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ABSTRACT

Fifteen cases of banded and nonbanded precipitation not associated with surface frontal regions are presented.
Resuits from the linear perturbation and parcel theories of symmetric instability are compared to the observed
properties of these bands. Symmetric instability can explain many of the features of the bands considered in
this study: all of the bands are aligned parallel to the thermal wind; strong shear and near-neutral static stabilities
are observed when bands occur; multiple bands have a wavelength that is related to the depth of the unstable
region and the slope of moist isentropic surfaces. However, the linear theory of symmetric instability assumes
a basic state of unidirectional flow and thermal wind balance, while the observations indicate that in some cases
these conditions are not met. This study supports the hypothesis that symmetric instability may be responsible
for precipitation bands, but the comparison between theory and observations is hampered by the inability of
the present theory to account for ageostrophic shear and curved flow, and our inability to assess geostrophy via

sparse soundings.

1. Introduction

“It is now well established that the regions of heaviest
precipitation in extratropical cyclones are often orga-
nized on the mesoscale in the form of rainbands” (Par-
sons and Hobbs, 1983). Some of these bands are di-
rectly associated with frontal circulations. Others occur
far from any regions of frontal forcing. While much is
known about mesoscale bands caused by frontogenesis,
it is clear that not all bands, particularly multiple bands,
are caused by frontogenesis. In this paper, the possible
role of symmetric instability in the formation of pre-
cipitation bands is examined.

The data set used in this study was obtained during
the M.LT. NEWS (New England Winter Storms) Pro-
ject. During three winters, 1981/82-1983/84, obser-
vations were taken from 20 storms with Doppler radar,
aircraft, and standard National Weather Service data.
In many of these storms intense precipitation bands
occurred that were clearly not frontal in nature. These
bands were usually embedded in regions of very strong
shear and near-neutral static stability.

This paper will attempt to answer three questions:

1) How do the observed atmospheric conditions
during these storms compare to those assumed in
theoretical models of symmetric instability?

2) Do the observed precipitation bands exhibit those
features predicted by the theory of symmetric insta-
bility?

3) Using simple linear and parcel theory, how well
can one predict the occurrence of these bands, and in
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so doing, say something about their strength, structure
and orientation?

Symmetric instability is a form of convective insta-
bility that can occur in baroclinic flows. It arises from
an unstable balance of pressure gradient, Coriolis and
buoyancy forces. Early investigations of the instability
mechanism by Solberg (1936), Eliassen (1962), Stone
(1966) and Ooyama (1966) focused on the linear sta-
bility of simple inviscid, balanced baroclinic flows in
the context of an f-plane or a circular vortex. The basic
findings of these studies indicated that symmetric in-
stability sets in when the absolute vorticity vector of
the flow has a shallower slope than that of isentropic
surfaces. For zonal flow on an f-plane, a sufficient con-
dition for instability is

n
A

where Ri is the Richardson number (N?/U,?, where N
is the buoyancy frequency and U, is the vertical shear
of the zonal wind), 5 is the vertical component of ab-
solute vorticity, and f'is the Coriolis parameter. The
instability sets in as stationary roll circulations which
do not vary in the direction of the thermal wind (thus,
in a circular vortex, they are “‘symmetric””) and which
tend to line up with isentropic surfaces. The most un-
stable modes in an inviscid fluid were shown by Stone
(1966) to have zero wavelength in the cross-shear di-
rection. Emanuel (1979), however, showed that the ad-
dition of a small amount of viscosity leads to a preferred

Ri < 1, (1.1)

.mesoscale wavelength proportional to the depth of the

unstable layer divided by the slope of isentropic sur-
faces. Symmetric instability is thus a true mesoscale
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instability characterized by order one Rossby number.
Concurrently, Bennetts and Hoskins (1979) showed
that the characteristics of the instability in a saturated,
cloudy atmosphere could easily be assessed by com-
paring the orientation of the mean absolute vorticity
vector to the slope of surfaces of constant equivalent
potential temperature (6,), rather than potential tem-
perature. The criterion for instability is identical to (1.1)
but with' the definition of the buoyancy frequency in
Ri replaced by
2 - Lm & %

Ne' =15, 32

" where I'y and T, are the dry and moist adiabatic lapse
rates, respectively (Durran and Klemp, 1982). The ef-
fect of latent heat release is clearly destabilizing.

Certain nonlinear aspects of moist conditional sym-
metric instability were examined by Emanuel (1983a,b)
who showed that the convection is sufficiently local to
treat using parcel theory. He developed a straightfor-
ward analogue to the classical assessment of conditional
instability using tephigrams, where the temperature of

~ a lifted parcel is compared to its environment. In the
generalized method, the parcel, rather than being lifted
vertically, is lifted slantwise along a surface of constant
absolute momentum M, where

M=v+fx

v is the component of geostrophic wind in the direction
of the thermal wind and x is the coordinate across the
thermal wind. The adiabatic temperature of the parcel
is then compared to that of its environment in the
usual way.

This parcel technique can be applied to a single
sounding. Emanuel (1983b) has shown that for v vary-
ing linearly in x, the stability of a slantwise displaced
parcel can be evaluated approx1mately by adding the
value

1T, f9

L 2
2gnaz[( )]

to the reversibly lifted parcel temperature calculated
in the usual way on a thermodynamic diagram. The
virtual temperature of the parcel is expressed by T,
The lifting of a parcel in this manner is equivalent to
the local slantwise displacement of a parcel that con-
serves both its M and 6 values. Parcels can then be
lifted from different heights in a manner analogous to
that of assessing ordinary (buoyant) convection. The
level and orientation of the most unstable parcels for
finite lifting can be determined by varying both the
“initial height and orientation of the parcel (or tube).
Further support of this explanation of banded pre-
cipitation must come from a comparison between the
observations of atmospheric conditions in the vicinity
of banded precipitation and the linear theory. For ex-
ample, there are several observat10nal checks that can
be made:
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1) The atmospheric conditions should be approxi-
mately two-dimensional with most of the variations in
thermodynamic and kinematic properties occurring in
the cross-band direction and in the vertical.

2) There should be a region in the atmosphere where
the local Richardson number instability criterion for
saturated conditions [e.g., Eq. (1.1)] is met.

3) The bands should be aligned along the thermal
wind and should be strongest in the region of instability.

4) If the bands are observed to be moving in the
cross-band direction, they should be moving approx-
imately with the mean flow in this direction. Note that
the results of linear theory imply that the circulation
pattern does not propagate relative to the basic-state
flow in x.

5) Spacing between bands should be related to the
depth of the unstable layer and the slope of moist is-
entropic surfaces.

6) The circulation pattern near the bands should
include a region of ascending motion sloping nearly
along moist isentropic surfaces.

2. Observations

The ‘measurements of thermodynamics and kine-
matic properties for 15 cases were all taken from
sounding data. Standard National Weather Service
(NWS) balloon soundings from Chatham, Massachu-
setts; Portland, Maine and Albany, New York,
launched at nominal times as well as special launch
times were used. Rawinsondes were also launched from
M.LT. In addition, aircraft measurements made by the
NOAA P-3 were taken in a sounding mode at locations
chosen to best supplement the other soundings. Data
from mandatory and significant levels of the NWS
soundings were used. All sounding data were inter-
polated to a 250-m vertical grid.

The cases presented in this study were chosen to
meet three requirements:

1) The low pressure center, as determined from sur-
face analyses, was not within 500 km of the region of
analysis. This requirement excluded regions that had
a generally more complicated mesoscale structure in-
volving frontal zones and strongly curved flow.

2) Precipitation was observed on the M.I.T. radar.

3) Surface fronts were not present in the region.

Table 1 lists the fifteen cases that will be considered
in this study.

A measure of bandedness of the precipitation was
determined for each case. This was done subjectively
by four scientists (other than the authors and all ex-
perienced in observing bands) using radar reflectivity
patterns such as that shown in Fig. 1. The criteria used
to define bandedness were:

1) The elongation of the reflectivity distribution in
the horizontal.
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TABLE 1. Measurements of thermodynamic and kinematic properties from sounding data for fifteen cases.

Case 850-500

mon/day/yr Bandedness B.O. LMWS FFS DDS N2 N2 mb FFS
12/05/81 3 45 4,75 13.5 37 1.4 0.7 8.0
12/06/81 3 0 2,75 13.3 5 1.6 0.8 8.3
12/16/81 3 45 1.75 18.6 39 2.0 0.7 30
12/11/82 1 70 4.00 11.2 55 6.9 4.0 52
12/12/82 2 50 3.75 17.1 51 2.3 1.0 14.6
12/20/82 2 0 2.00 14.5 -2 0.7 -2.7 6.7
01/11/83 3 0 3.00 19.4 14 2.5 1.4 4.2
01/24/83 0 — 4.25 8.2 129 1.3 0.2 5.0
02/03/83 0 — 3.25 7.9 90 24 1.5 33
02/12/83 3 80 5.50 134 66 1.8 1.1 9.4
11/28/83 3 135 2.75 21.2 117 3.0 25 49
12/03/83 1 90 5.75 11.5 115 0.8 0.3 6.6
12/04/83 0 _ 5.25 22.4 63 2.2 1.2 5.7
12/06/83 0 —_ 2.00 9.6 120 3.8 -0.2 5.8
01/11/84 2 45 3.75 19.5 34 34 2.5 8.6

LMWS: level of maximum wind shear magnitude (km).
B.O.: band orientation (deg).

FFS: wind shear magnitude (m s~ km™").

DDS: wind shear direction (deg).

N, buoyancy frequency (dry) (107 sec™?).

N, buoyancy frequency (moist) (107* sec™?).

.Note: FFS, DDS, N,?, and N,;> computed at LMWS.

2) The strength of the reflectivity factor anomaly.
3) The band’s temporal and spatial coherence.

A four-point scale was used, with 0 signifying non-
banded and 3 denoting strong bandedness.

a. The synoptic situation for a representative case

The cases classified as banded have some common
synoptic-scale features. These features can be sum-
marized by looking at a representative case which is
described in greater detail in a separate paper (Passarelli
et al., 1986). Figure 2 shows the surface analysis for
0000 GMT 6 December 1981. The low-pressure center
is well to the east of Boston and any obvious surface
fronts are far from the New England area. Figure 3
shows the 500 mb geopotential height and temperature
field for the same time. Note the strong horizontal
temperature gradients corresponding to large geo-
strophic wind shears in the New England area.

The corresponding radar reflectivity pattern was
shown previously in Fig. 1. This constant altitude pre-
sentation represents the average reflectivity in a layer
from 2.5 to 4.0 km altitude. The dominant feature is
alarge band of very heavy precipitation oriented north—
south. This particular band persisted for almost 14
hours in the New England area and produced snowfall
rates of more than 5 cm h™!. A comparison of Fig. 3
with Fig. 1 shows that the band is embedded within
the region of very strong shear.

Analyses of potential temperature, equivalent po-
tential temperature, and winds from a sounding at
Portland, Maine (60 km from the band) are shown in
Fig. 4. Again the region of strong shear is noted, as is

a deep layer of positive static stability that includes the
layer of banded precipitation. There is no obvious
frontal zone and there are no large regions of neutral
or negative stability. Most of the atmosphere is gravi-
tationally stable. These observations would seem to rule
out the occurrence of deep moist convection.

While many of the band cases discussed here are not
as striking as the one just described, most of them ex-
hibit similar synoptic scale features. The presence of
strong band-parailel shear in all of the band cases makes
symmetric instability a prime candidate for the mech-
anism responsible for the banded precipitation.

b. Mesoscale features of the cases studied

In this section, the atmospheric conditions that ex-
isted in each case are presented. The cases are compared
and the common features are deduced. .

As implied in the previous section, banded precip-
itation is often embedded in regions of strong shear.
Table 1 lists, for each case, the shear direction, the
shear magnitude, and the buoyancy frequency for dry
and moist adiabatic ascent. All of these quantities are
computed at the level of maximum wind shear. Also
shown are the magnitude of the 850-500 mb wind
shear, the estimated bandedness, and the band orien-
tation. The data used to make these calculations come
from the sounding that was taken closest to the band.

On comparing the cases, a strong correlation between
the bandedness and the maximum wind shear becomes
apparent. The nine cases classified with a level 2 or
level 3 bandedness have a maximum wind shear mag-
nitude between 13 and 20 m s™! km™!. The remaining
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F1G. 1. Constant-altitude planned position indicator showing the average reflectivity factor in a layer from 2.5 to
4.0 km altitude for 0000 GMT 6 December 1981, Two contour levels of reflectivity factor are shown: 15 and 25 dbZ,

cases, classified as nonbanded or weakly banded, with
the exception of 4 December 1983, have a maximum
wind shear magnitude between 7 and 12 m s™' km™".
A much weaker correlation is evident when the level
of bandedness is compared with the magnitude of the
850-500 mb wind shear.

Figure 5 is a scatter diagram for all nonzero band
cases of the band orientation versus the 1000-500 mb
geostrophic shear direction and the shear direction at
the level of maximum wind shear. The latter direction
is averaged over a | km layer. The errors in measuring
the geostrophic shear direction and the mean shear di-
rection are approximately +10 and +5 deg, respec-
tively. The error in measuring the band orientation is
about 10 deg. While both measures of the shear di-
rection are close to the band orientation, the geo-
strophic shear direction is in slightly better agreement.
The rms scatter is 9.2 deg for the geostrophic shear

direction versus 13.4 deg for the shear direction at the
level of maximum shear.

Vertical profiles of the static stability were also an-
alyzed for each case. It was found that all of the cases
were stable for dry adiabatic ascent-above the boundary
layer. In the region of maximum wind shear, three of
the band cases show an atmosphere that is neutral or
potentially unstable for moist adiabatic ascent. There
are, however, other regions of the atmosphere in many
of the cases that show indications of potential instability
(86./0z < 0). A negative moist static stability is a suf-
ficient condition for convective overturning only if the
atmosphere is saturated.

For the cases considered in this study, the regions
of potential instability that were judged saturated are
only weakly unstable and can be considered, within
the error of measurement, to be neutral. Regions that
were assessed as having substantial potential instability
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FIG. 2. Surface analysis for 0000 GMT 6 December 1981, adapted
from National Meteorological Center (NMC) analysis.

are in all cases associated with relative humidity gra-
dients in an unsaturated atmosphere. In this instance,
the potential instability may never be released.

Some evidence has already been given to justify the
assumption that the bands are two-dimensional in na-
ture. The bands are observed to be aligned close to the
geostrophic shear vector which, in a geostrophically
balanced atmosphere, is the direction perpendicular to
the average temperature gradient. The band’s ther-
modynamic properties can therefore be approximated
as having most of their variations in the cross-band
direction. In addition, Doppler radar and synoptic scale
wind analyses provide evidence that most of the flow
is in the band-parallel direction with variations in this
flow occurring predominantly in the cross-band direc-
tion.

3. Comparisons between theory and observations
a. The assessments of symmeltric instability

Stability analyses based on a single sounding were
done for all cases. Richardson number analyses and
the single-sounding parcel method analyses were used
for this purpose. These analyses require the knowledge
of the geostrophic absolute vorticity, = f+ 9v/dx as
a function of height. The absolute vorticity was esti-
mated from the Low-order Fine Mesh model (LFM)

y Ed
>~ -7 + 30°N  500mb-00Z

'''''' 10w 6 DEG 8

FIG. 3. 500 mb geopotential height (dam) and temperature (°C)
analyses for 0000 GMT 6 December 1981, adapted from NMC anal-
yses.
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FI1G. 4. Analyses of potential temperature (K), equivalent potential
temperature (K), and winds from Portland, Me, at 0000 GMT 6
December 1981. Relative humidity values are indicated on the right.
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FIG. 5. Scatter diagram of the band orientation (deg) versus the
1000-500 mb geostrophic shear direction (deg) and the shear direction
at the level of maximum wind shear.

500 mb vorticity fields for all cases. It was found that
neglecting dv/dx in the Richardson number and parcel
theory analyses would lead to an error of only about
ten percent. For this reason, the relative vorticity is
neglected in the single-sounding stability analyses.

To demonstrate the assessment techniques which
were applied, the sounding taken from Chatham, Mas-
sachusetts at 1200 GMT on 5 December 1981 is ex-

)
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amined. At this time, a snow band (judged level 3) was
observed in the vicinity of Chatham. As the band
moved over Chatham approximately three hours later,
the band orientation was 045 deg.

Figures 6a-d show vertical profiles of Ri™', 8, 8., and
the magnitude of the component of wind shear parallel
to the band. The Ri is calculated from the observed
band-parallel wind shear, which is considered to rep-
resent the geostrophic basic state, and dry adiabatic
ascent is assumed. Note that the layer between 4.0 and
6.0 km is nominally symmetrically unstable. The po-
tential temperature and equivalent potential temper-
ature profiles, on the other hand, show that the at-
mosphere is stable for both dry and moist adiabatic
ascent. The profile of the shear magnitude indicates
that the Richardson numbers less than one, observed
between 4.0 and 6.0 km, result from the very strong
shear in this layer.

The parcel method evaluation for this case is illus-
trated in Fig. 7. Plotted is the modified parcel temper-
ature for the slantwise adiabatic ascent of an air parcel
originating at 4.0 km height. The orientation of the
parcel is assumed to be along the band-parallel direc-
tion (045°/225°). (Recall that a parcel refers to an in-
finitely long tube oriented along the direction of the
band.) Also shown are the environmental and dewpoint
temperatures, and the 283 K moist adiabat that passes
through the parcel’s starting position.

Conventional gravitational instability is evaluated
by lifting the parcel vertically along its appropriate
moist or dry adiabat and comparing the parcel tem-
perature to the environment. Symmetric instability is
evaluated by lifting the parcel along an estimate of a
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FIG. 6. Plots of (a) inverse Richérdson number, (b) potential temperature (K), (c) equivalent
potential temperature (K), and (d) the magnitude of the band-parallel wind shear (m s™! km™)

as functions of height (km).
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parallel direction (045°/225°).
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constant M surface (labeled parcel temperature in the
figure) and making the same temperature comparison.
This analysis shows that while parcels originating near
4.0 km are completely stable to vertical displacements,
they are unstable to slantwise displacements up to a
height of 6.25 km.

Figure 8 shows contours of the maximum temper-
ature difference between a parcel and its environment
during lifting to 9.5 km for different starting heights
and parcel (or tube) orientations. There is a well-defined
maximum of 2.5°C at a height of 4.0 km for an ori-
entation angle of 030°/210°. The analysis further in-
dicates that all parcels originating between 3.25 and
5.5 km with an orientation angle between 30 and 60
deg are unstable to slantwise lifting. The depth and
height of the layer of maximum symmetric instability
agree with the Richardson number analysis.

b. Results of single-sounding analyses

The parcel method can be used to predict the
strength and orientation of banded precipitation. In
the previous example, parcel theory predicts that the
band will be oriented at 030°/210°. The strength of
the band should be related to the predicted parcel tem-
perature surplus. The actual correlation between this
temperature surplus and bandedness will be examined
after assessing by more conventional means the sym-
metric stability for all band cases.

PASSARELLI AND EMANUEL
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Table 2 lists for each case the minimum value of the
Richardson number for dry and moist adiabatic ascent
and descent, and the level of the minimum dry Rich-
ardson number. When the environment in the region
of minimum Richardson number is not saturated, only
the Richardson number for dry ascent is presented.
The magnitude of the band-parallel wind shear is used
to compute the Richardson number for the banded
cases. The magnitude of the wind shear in the direction
of the 1000-500 mb geostrophic shear is used to com-
pute the Richardson number for the nonbanded cases.

For comparison to Table 1, many of the parameters
listed there are included in Table 2. The parameters
listed are computed at the level of minimum Richard-
son number calculated for dry ascent. This level will
subsequently be referred to as the level of maximum
instability (LMI). In all of the cases, the level of min-
imum Richardson number is the same for both dry
and saturated conditions. The boundary layer up to
1.5 km is excluded from all calculations in an attempt
to exclude regions where surface viscous forces are im-
portant. In these regions the inviscid theory may not
be valid.

It is evident that in all but one of the band cases,
the LMI is within 250 m of the level of maximum wind
shear. This implies that the indications of symmetric
instability result from the strong shear. Any change in
static stability with altitude has only a small effect on
the level of the critical Richardson number. The pos-

HEIGHT (km)

| Fo.o—= |‘
t c c—
—+0.0 -1.2 : -1.2 .
|
o ] T i ] —0.0— " ™
0 45 20 135 180 225 270 315 360

PARCEL ORIENTATION (DEG)

FiG. 8. Contours of the maximum temperature difference (°C)
between a parcel and its environment during lifting to 9.5 km as a
function of starting height (km) and parcel orientation (deg) at 1200
GMT 5 December 1981. Dashed line indicates the band orientation.
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TABLE 2. The minimum value of the Richardson number for dry and moist adiabatic ascent and descent.

Case N
(mon/day/yr) Bandedness B.O. LMWS LMI Ridry Ri moist
12/05/81 3 45 475 5.00 0.76 0.36
12/06/81 3 0 2.75 2.75 0.93 0.40
12/16/81 3 45 1.75 1.75 0.58 0.18
12/11/82 1 70 4.00 4.00 1.93 1.16
12/12/82 2 50 3.75 4.00 0.43 0.02

12/20/82 2 0 2.00 2.00 0.32 *
01/11/83 3 0 3.00 3.00 0.79 *
01/24/83 0 4.25 4.25 5.10 1.57
02/03/83 0 3.25 5.00 1.27 *
02/12/83 3 80 5.50 5.25 0.68 0.27
11/28/83 3 135 2.75 2.75 0.86 0.53
12/03/83 1 90 5.75 5.75 0.62 0.10
12/04/83 0 5.25 5.25 0.68 0.38
12/06/83 0 2.00 3.25 1.13 *
01/11/84 2 45 3.75 3.75 0.92 0.70

* Environment not saturated at LMI.

B.O.: band orientation (deg).

LMWS: level of maximum wind shear (km).
LMLI: level of maximum instability (km).

itive correlation between bandedness and maximum
shear magnitude that was observed in Section 2 is
therefore essentially the same as the positive correlation
between bandedness and minimum Richardson num-
ber that is evident in Table 2. In ten of the eleven band
cases, the minimum Ri is less than the critical value
(Ri = 1) needed for instability, while in three of

the four no-band cases the minimum Ri is greater
than one. :

Table 3 summarizes the assessment of symmetric
instability by the single sounding parcel method for all
cases studied. The same analysis technique used with
Fig. 10 is applied. Parcels are lifted slantwise from
starting levels between 1.5 and 7 km to a height of 9.5

TABLE 3. Symmetric instability assessed by the single sounding parcel method for all cases studied.

Case

(mon/day/yr) Bandedness B.O. LMI MTS LMTS P.O. LUP
12/05/81 3 45 5.00 2.5 3.75 30 3.25-5.50
12/06/81 3 0 2.75 2.8 2.25 0 2.00-2.50
12/16/81 3 45 1.75 1.2 1.50 40 1.50-1.75
12/11/82 1 70 4.00 0.0 3.00 * b
12/12/82 2 50 4.00 6.0 3.50 60 3.00-5.00
12/20/82 2 0 2.00 2.1 1.50 ~-10 1.50-2.00
01/11/83 3 . 0 3.00 32 1.75 20 1.50-2.50
01/24/83 0 425 0.2 7.00 140 7.00
02/03/83 0 5.00 1.1 5.50 130 5.50
02/12/83 3 80 5.25 4.7 3.50 45 2.50-5.25
11/28/83 3 135 2.75 6.4 2.25 120 1.75-3.75
12/03/83 1 90 5.75 0.8 5.00 110 4.50-6.00
12/04/83 0 5.25 1.7 4.75 * 4.50-6.50
12/06/83 0 3.25 -0.5 3.50 * hid
01/11/84 2 45 3.75 2.7 2.75 50 1.50-3.50

Bandedness: rated on a scale of 0-3; see text for criteria.

B.O.: band orientation (deg).

LMI: level of maximum instability (km).

MTS: maximumm parcel temperature surplus (°C).

LMTS: level of MTS (km).

P.O.: predicted orientation angle (deg).

LUP: layer in which unstable parcels originate (km).
* No preferred orientation.

** No unstable parcels.

‘
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km for all possible band orientations. From the re-
sulting plots the following quantities are read and listed
in Table 3: level and magnitude of maximum parcel-
temperature surplus; prediction of band orientation;
and layer in which unstable parcels originate. In eight
of the 11 band cases, the LMI determined from Rich-
ardson number analyses is within the layer of unstable
parcels. In two band cases the LMI is within 500 m of
this layer. One band case has no layer of unstable par-
cels. On average the stronger band cases have a larger
maximum parcel temperature surplus (MTS) and a
deeper layer of instability.

A two-sample rank test (Mann and Whitney, 1947)
was performed in order to differentiate the nonbanded
and weakly banded events (judged level 0 and 1 band-
edness) from the more strongly banded events (judged
level 2 and 3 bandedness). At the 95% confidence level,
it was found that the events judged level 2 and 3 band-
edness have, stochastically, larger maximum band-
parallel shear, a smaller minimum Richardson number,
and a greater maximum parcel temperature surplus.

Figure 9 shows the actual band orientation, the pre-
dicted orientation and the 1000-500 mb geostrophic
shear direction. The predicted orientation is calculated
to the nearest 10 deg. In six of the 11 band cases, the
predicted orientation angle is as close as or closer than
the 1000-500 mb geostrophic shear direction is to the
band orientation. '

L LA S s e s
e Band orientation observed
4 1000-500 mb geostrophic
shear direction
X Band orientation predicted by
parcel theory
1711784 OZf —d -
12/ 3/83 0zt —t L
11/28/83 182 E—a -
2/12/83 0z} ——tre .
@ 1/11/83 12ZF e .
© 12720782 122} *a :
12/12/82 18Zf &o—x b
12/711/82 0z —a——X .
12716781 0z . *ed h
12/ 6/81 OZf *&° E
12/ 8/81 122753630760 80 100 120 140 160 180

DIRECTION

FI1G. 9. Comparison of the actual band orientation, the predicted
orientation, and the 1000-500 mb geostrophic shear direction for
each band case.
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TABLE 4. Predicted versus observed wavelengths for four cases.

Observed Predicted
Case wavelength wavelength
(mon/day/yr) (km) (km)
12/12/82 45 48
01/11/83 55 35
11/28/83 115 81
01/11/84 65 113

Other comparisons can be made with the linear the-
ory. Recall that linear theory with viscosity predicts
that the spacing between bands should be related to
the depth of the unstable region and to the slope of the
isentropes. An order of magnitude estimate for this
predicted wavelength can be obtained from a simple
scaling analysis. Let H be the depth of the unstable
region. The slope « of the moist isentropes is given by

a = —(80./9x)/(80,/9z). 3.1

Thus the predicted wavelength L can be approximated

H

~_-
|l

If the thermal wind relation is used to express the hor-
izontal temperature gradient in terms of the geostrophic
wind shear, L can be written in finite difference form
as

L (3.2)

~H2Ln 20 33)
/8. T4 AV

where Af, and AV are evaluated across the level of
maximum instability.

Multiple bands were observed in four of the band
cases. The observed wavelength was measured from
radar reflectivity maps. Table 4 shows that the wave-
length predicted by Eq. (3.3) agrees well with the ob-
served wavelength in three of the four cases.

The present linear theory also implies that the bands
should not propagate relative to the mean flow in the
unstable region. Figure 10a—e shows the observed speed
of the band along with vertical profiles of the observed
cross-band wind speed for the five bands judged to have
level 3 bandedness. The level 3 band cases were chosen
for this comparison because they were the easiest to
follow in time. The region of maximum instability as
assessed from the dry Richardson number condition
is hatched and the layer of unstable parcels is denoted
at the right-hand side of the figures. The cross-band
wind profile is taken from the sounding nearest to the
band, but not in the band, in order to minimize the
influence of the band itself. However, it is likely that
the wind soundings themselves are influenced by the
perturbations, whose magnitude may be comparable
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F1G. 10. The observed cross-band wind speed (m s™') as a function of height (km)

for (a) 1200 GMT 5 December 1981, (b) 0000 GMT 16 December 1981, (c) 1200

- GMT {1 January 1983, (d) 0000 GMT 12 February 1983, (e) 1800 GMT 28 November
1983. Region of instability as assessed from Richardson number analysis is hatched.
The level of maximum temperature surplus is denoted by an asterisk, while the layer

of unstable parcels is bracketed as shown.

to that of the mean flow (Emanuel, 1983a). Note that
positive u is defined as toward the warm air.

The five bands studied are all moving at speeds cor-
responding to cross-band winds in the midtroposphere
(between 3 and 5 km height). None of the bands is
moving with the cross-band wind in the region of max-
imum instability, but three of the five bands are moving
with winds in the origin layer of unstable parcels. In
four of the five cases, the altitude where the two speeds
match is within a kilometer of the unstable region.

It is also evident from the figures that there is sub-
stantial shear of the cross-band wind within the unsta-
ble layer. Shears of 2-5 m s™! km™! are observed in
this layer. While such shear magnitudes are much less
than the band-parallel shears in these regions (13-21
m s~! km™"), they are not negligible. It is quite likely
that these cross-band winds are reflections of the pres-
ence of the band circulations themselves.

¢. The geostrophy of the observed wind shear

In all of the previous assessments of the symmetric
stability of the atmosphere it was assumed that the ob-
served winds were representative of the geostrophically-
balanced basic state. In particular, in the Richardson
number analyses, it was assumed that the observed
band-parallel wind shear is equal to the geostrophic
shear.

It was shown in Fig. 7 that the band orientation tends
to be close to the geostrophic shear direction. Even if
these two directions differ by 15 deg, the magnitude of
the band-parallel wind shear will differ by only 4 per-
cent from the geostrophic wind shear as a result of
choosing the wrong direction. Therefore an estimate

of the cross-band temperature gradient can be used to
calculate the magnitude of the geostrophic shear. For
each band case, two soundings on opposite sides of the
band are used to estimate the temperature gradient
between the two stations. The sounding locations are
projected normally onto a line perpendicular to the
band orientation. The magnitude of the geostrophic
wind shear is, from the thermal wind relation,

v, g Af

dz  f0 Ax’
where Ax is the distance between the two projected
sounding locations and A6 is the potential temperature
difference evaluated at any given height. Note that this
estimate of the temperature gradient is really a lower
bound estimate of the maximum temperature gradient
that could exist.

For five cases where the necessary soundings were
available, vertical profiles of the estimated geostrophic
shear and the band-parallel shear were plotted (not
shown). The band-parallel shear is determined from
the sounding nearest to the band. This is the same
sounding that is used in the single sounding Richardson
number analysis.

From comparison of the profiles it was found that
in many regions of the atmosphere, the two shear mag-
nitudes were markedly different. Table 5 lists the av-
erage band-parallel shear in the region of instability
(i.e., where Ri < 1) and the estimated geostrophic shear
in this region. The agreement is not good. In all five
cases, the observed wind shear is supergeostrophic in
the region of maximum instability. These discrepencies
prompted a reassessment of the symmetric stability of
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TABLE 5. Band-parallel versus geostrophic wind shears.

Average band- Average estimated

Case parallel wind geostrophic wind
(mon/day/yr) shear (m s~! km™") shear (m s™! km™)
12/05/81 12.5 6.5
12/11/82 9.0* 4.0*
12/20/82 12.4 6.8
01/11/83 11.3 8.7
01/11/84 12.2 5.4

* Value computed at level of maximum wind shear. All other values
are computed in the region of maximum instability.

Note: There is no region of maximum instability for the case of
12/11/82. ’

the atmosphere substituting the geostrophic wind shear
for the observed. The Richardson number condition
of Eq. (1.1) was used for this reassessment. This can
be written in terms of the horizontal temperature gra-

dient as
. _{ SN )2
Ri = (g(&ﬂ/&x) <1,

or equivalently as

—qq>ﬁN.

> g (3.4)

The quantity on the right-hand side of Eq. (3.4) is
therefore the critical value of the temperature gradient
for instability. If the observed temperature gradient is
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greater than this critical gradient, perturbations from
the geostrophic basic state are theoretically unstable.

Vertical profiles of the critical temperature gradient
were constructed for each case. The buoyancy fre-
quency N? was calculated using the sounding nearest
to the band. Figure 11a-e shows these profiles com-
puted for moist and dry adiabatic ascent and descent,
along with the observed cross-band temperature gra-
dient estimated as described above.

In each case there are regions that are potentially
unstable. In these regions the critical temperature gra-
dient can be computed only for dry conditions. Note
that regions of potential instability in a baroclinic at-
mosphere are also potentially symmetrically unstable.
The region of symmetric instability as previously as-
sessed from the single-sounding Richardson number
analysis is indicated on each figure and is hereafter
referred to as the RSI. For the case of 11 December
1982 which has no RSI, the LMI is indicated.

In two of the five cases, 5 December 1981 and 11
January 1984, the RSI corresponds to a region of near-
neutral moist symmetric stability as assessed from the
temperature gradient analysis (TGA). In both of these
cases, the RSI corresponds to a region of the atmo-
sphere that is at or near saturation and where the critical
temperature gradient for moist adiabatic ascent is close
to the observed temperature gradient.

On 20 December 1982, the atmosphere is not sat-
urated in the RSI. While there is potential instability
to upright convection in this region, the TGA indicates
that the atmosphere is stable to dry symmetric over-
turning. However, above the RSI, there are numerous
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FI1G. 11. Cross-band temperature gradient (K/100 km) as a function of height (km)
for (a) 1200 GMT 5 December 1981, (b) 0000 GMT 11 December 1982, (c) 1200
GMT 20 December 1982, (d) 1200 GMT 11 January 1983, (e) 0000 GMT 11 January
1984. Observed temperature gradient (dashed), critical temperature gradient for dry
symmetric instability (dotted), critical temperature gradient for moist symmetric in-
stability (solid). Region of instability as assessed from Richardson number analysis is
hatched. Relative humidity (%) is indicated on the right-hand side of each panel.
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instanices where the dry or moist instability criteria are
either approached, met or exceeded.

On 11 January 1983 the situation is very similar.
The RSI is unsaturated, potentially unstable to upright
convection and stable to dry symmetric overturning,
There is a region of the atmosphere above the RSI
(near 6 km) where the atmosphere is saturated and the
TGA shows slight moist symmetric instability. Finally,
the case of 11 December 1982 which has no RSI shows
a narrow region of dry symmetric instability at 3.25
km. In the vicinity of the LMI (from 3 to 4.5 km) the
atmosphere is saturated and convectively unstable.

To properly assess the symmetric stability using the
geostrophic wind shear, a good estimate of the observed
temperature gradient is required. The measured tem-
perature gradient used in the above analyses was made
using only two soundings and probably represents an
underestimate of the actual temperature gradient.
Nonetheless, it is noteworthy that the estimated tem-
perature-gradient rarely exceeds the critical value.

4. Conclusions and discussion

This study was undertaken to examine the possible
role of symmetric instability in the formation of pre-
cipitation bands. Observations from 15 cases of banded
and nonbanded precipitation were used for this pur-
pose. The observations agree with certain aspects of
the present linear theory.

In nine of the 11 band cases, the band orientation
is within 15 deg of both the 1000500 mb geostrophic
shear direction and the actual shear direction at the
Ievel of maximum instability. Shallow layers (0.5-2.0
km depth) of strong band-parallel shear in the middle
troposphere, typically having magnitudes of 10-20 m

~! km™!, are observed to accompany the occurrence
of banded precipitation. Substantial shears of 5-10 m
s~! km™! over very deep layers in the atmosphere are
also observed when bands occur. Observations provide
evidence that the bands are quasi-two-dimensional with
most of the horizontal variations in thermodynamic
and kinematic properties occurring in the cross-band
direction. Finally, the spacing between bands agrees
with the predictions of the linear theory.

Single sounding analysis techniques from both the
linear and parcel theories of symmetric instability
showed that in the cases where bands were observed,
regions of the atmosphere were symmetrically unstable.
These results are consistent with the results of Bennetts
and Sharp (1982) who showed that the theoretical
growth rate of symmetric instability can be used as a
good predictor of banded prec1p1tat10n

The analysis techniques used in this study depend
on a knowledge of the vector geostrophic wind shear.
In assessing the symmetric instability of the atmosphere
for each case, the observed band-parallel wind shear
as measured from a single sounding was assumed to
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represent the geostrophic basic state. In Section 3 we
showed, based on a two-sounding estimate of the geo-
strophic wind shear, that this assumption may not be
justified.

Stability analyses using the estimated geostrophic
shear were performed and found to differ from those
using the actual wind shear. If the actual wind shear is
different from the estimated geostrophic shear, there
are two possible reasons. One is that the flow is not in
therrnal wind balance. In this case the stability criterion
for symmetric instability is yet to be determined and
it would not be appropriate to use the conventional
Richardson number criterion. The other possibility is
that there are local variations in the temperature gra-
dient. In this case, the two-sounding estimate of tem-
perature gradient used to calculate the geostrophic shear
may produce erroneous results. More accurate mea-
surements of the geostrophic basic state will be required
in future studies in order to address these issues.

We have pointed out that the present theory does
not explain the apparent propagation of some bands
relative to the observed cross-band flow, though this
flow may be strongly influenced by the band circula-
tions. In addition, the theory may have to be expanded
to account for effects such as curved flow, non-unidi-
rectional shear and perhaps nonlinear transports.

Linking symmetric instability with banded precipi-
tation can have major consequences. Operationally,
the prediction of when and where bands will form and
in what direction they will move is vital to improving
mesoscale forecasts. Furthermore, such an instability
may have important effects on the large-scale flow.
Stone (1972) and Emanuel (1983a) have both suggested
that symmetric instability can result in appreciable
transports of heat and momentum. If symmetric in-
stability is responsible for the observed bands that occur
so often in extratropical cyclones, the resulting heat
and momentum transports should be more closely
studied. A parameterization for such transports may
be necessary in the current large-scale numerical
models.
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