease in equivalent-potential temperature with
height in the lower layers of the atmosphere. Above
this level, the area with negative values of equivalent-
potential vorticity is unstable to moist-symmetric
overturnings, while being slightly stable to moist con-
vection. For the observed conditions either instability
could have released independently. However, convec-
tive instability has a much faster growth rate than sym-
metric instability (the ratio of the time scales for the
ascent of an air parcel being ~24/1). Satellite imagery
and radar data from the aircraft indicate that the rain-
bands exhibited a cellular, convective nature as opposed
to the continuous lines of more uniform ascent asso-
ciated with CSI.

It has been suggested (Bennetts and Ryder 1984)
that in regions of the atmosphere with a layer that is
unstable to symmetric overturnings above a layer that
is potentially unstable, symmetric instability may or-
ganize the convective release. ““As potentially unstable
air from the boundary layer is drawn into the upward
branch of the (symmetric) roll, it will become convec-
tively unstable” (Bennetts and Ryder 1984).

In favor of wave-CISK: A wave-CISK mechanism
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would be expected to lead to significant alongband
variations as the satellite observations suggest were
present. The rainband spacings of 75 km are within
the range predicted by wave-CISK, and the orientation
of the rainbands parallel to the wind-shear vector over
the depth of the cloud layer is consistent with wave-
CISK.

Sun (1984) applied the wave-CISK hypothesis to the
formation of mesoscale rainbands with the modifica-
tion that adiabatic warming (rather than diabatic cool-
ing) occurred in the downdraft areas. Sun found that
the subsidence warming in the downdraft areas resulted
in a spreading of a weak downward motion compared
with the strongly concentrated upward motion and thus
gave a larger wavelength of the bands than were ob-
tained with the conventional wave-CISK assumptions.
Sun also found that the horizontal temperature gradient
played a large role in determining rainband movement.
In the present case, the horizontal temperature gradient
in the region (155.0°-156.0°W) where the strongest
bands were observed was ~2 X 1072 °C km™'. This
was the same magnitude as that used by Sun (1984) in
his case D. He found that in the case with a temperature
gradient the rainbands propagated toward the warm
sector while in the case with no horizontal temperature
gradient the bands propagated in both directions. Sun
suggested that the existence of a horizontal temperature
gradient may produce a local circulation in the sub-
cloud layer and force the rainbands to move toward
the warm side. He found a phase speed of ~12 m s™!
relative to the mean component of the wind normal
to the bands in the lower convective layer.

The evidence presented by the data makes it difficult
to attribute the convective band formation unambig-
uously to one particular mechanism. The orientation
of the rainbands along the shear and the wavelength
of the rainbands are characteristics consistent with both
theories. The small propagation velocity with respect
to the mean wind is evidence in favor of CSI, whereas
the conditional instability to moist convection below
~850 mb and the cellular nature of the radar data
favor the wave-CISK mechanism.

b. Concerning the scale of the comma clouds

Another problem that must be considered is the
small scale of the comma clouds (i.e., comma cloud B
in Fig. 1 is ~250 km wide and ~500 km long) and
the factors responsible for the rapid deepening of these
features. Satellite imagery presented in section 3 will
show the development of a series of comma clouds
with a very short wavelength (~500 km). A number
of theoretical and numerical studies have addressed
the problem of explaining the small wavelengths of
cyclonic vortices in polar airmasses. Theoretical and
numerical studies (Stone 1966; Staley and Gall 1977,

"Duncan 1977; Mansfield 1974; Blumen 1980; Satya-
murti et al. 1982; Orlanski and Polinsky 1984; Orlanski
1986) show that small static stabilities at low levels
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(low Ri) favor a subsynoptic scale for most rapid baro-
clinic development.

In his composite studies of comma clouds over the
Pacific Ocean, Mullen (1979) showed reduced values
of the Richardson number (Ri) at low levels (<850
mb). Reed (1979), argued that the apparent discrepancy
between the observed wavelength and that predicted
by linear baroclinic-instability theory, may arise as a
result of the difference between the highly curved mean
horizontal flows in which comma clouds form, and the
mean-zonal flows used in theoretical work. It will be
shown (in section 3) that the flow in the case study
presented here was highly curved. Numerical work un-
dertaken by Satyamurti et al., (1982) showed that a
negative curvature of the horizontal zonal winds in the
lower levels of the troposphere favors growth of sub-
synoptic-scale waves.

Orlanski (1986) numerically 1nvesngated the evo-
lution of meso-alpha baroclinic waves in an environ-
ment with a weakly stable vertical profile in the lower
level of the atmosphere due to localized surface heating
and found that this environment could support shal-
low, very unstable meso-baroclinic waves. He suggested
that sensible heat from the surface builds up the po-
tential energy of the dome of low-level air; when the
baroclinic wave then propagates through this medium
the amplitude becomes larger taking part of the ac-
cumulated potential energy and consequently reducing
the intensity of the dome in the boundary layer. These
waves are shallow with depths on the order of the depth
of the mixed layer, have horizontal scales of a few
hundred kilometers, and can organize convergence of
moisture on these scales. With the addition of moisture
the waves then develop into intense meso-alpha cy-
clones. Based on these model results (Orlanski, personal .
communication 1985) the aircraft flight tracks in the
present study were designed to obtain information on
the reduced low-level static stability in the vicinity of
developing comma clouds.

To investigate the possible relationship in the present
case between reduced low-level static stability and the
small scale of the comma.clouds seen in the satellite
imagery, the Richardson number (Ri) was calculated
for the east—west cross section (Fig. 3). Data from the
dropwindsondes (Figs. 5a and 5c) showed that the at-
mosphere was nearly saturated below ~550 mb due
to upward distribution of moisture by the convection.
Thus, the distribution of Ri was investigated for a sat-
urated environment and, following Bennetts and Hos-
kins (1979) and Durran and Klemp (1982), the equiv-
alent potential temperature was used to calculate Ri:

. Ym [00.)0v]2
=== 3
Ki vdplie[ap]_[ap] ©)
where
v moist-adiabatic lapse rate,

vq4 dry-adiabatic lapse rate,
p  density of the air.
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The results of the Ri computations (Table 1) show
small values of Ri below 850 mb, reflecting the low
static stability in this layer. A second region of small
Ri is found between ~700 and 600 mb in a region of
enhanced shear of the v-component of the wind with
height (Fig. 3a, longitude 156.5°W). Ri rapidly in-
creases with height above ~500 mb. Also shown in

Table 1 are values of the dry Richardson number where .

potential temperature instead of equivalent potential
temperature was used. These results favor a subsynoptic
scale for the most rapidly growing baroclinic wave
(Stone 1966; Blumen 1980). Surface sensible heating
provides the source of low level instability. It will be
shown in section 4 that the fluxes of latent and sensible
heat from the ocean surface to the atmospheric bound-
ary layer were significant in the present case.

The Richardson number can be also used as a way
of diagnosing the stability of the atmosphere to infin-
itesimal perturbations (Stone 1966; Bennetts and Hos-
kins 1979). Stone (1966) shows that symmetric
instabilities dominate when 0.25 < Ri < 0.95. The
region between 700 and 600 mb (Table 1) was largely
unstable to moist symmetric overturnings. (Since the
above computations were made with the assumption
that the atmosphere was saturated, strictly speaking,
the results are only valid in regions of cloud.)

The role of latent heat release on growing polar vor-
tices has also been the subject of a number of investi-
gations. It is reasonable to assume that latent-heat re-
lease influenced both the wavelength and the intensity
of the comma clouds observed in this case. Since it is
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difficult to estimate the shape of the heating profile due
to latent heat release, the question of its influence on
the development of the comma clouds may best be
addressed through studying simulations of the storms
in a mesoscale numerical model. Orlanski and Polinsky
(1984) showed that weak meso-alpha cyclones (~500
km) developed for dry simulations in approximately
the same geographic position as those with latent heat-
ing suggesting that the dry atmosphere may have the
necessary ingredients for cyclone development but that
latent heat makes the development explosive. Gall
(1976) has shown that convective adjustment processes,
resulting in latent heat release, tend to increase the
warm temperature perturbations of baroclinic waves
at midtropospheric levels, thus resulting in deeper dis-
turbances. In our case convection associated with the
comma clouds reached the tropopause. Tokioka (1973)
found that the inclusion of condensational processes
in a baroclinic model greatly increased cyclogenesis,
while favoring the development of small-synoptic scale
wavelengths. Latent heat released in this case study
may have been important in determining the short
wavelengths of the comma clouds.

In the next section, satellite imagery and synoptic
maps of the region of the insipient comma cloud and
the remnant polar front are presented.

3. Synoptic and satellite analysis of the interaction of
the genesis region and the polar-front cloud band

The series of infrared satellite images taken by the
Geostationary Orbiting Earth Satellite (GOES) satellite

TABLE 1. Moist and dry Richardson number for cross section XY in Fig. 3.

Longitude
Pressure (mb) 157.5° 157.0° 156.5° 156.0° 155.5° 155.0° 154.5°
Moist
500 15 9 5 4 12 14 12
550 3 4 4 4 2 3 4
600 0.7 2 4 0.7 0.4 0.7 0.7
650 1.3 0.7 1.3 0.3 1.3 1.3 1.3
700 2 0.6 0.3 25 35 17 0.4
750 4 1.2 1.2 3 15 16 7
800 1.6 0.3 1.6 1.8 0.6 11 0.3
850 -1 -2 -12 -9 -5 =27 2
900 -4 -3 =23 -14 -17 -37 —28
950 -6 -7 —38 —54 -76 -82 —82
Dry

500 19 10 5 4 11 7 26
550 10 12 9 10 4 5 "5
600 3 7 14 6 1.5 5 2
650 3 4 4 4 10 13 5
700 7 5 5 14 210 71 20
750 21 11 6 25 88 46 59
800 40 33 13 30 36 67 267
850 24 11 112 76 34 200 987
900 2 2 28 19 22 50 82
950 2 9 127 ‘88 30 39 49
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shown in Fig. 7 will be used to gain an overview of the
evolution of the wave cyclone and its interaction with
the genesis region for comma clouds. In Fig. 7a (0300
UTC 13 March 1985) a frontal cloud band and a con-
vective region to the west are visible. The frontal cloud
band indicates the position of a remnant polar front
that was left in the wake of a midlatitude cyclone that
crossed the Alaska and British Columbia coastline on
10 March 1985. Two areas of bright cloud (labeled A
and B in Fig. 7a) can be distinguished in the convective
region to the west of the frontal cloud band. These are
the same features shown in Fig. 1, and it was this gen-
eral area of enhanced convection that was termed the
genesis region for comma clouds earlier. The aircraft
data (described in section 2) was taken primarily in
the feature labeled A.

Figures 7b (0830 UTC) and 7¢ (1230 UTC) show
the development of a wave cyclone as the genesis region
approached the polar front. An occlusion cloud band
(labeled W in Figs. 7c-f) developed as the wave cyclone
rapidly deepened on 13 March 1985, resulting in a
large comma-shaped cloud of synoptic scale in the sat-
ellite imagery. Since this comma-shaped feature is of
a significantly larger scale than the smaller class of dis-
turbance called “comma clouds” previously in this pa-
per, the larger comma head will be referred to as the
“occlusion cloud band,” and its tail will be referred to
as the “cold-front cloud band.” )

The convective region labeled A is seen to elongate
and separate into two parts (relabeled A and C in Fig.
7b), and a small comma cloud (labeled D) can be seen
to enter the images from the west, behind comma cloud
B (Fig. 7d). In the polar-orbiting satellite imagery for
1200 UTC 13 March (not shown) the signature of deep
convection was observed along the cloud band of the
occlusion. This was verified by the expansion of the
bright cloud along the occlusion cloud band in the
GOES satellite imagery for 1230 UTC (Fig. 7c). In Figs.
7d (1830 UTC), 7e (2030 UTC) and 7f (2230 UTCQC)
the convective region A was stretched in an east-west
direction by the inflow field of the larger scale wave
cyclone, while convective region C moved northeast
towards Anchorage. With the aid of the enhanced res-
olution of the polar-orbiter satellite imagery (Fig. 8),
details of the occlusion cloud band and convective sys-
tems (labeled A-D in Fig. 7) can be seen. Comma-
cloud shapes are evident for the systems labeled B, C
and D in Fig. 8a and a larger scale comma can be seen
associated with the wave cyclone. As discussed in the
previous section, it is interesting to note the very short
wavelengths exhibited by the comma-cloud systems in
the satellite imagery (the spacing between comma
clouds D and B is ~400 km). Evidence for strong con-
vection (labeled “c” in Fig. 8) seen along the occlusion
cloud band of the cyclone was supported by ship ob-
servations of towering cumulus. During the time in-
terval between the satellite images (Figs. 8a at 2300
UTC 13 March and 8b at 0200 UTC 14 March) the
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area of bright cloud in system A rapidly expanded and
merged with the cloud band of the occlusion resulting
in a redevelopment and the characteristic “comma”
shape within the larger comma of the wave cyclone in
Fig. 8b. Careful tracking of the -cloud features showed
that the head of the new comma ¢loud developed out
of the inner spiral of the occlusion cloud band, while
convective system A provided the tail of the comma
cloud.

Horizontal maps of pressure, temperature and geo-
potential heights showing the synoptic evolution of the
wave cyclone are presented in Figs. 9-11.

Geopotential analyses of 850 mb heights and tem-
peratures for 0000 UTC 13 March 1985 are shown in
Fig. 9a, and those for 700 mb are shown in Fig. 9b.
Dropwindsonde data in both analyses show a short-
wave trough, with the trough axis located near 157°N
longitude and a broad swath of moderately strong
westerly winds across the Northern Pacific Ocean. The
lowest temperatures are located behind or west of the
trough axis, with a region of cold air advection ahead
of the trough axis (temperatures were plotted to the
nearest °C, in some cases resulting in apparent slight
inconsistencies in the temperature analyses in this sec-
tion).

In Fig. 10 geopotential analyses of 500 mb heights
and temperatures are shown in 12 hour intervals start-
ing at 0000 UTC 13 March 1985. The locations of the
convective systems (A-D) with respect to the position
of the 500 mb trough are also shown. Dropwindsonde
data in Fig. 10a show a short-wave trough, with tem-
peratures of —45°C located along the trough axis just
east of 160°W. Convective region A (shaded region in
Fig. 10a) is located just east of the trough axis and the
area of lowest temperatures at 500 mb. Calculations
of the PVA from the height analyses show that the
region of largest PVA at 500 mb is also located east of
the trough axis, just north of the jetstream axis at 500
mb (~50°N) (see “J” in Fig. 3c). Comparison of the
magnitude of the Laplacian of the cold-air advection
and the PVA at the 500, 700 and 850 mb levels showed
a contribution to upward motions (Sutcliffe 1947;
Holton 1979), thus providing a favored region for de- .
velopment. Convective region B is located west of the
trough axis, in an area of enhanced positive vorticity
just north of the axis of the jetstream at 500 mb. Figs.
10b and ¢ show the eastward movement of the trough
toward the British Columbia Coast. The convective
regions A, B and D stayed in constant phase with re-
spect to the position of the trough axis, and remained
just north of the axis of strongest winds at this level.
Convective region C gradually moved northward out
of the belt of strong westerlies. The position of the sur-
face low-pressure center (denoted by the circled cross)
was gradually overtaken by the trough axis, and rapid
deepening of the surface low-pressure center ensued.
By 0000 UTC 14 March a closed low appears at 500
mb and the distance between the trough axis at 500
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FI1G. 9. Geopotential analyses for 0000 UTC 13 March 1985 for the (a) 850 mb level and (b) 700 mb level, showing heights
(solid contours, interval: 30 m) and temperatures (dashed contours, interval: 2°C).

mb and the low pressure center at the surface has de-
creased to ~250 km.

Figures 1la—¢ show the evolution of the surface-
pressure field in 6 hour intervals starting at 0000 UTC
13 March 1985. Figures 11a and 11b show a weak cold
front south of 50°N, and a dissipating stationary front
north of 50°N. These features were left in the wake of
a wave cyclone that passed across the British Columbia
Coast on 10 March 1985 and they are associated with
the frontal cloud band seen in the geostationary-satellite
images (Fig. 7). There was a slow fall in pressure in the
vicinity of the low-pressure center (denoted by the L)
between 0000 and 0600 UTC.

During the following twelve hours, between 0600
and 1800 UTC 13 March, the pressure fell more than
2 mb h™! to a central pressure of 1002 mb at 1200
UTC (Fig. 11¢), and 989 mb at 1800.UTC (Fig. 11d).
There was evidence in the satellite imagery (see small
“c”s in Fig. 8) that deep convection developed along
the cloud band of the occlusion. By 1800 UTC the
satellite imagery shows the cloud signature of a mature
occluded midlatitude cyclone (Fig. 7d). Figure 1le
shows the surface low-pressure center reaching the
British Columbia Coast. The central surface pressure
of the cyclone was ~988 mb at this time (0000 UTC
14 March). .

Figure 12 shows the deepening rate of the central
pressure as a function of time, and the horizontal sep-
aration between the 500 mb trough axis and the surface-
low center. The most rapid deepening of the wave cy-
clone occurred when the separation between the 500
mb trough axis and the surface low center was between

~550 and ~ 350 km, consistent with baroclinic theory.
Landfall of the cyclone probably inhibited further
deepening after 1800 UTC 13 March.

The picture described above is consistent with the
B-type development of Petterssen and Smebye (1971),
and agrees with analytical results of Farrell (1982,
1984). By taking nonmodal (neutral) initial conditions,
corresponding to an upper-level trough overtaking a
surface depression, Farrell showed that transient growth
ensues, in which the scale of the cyclogenesis is that of
the seed disturbance, and is independent of the most
rapidly growing normal mode. As a short-wave trough
approaches a surface depression, a tilt in the resulting
vertical-trough axis produces a favorable phasing of
the wind and temperature distributions.

Model forecasts by NMC’s Limited Area Fine Mesh
(LFM) model underestimated the deepening of the cy-
clone by 12 mb in 24 hours. Sanders and Gyakum
(1980) have also noted the tendency of the LFM to
underestimate the central pressure of rapidly deepening
midlatitude cyclones. Some of the discrepancy can be
accounted for by insufficient upper-level data over the
Gulf of Alaska, and a resulting underestimate of the
amplitude of the short-wave trough at 500 mb at 0000
UTC 13 March. The maximum vorticity at 500 mb
associated with the trough in the LFM analysis at 0000
UTC 13 March was 12 X 107° s7!, whereas in our
reanalysis with the aircraft data the value was 22
X 107 57!, Sanders and Gyakum (1980) suggest that
adequate representation of the planetary-boundary
layer and of the bulk effects of cumulus convection are
necessary physical ingredients missing from the model.

F1G. 8. NOAA-6 infrared-satellite images showing the interaction of the developing comma
clouds. (A-D) and the wave cyclone at (a) 2300 UTC 13 March 1985 and (b) 0200 UTC 14
March 1985. Lower case “c” indicates locations of enhanced convection along the occlusion

cloudband (W).
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As discussed above there was evidence of deep con-
vection along the occlusion cloud band during the time
of most rapid deepening. The relationship between the
distribution of the deep convection and the develop-
ment of the wave cyclone will be discussed in the next
section.

Surface station data from Juneau and Sitka on the
Southeast Alaska Panhandle showed very weak re-
sponses to the passage of the front associated with the
wave cyclone (~2130 UTC 13 March at Juneau).
However, they showed a pronounced response to the
passage of the surface trough associated with the re-
developing comma cloud A. Hourly surface data from
Juneau are shown in Fig. 13. The pressure trace shows
a sharp fall of 25 mb in 13 hours, followed by a rapid
rise in pressure beginning at ~0130 UTC March 14,
Steady winds of 20 m s™!, with wind gusts up to 26 m
s~! accompanied the passage of the surface trough as-
sociated with the comma cloud.

F1G. 10. Geopotential analyses for (a) 0000 UTC 13 March 1985,
(b) 1200 UTC 13 March 1985 and (c) 0000 UTC 14 March 1985,
showing 500 mb heights (solid contours, interval: 60 m) and tem-
peratures (dashed contours, interval: 4°C). The circled cross shows
the position of the surface low-pressure center. Shaded areas labeled
A-D correspond to convective cloud regions referred to in the text.

4, Lifted indices and sea-surface fluxes

It is known from baroclinic theory (Eady 1949) that
low static stability enhances the development of baro-
clinic waves while reducing the wavelength of maxi-
mum growth. It was shown in section 2 that the genesis
region (A and B in Fig. 1) was associated with a deep
layer (to ~500 mb) of conditional instability. As the
genesis region overtook the surface low center the static
stability decreased in the vicinity of the low center and
probably contributed to the explosive deepening of the
wave cyclone (Orlanski 1986).

To examine the evolution of the thermodynamic
stability during the period leading to the explosive
deepening, lifted indices and surface fluxes of sensible
and latent heat were computed.

The lifted index has been used in the past as an in-
dicator of regions with the potential for development
of deep convection (Reed and Albright 1986; Reed and
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Blier 1986b). The lifted indices were computed on a
2° X 2° latitude~longitude grid, using values inter-
polated from analyzed fields of surface pressures, and
special analyzed maps of surface temperature and
dewpoints derived from ship and buoy data at 0000
and 1200 UTC 13 March and 0000 UTC 14 March.
Grid values of the 500 mb temperatures were taken
from the analyses in Fig. 10. Parcels were raised dry
adiabatically from the surface to the lifting-conden-
sation level, and then moist adiabatically to 500 mb,
where the parcel temperatures were subtracted from
the ambient temperatures to obtain the lifted indices.

Regions with large negative values of the lifted index
in Fig. 14 were well correlated with the regions that
exhibited deep convection in the satellite imagery. The
area of lowest values of the lifted index at 0000 UTC
on 13 March (Fig. 14a) encompasses the area of greatest
convective activity (A and B in Fig. 1), and corresponds
reasonably well to the region of lowest 500 mb tem-
peratures (Fig. 10a). Fig. 14b shows the lifted indices
for 1200 UTC March 13. The area of lowest lifted in-
dices has shifted eastward with time. The region of
lowest temperatures at 500 mb and the region of en-
hanced convection also moved eastward, following the
eastward movement of the short-wave trough. At this
time the negative values of the lifted index (Fig. 14b)
are less than 2° longitude from the location of the sur-
face low-pressure center (circled cross), and convection
was seen to develop along the occlusion cloud band in
the satellite imagery. By 0000 UTC March 14 the lifted
indices in the vicinity of the surface low-pressure center
reduced further (Fig. 14c¢) since the boundary-layer air
continued to warm and moisten, and the temperature
at 500 mb increased little. As discussed in section 3,
the signature of strong convection could be seen along
the cloud band of the occlusion and along the length
of convective region A as they merged (Fig. 8). The
potential for the new comma cloud to intensify was
probably not fully realized as a result of the inhibiting
effects of the high mountains of the British Columbia
Coast on further deepening.

Surface fluxes of heat and moisture reduce the moist
static stability resulting in an increased potential for
convective activity in the regions of strongest fluxes.
The latent and sensible heat fluxes were computed for

. 0000 and 1200 UTC March 13 using the bulk aero-
dynamic method described in Reed and Albright
(1986). Only a brief summary of the results will be
presented here, since the distribution of the fluxes do
not appear to have directly promoted development of
the wave cyclone.

The fluxes of latent and sensible heat for 0000 UTC
13 March showed moderately large values (total fluxes
between 150-300 W m™') over the Northern Pacific
and Gulf of Alaska (Figs. 15a and 15b), reflecting the
modification of the boundary layer as dry, cold arctic
air was advected from the Bering Sea over these regions.
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The convective region of the incipient comma cloud
sampled by the flight is located in this region of en-
hanced fluxes. It is likely that fluxes of latent and sen-
sible heat from the sea surface contributed to the po-
tential instability found below ~850 mb in the cross
sections (Fig. 3), the reduced values of Ri at low levels
(Table 1), and the low values of the lifted indices (Fig.
14a). The fluxes were negligibly small in the vicinity
of the low pressure center associated with the wave
cyclone at this time.

Although some of the air over the Northern Gulf of
Alaska passed to the north of the wave cyclone into
Alaska (i.e., convective region C), trajectory analysis
showed that the air associated with convective region
A was absorbed into the wave cyclone during the
merging process described in the previous section.

The fluxes of latent and sensible heat for 1200 UTC
13 March (not shown) indicated moderate surface
fluxes (total fluxes up to 250 W m™2) to the southwest
of the surface low-pressure center and west of the cold
front (a configuration that actually dampens the growth
rate of baroclinic waves). These fluxes may have aided
the reduction in the lifted indices for 0000 UTC March
14 (Fig. 14c).

5. Summary and conclusions

This paper documents the development and life his-
tory of several mesoscale comma clouds over the Gulf
of Alaska and examines their role in initiating synoptic-
scale rapid cyclogenesis. The NOAA P-3 research air-
craft collected a comprehensive dataset over the Gulf
of Alaska on 12 March 1985 in a region of enhanced
convective activity that was a genesis region for the
comma clouds. The goal of this effort was to examine
the thermodynamic and dynamic environment of this
genesis region.

The genesis region was associated with a cold-core
trough at 500 mb (—40° to —45°C) and a region of
strong forcing by differential PVA. Aircraft observa-
tions taken within the genesis region indicated that
convection was organized into distinct rainbands (60~
75 km wavelength), with tops extending to the tropo-
pause. The most intense rainbands formed in a region
of enhanced vertical wind shear near the trough axis,
did not propagate with respect to the mean flow in
which they were imbedded, and were oriented parallel
to the wind-shear vector over the depth of the cloud
layer. East of the trough axis the rainbands weakened
as they propagated out of the region of strongest vertical
wind shear, analogous to observations of midlatitude
squall lines.

Two mechanisms that appear promising in explain-
ing these observations are conditional symmetric in-
stability (CSI) and symmetric wave-CISK. The ob-
served rainband spacings (60-75 km), and the orien-
tation of the rainbands parallel to the wind-shear vector
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over the depth of the cloud layer are consistent with
the predictions of both theories. ,

CSI predicts zero propagation velocity with respect
to the mean wind, and the near neutrality of the at-
mosphere to CSI (Fig. 5¢) may imply CSI adjustment.
However, satellite imagery and radar data from the
aircraft indicate that the rainbands exhibited a cellular,
convective nature as opposed to the continuous lines
of more uniform ascent associated with CSI. The layer
below ~850 mb was also potentially unstable to up-
right convection. Bennetts and Ryder (1984) have sug-
gested that symmetric instability may organize con-
vective release by drawing potentially unstable air into
the upward branch of symmetric rolls, thus making it
convectively unstable.

A wave-CISK mechanism, in which convection is
organized by the vertical shear of the horizontal wind,
would be expected to lead to significant along-band

variations as the satellite observations suggest. were
present. However, wave-CISK predicts propagation
with respect to the mean flow, which was not observed
in this case for the more intense rainbands. Since the
growth rates for convective instability are much larger
than those for either CSI or wave-CISK, convective
instability aided by either CSI or wave-CISK probably
dominated this case. In the future, increased resolution
of the in situ data sampling may help to resolve this
question further.

Fluxes of latent and sensible heat were moderately
large over the Northern Pacific Ocean and Northern
Gulf of Alaska during the time of the aircraft flight.
These values resulted in the modification of boundary-
layer air as dry, cold arctic air was advected from the
Bering Sea over these regions. Fluxes of latent and sen-
sible heat from the sea surface may have contributed
to the potential instability found below ~850 mb in
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FIG. 12. Rate of sea-level pressure change with time following the
storm center (solid contour), and the horizontal distance separating
the 500 mb trough axis and the location of the surface low-pressure
center (dashed contour).

the cross sections (Fig. 3), the reduced values of Ri at
low levels (Table 1) and the low values of the lifted
index.

Satellite imagery showed the evolution of several
separate comma-cloud or convective systems out of
the genesis region on March 13 (labeled A-D in the
satellite imagery). The comma-cloud systems exhibited
very short wavelengths (~ 500 km). Calculations of Ri
showed the smallest values occurred below ~850 mb
and rapidly increased above ~600 mb (Table 1). These
observations agree with numerical modeling results
showing that mean flows with significantly lower Ri
near the surface than aloft, favor higher linear growth
rates for small synoptic-scale waves.

As the short-wave trough at 500 mb approached a
preexisting polar front, a wave cyclone developed rap-
idly on the front. Dropwindsonde data showed that
convection redistributed moisture and heat in the ver-
tical, ahead of the 500 mb trough axis. As the upper-
level trough overtook the surface low-pressure center,
this preconditioning may have led to enhanced frontal
uplift along the cloud band of the occlusion in a region
strongly forced by differential PVA. These factors gen-
erated cyclonic vorticity near the surface and may have
contributed to the explosive growth of the wave cy-
clone.
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The signature of strong convective activity could be
seen along the occlusion cloud band and convective
system A in the satellite image for 2300 UTC 13 March
(Fig. 8a). During the following 3 hours the southwest
end of the occlusion cloud band and convective system
A rapidly expanded in areal extent and appeared to
merge, developing the characteristic “comma” shape
within the larger comma of the wave cyclone in the
satellite image for 0200 UTC 14 March (Fig. 8b). Care-
ful tracking of the cloud features showed that the head
of the comma cloud developed out of the inner spiral
of the occlusion cloud band, while convective system
A provided the tail of the comma cloud. Very little
response was seen in the surface data at Juneau and
Sitka on the SE Alaska panhandle when the initial front
associated with the wave cyclone passed. However,
when the surface trough of the comma cloud passed,
surface data at these locations showed unexpectedly
strong winds and a pronounced “V” in the barograph
trace. '

Model forecasts by NMC’s Limited Area Fine Mesh
(LFM) model underestimated the deepening of the cy-
clone. Some of this discrepancy may be accounted for
by an underestimate of the amplitude of the 500 mb
short-wave trough at 0000 UTC 13 March. Addition-
ally, diabatic effects not properly parameterized in the
model may have been important.

This paper highlights the diversity of mesoscale phe-
nomena that exist in polar airmasses over the ocean,
and their potential importance to forecasting problems
such as rapid cyclogenesis. The value of increased data
sampling over data sparse areas to improve analyses
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FI1G. 13. Hourly barometric surface-pressure and wind-speed data
from Juneau, Alaska on 13-14 March 1985. The light solid contour
is the average wind speed, dashed contour is the 5 second wind-gust
average. The heavy-solid contour is the barometric-pressure trace.
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and numerical forecasts was reinforced in this study.
It is clear that progress towards understanding and
forecasting these varied phenomena depends on con-
tinued research efforts. These efforts need to include:
(i) field projects that provide observational data that

FIG. 14. Lifted indices at 500 mb for (a) 0000 UTC 13 March
1985, (b) 1200 UTC 13 March 1985 and (c) 0000 UTC 14 March
1985 (contour interval: 2°C). Shaded areas indicate negative values.
The circled cross indicates the location of the surface low-pressure
center.

can document the evolution of various mesoscale phe-
nomena so that theoretical and conceptual models can
be developed, and (ii) continued development of me-
soscale numerical models to investigate and simulate
this evolution.
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FIG. 15. Surface fluxes for 0000 UTC 13 March 1985 (contour
interval: 50 W m™2): (a) latent-heat fluxes (shaded areas indicate up-
ward fluxes > 150 W m™2) and (b) sensible-heat fluxes (shaded areas
indicate upward fluxes > 100 W m™2).
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