A Simple Model Illustrating
Barocl nic Development
Abstract
A simple one-layer, quasi-geostrophic model of vertical motion and
surface pressure tendency is derived and used to illustrate relationships between various parameters such as stability, latitude, wind
speed, and the sea-level pressure tendency for sinusoidal disturbances in a baroclinic current. It is shown in the model that the wavelength at which the maximum surface pressure tendency occurs varies with the Rossby radius of deformation, as well as with the zonal
wind speed and amplitude of the disturbance. In the case of a simulated polar cyclone, which exists at high latitudes under conditions
of low static stability and shallow atmospheric depth, the wavelength of maximum growth rate is relatively short.
The primary virtue of this model is that it can be used as a pedagogical tool for explaining quantitatively, but without lengthy calculations, the behavior of surface pressure systems.

1. Introduction
Simple explanations for the behavior of extratropical weather
systems are often expressed in textbook or classroom discussions in terms of the basic quasi-geostrophic vorticity, thermodynamic, and omega equations (Petterssen, 1956; Holton, 1972). A qualitative diagnosis of daily weather and
useful predictions of cyclone development and motion are
possible with the aid of these equations and with their derivative models. Such models may employ only two levels in the
atmosphere, 1000 and 500 mb, and a 1000-500 mb thickness
field, products that are furnished routinely by the National
Weather Service.
It is difficult without a computer, however, to quantitatively evaluate the omega and tendency equations by inspection of conventional weather maps. Moreover, the response
of the surface pressure field to underlying factors such as disturbance wavelength, stability, latitude, or vertical wind
shear cannot be diagnosed readily from maps, nor can the
optimum growth rate for wave or cyclone development.
Sanders (1971) has formulated a structurally simple analytic model of a wave disturbance in which the 3-dimensional
temperature and geopotential height patterns are specified as
a function of height by sinusoidal and logarithmic functions,
and from which he was able to obtain solutions for vertical
motion, height tendency and a variety of other parameters.
The essential behavior of disturbances was captured by the
model without recourse to numerical integrations or solutions of complicated differential equations.
An even simpler approach was that of Holton (1972), who
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included in his textbook a pedagogical explanation that the
omega and pressure tendency equations yield simple solutions if patterns are assumed to be sinusoidal in x, y, and p.
Like that of Sanders, Holton's formulation possesses an appealing clarity that enables the student to better understand
the behavior of cyclones and anticyclones. Such models are
useful because they can be viewed as simple extensions of the
quasi-geostrophic vorticity and omega equations.
The purpose of this paper is to present a simple vertically
integrated quasi-geostrophic model, which follows Holton
(1972) in expressing vertical motion and surface pressure
tendency as algebraic solutions of the omega and vorticity
equations constrained by the assumption that the temperature and height patterns vary sinusoidally. These solutions
allow one to express vertical motion or surface pressure tendency in terms of fields or parameters obtainable from conventional weather maps. In particular, it will be shown that a
simple model involving only two levels in the atmosphere,
1000 and 500 mb, is capable of explaining with a considerable
amount of realism the behavior of midlatitude weather systems, including the wavelength dependency of cyclone
growth. Although the model to be described is a restatement
in different terms of the Sutcliffe development theory for cyclones (Petterssen, 1956), the mathematical development
proceeds a step further by allowing one to examine the scaledependency of cyclone growth using the simplified type of
approach initially developed by Sutcliffe (1947). Moreover,
the model also lends itself to a practical analysis of surface
pressure changes and vertical motions using conventional
National Weather Service map products.

2. The model
The flow is assumed to be governed by the familiar quasigeostrophic vorticity equation
dC
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where £ is the relative geostrophic vorticity, / t h e Coriolis parameter, V the geostrophic wind velocity, co the vertical motion in p coordinates, Z the geopotential height, p the pressure, Rd the gas constant for dry air, cp the specific heat at
constant pressure, g the gravitational constant, and s is a staVol. 63, No. 11, November 1982
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bility parameter. The tilde (~) represents an average in the
horizontal, and a straight-line overbar (~) signifies a vertical
average between 1000 and 500 mb. The stability parameter is
equal to —(770)80/dp (approximately -80/dp in the lower
troposphere), where 0 is the potential temperature and Tthe
actual temperature. The last term in Eq. (2) represents the diabatic heating effect in which Q is equal to the total rate of
heat addition per unit mass of a parcel.
Combining Eqs. (1) and (2) in the usual way to eliminate
the local time derivatives yields the omega equation:
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where the subscripts 0 and 5 refer, respectively, to the 1000
and 500 mb levels. A further restrictive assumption is made
that LX = LY = L.
The layer-averaged vertical motion at (a>), obtained from
substitution of Eqs. (4), (5), and (6) in (3), is assumed to be
that at 700 mb, approximately the logarithmic average between 1000 and 500 mb. Equating a> with
is a useful
though approximate mathematical device, whose validity is
based on the assumption that co is approximately linear with
the logarithm of pressure over the 1000 to 500 mb layer,
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where 77 represents the absolute vorticity ( £ + / ) , (~) is defined above, and A and B are defined as
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The atmospheric height field at 500 mb is given by the
expression
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where a and a represent the mean meridional 500 mb height
and 1000-500 mb thickness gradients. Z and h, respectively,
refer to the amplitudes of the sinusoidal height and thickness
perturbations, which vary in x(east) and j>(north) directions
with wavelengths Lx and Ly \ 2n<j)/Lx is the phase lag between
the thickness and height waves and 27T</> is expressed as a
fraction of Lx.
A further constraint on the solution of Eq. (3) is to assume
a sinusoidal variation of a> such that
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where p is equal to 700 mb.
Equation (8a) states the customary wisdom that ascent
(descent) is promoted by positive (negative) vorticity advection at 500 mb and positive (negative) thickness advection.
For a sinusoidal pattern of heights, temperature, and vertical
motion, the two advection terms sum algebraically to yield
(07.
An alternate form for the denominator term D in Eq. (8d)
can be written
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where pb and pt are the bottom and top, respectively, of the
disturbance depth and co varies from zero at the lowest level
Pb to a maximum value (a>) at p = 0.5 Apo and to zero at
p = pt. The depth of the disturbance is A/?o = (Pb ~ Pt) and
p* is defined as p — pt.
Equation (6) places a restriction on the form of the vertical
motion profile but does not limit the behavior of the solutions. A similar approach was taken by Ninomiya (1971) for
finding a solution to the quasi-geostrophic omega equation.
The omega equation is integrated next over the 1000-500 mb
layer such that vertical derivatives represent finite differences
between 1000 and 500 mb. The advecting wind for the thickness is considered to be that at 500 mb, a valid choice provided that the vertical wind shear maintains a constant direction over the layer, 1000 to 500 mb. Thus,
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where LR, defined as

[(?IWhas the units of length and is the Rossby radius of deformation for this model.
The surface pressure tendency equation is formed from the
vorticity Eq. (1) by introducing Eq. (4) into the expression for
the geostrophic vorticity £ ( = g / / V 2 Z ) and evaluating the
vertical stretching term in the vorticity equation as a finite
difference over the lowest 300 mb, fdco/dp)0 ^/(coo —
£oi)/Ap3. Assuming that the 1000 mb vertical motion vanishes (coo = 0), and using Eq. (4).
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where Ap$ = 300 mb. Subsequent discussion will consider
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the sea level pressure tendency dp/dt)s rather than the 1000
mb height tendency dZ/dt )o. Since dZ/dp varies slowly over a
wide range of temperatures, one can consider that —dZ/dp )o
(=K) is approximately constant, its value being about 8 m
mb"1 for a typical midlatitude surface temperature of 280 K.
In view of these approximations, substitution of Eq. (8a) in
Eq. (9) yields

dt/s
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where CXt<t> and SX)<t> refer to the cosine and sine functions and
their arguments in x and </>, as stated in Eq. (5).
Finally, the surface vorticity advection is expressed as

(\ 1 6 ; r V
- V o - Vrjo

= ~(|

J2L3

-

~ a)Sy(ZCx

-

1

- hCx>4>)J

+ j^(ZCxSy-hCx,*Sy)

\

(14)

The constant a is expressed in terms of the geostrophic relationship a = — ( f / g ) 0 s and a in terms of the thermal wind
relationship a = — (05 — Oo)f/g, where 05 refers to the
mean zonal wind speed over the entire domain at 500 mb and
Do to the mean zonal wind speed at 1000 mb.
Inasmuch as Do tends to be rather small compared to Ds in
a strongly baroclinic atmosphere, the assumption will be
made here that Do = 0 and that a = —D5(f/g) — a.
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Equation (10) closely resembles Eq. (8a) and states that
surface pressure decreases (increases) are promoted by positive (negative) 500 mb vorticity advection and by positive
(negative) 1000-500 mb thickness advection. The surface
vorticity advection contribution to the surface pressure tendency tends to be small because of relatively weak winds and
circular isobars at that level. Moreover, the modifying factor
A" consists of a difference between two positive numbers.
It is possible to obtain crude quantitative estimates of the
vertical motion and surface pressure tendency from Eqs. (8a)
and (10) using conventional map products currently furnished
by the National Weather Service. Given realistic values for
the parameters / , s, and L, the vertical motion and surface
pressure tendency can be determined by inspection of the appropriate thickness, geopotential height and vorticity fields
and determining advections by the advection solenoid method
(Petterssen, 1956).
In practice, nomograms can be constructed showing
dp/dt)s or (X)i as functions of L and LR for a unit solenoid area
on a map. Actual values of vertical motion or pressure tendency would be obtained by visual inspection of the solenoids,
given a representative value of LR and L. This author has
found the solenoid method useful in assessing cyclone motion and intensification.
The advections can be determined analytically with the
present model. Introducing Eq. (4) into the expression for
vorticity advection yields
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Here, the subscript s refers to sea level and A' and B' are
analogous to the expressions in Eq. (8). Thus,
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where ft = d//d>>and Cx and Sy denote, respectively, the cosine and sine functions and the subscripts x and y refer to the
x or y arguments of the functions as stated in Eq. (4). Similarly, for the thickness advection

3. A typical case
For appropriate values of wind speed (D5 = 25 m s"1), amplitude (h = 2 = 120 m), and phase lag </> between the 500 mb
height and thickness waves (0.25L), the 500 mb height and
the 1000-500 mb thickness patterns, shown in Fig. 1, correspond to the surface height contours in Fig. 2. The surface low
is located (|)L east of the 500 mb trough and the high (|)L
ahead of the 500 mb height ridge. For a latitude Y of 40°N, a
wavelength L of 3500 km, a stability s of 20°C
(500 mb)"1, and an atmospheric depth Ap0 of 1000 mb, the
vertical motion and surface pressure tendency patterns generated by using Eqs. (8a) and (10) are shown in Fig. 2. As in
Sanders (1971; see Fig. 9a), the center of maximum pressure
falls lies northeast of the low pressure center, approximately
halfway between trough and ridge, while the center of pressure rises is located southeast of the center of the high. This is
confirmed by experience, which indicates that lows move in a
direction slightly north of due east, while highs move a little
south of due east. Since surface cyclones (anticyclones) will
tend to move in the direction of maximum pressure falls
(rises) and strongest ascending (descending) motion, these
features will tend to migrate toward the region of smallest
advection solenoids (see Section 2).
Sanders (1971) examined the concept of 500 mb "steering"
by computing the phase velocity of various map features
using Petterssen , s(1956)formulae in which the eastward motion of the surface low is as determined from the equation
Cx

d I dZ\
dx \ dt I
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(15)

where all derivatives are evaluated with their center on the
1000 mb surface low. For the set of conditions in Fig. 2, the
eastward speed of the surface low is Cx = 7.2 m s"1 and the
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FIG. 1. Geopotential height contours (solid and long dashed
lines labelled in meters) and 1000-500 mb thickness isopleths (short
dashed and dotted lines) in A: and y for sinusoidal patterns expressed
in Eqs. (4) and (5). The amplitude of both patterns ( Z a n d h ) is taken
as 120 m, the latitude as 40°, the phase shift ( 0 ) as 0.25 L, and the
mean zonal wind at 500 mb ( 0 5 ) , equal to the mean zonal vertical
wind shear, as 25 m s - 1 . The x locations of the thermal trough (TT),
the 500 mb trough (T), the surface low center (L), the thermal ridge
(TR), the 500 mb ridge (R) and the surface high center (H), are indicated along the abcissa. The surface low and high pressure systems
also are indicated at their respective positions by the symbols L and
H, respectively. Arrows labelled Us and Co, respectively, represent
the 500 mb wind velocity over the surface low center and the velocity
of the surface low.

FIG. 2. 1000 mb geopotential height contours (solid lines labelled
in meters), surface isallobaric field (dashed lines labelled in mb (3 h)"1),
and 700 mb vertical motion (dotted lines labelled in yub s - 1 ; the interiors of the ± 6 contours are shaded and the zero line is approximately identical to that for pressure tendency). The letters along the
X axis and in the interior of the figure have their same meaning as in
Fig. 1. For these calculations, the atmospheric conditions refer to the
standard case, s = 20°C (500 mb)"1, Y = 40°, h = Z= 120 m,
Apo = 1000 mb, 05 = 25 m s"1, </> = 0.25L. The wavelength (L) is
3500 km.

x = 0, y — L/4, the tendency equation reduces to

total phase speed C0, as shown by the arrow in Fig. 1, is 10 m s_1
along a direction slightly to the right of the 500 mb wind and
at a considerably slower speed than | V51. Conventional wisdom has favored the 500 mb level steering concept, which is
valid with regard to wind direction but not the speed. This
result is essentially in agreement with Sanders (1971), who
also found that the 1000 mb low will move to the right of the
500 mb flow with respect to the earth, but with an eastward
component of motion less than that of the 500 mb trough, the
result being that the surface low is eventually overtaken by
the 500 mb trough. Thus, it can be seen that the movement of
surface features, though associated closely with the upper
flow, responds to vertically integrated divergence patterns
that induce changes in surface pressure along the direction of
the 500 mb flow where the 500 mb vorticity and thickness advections are greatest.

4. Wavelength dependency of surfape pressure
changes
Returning to the system of Eqs. (10), (11), (12), (13), (14), we
will make simplifying assumptions that will allow the surface
pressure tendency equation to be expressed easily in terms of
L and LR. Ignoring the 1000 mb vorticity advection, letting
h = 0,1 and evaluating the surface pressure tendency at

1
These assumptions are justifiable because 1) the 1000 mb vorticity advection is small and 2) computations made for the complete
model show that the wavelength dependency is not affected by the
value of h, which can therefore be ignored for the purpose of discussing dp/ dt)s as a function of L.
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The original two terms representing the vorticity and thermal
advection combine in Eq. (17) as two identical quantities.
The quantity (1 + LR/L2) in Eq. (17) originates on the lefthand side of the omega equation. The second term on the
right-hand side of Eq. (17) represents a beta effect, which
counters the influence of the advection terms.
For illustration let us consider the situation where LR
L2.
In that case dp/dt)s becomes proportional to L/L in the first
term on the right side of Eq. (17) but is proportional to L in
the beta term. It is evident that in these circumstances dp/dt)s
will change in sign beyond some critical wavelength due to
the increasing importance of the beta effect. At small wavelengths LR > L 2 , dp/dt)s becomes proportional to L in the
first term on the right of Eq. (17) but varies with L 3 in the beta
term. As L approaches zero, therefore, both terms vanish and
the short wavelength cut-off is effectively at zero. At intermediate wavelengths where L ~ LR, cyclone development, as
represented by dp/dt)s, is maximized. Equation (17) also indicates that cyclone growth varies with the zonal wind speed
(Us) and with the amplitude of the wave (Z).
The relationship between wavelength and surface pressure
tendency is illustrated further in Figs. 3-5 using Eqs.
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FIG. 3. Surface pressure tendency versus wavelength for the
standard case (solid line labelled accordingly) and for cases where
the stability is either 40 or 10°C (500 mb)"1 (solid lines labelled accordingly) and for cases involving latitudes of 55° and 25° (dashed
lines labelled accordingly). The dot-dash line is for the case where the
mean zonal 500 mb wind speed (0$) is 10 m s"1. The filled circles and
crosses refer, respectively, to the wavelength of maximum surface
pressure tendency ( £ m a x ) and the Rossby radius of deformation (LR ).

FIG. 4. Same as Fig. 3 but for variations in the phase shift (solid
lines) labelled for <f> = 0.25L (standard), 0L,0.125L and 0.375L. The
dashed lines are for disturbance depths of 800 and 600 mb. The polar
cyclone (dot-dashed curve) refers to the case where Y = 70°, S = 10°C
(500 mb)"1 and Ap0 = 600 mb.
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(10)—(15). In these figures effect of varying a single parameter
can be deduced by comparing the variation with the standard
case which was obtained for the conditions of Figs. 1 and 2.
In subsequent figures the wavelength dependency of dp/dt)s
will be evaluated at one location, the standard case being at
x = 0 and y — L/4, halfway between trough and downstream ridge.
In these figures, the standard case is that at 40°N with a
stability of 20°C (500 mb)"1. The effects of varying stability
and latitude are shown in Fig. 3 where the former varies from
10 to 40°C (500 mb" 1 ) and the latter from 55 to 25°N. Maximum pressure changes occur at wavelengths between 2000
and 4000 km, with a greater peak at shorter wavelengths for
increasing latitude and decreasing stability. The existence of
a single wavelength of maximum pressure tendency, henceforth called L max , and a longwave cutoff, has been predicted
by classical baroclinic instability theory (Green, 1960). For a
smaller wind speed of 10 m s"1 (the dot-dashed curve in Fig. 3),
both L max and the longwave cutoff are shifted to shorter
wavelengths and the values of the surface pressue tendency
decreased. Vertical motion, (not shown) was found to increase monotonically with decreasing wavelength with no
maximum found except at zero wavelength where, because of
its inverse variations with L, CO approaches infinity. LR is approximately equal to L max , although generally the ratio
L m a x /L* is less than 1.0 (see Section 5).
The effect of varying phase lag (</>) between height and
thermal pattern is illustrated in Fig. 4. A small increase (decrease) in the phase lag from the standard 0.25L (7T/2) results
in a greater (lesser) thermal advection and a greater (lesser)
magnitude of dp/dt)s at x = 0. A phase lag of zero results in
no thermal advection, so that the surface pressure tendencies
are relatively weak in that case. Both LR and L max are unaffected by varying the phase lag.
Decreasing the depth of the disturbance (A/?o) below
1000 mb, the standard value for these comparisons, causes
the isallobaric field to weaken but L max to shift to shorter
wavelengths.
Since o> increases with decreasing wavelengths, the local
rate of cooling dh/dt increases with decreasing wavelength
(Fig. 5). The vertical motion is so intense at short wavelengths that the rate of adiabatic cooling completely offsets
the effects of warm advection ahead of the surface low. At
wavelengths greater than about 2000 km, the magnitude of
the local cooling is small because of a near balance between
temperature advection and adiabatic warming in the temperature equation, but there is still a slight warming tendency
in the vicinity of the ridge. In a time-dependent model, this
warming would produce a local increase with time of the
amplitude of the ridge and, consequently, of the 500 mb
disturbance.

5. Diabatic heating

FIG. 5. Same as Fig. 3 but for variation at y = \L along x axis for
x = 0,
\L, — \L and — \L. The dashed lines refer to the local thickness tendencies (dh/dt) for these cases.

Diabatic heating can be included in the model by considering
the term Q in Eq. (2). In a conditionally unstable atmosphere
with sufficient latent instability of the lower troposphere,
deep cumulus convection may occur with concomitant heatUnauthenticated | Downloaded 01/09/23 01:20 AM UTC
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ing of the environment due to the release of latent heat. A
detailed parameterization of the latent heating in a wave cyclone is far beyond the scope of this paper, but in keeping
with the model simplicity a facile approach to the problem
can be made following Rasmussen (1979). Allowing that
deep convection is likely to be initiated and maintained in the
presence of large-scale ascending motion, Rasmussen lets the
heating rate be proportional to the vertical motion so that the
governing equation for Q becomes
Q = -XCPS(o

(18)

where x is an arbitrary constant which is related to the largescale static stability. Insertion of Eq. (18) in Eq. (3) leads to
solutions for OJI or dp/dt)s which are analogous to those obtained in Eqs. (8a) and (10) except that s is replaced by a
scaled value
where s' = (1 —
Since it is the Laplacian of Q which matters in Eq. (3), the
conceptual dilemma of having diabatic cooling occur in regions of descent is not critical. The formulation expressed in
Eq. (18) is useful because it corresponds exactly to the dry
adiabatic case, except that the dry static stability s is effectively reduced by the factor (1 — x) to a value corresponding
to a lapse rate less than the dry adiabatic lapse rate, with
cooling occurring, provided that x is less than 1.0. Increasing
X from zero to 0.5 is exactly identical to reducing the value of
s from the standard value of 20 to 10°C (500 mb)"1. The magnitude of this effect can be seen in Fig. 3 by comparing the
pressure tendency curves for those two values of stability.
With x = 1, the adiabatic cooling is exactly compensated by
the diabatic heating and the effective stability is zero, decoupling the local temperature change from vertical motions.
Increasing x to values approaching 1 results in very large
values of pressure tendency occurring at the smallest wavelength in the model, a situation which is a well-known deficiency of early hurricane models (Lilly, 1960).
Reducing s to a low value (or increasing x), increasing the
latitude to that of the polar regions, and decreasing the depth
of the disturbance below 1000 mb produces a rather small
value of L max , typical of the size of a polar low. According to
Reed (1979) and Rasmussen (1979), the polar low is an example of a baroclinic system which derives its small size as
the result of a combination of low static stability, high latitude, latent heat release (over the ocean), and possibly a reduced depth of the disturbance, although the latter is called
into some doubt by Reed. With values of s = 10°C(500 mb)"1,
Y = 70°N, Ap0 = 600 mb and x = 0.3, the growth rate is increased from the standard case and L max is just under 1000 km,
as is shown by the dashed curve, corresponding to the polar
cyclone case in Fig. 4. Thus, the model is capable of simulating an observed wavelength of polar cyclones.

6. Discussion
A remarkable aspect of the results presented in Section 4 is
that the wavelength dependency of cyclone development, as
represented by the surface pressure tendency variation with
wavelength, can be simulated by a simple one-layer model
with a restricted vertical motion profile. The existence of a

single surface pressure tendency maximum is explicit in the
quasi-geostrophic equations presented in Section 2, as is the
reason for the longwave cutoff.
The relationship between L max and LR can be examined by
differentiating the modified surface pressure tendency Eq. (17)
with respect to L and setting the expression equal to zero to
obtain the solution maximum. For the cases where p = 0,
L max = LR is the only solution to the maximization condition. For fi t^ 0 the condition is more complicated, but the
difference between LR and L max , such as can be seen in Figs.
3-5, is related to the relative strength of the beta term with
respect to the first term on the right hand side of Eq. (17).
The longwave cutoff, occurring where dp/dt)s = 0, can be
examined by setting dp/dt)s = 0 in Eq. (17) and solving for
L. Accordingly, the cutoff wavelength is just equal to
(167T 2 0 5 /p) l/2 . It is evident that the beta term becomes increasingly important with increasing wavelength, and at long
wavelengths the beta effect dominates because of its linear
dependence on wavelength, whereas the magnitude of the
first term on the right side of Eq. (17) decreases with increasing wavelength. Decreasing the mean wind speed (the wind
shear) or decreasing the latitude (increasing /3) increases the
relative strength of the beta term on the right side of Eq. (17)
and decreases the cutoff wavelength, as is shown by the low
wind speed case in Fig. 3. Where the beta effect is small, L max
is nearly equal to LR, as is the case for the "polar-type" low
shown in Fig. 4. Also, it can be seen from Eq. (17) that as the
peak wavelength (£ max ) shifts to smaller values, the surface
pressure tendency at L max increases with decreasing wavelength.
It is clear that as the wavelength gets longer the distance
between centers of maximum and minimum vorticity or
thickness increases and therefore, the advections must decrease for a given set of conditions. The vanishing of the pressure tendency at some long wavelength is due to the increase
in L in the denominator of Eqs. (12), (13), and (17) and the
opposing beta effect. The zero-wavelength cutoff of dp/dt)s
is not so easily explained in physical terms. At small, wavelengths, the advections are very intense and consequently co
becomes very large with decreasing wavelength. The local
rate of vorticity tendency also increases as the inverse of L.
Because the height varies proportionately with the square of
the wavelength in the Laplacian relationship for geostrophic
vorticity, at small wavelengths an enormous vorticity tendency is required to yield a small height tendency. Thus,
dp/dt)s still vanishes despite a large d£/dt)5 at small wavelengths.
An important limitation of this one-layer model is its inability to generate a nonzero short wave cutoff. In two layer
models, such as those described by Haltiner and Williams
(1980), the lowercutoff is due to the model's capability of resolving vertical stability. The restriction placed upon the
form of the vertical motion does not appear to be a serious
limitation in the solutions. Moreover, the vertically continuous baroclinic model of Green (1960) also suffers from an inability to produce a nonzero short wave cutoff.
With L = LR, and therefore L ~ L max , the two terms on the
left side of the omega Eq. (3) are equal and the advections are
the most efficient in driving the local pressure tendency. At
L < LR, the horizontal Laplacian of co begins to dominate
with decreasing wavelength. Consequently, at short waveUnauthenticated | Downloaded 01/09/23 01:20 AM UTC
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lengths, L
LR, the advections primarily influence V2o> in
the omega equation and therefore exert a greater influence
on the Laplacian of temperature tendency in the temperature
Eq. (2). Conversely, at long wavelengths, L > LR, the vertical
stretching term dominates the Laplacian of a> in the omega
equation and the advections exert a greater effect on the local
change in vorticity than on the temperature field, with the
balance between the two terms on the left side of the omega
equation occurring at L/LR ~ 1 (Hoskinsand Pedder, 1980).
The surface pressure tendency is found to increase linearly
with increasing values of the 500 mb zonal wind speed (f?s)
and the amplitude of the perturbation (Z). It increases also
with the latitude (7), the stability (5), and the vertical depth
of the disturbance (A/>o). Following Rasmussen (1979), inclusion of diabatic heating (x > 0) corresponds to an effective decrease in stability and therefore to an increased local
pressure tendency. The model is inappropriate except where
baroclinic effects dominate, although, as pointed out by
Sander (1971), it is astonishing that quasi-geostrophic theory
continues to yield credible results at very large Rossby
numbers.
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announcements (continued from page 1300)

International Cloud Modeling Workshop
The World Meteorological Organization (WMO) is planning to
conduct an international cloud modeling workshop as part of
its Weather Modification Program. A primary goal of the
workshop is to promote constructive communications between theoreticians and observationalists in order to encourage the development and use of cloud models in research
and application roles, particularly those related to weather
modification. Intercomparison of models and comparisons
between model predictions and observations for selected data
sets will be featured.
The workshop will be conducted in two phases. In phase
one, to be held during the summer of 1983, potential participants will meet to determine initializing data requirements and to establish verification criteria. Data sets
will be screened to identify mutually agreeable cases to
model. At least one case involving a cloud-seeding scenario
will probably be included. Following this planning session,
the workshop organizers will send to those interested the initial conditions for the selected cases. Participants will use
these to run their models on computers at their home organization.
In phase two, to be conducted during the first quarter of
1984, the work-shop itself will be held. Model results will be
compared with each other and with the verifying observations
to identify probable causes of significant differences in model
predictions (numerical, physical, etc.), critical model sensitivities, the strengths and limitations of the models, the appropriate basis for comparing model predictions with observa-

tions, and unmet observational and /or modeling requirements. Both open and blind verification data will be considered (that is, verification information may be supplied with
the initialization data or it may not be disclosed until the symposium itself). The results of the workshop will form the basis
for a report of the WMO Weather Modification Program and
will be presented at the 1984 International Cloud Physics
Conference.
Anyone interested in participating in the cloud modeling
workshop should notify either L. Randall Koenig, Weather
Modification Program, WMO, Case Postale No. 5, CH-1211
Geneva 20, Switzerland tel: 34 64 00 or Bernard A. Silverman,
Bureau of Reclamation/Code D-1200, P.O. Box 25007,
Denver, Colo. 80225 tel: (303) 234-2576. Such notification
should be sent by 1 March 1983 and include a brief description
of the type and characteristics of the prospective model, particularly as it pertains to the simulation of precipitation processes and its modification by seeding. Depending upon the
response received, the time and location of the workshop and
planning sessions will be set and this information will be communicated to participants. All expenses incurred in connection with the workshop (travel and computer costs) will have
to be borne by the participants.
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