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ABSTRACT

This case study addresses mechanisms of band formation in a New England winter storm. The structure of
the bands and their environment are documented with synoptic observations, radar data, and analyses of in-
strumented aircraft flights through the bands. We postulate that processes on three scales are responsible for
the bands observed, that the bands are probably a manifestation of mesoscale symmetric instability, and that
potential energy for the instability is generated by synoptic scale differential lapse rate advection and converted
to kinetic energy by symmetric overturning. Frontogenetical forcing results in an intermediate or subsynoptic
scale region of ascent which brings the atmosphere to saturation and initiates the release of potential energy.

1. Introduction

On 11 December 1982, all of the precipitation in
central New England due to a cyclonic storm fell from
weak, but well-organized bands which were aligned
along the thermal wind. This storm was observed as
part of the New England Winter Storm Experiment,
one purpose of which was to explore the hypothesis
that conditional symmetric instability (CSI), also re-
ferred to as moist slantwise convection, may be re-
sponsible for many of the bands found in northeastern
storms. The observations of strong vertical wind shear
and low static stability suggest CSI as a feasible mech-
anism for band formation. However, the slantwise
convection appears to have been enhanced by a sub-
synoptic scale region of frontogenetical activity in
which the bands were embedded. Other studies
(Emanuel, 1983b) have found that bands tend to exist
in an environment which is nearly neutral to slantwise
convection. This observation has been interpreted to
indicate that the atmosphere is adjusted from a sym-
metrically unstable to neutral state as the instability is
released. In this case, the conditions of instability ap-
pear to last longer than any of the individual bands.
This observation leads us to investigate the sources and
sinks of energy for CSI in the storm.

The quasi-two-dimensional bands frequently found
in extra-tropical cyclones have attracted a great deal
of attention. Linear organization of precipitation
structures was noted by Austin (1960) in one of the
first studies with weather radar. Houze et al. (1976)
and Hobbs (1978) present comprehensive analyses of
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bands observed in cyclonic storms in the Pacific
Northwest. They note that bands can occur in every
sector of the storm. Elliot and Hovind (1964) observe
a large number of bands in California and note that
the axes of the bands tend to lie along the mean vertical
shear vector.

A number of mechanisms for band formation have
been proposed. Harrold (1973) suggested that frontal
circulations carry buoyant air to regions of band
growth. Other possibilities include ducted gravity waves
(Lindzen and Tung, 1976), density currents (Carbone,
1982), and symmetric instability (Emanuel, 1979;
Bennetts and Hoskins, 1979).

Some of these mechanisms can be ruled out in the
present case. Harrold’s “conveyor belt” model is not
a candidate because there was no conditional instabil-
ity. Although the temperature structure of the atmo-
sphere may have allowed ducted gravity waves during
the storm, evidence in the form of strong small-scale
pressure fluctuations was not found in microbarograph
traces or in hourly pressure reports.

In section 2, we describe the data set and the exper-
iment. The bands and their environment are charac-
terized in section 3. In section 4, we explore the role
of symmetric instability. We first review a simple model
of the instability and use the results to show that the
environment was susceptible to CSI during the storm.
Then we develop an expression for the time rate of
change of available energy for CSI. Rough estimates
of the terms in this expression suggest that the supply
of potential energy was maintained by large-scale geo-
strophic lapse rate advection. In section S, we provide
discussion and conclusions.

2. Data and experimental design

Field observations for the case study include Doppler
radar data, instrumented aircraft measurements, upper
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air data and surface observations. These are described
below.

There are continuous observations from MIT’s 11.03
cm radar for the duration of the storm. Constant-al-
titude-plan-position indicator (CAPPI) and range-
height indicator (RHI) displays are analyzed for band
structure.

At 1230 GMT and at 1830 GMT, the NCAR Queen
Air instrumented airplane flew a series of four passes
centered on a snowband at pressure levels 910, 815,
725 and 645 mb. Each pass was approximately 50 km
long and was centered on the band observed with MIT
radar. The airplane instruments recorded temperature,
velocity, humidity, and cloud physical parameters ev-
ery second. The data were averaged over 10 sec, or
about 1 km air distance before analysis.

During the last half of the 1830 GMT f{light, the
band showed significant movement in the band-normal
direction. The data were transformed into a band-rel-
ative coordinate system, oriented and moving with the
band. Data points on the 725 and 645 mb passes were
respectively shifted 10 and 20 km in the positive band-
normal direction because the band had moved these
distances at the time the data were taken. The band-
relative, cross-band wind velocity in those two passes
was calculated by subtracting the band-normal velocity
of the band, 4 m s™!, from the observed cross-band
wind velocity.

The National Meteorological Center’s standard up-
per air and surface data were supplemented by special
radiosonde launches at 12 GMT and 18 GMT at MIT
and at 18 GMT at Chatham, Massachusetts, and Al-
bany, New York.

Fig. 1 shows the sites mentioned in this paper and
the upper air network in the Northeast. The location
of a vertical cross section is also indicated.

3. Description of bands and their environment
a. The large-scale environment

The synoptic-scale weather pattern in New England
on 11 December 1982 is dominated by a deep cyclone
centered on Hudson Bay. Figure 2 shows geopotential
heights, wind, and temperatures at 00 and 12 GMT.
The vertical shear over central New England at 850
mb was directed toward 70°. The magnitude of the
vertical shear in the vicinity of the bands was fairly
high. The vertical shear at Chatham was greater than
or equal to 7.5 m s~! km™! between 850 and 700 mb
at 00 GMT, between 650 and 550 mb at 1200 GMT
and between 625 and 525 mb at 18 GMT. The geo-
strophic shear backs with height, as can be inferred
from the isotherms in Fig. 2. For example, at 00 GMT,
the thermal wind is more southerly at 500 mb than at
850 mb.

The center of the storm and presumably the bulk of
the upward motion are to the south and west of New
England. Of the six maps in Fig. 2, only the 00 GMT,
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FiG. 1. Locations mentioned in the text. Stations are shown l?y
three-letter code. A vertical cross section is indicated by the solid
line.

850 mb chart shows significant geostrophic warm ad-
vection.

Figure 2 shows significant ageostrophy over New
England. At 00 GMT, the velocity magnitudes at 850
and 700 mb are typically 80% of their geostrophic val-
ues. At 12 GMT, the 850 mb chart (Fig. 2d) shows
substantial ageostrophic warm advection at Chatham,
Massachusetts, and ageostrophic cold advection at
Portland, Maine, and Albany, New York.

The 00 and 12 GMT sea level pressure maps in Fig.
3 indicate the presence of surface fronts. A cold front
west of Wisconsin at 00 GMT advances eastward at
about 8 m s™!. It is ascertained from vertical cross
sections oriented east to west (not shown) that there is
very little east—west slope of potential isotherms over
New England before about 18 GMT. The cold front
probably does not affect the bands in New England
until quite late in the case period. The frontogenesis
evidenced by the warm front just south of Massachu-
setts is discussed below.

The thermal structure of the atmosphere over New
England is illustrated in Fig. 4, which shows the
Chatham sounding at 00 GMT. Features of the sound-
ing include a frontal layer near 800 mb, an almost
moist adiabatic temperature profile through the mid-
troposphere, extensive moisture, and strong vertical
wind shear. These characteristics are observed on most
soundings from the Northeast on 11 December 1982.
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FIG. 2. Upper air charts on 11 December 1982 for (a) 850 mb at 00 GMT, (b) 700 mb at 00 GMT, (c) 500 mb at 00 GMT, (d) 850 mb
at 12 GMT, (e) 700 mb at 12 GMT, and (f) 500 mb at 12 GMT. Solid lines are geopotential heights in dm and dashed lines are isotherms
in °C. Winds are indicated with barbed velocity vectors (V. barb = 5 kt, 1 barb = 10 kt, triangular barb = 50 kt).

b. Frontogenetical forcing ‘ : factor conducive to band formation in this case. Other
researchers have noted cases in which both frontogen-

The presence of a strong warm front in Fig. 3 suggests  esis and symmetric instability are active. Sanders and
that frontogenetical forcing may be an environmental  Bosart (1985) found evidence for both in the “megalo-
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politan snowstorm” of 11~12 February 1983. Gyakum
(personal communication, 1985) has analyzed a large
snowband in Illinois associated with the same system
studied here, but which occurred approximately 24
hours prior to the case period we consider. He believes
that although the atmosphere was susceptible to moist
symmetric instability, the large single band he observed
is primarily attributable to frontogenetical forcing
which occurred in the absence of a front.

It should be noted that symmetric instability and
frontogenesis may not act independently. The condi-
tion for ellipticity of the Sawyer-Eliassen equation for
transverse frontal circulations is symmetric stability.
Emanuel (1985) considered frontogenesis in a sym-
metrically neutral base state and found that the upward
branch of a frontal circulation may be considerably
enhanced by low potential vorticity.

In this section the role of frontogenetical forcmg is
explored through analysis of geostrophic deformation
and Q-vector divergence. Fields of geostrophic defor-
mation are used to locate frontogenetically active areas.
Divergence of Q, the forcing for a three-dimensional
Sawyer-Eliassen equation, is used to identify a sub-
synoptic-scale region of ascent, possibly attributable to
frontogenetical forcing.

The geostrophic deformation magnitude and the axis
of dilatation are given by

|DEF,
= [(Qug/dx — BV,/3Y)* + (B/Ox + Bug/3Y))2, (1)

ba=t n_,[avg/ax + aug/ay] @

Aug/Ox — dvg/dy )’

where ¢, is measured counterclockwise from the x-
axis and symbols have their usual meanings. If the iso-
therms form an angle of less than 45° with the axis of
dilatation, the deformation is frontogenetical; otherwise
it is frontolytical.

Hoskins et al. (1978) derived an equation for w in
terms of the forcing function, Q:

Ny + f43*w)dz?) = 2V - Q, 3)
where

Q=(Q1,0)= - f; (v,/0xV0, Bv,/ayVe). (4)

We calculated the fields of deformation and V-Qin
Figs. 5-6 according to these formulae with careful sub-
jective analysis. Arithmetic operations and derivations
were approximated by graphically calculated addition,
subtraction, and finite differences. Multiplication, di-
vision, and trigonometric operations were accom-
plished with point-by-point calculations at station lo-
cations.

Figure 5 shows potential isotherms, geostrophic de-
formation and dilatation axes at 00 GMT. Maxima in
deformation exist over New England at both levels,
850 and 700 mb; geostrophic deformation at 12 GMT
(not shown) is weak.
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FIG. 3. Surface charts for 11 December 1982 at (a) 00 GMT and (b) 12 GMT. Isobars are shown in solid lines with hundreds and thousands
places omitted. Temperatures are in °C.

Figure 6 shows contours of V - Q. Geostrophic fron-
togenetical forcing of upward motion occurs in regions
where Q is convergent (i.e., V-Q is negative). The
maxima in |V - Q| correspond roughly to the maxima
in geostrophic deformation. The strength of w is esti-
mated by assuming that both terms on the left-hand
side of (3) are the same order of magnitude, and that
the vertical profile of w takes the form of a sinusoid
with zeros at the ground and at 4 km. Then

Pw
22 .
f 3~ v-Ql, (5a)
or
2
T S

IfV-Q=~ 10" m
(4 X 10° m)
73'2(10_4 s-—l)2

~1573, as suggested by Fig. 6, then,

W~ 107 m's? ~0.16 ms™". (6)

The scale of the area with positive vertical velocity
is larger than the bands. We suggest that this subsyn-
optic scale ascent could initiate band formation by
bringing the atmosphere toward saturation or by lifting
parcels to their level of free slantwise convection.

¢. Analysis of radar displays

Figure 7 shows MIT radar CAPPI displays at 1250
and 1851 GMT. Note that the bands are embedded in
the frontogenetically active region discussed previously.
Radar displays during the storm indicate that the bands
are generally oriented at approximately 60° (clockwise
from north) but that there is considerable variability
in the size and number of bands present at different
times. The bands generally existed as identifiable en-
tities for between one and one-half to four hours. The
range-height indicator taken at MIT toward 140° at
0953 GMT (Fig. 8) shows that the reflectivity top was
at about 5 km. |
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d. Band-normal cross section analysis

Subjectively contoured cross sections of reflectivity.

and streamfunction (Fig. 9), derived from airplane data,
illustrate the airflow and moisture distribution in a
plane perpendicular to the band. The x-axis runs nor-
mal to the band, increases toward warmer air, and is
oriented toward 150°. The y-coordinate is oriented
along the band, toward 60°. Figure 7 shows each of
the bands during the 725 mb pass with the flight path
at 725 mb indicated. The data are projected onto the
x-axes of Fig. 9 which are also indicated on Fig. 7. We
corrected for motion of the band as discussed in the
previous section. The band relative streamlines shown
in solid lines on Fig. 9 are calculated by assuming that
variations along the band are small. We compared the
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along-band and cross-band components of divergence
with wind measurements from Portland, Chatham and
Shelbourne, and Nova Scotia. The along-band diver-
gence is at most one-seventh the magnitude of the
across-band divergence, so the assumption of two-di-
mensionality appears to be justified at large scales. It
is also assumed that the wind fields measured by the
airplane represent synchronous sets of data. In fact, the
flight durations of about one and one-half hours are
not particularly short compared to the four-hour life
of the morning band or the three and one-third-hour
life of the afternoon band. The band relative stream-
function, ¥, is defined as

Wjdp = —u, W/ox=w, " (72)

with
v=0 at pg = 1022 mb, (7b)
where u is cross-band wind and w = % Ifdv/dy = 0,

(7) exactly satisfies continuity in a hydrostatic flow.

The streamlines of the afternoon flight (Fig. 9b) form
a roll circulation, while those of the morning flight (Fig.
9a) suggest but do not confirm such a flow. The airflow
in the afternoon flight shows a sloped updraft but the
downdraft is not well resolved.

The maximum updraft strengths, calculated by dif-
ferencing the streamfunction, are —0.12 mb s™! and
—0.15 mb s™! in the morning and afternoon flights,
respectively. The strongest values of du/dx (not shown)
are at 815 mb in the morning flight and at 910 mb in
the afternoon flight.

The “reflectivity” shown in dashed lines on Fig. 9
is derived from measurements by the 200-Y probe, a
one-dimensional optical array probe which sizes and
counts hydrometeors with diameters between 300 and
4500 pm, in 15 size categories. In this calculation, a
correction was applied to account for the fact that the
particles were snow rather than water. It should be
noted that such a correction was not applied to data
collected by the MIT radar and that the reflectivities
shown in the CAPPI displays (Fig. 7) are therefore low
by a factor of [K,}*/[K:]* = 0.197/0.93 = —6.7 dBZ,
where K,, and K are the indices of refraction for water
and ice, respectively.

There are high values of reflectivity, suggesting pre-
cipitation particle growth, in the updrafts in Fig. 9.
Both the morning and afternoon flights have very low
values of reflectivity and relative humidity (not shown)
in the return branch of the circulations. (See the lower
left corners of the figures.) This dryness may indicate
that the downdrafts are unsaturated.

4. Role of symmetric instability

In this section we consider the role of symmetric
instability. The moist parcel dynamics model of CSI
is briefly reviewed and used to develop criteria for de-
termining when the atmosphere is susceptible to CSL
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FIG. 5. Geostrophic frontogenetical forcing at 00 GMT for (a) 850 mb and (b) 700
mb. Solid lines are geostrophic deformation in 1076 s~!, dashed lines are potential
temperature in K and dilatation axes are shown with double-headed arrows. The de-
formation is frontogenetical where the isotherms form an angle of less than 45° with
the dilatation axes.



AUGUST 1986

These criteria are evaluated with observations and it is
shown that the atmosphere is slightly unstable to sym-
metric instability. Other researchers (Emanuel, 1983b)
have suggested that the atmosphere is adjusted to a
neutral state as symmetric instability proceeds. How-
ever, in this case the atmosphere is unstable at two
times, separated by 12 hours, so we postulate that this
adjustment process is opposed by a supply of potential
energy. By developing and evaluating the terms in an
equation for the time rate of change of potential energy,
we find evidence that the symmetric instability is sus-
tained by a large-scale process, geostrophic lapse rate
advection.

a. The parcel model of moist symmetric instability

Bennetts and Hoskins (1979) and Emanuel (1979)
have suggested that some bands which form in layers
of stable or neutral thermal stratification, and are
imbedded in regions of large-scale ascent, may be
caused by symmetric instability. Symmetric instability
is manifested in sloped, two-dimensional, mesoscale
rolls aligned with the geostrophic shear. The parcel de-
scription of moist symmetric instability below closely
follows Emanuel (1983b).

We will consider a base state in which a steady,
purely meridional flow is in geostrophic balance. In
this case, the potential temperature is a function only
of x and z, so the thermal wind can be written

(2 _ & 3,
9z Oy dx’

where the subscript g denotes the geostrophically and
hydrostatically balanced base state.

Suppose a tubular parcel of fluid, extending infinitely
in the p direction, is displaced in the x~z plane. The
displacement is assumed to proceed slowly so that fields
of v, and 8, are undisturbed. The parcel equations are

®)

dv

j = _fup: &)
du

'Etg = f(vp — Vy), (10)
dwy _ 8 4

dt - 000 (0vp 0::), (l l)

where the subscript p refers to the parcel. It can be
shown using (9) that a pseudoangular momentum, M,
defined as

(12)

is conserved following the parcel, if the vertical shear
is unidirectional. Eq. (10) can be written

M=v+fx

du,

7 = fiM, — M)).

(13)
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If, after the displacement, the left-hand sides of (11)
and (13) have the same sign as the displacement, the
parcel will continue accelerating so the displacement
is unstable. In particular, slanted displacements may
be unstable if the slope of M-surfaces are less than
those of #-surfaces. This criterion is illustrated in the
papers cited previously. If the environment is saturated,
6, should be substituted for 8 to account for release of
latent heat. If the environment is moist but not satu-
rated, while the parcel is saturated, a quantity S is in-
troduced; S is defined as a surface along which a par-
ticular parcel has neutral buoyancy. A possible config-
uration of M, and S is given in Emanuel (1983a).

b. Evaluation of susceptibility to symmetric instability

The atmosphere’s susceptibility to symmetric insta-
bility can be evaluated with cross sections across the
mean vertical shear as previously discussed. In this case,
the best cross section is a line through the upper air
stations along the East Coast as indicated in Fig. 1. The
cross section is at an angle of about 30° to the shear
normal direction. The distance used in calculating M,
= v, + fx is the projection of the physical distance
between the stations onto an axis perpendicular to the
mean shear vector; v, is the component of the geo-
strophic velocity along the mean shear.

Figure 10 shows cross sections of 6, and M. Regions
in which the slopes of M -surfaces are less than or equal
to the slopes of d.-surfaces are shaded. Note the very
statically stable layer which slopes from the surface at
Wallops Island, Virginia, to about 3 km at Caribou,
Maine, in both figures. It is clearly associated with the
fronts discussed in Section 2. The inversion caps any
vertical motions which might develop near the surface.

At 00 GMT (Fig. 10a), the major region of instability
is between 3 and 4 km and extends from Providence,
Rhode Island, to Augusta, Maine. At 12 GMT (Fig.
10b), the shaded region is from 3 to 5 km deep and
extends from Atlantic City, New Jersey, to Augusta. It
should be recalled that the instability criterion stipu-
lating that M -surfaces be less steep than f.-surfaces
pertains to saturated air. The shaded regions, therefore,
may not necessarily be unstable regions except for par-
cels originating in the cloudy air.

¢. Slantwise potential energy

The potential energy released as a result of a slantwise
displacement is the path integral of the forces in (11)
and (13). The potential energy, or the slantwise positive
area (SPA), given by Emanuel (1983a) is

LNB g
SPA = f [f(M,, — Mpi+ = (0,, — Gvg)k]ds
- LFC

0.0 4
(14)
where the LNB and LFC are the level of neutral buoy-
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ancy and the level of free convection, respectively, as
defined in Emanuel (1983a). We assume in evaluating
(14) that the parcel is positively buoyant at some level.
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The cuil of the integrand is zero by the thermal wind
relation as shown in Emanuel (1983a). Thus the in-
tegral is path independent. If Eq. (14) is evaluated along
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an Mg-surface, the first term of the integrand drops The SPA can be evaluated as described in Emanuel
out, so

LNB (1983b) by constructing a vertical cross section of M,
SPA = £ (0,p — 0,0)dz. (15) 8, and dew point temperature (7p) surfaces. The values
trc lp 00— C of 6 and Tp are thus interpolated along an M, surface,
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F1G. 7. Displays of CAPPI radar reflectivity between 2.5 and 4.0
km at (a) 1250 GMT and (b) 1851 GMT. Solid lines show contours
of minimum detectable reflectivity. Regions with strong reflectivity
are shaded. Airplane flight paths at 725 mb and x-axes for the band-
normal cross sections in Fig.' 9 are indicated.

plotted on a tephigram, and SPA is evaluated in the
standard manner.

It should be noted that two assumptions made in
defining the base state are violated by observations
previously discussed. First, the vertical shear turns with
height, so M, is not strictly conserved. It may be asked
if SPA is a relevant physical quantity in this case, but
we shall proceed as if it were. That is, we assume that
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the angle of shear variation is small and that (13)is a
good approximation.

The other violated assumption is that of a geo-
strophically balanced base state. We evaluate sym-
metric instability using the geostrophic winds because
the pressure gradient balancing a displaced parcel is
probably best represented by fv,.

d. Evaluation of slantwise potential energy

Soundings of 8 and T along M, = —10 m s~ are
constructed from cross sections of M,, 6, and T (not
shown). The 00 GMT sounding is shown in Fig. 11,
plotted on a skew T-log p chart. If the most unstable
parcels are lifted to achieve the greatest difference be-
tween parcel and environmental potential temperature,
there are approximately 4° of buoyancy.

Soundings from the morning cross section (not
shown) also show 3 to 4° of buoyancy. It should be
noted, however, that the M, -surfaces are practically
horizontal in the unstable regions and that parcels
would have to travel hundreds of kilometers to actually
achieve the maximum buoyancy. A reasonable esti-
mate of the buoyancy a parcel might acquire is probably
closer to 1 K.

e. Time rate of change of SPA

It is instructive to evaluate some measure of how
the available energy for slantwise convection changes
with time. For this purpose, we assume that at a given
time the SPA is positive and evaluate its time rate of
change following the particular parcel for which the
SPA is defined. First, as a matter of convenience, we
note, following Emanuel (1983a), that since M,-sur-
faces are vertical in geostrophic coordinates (e.g., see
Hoskins, 1975), the integral in (15) is a simple vertical
integral in those coordinates:

LNB o
sea [ £,
LEC 0,,0( p

where 8,, is understood to be the virtual potential tem-
perature of a parcel lifted from below its LFC and 8,,
is simply the ambient virtual potential temperature. It

052)dZ, (16)

~ 10
=
X
[
b o
85
w
b o
10dbz Odbz
(o} y {
f ) 1
o] 50 100

DISTANCE (kM)

F1G. 8. Range Height Indicator display taken at
0953 GMT from MIT toward 140°.
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s™! and reflectivity in dashed lines in dBZ for (a) the 1230 GMT flight and (b) the 1830 GMT flight.
The airplane flew at the pressure levels labeled on the ordinate. These cross sections correspond to the
bands shown in Fig. 7. ’ '

is understood that the integral is evaluated at fixed X is the geopotential in physical coordinates and ¥ is the

and Y, where geostrophic geopotential.
Now define a coordinate system moving with the
X=x+vf, (173)  parcel by whose vertical displacement we evaluate the
= v SPA. The time rate of change, (3/97), of SPA in this
Y=y~ ulf (170) coordinate system is
Z =z, (17¢) 3 5 [LNB
| 5 SPA=— £ (0, - 8.)d2
&=+ +0), (17d) T 0r Jirc O
=fm_g_(%_go_“€)dz (18)
where X, Y and Z are the geostrophic coordinates, ¢ Lrc Oy \ 97 ar )



Ve
e / /
QL‘ // // // —
30 4
7 s e
8 // // //'
.2 32l - L’
7 .7 g
'
s
.7 ’ 313(j
< . Z
6 7 /f/ h/y/. ///—
s - , 2,305
X
= 5
T
o
W
ES

) 7 "

;20/ _ =
3 f/
M
2 2 281 = e
7 V // -1
7 -40

7 rd
/ / , ’ - ”/’/:/507’_
s 4 ¢
f ’ 265"
ol o 1+ v 4l 4 sz /////ﬂ/l -_ _/_1_.‘.;.14_.____
WAL  MIV AGCY NEL LGA ISP GON PVD CHH PSM PWM NHZ AUG BGR HUL CAR

oo 66 o 0 © o o o *x E e dw  EX ke wem °

T
\
\
L
o

~

~ 6r
=
X
-
£ 5
=4
£
4
3
2
1
ol -
WAL MIV  ACY NEL LGA ISP GON PVD CHH PSM PWM NHZ AUG 8GR HUL CAR
b4 © S D ek R N ww  u ww @ L4 e o 3

FIG. 10. Vertical cross sections of 6, in K (solid lines) and M, in m s~ (dashed lines) at (a) 00 GMT
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FIG. 11. Sounding along M, = —10 m s™' at 00 GMT. Potential
temperatures and dew points were interpolated along the M -surface
shown in Fig. 10a. Positive area can be interpreted as potential energy
for displacements along the M, surface.

The latter relation is obtained because the integrand
vanishes by definition at the end points of the integra-
tion.

In this coordinate system, the time rate of change
of the parcel’s lifted temperature is simply related to
the rate of heating of the parcel; it is the rate at which
the moist adiabat associated with the parcel moves to
the left or right on a tephigram. It is shown in the
Appendix that (18) can be written as

9 _ 5 Dirc— Ting
F SPA = H, T,
LNB g
+ fLFC [-é(; (Vga - V@)' Vb, + Wﬂa]dza (19)
where
£ %, -
80 0Z for unsaturated environment
Ga =
g T,,40, .
8. T, 9Z for saturated environment.
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Here, H » is the total sensible and latent heating of the
parcel to be lifted (H, = C,7,0Iné,,/d7) and Tigc,
Ting, and T, are the absolute temperatures at the lifted
condensation level, the level of neutral buoyancy, and
the parcel origin level, respectively. The subscripts p
and a refer to the origin level of the parcel and the
ambient environment, respectively, while the subscript
X on the gradient operator indicates a gradient in geo-
strophic coordinates. The quantity g, represents the
effective static stability in geostrophic coordinates with
I',, and I'; denoting the moist and dry adiabatic lapse
rates, respectively.

The processes which can change SPA, according to
(19), are 1) real heating of the parcel with respect to
which the SPA is defined [first term on right of (19)],
2) geostrophic lapse rate advection, and 3) dry or moist
adiabatic warming or cooling of the environment.

Geostrophic lapse rate advection, which is given by
the first term in the integrand, can be written

£

e Z)(Vx X Vxb)-k, (20)

(Voo ~ V) Vi, =
where

Ve — Vg = (k X —g—ﬂ'é)(z- Z), @
So

through the thermal wind relation and

on =

2
Vx0dZ,
—Z,Vz, X

22

where Z, is the parcel level. The right-hand side of (20)
is zero if the geostrophic shear does not turn with height
and is greater than zero if it turns counterclockwise
with height in the Northern Hemisphere. If the right-
hand side of (20) is positive, SPA is increased due to
the advection of steeper lapse rates by the geostrophic
wind. That is, the upper atmosphere becomes colder
with respect to a parcel lifted along an M, surface.

f- Evaluation of depletion and generation of SPA

In this subsection we attempt to use observations to
determine which of the processes previously discussed
are important. First, we will estimate how much po-
tential energy is lost through overturning by assuming
that some of the potential energy, which is converted
to kinetic energy, is dissipated by turbulence. Since
buoyancy is released by vertical motions, an appro-
priate time scale is T = H/W where H ~ 2 km, the
vertical extent of the band, and W ~ 0.4 m s}, an
average updraft observed in the band; H may be
thought of as a mixing length. The buoyancy, B, is
defined as B = (g/6,)A8, where A#f, the difference be-
tween the environmental and parcel potential temper-
ature, is taken to be 1 K.

The depletion of SPA may then be estimated as the
time rate of change of buoyancy, integrated along an
M,-surface:
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dB B 98ms” 0.4 ms™'\
a~TH~ ( 288 K )(1 K)( 2 km )

X (2 km) =~ 0.014 m*>s™3, (23)

This figure will be taken as the rate of SPA depletion
due to band scale and sub-band scale motions. Since
we observed that new bands continued to form for a
period of almost 24 hours in spite of this depletion, we
postulate that there must have been some source of
potential energy. In the previous subsection, we deter-
mined which processes can change SPA. The second
of these, geostrophic lapse rate advection, occurs when
the geostrophic shear backs with height.

Figure 12 shows that the geostrophic shear at
Chatham backs with height between 850 and 500 mb
at 00 GMT and between 850 and 300 mb at 12 GMT.
Geostrophic lapse rate advection can thus contribute
to the SPA rate equation. The magnitude of this effect,
which is given by (22), is estimated by transforming
constant pressure maps into semigeostrophic coordi-
nates according to (19). Figure 13 shows semigeo-
strophic maps of potential temperature and A®, the
thickness in semigeostrophic geopotential of the layer
between 850 and 500 mb. The thermal wind, which is
roughly the pressure-weighted shear, flows along con-
tours of A®. There is positive contribution to (20) in
regions where the local temperature gradient along the
mean thermal wind is positive. The temperature in-
creases in the direction of the mean thermal wind in
most regions on Fig. 13, so GLRA increases SPA.

A typical value of the vector difference |V, — V] is
25 m s7!, where v, is evaluated at 850 mb and v, is
evaluated at 500 mb. A typical value of V8, the semi-
geostrophic temperature gradient in the direction of
(v, — v,), evaluated at 500 mb, is 2.5 K in 100 km.
The thickness of the layer between 850 and 500 mb,

Vg500 - Y9850

NXqes0 - YesFc

Y9300 - ¥g¢500

T

b Yo 300- Y4500

V9850 - VgSFG

e eead
3 Mg

F1G. 12. Rotation of the geostrophic shear vector at
Chatham at (a) 00 GMT and (b) 12 GMT.
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H, is about 4 km. By (23), the increase in SPA due to

GLRA is estimated as
9
o SPA =~ % Vesso — Visool Vi H
98 ms? O
~ R K 25ms™)

X (2.5 X 1075 K m™')(4 X 10° m)
~ 0.09 m? 573, ' (24)

This value is larger than the rate of depletion estimated
in (23). It therefore appears that geostrophic lapse rate
advection produces an ample supply of potential en-
ergy.

The other two processes which can affect SPA, real
heating of the parcel and adiabatic warming or cooling
of the environment, appear to be unimportant in this
case. The stable frontal layer apparent on soundings
(e.g., Fig. 4) and vertical cross sections (Fig. 10) prob-
ably prevented any parcels in recent contact with the
surface from participating in the convection. Trajectory
analyses indicate that parcels which might have been
warmed by the ocean moved to the northeast and did
not circle back inland.

The third of the processes adiabatic warming or
cooling of the environment, acted to decrease SPA in
this case. Positive vertical velocity in unstable regions
of the atmosphere has the effect of warming the envi-
ronment because 36/9Z is negative along M, surfaces
in these regions. The ambient vertical velocity, esti-
mated above, is w, ~ 0.1 m s™! and 86/9Z ~ 0.1 K
km™!. Thus the magnitude of adiabatic warming of the
environment can be roughly estimated from (19):

g 90

8 "oz 11

_ (9.8 m s~2
288K

X (107K m™)(2 X 10> m)

~—=TX10*m?s’

i)
gr' SPA ~
)(—0.1 ms™Y)

(25)

5. Discussion and conclusions

Symmetric instability may explain many observed
features of the bands in this case. Substantial portions
of the atmosphere were conditionally unstable accord-
ing to the criteria of the parcel model of moist condi-
tional symmetric instability in two-dimensional flow.
The bands formed in the unstable layers. Bands took
the form of sloped rolls almost parallel to the mean
shear, as predicted by the theory

A few observations remain unexplamed The slope
of the displacement is expected to be intermediate be-
tween the slopes of the M- and 0,-surfaces. However,
the streamlines found in the airplane band-normal
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F1G. 13. Semigeostrophic maps of difference in semigeostrophic
geopotential between 500 and 850 mb (solid lines) and potential
temperature at 500 mb (dashed lines) at (a) 00 GMT and (b) 12
. GMT. Station locations in semigeostrophic coordinates at 850 mb
are shown for reference. Slantwise positive area is increased by the
geostrophic wind advecting steeper lapse rates, with respect to a parcel
at 850 mb, in regions where the potential temperature increases in
the direction of the mean thermal wind which flows along contours
of Ad.

cross sections were steeper than either the M- or 6.
surfaces. The current model does not explain the dif-
ferent numbers of bands observed at various times.
Time-dependent behavior in the rolls was sometimes
observed on movies made from series of CAPPI dis-
plays. The stability of two-dimensional rolls to smaller
perturbations is not known.

The rate at which potential energy was generated
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and converted to kinetic energy was estimated. The
rate of potential energy generation appears to have been
greater than the rate of its dissipation. However, the
conditions for symmetric instability were derived under
the assumption of two-dimensional flow. The coun-
terclockwise rotation of the shear vector, which led to
SPA generation by geostrophic lapse rate advection,
violates this assumption.

A region of subsynoptic scale ascent was attributed
to frontogenetical forcing. This intermediate-scale
process could have contributed to formation of bands
by bringing the atmosphere to saturation and lifting
conditionally unstable parcels to their lifting conden-
sation level. The relation between frontogenetical forc-
ing and band formation is highlighted by the fact that
the bands became smaller and weaker as the warm
front diffused during the later periods of the case study.
The progressive decrease in band width and strength
did not seem to be related to parameters relevant to
symmetric instability, such as vertical shear or strati-
fication. The ageostrophy, apparently attributable to
frontogenesis, also results in a base state which violates
conditions under which symmetric instability has been
derived.

The degree to which observed band characteristics
correspond to predictions of symmetric instability sug-
gests that the results of the theory have some relevance
even when there are deviations from the idealizations.
Future analytical work and numerical simulations
should address the hypothesis that three-dimensional
and ageostrophic base states may be symmetrically un-
stable. The effect of the former condition is particularly
relevant because it allows generation of energy for the
instability.
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APPENDIX

Derivation of an Equation for the Rate of Change
of Slantwise Positive Area

To facilitate the derivation of (19), we slightly re-
define the SPA so that it exactly represents the available
energy for a reversibly lifted parcel. We first note that
a reversibly lifted parcel will be associated with a density
anomaly but not a pressure anomaly. We can then
write the horizontal momentum equation for the parcel
as
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;) ap
da “ax (e — o) ax 1
—f(Vp Vg - aang
= fiM, — My (AD)

where « is the specific volume (including effects of water
vapor). Similarly, the vertical acceleration of the parcel
is given by
Wy _ o~
dt g

Now the SPA is defined as the line integral of the force
per unit mass:

= [ (%%; 4&:)
SPA—f(dt1+dtk dl,

where i and k are unit vectors in the x and z directions,
respectively. Using (A1) and (A2) it becomes

SPA = f [f(M,, — M, - “"; e Vg)dx

a

& (A2)

+ 22 gdz:| . (A3)

, o,
It is easily demonstrated from the thermal wind relation
that the curl of the integrand vanishes, so that the choice
of integration path is immaterial. As in Emanuel
(1983a), we choose the path to lie along an M, surface
with the limits of integration at the parcel’s LFC and
LNB. Then (A3) becomes

LNB

SPA =

(a" ' a“)( ngdx +gdz), (A4)
M

LFC g

where it is understood that the path of integration lies
along an M, surface. Now since

dp=Lax+ X g Tey &4
ox az a, o
(A4) can be written
LNB
SPA = —(a, — ag)dp. (A5)
LEC |

Since, by definition, a;, = a, at the LFC and LNB, the
time derivative following the parcel to be lifted is

9 e _(aﬁ _ é&)dp_
» \OT Or

— SPA =
or S
We next note that the lifted parcel is saturated be-
tween its LFC and LNB. The lifted parcel’s specific
volume, «,, may be regarded as a function of any two
state variables. In this case, we regard «, as a function

LFC
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of moist entropy, s*, and pressure. Then at each pres-
sure level, we may write the time derivative of o, as

() - () 2
or ds*) or

We now use one of Maxwell’s fundamental relations
that derive from the first law of thermodynamics:

(&), (%)
Js* ap /.
so that (A6) and (A7) may be written
: LNB k
d 9 spa J‘ [(aT) as* —éﬁ]dp
ar LFC |z p /. 9 or

os* LNB
= (Trrc — TLNB) - + f
LFC

(AT)

da,
a OT

dp, (A8)

where T7np and 7; e are the temperature in K at the
levels of neutral buoyancy and free convection respec-
tively. Given that the change of the parcel’s moist en-
tropy is simply proportional to the total heating, H,
divided by the parcel temperature, (A8) may be written

dag

M o7

T - T LNB
LFC — {LNB H + f

T, LFC

i SPA = dp. (A9)
or

The integrand on the right of (A9) can also be expanded
in a similar fashion. For an unsaturated environment,
it is convenient to regard o as a function of the dry
entropy, s, and p:

(), - () %) - (D)) wo
7 Jpm as J \OT /5 ap oM

If it is remembered that the time derivatives above are
with respect to a coordinate system moving with the

parcel to be lifted, we can write in geostrophic coor-
dinates

()., %
07 /aap dt
where V,, and V,, are the geostrophic velocities of the
environment and at the parcel origin level, respectively,
and w, is the ambient pressure velocity (omega); Vy
denotes the gradient operator in geostrophic coordi-

nates. Neglecting radiative heating and using the above
expansion, (A10) may be written

da, _ aT _ as,
(ar ),,,M - (ap) [(V"“ Vo) Vicsa “"’( ap)x]

_(unsaturated environment)

3 Inb
= —-aa[(vga = Vg) VxInd + wa('Tl;—g)X] .

(Alla)

When the environment is saturated, «, can be regarded

as,
(Vga - Vgp) VxS — wa('ﬁ)x,
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as being a function of p and s* and an expression sim-
ilar to (A11a) results:

)%
or M dp s*

Os?
X [(vga — V) Vst + wa(—ag-) ] . (Al1b)
But since

X
oT aT
%) Vrost = () apsi
(6p)s. xS (81))5 XpSa

Eqg. (A11b) may be written
da,
(i) = (Vg — V) Vx Inf,
M

or
aT Js*
- (:9; )S .wa(—a;’-)x. (Allc)

(saturated environment)

Using (Alla) and (A11c), (A9) becomes
LNB

iSPA= Tipc —- TLNBH__
ar

T, LFC
J«LNB
LFC

where

M

[(Vga —~ Vg)+ Vx 1nd, + qua]aadp, (A12)
M

(a lnB,,)

a Jy
—l- (9-7—) (a—sz) , Ssaturated environment.
&q ap s* ap X

To the extent that variations with pressure can be ac-
counted for by variations in height alone, we use the
hydrostatic relation to write (A12) in the approximate
form

unsaturated environment

d =

) Tirc —~ Ting 4
L GpA ~ ZLFC T TLNB
- SPA T

LNB
+ f 8(Vea — Vgp)*Vx Inb, + Woq,dZ,
LFC M

WOLFSBERG, EMANUEL AND PASSARELLI

1569

where W, is the ambient vertical velocity, and

d Iné, .
—_, unsaturated environment
8z
go =
’ F—'f f)_l_n()ﬂ saturated environment
T, ez ° '

This completes the derivation of (19).
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