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ABSTRACT

The heavy monsoon rainfall along the Malabar Coast is clearly
associated with influence of the Western Ghats yet, the primary source of
the rain is deep convection rather than orographically forced ascent. To
investigate this problem we combine an analytical treatment of thermally
and orographically induced mesoscale circulations, with a steady state
model of .turbulent buoyant plumes. _The results indicate “hat there are
two -internally consistent modes of airflow over the mountains. With no
precipitation, the orographic disturbance is insufficient to destabilize
the air column with regard to deep cumulus development. On thel other
hand, the disturbance produced by the heating computed from the ohserved
rainfall, does alter the environment in such a way as to allow cumulonim-
bus development. This seems to offer a partial explanation for the rainy
and- dry - spells on the coast observed -during the summer monsoon. The
existence of a heat-induced off-shore trough is also predicted by the
model. .

I. INTRODUCTION

A good example of the local enhancement of precipitation by orog-
raphy is the large annual rainfall recorded along the Malabar Coast and
on the windward slopes of the Western Ghats in India (Fig. 1). This
rainfall occurs almost entirely during the 3-4 month summer period when
the coast lies in the path of the west-southwest monsoon winds crossing
the Arabian Sea. For the purpose of discussion, it is possible to| iden-

tify five existing theories which might account for the observed rain-
fall.

1)  Smooth uplift [25], [26], [27] in which the vertical motion
S leading to condensation and precipitation is directly forced by the
upsloping terrain below. :

2)  Diurnal convection (e.g. [18]) in which the temperature dif-
ference betwéen land and sea, or heated mountain slopes produce circula-
tions which trigger the onset of convection each afternoon.

3) Coastal trough [6], [9], [14] which, like a synoptic| scale
trough in midlatitudes, is thought to be associated with rainy weather.
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4) Lifting instability (e.g. [5]) in which the orographic lifting
triggers deep convection.

5) Low-level feeder clouds [1], [2] whith redistribute the rain-
fall reaching the ground while not influencing the main hydrometeor
production aloft.

While none of these theories can be said to be irrelevant to the problem
. at hand, there is contradictory evidence for each. The showery nature of
the rainfall and the satellite observation that the rainfall is caused by
deep cumulonimbus clouds seems to speak against (1) in its pure form but
yet low-level forced orographic lifting along the lines of (5) is helping
to enhance rainfall on local hills and to smooth out the showery fluctua-
tions there. There is a measurable diurnal modulation to the rainfall,
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supporting (2), but this is a minor effect in this particular region.
The empirical association (3) between rainfall and a coastal trough is
supported by the analysis in this paper, but the trough is seen to be a
result of the rainfall rather than a cause. The widely discussed mech-
anism of destabilization by orographic lifting (4) ‘seems to be most
relevant here, yet the suggestion of this paper is that it needs a sub-
stantial modification. The mesoscale lifting that triggers the convection
is largely produced by the latent heating itself, rather than the moun-
tain. The rainfall system is then nearly self-sustaining, with the
mountain acting only tg stabilize the system and hold it in place.

In this paper we will construct a more detailed, but still semi-
empirical, model of the Malabar Coast rainfall. From this model we
conclude that of the four existing conceptual models, no. 4 is closest to
the truth but that it is oversimplified. In fact the latent heating in
the rainclouds generates instability much the way a propagating squall
line might do. Thé somewhat smaller influence of the mountain serves to
anchor the system and to maintain its organization. This behavior gives
the system a discrete on-off character leading to rainy and dry spells.

II. THE MONSOON WIND

The étructure of ‘the. summer winds approaching India has been studied
for a number of years [10], [5], {11} 1213 1231 (3]. Progress in this
research has recently accelerated due to the observations from the MONEX
project. ' ¥

Throughout the summer monsoon period, the low-level winds across the
Arabian Sea approach India with a speed of about 15 m/s (at 850 mb), and
a direction more or less perpendicular to the coast (Fig. 2). Embedded
in the flow are minor disturbances which account for variations in cloud-
iness over the sea and for a time-varying streakiness to the wind
strength. In the upper troposphere, the winds are reversed, blowing from
the east. Disturbances exist in these easterlies as well, and these may
also play an important role in modulating rainfall in the region.

III. THE NATURE OF THE RAINFALL ALONG THE MALABAR COAST

As shown in Fig. 3, the land immediately along the coast receives
considerable annual rainfall while the western slopes of the Ghats re-
ceive even more. Immediately beyond the crest of the mountains the
rainfall decreases to a low value and this amount is mostly associated
with tropical depressions approaching from the east. Based on estimates
of rainfall far out over the sea, the coastal rainfall is at least thrice
the upstream value. The lack of rainfall data just off the coast makes
it difficult to estimate how far offshore the enhanced region extends.
Rainfall estimates from satellite [22] may not be accurate enough to
resolve this question. From limited radar data showing cumulus cloud
development [31], it is likely that the enhancement extends at least 30
km offshore. - 5 '
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Fig. 2 A typical surface chart for the Indian Ocean during the summer

monsoon. This particular chart is for t July 1979 at 0000 GMT.
Also shown is a vertical sounding taken from the western coast
of India showing the component of wind speed perpendicular to
the coast. Above 7 km the winds are easterly.

Part - (d) of Fig. 3 shows the distribution of rainfall across a
section of the coast where ‘mountains are broken by a gap (the Palghat
Gap). The marked difference between this profile and the others is, in
our view, that the gap is so narrow that it doesn't influence the en-
hanced shower development along the shoreline, but the local enhancement
due to orographically forced low-level feeder clouds is missing.

Evidence that the origin of the rainfall is not smooth orographic
lifting is quite clear. Local observations indicate that the rainfall is
very irregular with adjacent 3-hour averages being almost uncorrelated,
while the onshore winds continue unabated. Thus, in spite of the obvious
importance of low-level feeder clouds, it seems that the ultimate cause
of the rain is the development of deep convection.
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-The distributions of rainfall for several sections across the
. Western Ghats. (a) Bombay-Pune section with latitude about

19°05'. The seasonal rainfall of June to September (in cm) and
mountain profile are plotted. (b) Same as (a), except for
Mongalore-Agumbe section with latitude about 12°52". (From
[27].) (c) Cross section at latitude 11°28'. The normal
rainfall for June (in mm) and mountain profile are plotted.
(d) Cross section at latitude 10°46', through the Palghat gap.
There is no increase of rainfall from the coast toward the
eastern side. (e) Same as (c), except at latitude 10°03'.
(From [17].).
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From Fig. 4, and the more exhaustive survey shown in Fig. 5, it is
evident that the showers occur in ‘spells lasting 5-10 days separated by
equally long’ dry spells. It is not known what aspects of the larger-
scale environment control the spells. During the rainy spells, the
average precipitation rate on the coast is usually between 2-4 mm/hr.

The diurnal variation in rainfall is shown in Fig. 6, both for the
MONEX period and from a longer climatic record [15]. These -data show a
definite diurnal modulation yet the magnitude of the modulation is small.
We conclude that unlike most tropical coastlines, the thermal forcing
caused by land-sea or mountain-plain temperature differences is of minor
importance along the Malabar Coast. '

IV. THE GOVERNING EQUATIONS AND THE TWO-SCALE APPROXIMATION

In order to mathematically describe the. local dynamics during the
spells of heavy rain we split the flow field into three parts. First, the
basic state is taken to be the steady undisturbed west-southwest monsoon
flow [denoted by upper case symbols U(z), 6(z)]. Added to this is a
steady-state mesoscale perturbation (denoted by primes) generated by the
orography, and by the latent heat release in groups of cumulus clouds.
Third, there are smaller-scale unsteady mctions (denoted by double
primes) associated with the individual cumulus clouds which can act
collectively to influence the larger, mesoscale, field of flow. These

quantities are defined such that uw'', w'', 8 ' = 0. In these equations,

. ]
211 the wvariables have their usual meanings (see [28]) except L(x,z)
which is defined as the rate of latent heat release per umit volume, and
@, which is a coefficient of thermal expansion (¢ = 1 for a perfect gas).

For the calculation of the mesoscale flow field the following as-
sumptions are employed: *

- small amplitude

- steady

- Boussinesq

- two-dimensional

= large Rossby number - o
- hydrostatic

within these assumptions the governing equations are

2
§E' !ﬂ _ i _ 3_ulf _ a-wl}_“w!é
po”ax T F T T T B {ax 9z } &
0 i - ; _ {@llwl| _ a_wlfz} i (2)
=P, TP BT P, gy oz _
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A time series of daily rainfall amounts from seven stations
along the Malabar Coast during the period 19 June to 13 July
1979. The stations are presented in order. - north to south as
shown in Fig. 2. Although the rainfall is convective in
nature, the daily rainfall totals tend to be more continuous
.with rainy spells and dry spells extending ovér a substantial
fraction of the coast. The bottom part of the figure shows
the strength of the onshore winds from three coastal stations
during the same period. ’
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0] [
pocpiug + wl%- =T = pocp{g_z B ig’ - g_x et:un} (3)
p'/p, = u_e'/BO _ (4)
du' aw' _ _
5 tg = [ & )

The averages denoted by the overbar are, in principle, taken with respect
to time as the mesoscale flow is independent of this variable. In prac-
tice however, additional averaging over small regions of space (e.g.
Ax~10 km, Azv300 m) would be necessary to obtain statistical signifi-
cance. This in turn requires that the steady mesoscale flow and the
unsteady cumulus dynamics are really occurring on two different scales.
This is a crucial assumption and one that is difficult to defend.
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Fig. 6  Average rainfall rate (mm/hr) as a function of time of day.

The solid curve is from 3-hourly data from the SMONEX data set.
It includes data from the seven surface stations shown in Figs.
‘2 and 3, for the periods June 21 to July 6 and July 9 to July
13, 1979. The dashed line was calculated from hourly data
from Bombay for the months of June and July, 1948-1965 by
Prasad [15]. Both curves show a minor early morning maximum.

That this scale split is possible is suggested by the nature of
local rainfall statistics. From a single station, a long record, perhaps
longer than a "spell", is required to obtain a representive value for
average rainfall rate. On the other hand, if several stations are in-
cluded, especially similarly situated stations along the coast, then a
representative rainfall rate can be obtained from a short time average
(i.e. ~ a few hours). This suggests that the effect of cumulus clouds
can be considered as a statistically stationary forcing function over the
period of a rainy spell.

The problef can be reduced to its most basic physical elements if we
make the following further assumptions:

- neglect vertical shear in the background flow (Eq. 1)

- neglect the Reynolds stresses due to the cumulus clouds .(Egs. 1,
2) . ; .

- neglect the horizontal transport of sensible heat by the cumulus
clouds (Eq. 3).
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These assumptions are not required for mathematical tractability. Equay
tions (1)-(5) can then be reduced to a single equation for w'(x,z) as
follows: § '

wlzz + 22wr = ___EHﬂ_q 3 - . (6)
pc_6U° -
op ©
where
5 R LAITIAR _
H(x,z) = L + pocp gg v . (7

is the combined effect of latent heat release and turbulent vertical heat
transport in the cumulus clouds. ;

The appropriate boundary conditions are:

_ v — 2h(x)
at z =0 w' = Uax (8)
where h(x) is the shape of the surface topography, while
at z » ® Sommerfeld Radiation Condition (9)

The solutions to Egs. (6), (8), and (9) with various choices for H(x,z)
have been discussed by Smith and Lin [29], including the questions about
vertical momentum flux, the phase relation between H and w', decay of the
disturbance downstream, and the possibility of negative mountain drag.
In this paper we will simply apply these results to the Western Ghats
problem.

) The most convenient closed-form solution arises from a heating
function given by H(x,z) = Q(x)/2d for Zy +d 9z > zy - d '
: ’ 2

- b3 " byb,
where . Qfx) = Q ( 5~ 5 2) (10)
(x+c) +b1 (xtc) +b2

and_H(x,z) =0 for z->zH +dand 0 > z > 2y - d

and topography given by

haz
h(x) = : (11)
2.2 1
X ta : :
- In these formulae
Q is a measure of the strength of the vertically integrated heat-

ing (Q = max {Q(x)} if b,>>b,)

2y is the central altitude of the heating



d is the height above and below z, to ﬁhich the heating extends
b1 is the half-width of the heating distribution

'bz is the half-width of a compensating cooling required to keep
the solutions bounded at infinity (normally b2>>b1)

53 is the horizontal distance between the center of the heating
and the peak of the mountain

h is the height of the mountain
a is the half-width of the mountain.

The solutions for vertical displacement, pressure, and momentum flux
associated with Egs. (10) and (11) are given in the appendix. These
expressions are rather lengthy because of all the geometric parameters
that they include, but they can be easily plotted to investigate various
combinations of orographic and thermal forcing.

V. THE DISTURBANCE TO THE MONSOON WIND BY THE COMBINED EFFECT
OF ORCGRAPHY AND CUMULUS HEATING

We first examine the disturbance caused by orography alome by
plotting (in Fig. 7) the streamlines given by Al with Q = 0. For the
Western Ghats we choose h = 800 meter, a = 40 km, U = 10 m/s, £ ='N/U =

0.001 m-l. The result is the familiér-pattern of vertically propagating

mountain waves first presented by Queney [16]. Note that the lifting of
the low-level air begins well upstream but we will see in a later section
that this lifting is insufficient to trigger the growth of cumulus
.clouds. Between 3 and 4 kilometers there is orographically induced
descent. ' ) -

In order to estimate the value of H(x,z) we can integrate Eq. (7)
vertically. If 6''w'' vanish as at z = 0 and ® then

Q(x) = [ H(x,z)dz = [ E(x,z)dz o ) (12)
o o

If we further assume that all the condensed water falls immediately to
the ground, then from Eq. (12) and from the conservation of water mass

Q(x) = A ﬁ(x) - (13)

vhere A is the latent heat of condensation per unit mass (2.5x106J/kg)
[+3
and R(x) is the rainfall at the ground (kg/sec-mz). Raingauge measure-

[]
ments of R({x) allow us to estimate Q(x), but not the way in which the
heat input is distributed -in the vertical. :
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Fig. 7 Hvdrostatic adiabatic flow over a bell-shaped mountain. The

surface- perturbation pressure is shown at bottom.

For the purpose of ilLustration we choose a maximum rainfall rate
1.7 mm/hr (~4.8 x 10-& kg/sec-mz) which from Eq. (13) gives Q = 1200
w/mz. Rather arbitrarily we choose zy = 3 km_and d = 1.5 km. This gives

a maximum value of the local heating rate of H(x,z) = Q/2d = 0.4 wme-
From the horizontal distribution of rainfall we select b1 = 40 km, b2 =

200 km and ¢ = 100 km. The results are shown in Fig. 8.

The comparison of Figs. 7 and 8 indicates that the heating is pro-
ducing a. disturbance which is at least as large as that of the mountain.
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VERTICAL DISPLACEMENT
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Fig. 8 Hydrostatic flow with combined thermal and orographic forcing.

Isolated heating- is specified over the area with "+". This

flow is given by Eq. (Al) with Q = 1200 watts/m’, by = 40 kn,

b2=200 km, a = 40 km, h = 0.8 km, ¢ = 100 km, 2H=3km‘,
4 = 1.5 km, U0 = 10 m/s, N = 0.01 secql. The maximum heating
rate (at x = -100 km) corresponds to a rainfall rate of about
1 mm/hr. The surface perturbation pressure p' is drawn at
the bottom. Note that there is a wide pressure trough pro-
duced by the heating, which is absent in the adiabatic case.

The nature of the thermally induced displacements are moderately sen-
sitive to the choice of Zy (see [29] for a discussion of this point).

For this choice (zH = 3 km) there is a region of stromg low-level conver-

gence and ascent which may be able to trigger cumulus growth. This
choice is reasonable as waves generated-in the upper troposphere would be
absorbed by the critical ievel in midtroposphere. Also, the condensation
and sensible heat flux convergence in the upper troposphere may be large-
ly offset by the evaporation of detrained liquid water.
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VI. THE GROWTH OF CUMULUS CLOUDS

The analysis in the previous section was empirically based as the
magnitude and position of the thermal forcing was estimated from obser-
vations of rainfall rate. It remains to be segn whether the calculated
mesoscale flow field could lead to the vertical growth of small-scale
cumulus clouds, which in turn would generate the assumed latent heat,
Only if this is so, can we claim to have a self-consistent description of
the orographic rain system.

To investigate this point -we begin with an upstream sounding of
temperature and dew point as obtained from an offshore island (see Fig.
9). Using the vertical displacements shown in Figs. 7 and 8, and working
on a thermodynamic chart in the usual way, a new sounding can be cal-
culated for each position downstream of original sounding (Fig. 8). The
stability of these new soundings against moist convection can then be
examined. . :

Unfortunately, the determination of the likelihood of cumulus growth
is a rather difficult and uncertain business, although there is no lack
of published literature on the subject. The parcel method, the slice
method [8] and the various stability indices seemed to be of little use
in this problem because they are. not sensitive to changes in low- and
mid-level relative humidity. 4As shown in Figs. 7 and 8 and then in Fig.
9, the primary result of the mesoscale lifting between z = 1 and 3 km is
an increased relative humidity of this layer.

.+ A more useful method :seems: to be the steady state moist plume model
of the sort proposed by Morton [12] and by Squires and Turner [30].
Because of the vigorous lateral entrainment in this model, the growth of
the plume is quite sensitive to the nature of the air it is penetrating.
The entrainment of dry air from the sides will cause the evaporation of
existing liquid water in the cloud and the subsequent loss of heat will
cause the updraft to lose its buoyancy.

0f course the Squires and Turner [30] model is not completely reli-
able. Probably the most serious objection to it is the neglect of en-
trainment at the top of the cloud and the generation of cool downdrafts
within the cloud [33], [4], [32]. For the present purposes we will
accept the model in its original form (see Appendix II), in part because
its behavior and shortcomings are well documented (e.g. its overestima-
tion of vertical velocity) and in part because we think it may be accur-
ate enough to give a reasonable comparison of stability between soundings
which are not too different. Before applying the Squires-Turner model to
the present problem, their test cases were redone to check both their |
computational methods and ours. Our calculations matched theirs to
within a few percent. .

The result of a steady state plume calculation on three environ-
mental soundings is shown in Fig. 10. A moist plume starting at cloud
base (z = 1 km) in the original sounding "A" will grow upwards at first
due to latent heat release but will soon lose buoyancy as it enters the
stable, drier air near 3 km. For this particular sounding, the plume is
just barely able to penetrate into the less stable air near 4.5 km, where
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A thermodynamic “chart of the original upstream sounding, and
the soundings modified by the vertical displacements shown in
Figs. 7 and 8, at x = =100 km. The solid curves are the 'up-
stream sounding of temperature (T) and dew point (Td) at
0000 GMT, 1 July 1979 at Amihi which is about 300 km upstream.
The dashed curves are the upstream sounding and modified by
the mountain alone. The dotted curves are the upstream sound-
ing and modified by the vertical displacements caused by the
specified heating and mountain. The background lines are
isotherms, dry and moist adiabats, and saturation mixing ratio.

This seems consistent with the observation of

frequent small cumulus clouds over the sea, which occasionally grew into
cumulonimbus. : '

A similar calculation was done for sounding "B", representing the
original sounding "A" modified by the dry flow field (Fig. 7). The

vesult just above cloud base was much the same.

At an altitude of 3 to &
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The updraft velocity computed from a steady state plume model
([30]) using three environmental soundings (Fig. 8). The cloud
base, initial updraft velocity and cloud base radius-:are as-
sumed to be 1 km, 1 m/sec, and 1 km, respectively. The cloud
base  temperatures ‘depend on the sounding and modified sound-
ings. ~(a) The result of the calculation done using the
original sounding (solid curve). (b) Adiabatic case (dashed
curve), the sounding is modified by the orography as shown in
Fig. 9. (c) Precipitation case (dotted curve), the sounding
is modified by the orography and specified heating as shown
in Fig. 9.

Fig. 10

km, orographically forced descent has occurred and the increased stabili-
ty prevents the vertical development of cumulus clouds.

The implication of this result is that the perturbation to the
monsoon wind by the mountain alone may not be sufficient to destabilize
the air column, it may even act to stabilize it against deep cloud

growth. This is consistent with the occurrence of long dry spells during
which the monscon winds continued to blow against the coast and the
mountains.
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Finally, the plume model was run on sounding "C" - the original
sounding modified.by the flow field generated by combined heating and
orvography. In this case the environmental air above cloud base has been
so strongly modified by mesoscale lifting that the plume can maintain its
buoyancy and grow quickly to a significantly greater altitude. This
result gives the self-consistency we mentioned earlier. The mesoscale
perturbation computed from the observed heating rates, and with observed
topography, is such as to destabilize the air column and allow cumulus to
grow which could, in turn, produce the observed heat. There is’also the
suggestion that the perturbation from the heating alone = without the
mountain - may be large enough to do this. Note in this regard that the
plume model together with Eq. Al (with h = 0) could describe a self-
sustaining. propagating squall line moving at a speed U over flat terrain.

VII. THE SURFACE PRESSURE FIELD

The trough of low pressure just upstream of the heating, illustrated
in Fig. 8, is associated hydrostatically with a region of abnormally warm
air aloft. This warm region is generated (according to Egq. 3) by direct
heating and by heating induced subsidence. This trough is of intérest
tor two reasons. First, something like it has been observed and reported
by several authors and second, it raises the possibility (first suggested
by Smith and Lin [29]) of a negative mountain drag.

Several authors [6], [9], [19], [14],. [13] have discussed the ob-
served association between heavy coastal rain and the existence of a
mesoscale coastal trough as indicated by the low pressure at certain
coastal stations. The structure of this: "trough" offshore is not known.
In these papers, the trough has been considered as an atmospheric dis-
turbance which would produce heavy rain in much the same way as might a
svnoptic scale trough in midlatitudes. The possibility of using it as a
- forecasting tool has been discussed although it has not been possible to
predict the occurrence of the trough.

Against this background, the current results offer a different
interpretation. We find that the trough could arise as a result of the
heating aloft rather than vice versa. Of course in the full medel there
is no cause-effect relationship because the downstream side of the trough
ts responsible for the low-level velocity convergence which triggers the
cumulus growth. This theoretical result is consistent with the observa-
tion of Hoxit et al. [7]. '

It is clear that if the thermally induced surface low were strong
enough and located over the windward slopes of. the mountain, then a
negative drag (or mountain thrust) would occur. This does not violate
any fundamental principle as the latent heating represents an external
energy source which allows the mountain to accelerate, rather than de-
celerate, the atmosphere passing over it.

We have looked at the predictions of the theory applied to the
Western Ghats and at direct measurements of surface pressure in the
region. Our results are somewhat inconclusive.but seem to suggest that
during heavy rain the thermal low is strong enough to reverse the drag
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but that it is usually located too far upstream. Thus, while negative
drag remains a real possibility,. we can as of yet, offer no marked
example.

VIII. DISCUSSION

In the preceding sections we have constructed a conceptual model of
orographic rain. The number of assumptions invelved in the analysis, and
the lack of detailed data from the region, make it impossible to verify
the model. It must remain,- for the time being at least, a working hy-
pothesis rather than a verified theory.

The most intriguing idea- to come out of the model is the idea of
multiple steady state solutions to the problem of moist airflow approach-
ing a mountain range. We find internally consistent solutions both with
and without vain. This seems to agree with the cccurrence of wet and dry
spells during the “summer monsoon period. This implies that the system
may have a bit of hysteresis, and that the question of how the system
chooses between the two states might be a difficult one. We have not yet
looked. into the various subtle and not-so-subtle changes in the synoptic
scale environment which could influence.the system.

The discussion is also limited by the fact that we have not yet
mathematically coupled the cumulus development with a time dependent
mesoscale model. Only steady state solutions were considered herein.
Until this is done we can say nothing about the stability of the system
or how it might flip between the rain and no-rain states. Because the
heating .seemed to produce a slightly stronger mesoscale response than the
orography, we tend toward a description of the orographic rain as a
"squall line anchored to the mountain". A description of the "anchoring"
process also requires a time dependent model with cumulus parameteriza-
tion.

It may be that the mechanism described herein will find application
on other tropical coastlines during periods of fresh onshore winds. 1In
particular we find that the careful study of Sakakibara [24] concerning
the cumulus development in the' Kyushu region of Japan during southeast
winds, to be very much in accord with the results reported herein for the
Western Ghats.
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APPENDIX I
STEADY STATE PERTURBATIONS ON THE MEAN WIND

The vertical displacement produced by combined thermal and orograph-
ic forcing (Egs. (10) and (11)) can be derived as (see [29])

n(x,z) = n,(x,z) - A sin 2z - {(t.em-1 XtC _ gan70 XEG.
1 bl 2
N , 1 (X+C)2+b§
(sin .Q-(Zﬂ*d) - sin ﬂ(ZH‘d)) - 7 £n(———2—2)°
_ (x+c) +b1
(cos 2(zH+d) - cos ﬂ(zH-d))],
) for z < zH-d
n(x,z) = nl(x,z] + Afcos 2z - (tqn-l %ﬁE - el ¥ 8 ¥
1 2
1 (x+c}2+b§ o
3 sin 2z - 2n(= 5 )1 (cos £z - cos ﬂ(zH-d)) - A sin 2z
(x+?)rfb1
[(tannl e . 1:.am-1 Eis)'- (sin 2(z,+#d) - sin £z) -
bl b2 H
- (x+c)24b2
3 n( 5 2)(cos ﬂ(zH+d) - cos £z)],
(x+c) +b1 -
for zH-d <z < zy +d
nix,z) = ql(x,z) + Alcos £z - (ta:f'1 %15 . %iEJ +
1 2
. (x+c) 24b7
7 sin 2z - En(-———-i——i)](cos E(zH+d) - cos £ {zH—d))
. (x+c) +b1
for z > Zy + d . (A1)

where qlix,z) and A are defined as

0. (x,2) = ha(a cos £z-x sin 2z)
1 2 2
x + a

gQb
A:_____J'._—-—-

2dp,c, T w3l
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The surface perturbation pressure at the ground can be computed frog
Eq. (Al) and using Bernoulli's equation

. . ; _ ~p2on
Pli(Ryo) = p, U (x,0) = p U 7% lusg
The result-is
2
p U hafx _ _
BE ) 2 morte - A2 - [(tan ol tan 1 E--':55].
2,2 b b
x +a ; 1 2
1 (x+c)2+b%
(sin 2(2H+d) - sin ﬁ(zﬁ-d)J ) In( 5 2)
' (xtc) +b1
(cos 2(2H+d) - cos Q(zH-d))} . (A2)
The momentum flux can be computed from
”, ;
=g -f u'w' dx
The solution associated with Eq. (A1) is
a+b1 ) a+b2

no.2 2
F=-7p h"NU - nA2p Uha[(
A o (a+b1)2+c2 (a+b2)2+02
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_om 22 2 . e
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- gy = c2 2} (cos 2(z +d) - 2 cos ﬂ(z -d) + cos £z)]

(atb ) +c (a+b ) +c

for zH—d <z < 2y + d

_ _T Doe” 43 2 _ v 2 .
F = A poh NU - nA EpoU (cos 2(3H+d) cos E(ZH d))

2
(b 1Y, ) )
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1 2
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APPENDIX 11

AN ENTRAINING JET- MODEL

The method -described by Squires and Turner [30] uses the following -
aluatLons to describe a steady state entra1n1ng jet. '

M= bzup mass flux definition

g-ﬂ = 2b0fup0 conservation of mass

d 2 ; i

s —(Mu) = gb (po - p - po) conservation of momentum

d d - daM i ; )
EE(MG) + EE(MQ) = q, 5 censervation of total water.

in these equations the quantities

plume radius

‘updraft velocity

plume density

entrainment coefficient (¢ = 0.10)
environment density ' -

acceleration of gravity

specific liquid water

specific humidity of plume
specific humidity of environment

Qo T 2D e o

£ LY

o

ire tunctions of height (z). 1In addition, the perfect gas law, an energy
vquation, and the Clausius-Clapevron equation are needed to complete the
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system. For each calculation it is necessary to specify the environnent-
al pu(z), qo(z) or equivalent, and the initial values for b, zZ, u at

cloud "base.. In most cases it is sufficient to take the plume virtua]
temperature as equal to that of the environment at cloud base.
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