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ABSTRACT

The redistribution of a low-level, passive constituent of the atmosphere under the influence of a
growing baroclinic wave is examined by a series of analytical calculations based on a two-level,
highly truncated model. It is shown that a constituent confined to the lower half of the
atmosphere, and initially homogeneous in the horizontal, will tend to achieve maximum
concentration in the low pressure/warm sector portion of the wave and minimum concentration
in the high pressure/cold outbreak region with sharpest gradient between the maxima and
minima roughly coinciding with the cold front. This distribution is further accentuated if an
initial meridional gradient of the constituent exists.

If we assume, as a rough first approximation, that water vapor can be considered to be such a
passive constituent, it is shown that the implied relative humidity field and cloud distribution will
tend to evolve into the comma-type form commonly observed on satellite images of mid-latitude
cyclone waves. Moreover, the solution is shown to replicate the complex flow regime associated
with the comma formation, elucidating the dynamical rdles of vertical motion and advection in

the cloud evolution.

1. Introduction

One consequence of the motions associated with
growing baroclinic waves in middle latitudes is the
redistribution of any passive atmospheric con-
stituents (or tracers) that may be present at the
time of inception of the waves. We shall investigate
this redistribution with the two-level, fB-channel,
model of the evolution of finite-amplitude baro-
clinic waves developed previously (for a review see
Saltzman and Tang (1982). The fundamental
question we pose and discuss is the following:
suppose a baroclinic wave forms in a field
containing a constituent of horizontally uniform
low-level mixing ratio € or of zonally uniform
meridional gradient (d¢/8y). To what finite-am-
plitude distribution will the constituent evolve under
the influence of the motions generated by the
baroclinic wave?
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Secondly, we ask whether the above inferences
are consistent with the observed distribution of
water vapor and cloud in a baroclinic wave, the
latter of which is often characterized by a distinct
“comma” form. It will be assumed for this purpose
that, as a first-order approximation, we can treat
water vapor as such a passive constituent and that
we can identify cloud coverage with some critical
values of the relative humidity and vertical motion.
Although it is clear that a full dynamical de-
scription of these cloud and moisture phenomena
must depend on more detailed numerical models, it
is also of value (at least from a pedagogical
viewpoint) to deduce the essentials of the pheno-
mena and its dynamics with the simplest model
capable of analytical solution. In fact, one may
argue that only from such “minimum” physical
models do we gain a true “understanding” of
complex phenomena. It is toward this end that this,



42 B. SALTZMAN AND CHUNG-MUH TANG

as well as our previous studies, have been directed.
As we shall see, using our simple model it is indeed
possible to account qualitatively for many of the
main features of the comma cloud dynamics as
revealed by detailed synoptic and satellite ob-
servations (Carlson, 1980).

2. The model

The symbols to be used in this study are the
same as used previously (Saltzman and Tang,
hereafter called S-T, 1972, 1975, 1982) and are
defined in Appendix A. For present purposes we
now add to this list the dependent variable ¢, the
mixing ratio for an arbitrary constituent of the
atmosphere. The full set of basic equations govern-
ing the dependent variables y (stream function), y
(velocity potential), w (individual pressure change),
and ¢ are (S-T 1972),
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As in the previous studies we consider the
two-layer system portrayed in Fig. 1, applied to a
fundamental harmonic region of a f-plane having a
meridional width D and zonal extent L (re-
presenting the wavelength of maximum baroclinic
instability). For simplicity we assume that the
constituent is confined only to the lower layer
wherein its vertical mean concentration is given by
¢; and the mean production .7’, is assumed to be
zero. This would be the case, for example, if £ were
constrained to the following vertical distribution,

(p>py)

2p3(p—py) &
e(p)=
0 (p<py)
corresponding physically to the behavior of a
constituent whose initial source is near the surface
and whose concentration always decreases mar-
kedly with height. The variable ¢, is, therefore, a
measure of the mass of the constituent in the
complete vertical column (or, in the special case of
water vapor, of the “precipitable water”).

Next, we expand each of the dependent variables
&= (v, x w, &) into a zonal mean part & (3, f) and

an eddy part &' (x, y, £), as in S-T (1975), i.e.,
é = E + é’a

and further resolve each of these parts into an
initial, basic, zonal field denoted by the superscript
(0); a primary, quasigeostrophic, field denoted by
the superscript (1) (Phillips, 1954); and a second
order, non quasi-geostrophic, field denoted by the

p(mb) subscript
0 wo=0 0

250 LR 1

500 W2 2
¥,

750 5 X3, & 3
we=0

1000 h 4

ST

Fig. 1. Two-level model of baroclinic flow as repre-
sented by the dependent variables , x, w and & The
pressure levels are shown at the left and the corre-
sponding subscript notation is shown at the right.
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superscript (2); i.e.,

E: E(o) + E(n + Etz)’

& =g+ e,

so that, e.g., for { = ¢, we have,

£=E00) + V(x, p, ) + Ny, 1) + €D(x, p, D).
&)

We can then derive systems of equations for
each of the above components, which will differ
from those summarized in S-T (1982) only by the
addition of equations for ¢ The systems of
equations take the following forms:

(I) Equations for the primary wave, |V, @V,
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(II) Equations for the forced zonal state [y,
@M, 1, g0):
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(III) Equations for the secondary wave fields,
@, 0?, D]
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Where double signs appear in these equations,
the upper sign refers to level 1 (250 mb) and the
lower sign to level 3 (750 mb); § is assumed to be a
horizontally uniform value of the static stability
representative of conditions prevailing near the
wave center (i.e., near y = 4D, and 4, B, and C
represent non-homogeneous forcing due to the
lower order fields, the expressions for which are
given in S-T (1972, 1975) and are restated in
Appendix B in a unified notation. In the present
calculations, we approximate C (=F, + F,, S-T
1975) by including only the linear terms in F,. We
also neglect @{?, which is relatively small over the
time span of wave evolution we shall consider (i.e.,
5.6 days).

Note that our model still contains many of the
deficiencies that were inherent in the previous
studies, e.g. (i) the two-level approximation elimi-
nates the possibility for treating the true vertical
structure of developing cyclone waves in complete
detail, (ii) the latitudinal boundaries are “soft” in
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the sense that although they are closed for without saturating (i.e., without reaching the
geostrophic (non-divergent) flow, they are open for  occlusion stage) and we can only consider the early
non-geostrophic (divergent) flow (cf., Moen, 1974; stages of wave growth during which the finite-
Paegle and MacDonald, 1974), (iii) in treating a amplitude wave attains its fundamental structure.
single primary wave we neglect barotropic wave- One consequence of this latter deficiency is that,
wave, as well as wave-mean flow, interactions and, along with the unabated growth of the amplitude of
(iv) no feedbacks to the basic zonal thermal state the motion field, the amplitude of the mixing ratio
(9@, §) are included as they were in S-T (1982), field ¢ will also tend to grow beyond realistic
so that the primary wave grows exponentially bounds. Potentially, this could even lead to nega-
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Fig. 2. Solution for fields of y, and w. in units of 10’ m?s™' (left) and w, in units of 10~ mb s~* (right), at t = 4.8,
5.2, and 5.6 days. For f = 5.6 days, full and open dots denote closed centers of 750 mb lows and highs, respectively
(also shown in Figs. 3, 5 and 6).
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tive values of ¢,. For all of these reasons, our
results can only be expected to give a qualitative
understanding of the role of baroclinic, non-geo-
strophic processes in the early evolution of the
wave and its associated constituent concentrations.

3. Solutions for the fields of passive
constituents

The analytical solution of (6a, b, ¢) (7a, b, ¢) and
(8a, b) for the evolution of a baroclinic wave are
given in S-T (1972, 1975) and will not be repeated
here. In Fig. 2 we plot the solution, corresponding
to the same basic state and initial conditions given
in S-T (1972), at roughly 10 h intervals for three
points in time after the introduction of the initial
perturbation: ¢t = 4.8, 5.2, and 5.6 days, the last of
which (5.6 days) was discussed previously in S-T
(1972, Fig. 11a, b; 1975, Fig. 4). According to the
solution, the wave progresses eastward at the phase
speed ¢, =16 m s~!. The analytical solutions of
(6d), (7d), and (8c), governing the separate
components of €, are given in Appendix C.

Suppose we consider, as Case I, that a non-
interacting (passive) constituent, confined to the
lower layer, is uniformly distributed horizontally at
the time of inception of the wave at t =0 and has
an arbitrary mixing ratio, £’ = &Y = 2 x 1073
In Fig. 3 we show the composite distribution of &,
(x,y,1) at t =4.8, 5.2, and 5.6 days obtained by
summing the solutions of (6d, 7d, and 8c) given in
Appendix C, in accordance with (5).

In Fig. 4 we show the separate components &}V,
&, and ¢? that comprise the complete field shown
in Fig. 3 for t=5.6 days. We can see that the
first-order eddy solution & alone would give a
symmetrical field related to the field of divergence
(or, equivalently, of w!V, S-T 1972) generated by
the first order baroclinic wave. However, the
second-order, non-geostrophic processes that be-
come large as the wave evolves lead to a more
asymmetric pattern in which the maximum and
minimum concentrations are displaced to coincide
more closely to the low and high pressure regions,
respectively, with a relatively strong gradient
between them roughly in the region of the thermal
front.

If we consider, as Case II, an initial state in
which the constituent is not uniformly distributed,
but is characterized by a constant equatorward
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Fig. 3. Solution for field of &, in units of 1073, for Case 1
8" =2 x 107% and 9&©/0y =0} at t = 4.8, 5.2, and 5.6
days.

gradient, —0&e{¥/dy = +3 x 1071® m~’, the first-
order solution will contain a contribution from
meridional advection as well as from divergence. In
this case, the sequential solution for r =4.8, 5.2,
and 5.6 days is of the form shown in Fig. 5. As
noted in Section 2, one obvious deficiency of the
solution shown in Fig. § is that under the influence
of the unabated exponential growth of the baro-
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Fig. 4. Component solutions, &}, &", and &, at 5.6
days, for the complete Case I solution shown in Fig. 3.

clinic wave, the amplitude of ¢ also grows at an
unrealistic rate so that, depending on the initial
mean value of & negative values may even be
generated. This occurred at ¢ = 5.6 days. Although
this is physically unacceptable, it is likely that if
proper account were taken of wave occlusion
processes (e.g., S-T, 1982) this unrealistic feature
would be removed without altering the general
nature of this solution. Aside from this increase in
amplitude, this solution for 8&9/dy +# 0 is similar in

Fig. 5. Solution for field of &, in units of 10~3, for Case 11
(60 = 2 x 10~ and 8&9/8y = —3 x 1070 m"] at ¢ =
4.8,5.2, and 5.6 days.

form and phase to the solution shown in Fig. 3 for
0e0/oy = 0.

4. Inferences concerning water vapor and
cloud distribution in baroclinic waves

As is well-known, water vapor is not a “pas-
sive” constituent of the atmosphere; condensation

Tellus 37A (1985), 1
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and evaporation are continually taking place, and
the condensation process entails release of latent
heat that can modify the temperature and motion
fields of the waves. Nonetheless, we shall assume
that these processes are small enough relative to the
advective processes that we can neglect them as a
first approximation and explore the implications of
our solutions for the distributions of water vapor
and cloud in baroclinic waves. Thus, if we let e = ¢,
(water vapor mixing ratio) we see from Fig. 5 that
under the influence of a growing baroclinic wave,
an initial “climatological” basic state characterized
by &% (3D) = 2 x 107* and 6&(9/8y = —3 x 1071
m~! would become eddied into a high concen-
tration pool in the low pressure region and low con-
centration pool in the high pressure region separated
by a strong east-west gradient in the frontal region.
Although, for the reasons given previously, we find
unrealistic values of the maxima and minima at
t=15.6 days, we assume the distributions are
qualitatively correct, and can even imagine that the
neglected evaporation, condensation, and preci-
pitation processes would at least partially offset
these unrealistic maxima and minima. That is, to
some degree we can identify supersaturation with
the transformation of vapor to liquid water.

With the above limitation in mind, we next
obtain from the mixing ratio distribution and the
thermal field of the wave (extrapolated to level 3) a
qualitative estimate of the field of relative humidity
r, defined by

EVJ(x’ y)

S LA 9
Evsat(T3(X, 1)) ©)

r(x,y) =

where T, = T, + 18K. For this purpose, we simply
set ¢, =0 where ¢, <0 and allow r to achieve
highly supersaturated values (>100%) where ¢, is
large. The patterns of r obtained for ¢ = 4.8, 5.2,
and 5.6 days are shown in Fig. 6.

If as in many dynamical models, we assume that
cloud amount is proportional to r (e.g.,
Smagorinsky, 1960; Vallis, 1982); we can see that
the solution qualitatively portrays the evolution of
the “comma-cloud” structure commonly observed
in satellite images of developing mid-latitude
cyclones. Further, if as in some other models
(Lewis, 1957) we relate cloud coverage to some
arbitrary critical values of r and also vertical
motion (~—w,), we can obtain cloud distributions
that may exhibit even more realistic evolutions to
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Fig. 6. Field of relative humidity r, in units of %,
corresponding to &, fields for Case II shown in Fig. 5,
fort =4.8, 5.2, and 5.6 days.

the comma-shape. For example, in Fig. 7 we show
the cloud coverage obtained by applying the
conditions r > 0.60 and w < 0 to the results shown
in Figs. 2 and 6. This sequence can be seen to
compare favorably with the schematic cloud
evolution sequence in a cyclone wave given by
Anderson and Veltishchev (1973, Fig. II1.5.5), and
with Fig. 8 showing a sequence of GOES infrared
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Fig. 7. Cloud areas deduced for Case II from the
condition (r > 0.60, w <0) applied to Fig. 6, for t = 4.8,
5.2, and 5.6 days. Dotted lines labeled A, B, and C, for
t = 5.6 days, are those along which the vertical cross
sections shown in Figs. 10, 11, and 12 are drawn.

images spaced roughly 10 h apart (as in our
solutions) for a cyclone-wave development over the
eastern United States. In the last figure of this
GOES sequence (Fig. 8d), the storm is beyond the
occlusion stage and is strongly under the influence
of non-adiabatic processes over the ocean. The first
three images can be roughly compared to the

results shown in Fig. 7 for t =4.8, 5.2, and 5.6
days. We note the important roles played in the
comma development at ¢=5.6 days by the
emergence of a strong subsidence region and
associated low-level divergence in the region just
equatorward of the low-pressure center which
generates the dry clear zone (see w,, Fig. 2, 5.6
days) and by the horizontal advective processes
that sweep water vapor poleward around the
low-pressure center at low levels.

An excellent discussion of the synoptic features
associated with comma-cloud development has
been given by Carlson (1980). His analysis
suggests that two main cloud-producing streams of
air relative to the moving storm system are
involved in the generation of the comma cloud. One
is characterized as a potentially-warm ‘“conveyor
belt” bringing moist air from the low latitudes, in
which middle- and high-level cloud form in the
“tail” and eastern portion of the comma; the other
is a potentially-cooler low-level “conveyor belt”
from the east in which the stratus shield con-
stituting the western portion of the comma forms.
In spite of the limitations of our two-level model,
these flow features, summarized in Carlson’s Figs.
9 and 10 (1980), seem to be well replicated by our
solution. The upper and lower level air streams,
relative to our eastward moving baroclinic wave
system containing the qualitative comma cloud, are
shown in Fig. 9 (left) along with the satellite
infrared cloud image shown in Fig. 8¢ (right). Also
shown in Fig. 9 (left) is the branching of the flow at
level 3 (dashed streamline) near the tip of the
comma tail, as described by Carlson (1980). In
Figs. 10, 11, and 12 we show the vertical cross
sections of the solution flow along the three slices
labeled A, B, and C in Figs. 7 and 9, including a
representation of the variations of temperature and
moisture along section C. The low level “cold
conveyor” is depicted in section A (Fig. 10); the
cold front and adjacent dry-descending and warm-
moist-ascending poleward air streams are depicted
in section B (Fig. 11); the upper level “warm
conveyor” is depicted in the north-south section C
(Fig. 12). Although these features emerge naturally
in detailed numerical forecasting solutions, we
believe the present, two-layer, highly-truncated
model is the “minimum” low-order system capable
of demonstrating that these complex features
follow, qualitatively at least, from the basic laws
governing atmospheric behavior.
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Fig. 8. Sequence of GOES infrared images, spaced roughly 10 h apart, of cloud coverage associated with an evolving

0530 2e0C20 32E-ZMB 00961 12191 DES

cyclone-wave over the eastern United States, (a) 2105 GMT, 24 OCT, (b) 0600 GMT, 25 OCT, (c) 1500 GMT, 25

OCT, (d) 0530 GMT, 26 OCT.

5. Concluding remarks

As we have noted, the present study is meant to
complement the more detailed numerical modeling
efforts aimed at accounting for and predicting
large-scale weather phenomena. It is at least of
pedagogical value to be able to show that major
observational features can be explained in terms of
highly idealized, simple, models that contain a
minimum of essential physical ingredients.

In the present case, we have (1) deduced the
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evolving distribution of an arbitrary low-level
passive tracer or pollutant under the influence of a
growing baroclinic wave, and (2) applied this
solution to show that a two-level, adiabatic,
baroclinic model including non-geostrophic, finite-
amplitude, passive-advective effects is apparently
sufficient to yield a qualitative solution for the
mean features and underlying dynamics of comma
cloud formation. It is clearly possible and poten-
tially instructive to improve upon our simple model
by many further additions short of a full numerical
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4

l«—COMMA  CLOUD—»

Fig. 10. West-east vertical cross section, (A) of Figs. 7 and 9, across the comma cloud region of the wave poleward of
the surface low pressure center, showing the solution vector air motions relative to the eastward moving wave. Note
the low-level “cold conveyor”, upper-level “jet stream”, and “warm conveyor” streamflow (labeled “WC”) into the
plane along cross section C of Fig. 7. The locations of the surface low and high are indicated by L and H. The comma
cloud region is labeled on the abscissa, and a schematic conceptualization of the probable cloud cross section is shown
by the scalloped region.
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Fig. 11. West-east vertical cross section, (B) of Fig. 9, across the middle latitude of the wave, showing the meridional
component of the wind v (in units of 10 m sec™?!), the maxima of temperature 7 and relative humidity r. Note the
high-level northward-moving “dry tongue”, DT, and adjacent low-level northward-moving moist warm “‘conveyor”,
WC, streamflow paralleling the frontal region. The distribution of vertical motion w at level 2 is shown in the lower
panel.
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Fig. 12, South-north vertical cross section (C) of Fig. 7, showing the *“warm conveyor™ flow overriding the east-west
*“cold conveyor” flow into the plane of the cross section marked by CC. The distributions of T and r along this section
are shown in the lower panel. The comma cloud extent is indicated on the abscissa, and a hypothetical cloud cross

section is shown by the scalloped region.

treatment. These include additional levels in the
vertical, wave-wave and wave-meanflow inter-
actions, wave saturating feedbacks with the basic
state, constituent fluxes to and from the upper half
of the atmosphere, and the replacement of our
semi-empirical model for cloud by simple rep-
resentations of cloud and precipitation physics
including the non-adiabatic effects of latent heat
release.
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7. Appendix A

List of symbols

x  distance eastward

»  distance northward

z  height above sea level
pressure

t time

u eastward wind speed

v northward wind speed

w dp/dt

g acceleration of gravity

¢, specific heat at constant pressure
R gas constant for air

S Coriolis parameter, 2 sin ¢

Q) angular speed of earth’s rotation
¢ latitude

B df/dy
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geopotential, gz

geostrophic streamfunction, /! @

velocity potential

temperature, —pfR~" dy/dp

specific volume

potential temperature, R~ p5 p! ~ *a

static stability, —ad In 6/6p

R/c,

unit vector eastward

unit vector northward

unit vector upward

i0/0x + jo/oy

vector horizontal wind, ui + gj=V¥, + V,
non-divergent (geostrophic) wind component,
kx Vy=u,i+v,j (u,=—0y/éy, v,=0oy/
ox)

~ -
N wax AR NN T D

<

=

(u, = dx/dx, v, = dx/ &)

{ vertical component of vorticity, k-V x ¥V =
Viy

& horizontal divergence, V- V= V2 y

and, with reference to Fig. 1, we also define

WZZ%(WI + W3)9
Yy = %(Wl - W])v
Y
T:TZ:—R_WT’
y
T ay *
)
Toax

8. Appendix B

Forcing terms in eqs. (7a), (8a) and (8b)
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irrotational wind component, Vy=u_i+ v, j
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dw' dviP\|’ 0 d
_ + B0 — V2 4 o —
ox op oy ady
2 7.(1)
’v +c;)(l)_a_vz y
oy op
. w“)-a— o2 a/u)‘ ~ g d
ap\ o oy* op
vy o0 o™ duY  d™ dulM
—Viy _ —

op dy Oop dy op

dw™ gph
+ s
ox op L3

= (1) 2,410 22 5,(1)
C:E @_%_ivzw‘l)+il/£z_9 Y
P\ Oy ox oxdy oy
@
__2_f ﬂaWT +2,-410)£V2 y ).
P2 ox T ax

9. Appendix C

Solution for the mixing ratio €,

Using the same notation employed in S-T (1972,
1975, 1982), the solutions of (6d), (7d), and (8¢c)
for the components of &,(x, y, t) represented by the
expansion (1) can be expressed in the following
forms, respectively:

eM(x, y, 1) = (E,cos kX — E,sin kX) sin ly - e
(&3}

EéV(p, 1) = (G, cos 2ly — G, sin 2ly) e, (€2)

&P =3 3 S{[Y,(m,n,p)cos mly + I,(m, n, p)

man p
x sin mly) cos nkX + Y (m, n, p) cos mly

(C3)
To save space, the coefficients in (C1), (C2) and

(C3) can be written in terms of a generalized
notation, whereby paired relations of the form

+ I {m, n, p) sin mly] sin nkX } e

Z,=—A+B,+C;+D-a,
Z,=+4A—B,+C,+ D-b,
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are condensed to the single relation
Z,,=FA+B,,+C,, +D(a,b),
and where the following definitions are introduced,
U=a —c,
Vi=U?+ ¢,
Wi=U?+ 9ci,
&9 = (989/0y),,
¥,;=¥,- ¥,
SIIw,12
2aPQSP pi+ Y

As noted, all other quantities are as defined in S-T
(1972, 1975, 1982). Thus, the coefficients in (C1),
(C2) and (C3) can be written in the following
forms,

_ £
E  =V7?|-U[eP Y, + k_Qi.r

D2
&P

te (5;0) ¥y, + E Qr.i\)] >

— Agp(0
G, = A&D,

!
G,= —[21Aé“” — = ¥y E, \PJ,)} :
C:

i

The only coefficients appearing in the expansion
(C3) for & are of dimensionality (1, 1, 1), (0, 2, 2),
(2,2,2), (1,1, 3),and (3, 1, 3), that s,

Y, (1, 1, 1)=2E® + Elp,
O (1,1, 1) = +EFP,

Y, 0,2,2) = +E® + EM,
n,,,-(O, 29 2) = O,

2

_u
Y222 = +EQ T EY)

ri’

I, (2,2,2) = tE?,

Y, (1 1,3) = FEED + ED + EW,
M,(1,1,3) = FESP + E& + E8)),
Y, (3, 1,3) = +ECD + E@ + ES,
M, (3,1, = +E& £ B + E%)),
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where
5@
E(’a; =—r (cl Qr i + UQi.r)’
N '
by _
Er,i - 4p2ﬂ2 Vz [Ci(QrEr.i QiEi,r)

+ U(QrEi.r_ Ql'Er.i)]’

ECD = +AIEY W3¢, ¥y, T UY,, ),

EfD =2AW-3c(47\fE,, + ¥, &)
2

+ U@ \fE, , + P, eM ¥ 2 (E, ¥,

c, W*

i

~E;¥;) (3¢9, ¥ UV, ),

1 —
Er,i -

i P

1 I}
_2Aé§0) + F (Er ‘Pli — Ei l{‘3,):| _—

21+ 4t (B, £ UQ;)
X s
2#2 kW?

A& (212 +u?

2 ) Be,;Q, ;£ UQ, ),

ECD = —y-2—c[—( 8, — ) &Y — (kp,) ' &P
X (S¥1, 1, 1), 01, 1, )] + Ul( 3, —F,) &
— (kp,) ' &P (QX(1, 1, 1), SX(L, 1, IDH,

EL = Vel kp, u?) 7' €
x (S*(1, 1, 1), —Q¥(1, 1, 1) — Ul(kp, #?)' &9
x (Q*(1, 1, 1), §*(1, 1, 1)),

EM = —V-FclkN(—2,, 7)) &Y — (2kp,) " &P
X (S%(2,2,2), 03(2,2,2))]
+ ULK(# 3, —73) 8O — (2kp,)~"' &
X (Q%(2,2,2), S¥(2, 2, )},

Ef = V2t l(4kp,u®)™" &P —
x (S*(2,2,2), 0*(2,2,2)) — Ul(4kp, p?) ' &9
x (0%(2,2,2), SX2, 2,2,

Tellus 37A (1985), 1
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Ef =V HFc[ph( 75, —#y) & + 2kpy) ' &P

X (S:(Os 29 2)’ Q:(O, 2, 2))] + U[)uz(_(?h . 73)

X &9 + (2kp,) 1 £ (Q2(0, 2, 2), SHO, 2, 2)}.
E&™ = —Ww-2{13c;la, (1, n)E® + (kpy)™!

x (6(n) &7 0, (2, m) ~ & @, (3, )]

+ ULE® a, (4, n) + (kp,)™! (6(n) &9 a, (5, n)

- é(JO) ar'[(67 n))]}’(n = 1’ 21 3’ 4)

In the above expression for E(&", the quantities

d(n) and a,; (1-6, n) are defined as follows, with
the subscripts (r, i) deleted:

31/(k2+ 9012, n=1,3
(k*+1?)  n=24,
all, 1) =(— #,,.7),
a(2, 1) =1(R*3, 1,3) + R,(3, 1,3)), (PX(3, 1, 3)
+ Py(3,1,3)l,
a3, ) =[S, 1,3), 0*(3, 1, 3)],
ad, )= (7, —#),

a5, )= [(P:(3, 1,3) + P31, 3), (R¥(3, 1, 3)
+ R,(3, 1,3,

a6, 1) =10Q*3, 1,3), S¥3, 1, 3],

a(1,2) = (— 175, Z),

a(2,2)=[(R(1, 1,3) + R,(1, 1, 3)), (PX(1, 1, 3)
+ P(1,1,3).

o(n) =

a(3,2)=[SX(1, 1,3), 0¥(1, 1, 3)},
a(4,2)= (Y5 — 1),

a(5,2) = [(PA(1, 1,3) + P(1, 1, 3)), (R¥(1, 1, 3)
+ R,(1, 1, 3)),

a6, 2) = 1QX(1, 1,3), S¥(1. 1, 3)l,
ol,3)=(=75 7)),

(2, 3) =—a(3, 1),

a3.3H=w2, 1),

a(4,3)=(7,,
a(5, 3) = —a(6, 1),
a6, 3) = a(5, 1),
a(l,4) = (=75, #3),
a(2,4) =—a(3,2),
a(3,4)=a(2,2),

a4, 4) = (%, — 74,
a(s, 4) = —a(6, 2),
a(6, 4) = (S, 2).

_’73)7

The quantities P¥, 0¥, R¥, and S¥ are equal to
the quantities P,, Q,, R,, and S,, respectively,
given in Table 2 of S-T (1975), minus the
non-linear (quadratic) terms).
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