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ABSTRACT

A numerical model of tropical cyclone development (Sundqvist, 1970a) has been used
to study and compare the effects on the cyclone intensity by cloud seeding and spatial
variations of sea surface temperature. The cloud seeding is simulated by taking into
account heat released by freezing for temperatures below 0°C at selected radii of the
convective area. The movement of a cyclone over a sea surface with a non-homogeneous
temperature distribution is simulated in this axi-symmetric model by changing the
sea temperature from one period of time to another inside a certain radius. The results
indicate that the maximum winds of the symmetric model tropical cyclone rather
have a tendency to intensify than to decrease when cloud seeding is employed. The
results of the experiments simulating a fluctuating sea surface temperature show that
even rather small scale (even smaller than the size of the convective region) variations
significantly affect the intensity of a tropical cyclone.

Introduction

In a recent paper (Sundqvist, 1970a; hence-
forth named P 1) the writer presented a numeri-
cal model of tropical cyclone development. A
detailed study of the results of an integration
revealed that the model cyclone exhibited a
great deal of realistic features and that the
system possessed a satisfying consistency ener-
getically. It was thus inferred that the model
could be used with confidence in various com-
parative experiments. In a later paper (Sund-
qvist, 1970b; P2) a few such experiments were
described. One of these was a study of the
influence of sea surface temperature on the
evolution and another was an investigation
into how the intensity of the vortex was af-
fected by an artificially strengthened convec-
tion in part of the precipitation area. In the
discussion of these two specific experiments it
was pointed out that they provide information
that partly has direct practical implementation,
despite the model not being applicable to actual
atmospheric data.

The numerical integrations revealed that the

1 Contribution No. 236.

2 Recently Rosenthal (1971) has studied the re-
sponse of a hurricane model to artificially enhanced
heating. This study was not brought to the au-
thor’s attention until this paper was in press. Conse-
quently, no comparative discussionsare included here.

intensity of the model tropical cyclone markedly
depends on the sea surface temperature, which
is in close agreement with earlier conclusions
based on empirical studies (Palmén, 1948;
Bergeron, 1954).

The experiment with artificially augmented
release of latent heat was meant to give some
idea of how effective cloud seeding could be in
a mature tropical eyclone. The inclusion of the
additional latent heat was made in a very simpli-
fied way, however, and hence was not a simula-
tion of cloud seeding in that respect. The
amount of extra heat given to the system was,
however, judged to be at least as great as one
may expect to be brought about by a seeding
process. Still, practically no change in intensity
of the model vortex was observed. Similar re-
sults (Gentry, 1969) have evidently been ob-
tained in modification experiments with the
numerical model at the National Hurricane
Research Laboratory in Miami. These prelimi-
nary experiments thus indicate, as inferred
in P2, that any appreciable reduction of the
maximum winds of a mature hurricane is un-
likely to occur as a result of cloud seeding?.

On the other hand, regarding the data ob-
tained from the modification experiments on
hurricane Debbie in August 1969 (Gentry,
1970), those suggest that cloud seeding might
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possibly have a reducing effect on tropical
cyclone intensity. The fact that shortly after
each one of the two seeding occasions—which
took place 48 hours apart—a conspicuous de-
crease of the maximum winds was observed,
seems to be one of the strongest indications
that the human interference may have contrib-
uted to that decrease. Gentry (1970) also
states, however, that it cannot be said with
any certainty whether or not the observed
changes were caused by the seeding.

Variations in hurricane intensity of the kind
observed in the Debbie experiment may very
well be caused or at least contributed to by
several natural factors of which the sea surface
temperature is probably the most dominant
one. The behaviour of individual tropical cyc-
lones in relation to the temperature of the
underlying ocean surface has been studied and
discussed in several papers (e.g. Fisher, 1957;
Perlroth 1962, 1967). These show that there
exists a noticeable correlation between changes
in sea surface temperature along the path and
changes in tropical cyclone intensity. Even a
relatively small scale temperature pattern—
which in fact characterizes the western equa-
torial Atlantic—appears to have a distinct in-
fluence on the hurricane intensity. During a
48-hour period say, it is hence conceivable that
one or more fluctuations from low to rather
high values of central surface pressure may be
observed, because the cyclone passes over se-
veral bands of warm and relatively cool water
in the same time.

It thus seems to be of value to get an idea
of the relative importance of cloud seeding and
fluctuating ocean temperature for the intensity
of tropical cyclones, since then a more confi-
dent judgement of the effect of seeding in real
cases should be possible. The purpose of the
present paper is to compare the influences of
the two above mentioned factors on the mature
model eyclone.

As the model vortex is axially symmetric, a
motion in over cool and warm waters cannot
be simulated, but merely the effect due to their
different extensions under the system can be
studied. The simulation of cloud seeding is
done here in a more realistic way than in the
earlier experiment (P 2).

, !
Model, parameters and reference case
The model tropical cyclone is assumed to be
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an axially symmetric vortex in which hydro-
static and gradient balance exists. The heating
due to release of latent heat through convec-
tion is parameterized and determined by the
convergence of water vapor in. the boundary
layer; the vertical distribution of the heat
released is a function of the temperature at
the lifting condensation level and the strati-
fication above. The tangential wind and the
specific humidity are the two dependent vari-
ables predicted, while those remaining, i.e. the
radial and vertical velocities and the tempera-
ture, are obtained diagnostically. The potential
temperature, representative of the boundary
layer, is, however, given by a prognostic equa-
tion in which variations of the surface pres-
sure are taken into account. The vertical fluxes
of momentum, sensible heat and water vapor
at the air-sea interface are expressed respec-
tively in the forms

]

Ts —eseplViv
hs = Qscpch |4 (Tw - Ts)
ms = Qscbl Vl(qw —qs)

where ¢, is the specific heat at constant pres-
sure, ¢, the drag coefficient, g, the air density,
V and v the total and tangential winds (at 900
mb) and T, and g, are the temperature and the
specific humidity in the boundary layer; g, is
the saturation value of ¢ at the temperature of
the sea surface, T',.

In the actual integrations the computational
region ranges from the center of the vortex
to radius 7y, =600 km (where inflow and out-
flow is allowed) and from the ground (p =1 000
mb) to the 100 mb surface. The grid size is
Ar =25 km in the horizontal and Ap =100 mb
in the vertical.

For a more detailed description of the model,
the reader is referred to P1.

The basic values of the parameters are the
following.

f=5x10-% 5-1; the Coriolis parameter at
latitude 20° N

cp =1.5x10-3
T oTmax) = 27.5°C
9u(Tmax) = 23.6 g/kg

Furthermore we have

Ts(rma.x) = Tw(rmax);
Ps(Tmax) = 1010 mb;

7 = Tmax

surface pressure at
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In addition to the previously mentioned rela-
tion between T, and g, the latter is by defi-
nition inversely proportional to p.

The same reference case is used in the present
studies as in the experiments of P2. That is,
the evolution of a vortex with initial conditions
of barotropy and hurricane season stratifica-
tion (Jordan, 1958). The parameter values, with
T, = Ty(rma,) independent of radius, are those
given in the preceding paragraph.

Simulation of cloud seeding

In a discussion in P1 it was concluded that
an extra heat source introduced into the tropi-
cal cyclone system at a great distance—com-
pared to the radius of maximum wind say—
from the centre would reduce the cyclone in-
tensity effectively. As the method of cloud
seeding requires that clouds already exist, it
cannot be applied farther out than in the out-
skirts of the main convective region of the
system. The convection at that distance is re-
latively weak however, so that the additional
heat release probably would be of little sig-
nificance. The optimum distance thus lies be-
tween the last mentioned radius and the one
at which the convective activity has its maxi-
mum. If seeding is applied at still smaller radii
the differential heating will increase, which in
turn favours an intensification.

The basic question thus is: can this type of
intervention bring about so large an outward
shift of the maximum of the heat release that
the differential heating in the core region
becomes significantly decreased despite the
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Fig. 1. Variation of maximum tangential wind for
various experiments. Curve no. (0) control case;
(1) cloud seeding experiment S1; (2) cloud seeding
experiment S2; (3) through (7) show results of ex-
periments with varying sea temperature as described
in text and Table 1: (3) STP 2; (4) ST 5; (5) ST 2;
(6) ST 4; (7) ST 7.
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Fig. 2. Radial distribution of the rate of precipita-
tion drawn to show the differential heating at 96%
in four different experiments. Curve no. (0) control
case; (1) cloud seeding experiment S1; (2) cloud
seeding experiment S2; (3) experiment ST 3 with
varying sea temperature.

process involving an overall increase of the
heating?

In the quantitative study of the impact of
cloud seeding on the model tropical cyclone it
is assumed that the efficiency of the artificial
freezing nuclei is complete. That is, the heat
released by freezing is taken into account at
all levels with a temperature below 0°C at
those radii where seeding is simulated. Note that
no additional external heat source is introduced,
but merely a more efficient release of the latent
heat in the region in question. Thus, the result-
ing increase in heating by condensation is deter-
mined by the dynamics of the model system;
i.e., via the thermodynamics governing the con-
vection, and the latter’s interplay with the
large scale motion. I seems that this approach
is fairly analogous to the seeding of tropical
cyclones.

The evolution of the maximum tangential
wind of the model vortex is shown for two dif-
ferent seeding experiments by the curves (1)
and (2) in Fig. 1; the curve (0) depicts the
control case. The simulated seeding starts for
both cases at 87" of the control experiment
and goes on during the whole period of time
shown in the figure.

In the experiment S1, producing curve (1) it
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Table 1. Combinations of T 4, r, and At, in ex-
periments with a varying sea surface temperature

Name of exp. T, °C r, km At, hours
ST 1 26.0 175 12
ST 2 26.0 75 12
ST 3 25.5 75 12
ST 4 25.5 75 7
ST 5 24.5 75 12
ST 6 24.5 75 7
ST 7 29.5 75 7

is assumed that silver iodide is spread around
both the radius of maximum precipitation rate
{r,) and the radius one grid distance inside r,;
i.e. in an annulus of width 50 km. It is seen that
the model cyclone in this case intensifies to a
new mature stage in which the maximum wind
is almost 10 % higher than in the control case.

The rate of precipitation as a function of
radius (reflecting the differential heating) nine
hours after the seeding was started is shown
for different experiments in Fig. 2 (curves 0, 1
and 2 correspond respectively to 0, 1 and 2 in
Fig. 1). We notice, as discussed above, that
the action of experiment S1 has resulted in a
marked increase in the differential heating lead-
ing to an intensification as shown in Fig. 1.

In experiment S2 (curve (2) in Figs. 1 and 2)
the cloud seeding is applied around the radii
one and two grid distance outside r,. Fig. 1
shows that the model storm intensifies even
in this case. However, the increase of the maxi-
mum wind is now much less pronounced than
in S1.

The increased rate of precipitation of S2
outside r, is clearly demonstrated in Fig. 2.
The consequent reinforcement of water vapor
inflow causes a strengthening of the heating,
even around r,,. Therefore, in this case also, the
differential heating becomes somewhat strong-
er than in the control experiment, despite a
slight outward shift of the condensation region
is noted.

In another experiment (not shown in the
present figures) the simulated cloud seeding
was imposed at the two outermost gridpoints
of the convective region. The additional heat-
ing thereby brought about was however very
small because of the relatively weak activity
of the basic convection in this part of the
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system. Consequently no significant departures
from the control case were observed.

The results of these experiments thus indi-
cate that in order to significantly affect the
intensity of the axi-symmetric model tropical
cyclone by cloud seeding it has to be applied
in the part of the convective region where the
basic activity is well developed. Because of
this, and because of the relatively small radial
extent of the condensation area, it appears that
an increase rather than a decrease in the dif-
ferential heating is more likely to occur. Con-
sequently the effect—if any—of cloud seeding
seems to be a tendency to intensify winds.

It is also of interest to mention that a couple
of experiments have been performed where the
cloud seeding ceases at 120" in S1 and S2.
The further evolution of the storm in those
cases gradually (in about 20 hours) becomes
practically identical with the one of the control
case. This indicates that the cloud seeding
does not act as a trigger mechanism, but can
merely give a certain effect on the storm’s
development for that period of time during
which it is being employed.

Model storm response to a fluctuating
sea surface temperature

In P2, the studies of the importance of the
sea surface temperature for the evolution of
the model tropical cyclone revealed that a drop
in the surface temperature causes a weakened
convection, which is most dominant in the inner
part of the precipitation area. This is a conse-
quence of the convective instability reduction,
which becomes more pronounced the lower the
pressure, since, for a given change of tempera-
ture, the change in surface air equivalent po-
tential temperature increases with decreasing
pressure. Therefore it was inferred that varia-
tions in sea surface temperature of a rather
small horizontal scale (about the size of the
core region) along the path of a storm may af-
fect its intensity. Furthermore as mentioned
in the introduction, observations reveal a cor-
relation between fluctuations in ocean tem-
perature and central surface pressure of mature
tropical cyclones.

It thus appears to be of interest to obtain
a quantitative measure of the effect from a
non-homogeneous surface temperature on the
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Fig. 3. Time variation of the percentage deviation of the maximum tangential wind from that of the
control case for—in order from upper left corner to lower right corner—the experiments STP 2 and
ST 1 through ST6. The relative time scale starts with zero each time a drop in 7', occurs. The dashed
line indicates the variation of T,, and the numbers on this line give the radial extent of the 7', drop.

model storm and then to compare this effect
with that brought about by the simulated cloud
seeding.

The motion of a real tropical cyclone over a
certain distribution of sea surface temperature,
T,, can only be crudely simulated with the
model storm because it is axi-symmetric. In
the present experiments, the simulation is
accomplished by assigning one value T, to T,
between the centre and a radius r, and another
value Ty outside r,. A temporal variation is
introduced by setting T, different from T
during a limited period of time, At,.

In all the present experiments T =27.5°C,
i.e., equal to T, of the control case. The inte-
grations are started with T + Ty from the 87h
state of the control case. The combinations of
T,, r, and At, that have been run are shown
in Table 1. The experiment ST 7 is started from
107" of ST 4 but is otherwise performed in the
same way as the others.

For comparison we shall also look at the
experiment in P2 where 7T, =26°C for 12 hours;

the parameters of that case, which we here will
call STP 2, thus are: T, =26°C, r, =ry,, =600
km, At, =12 hours.

The time variation of the maximum tangen-
tial wind in some of the above mentioned ex-
periments is shown in Fig. 1 (curves 3 through
7). First we notice that the departures from
the control case are more acute in these ex-
periments than in those with cloud seeding.
We furthermore note that the return to the
control case intensity after 7', has become equal
T g proceeds faster for smaller 7', and/or for a
greater preceeding difference between T',and T'p.

Comparing the changes of the maximum
wind for'different experiments it is seen that
a drop of 2°C lasting for seven hours causes an
intensity reduction that:is as large as that
caused by a drop of 1.5°C lasting for twelve
hours when the radial extent of the lower

temperature is the same in the two cases (curves

5 and 6 in Fig. 2). Similarly, the strongest
winds of the model cyclone decrease at practi-
cally the same rate during a period of twelve
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hours whether the storm system is exposed to
a 1.5°C lower sea surface temperature through-
out the radial extent, or to a 3°C lowering of
T, inside a radius of 75 km (curves 3 and 4 in
Fig. 2). We furthermore observe in Fig. 1 that
a rise in sea surface temperature in the core
region results in an intensification which is as
pronounced as is the weakening brought about
by a corresponding drop in T, (curves 6 and 7).

Another aspect of the response in the inten-
sity of the model tropical cyclone to a fluctuat-
ing sea surface temperature is given i Fig. 3. The
percentage deviation of the maximum tangential
wind from that of the control case is plotted
against time for the experiments STP 2 and ST 1
through ST 6. The time scale is relative, start-
ing with zero when the drop in T, occurs for
each case. The variation of the sea surface
temperature is indicated by the dashed line
at the bottom of each half of the figure and the
numbers on that line give the radial extent
(in km) of the T, drop. The composite shows
that sea surface temperature variations, with
amplitudes of a realistic magnitude, cause the
maximum wind of the model storm to alternate
between values that may differ by as much as
15 to 25 %. The frequency of these alternations
depend on the horizontal scale of the tempera-
ture drop (or rise). Nevertheless it is quite
possible to observe one or several high and lower
intensity states within a span of the order of
40-60 hours.

Concluding comments

The quantitative results of the model ex-
periments, which have been presented in the
two preceeding sections, indicate that fluctua-
tions in sea surface temperature along the
paths of tropical cyclones distinctly influence
their intensity. Furthermore it is indicated

that a more likely effect of cloud-seeding is an
increase rather than a reduce of the intensity
of a storm. In any case, it appears that the
latter kind of intensity changes are of smaller
magnitude than those induced by a varying
sea surface temperature.

It is thus quite conceivable that possible
outcomes of cloud seeding may be obscured by
effects that are produced by variations in sea
surface temperature. This must naturally make
the evaluation of seeding experiments more
difficult. Consequently, it seems, a good num-
ber of such experiments will have to be per-
formed before the results of those make a
judgement or conclusion of significant certainty
possible. A conservative interpretation thus im-
plies that in connection with hurricane modi-
fication attempts it is necessary to know the
temperature of the sea. At any rate, we may
gtate that such a knowledge will noticeably
improve the possibilities of confidently assessing
the consequences of cloud seeding in nature.

There are instruments available today, with
which the surface temperature can be meas-
ured with an accuracy that is acceptable in the
experiments discussed above (see e.g. Smith et
al., 1970). For the purposes that we have in
mind here it is not a very accurate absolute
temperature measurement that matters most,
but an indication of how the sea surface tem-
perature changes from one place to another.
Radiometer measurements from satellites may
become vitiated in the vicinity of a tropical
cyclone because of clouds. This deficiency can
probably be remedied by measuring from air-
planes in the area in front of (with respect to
an expected path) the storm system and pos-
sibly also beneath it. The model experiments
presented above suggest that such efforts to
obtain the temperature of the sea surface are
worth-while considering.

REFERENCES

Bergeron, T. April 1954. The problem of tropical
hurricanes. Quarterly Journal of the Royal Me-
teorological Society 80, No. 344, 131-164.

Fischer, L. E. June 1957. Hurricanes and the sea
surface temperature field: The exchange of
energy between the sea and the atmosphere in
relation to hurricane behaviour, Parts I and II.
National Hurricane Research Project Report, no. 8.

Gentry, R. C. April 1970. Hurricane Debbie modi-
fication experiments, August 1969. Science 168,
No. 3930, pp. 473-475.

Tellus XXIV (1972), 1

— June 1969. Project Stormfury. Bulletin of the
American Meteorological Society 50, 404—409.

Jordan, C. L. Febr. 1958. Mean soundings for the
West Indies area. Journal of Meteorology 15, 91—
917.

Palmén, E. 1948. On the formation and structure of
tropical hurricanes. Geophysica 3, 26-38.

Perlroth, I. 1962. Relationship of central pressure
of hurricane Esther (1961) and the sea surface
temperature field. 7'ellus 14, 403-408.

— 1967. Hurricane behaviour as related to oceano-



12 HILDING SUNDQVIST

graphic environmental conditions.

258-267.

Rosenthal, S. L., May 1971. A circularly symmetric
primitive—equation model of tropical cyclones
and its response to artificial enhancement of the
convective heating functions. Monthly weather

review 91, pp. 414-426.

Smith, W. L., Rao, P. K., Koffler, R. & Curtis,
W. R. August 1970. The determination of sea

Tellus 19,

surface temperature from satellite high resolu-
tion infrared window radiation measurements.
Monthly Weather Review 88, 604—611.

Sundqvist, H. 1970a. Numerical simulation of the
development of tropical cyclones with a ten-level
model. Part 1. Tellus 22, 359-390.

— 1970b. Numerical simulation of the development
of tropical cyclones with a ten-level model. Part
IT1. Tellus 22, 504-510.

MOJAEJIb NOBEAEHNA TPOIINYECKOI'O INKJIOHA B OS9RCIIEPUMEHTAX IIO
UCKYCCTBEHHOMY BO3JENCTBHIO

YnucneHHaAa MoJedb BBOJIOLHHM TPOMUYECKOTO
nukaoHa (CyHpxsucr, 1970a) 6bljla HCHONB30-
BaHA RJIA M3Y4YeHHMA BIMAHMA MCKYCCTBEHHOI'O
Bo3feificTBNA Ha 00JaKa M NPOCTPAHCTBEHHHIX
U3MeHeHU# TeMmepaTypH MOpA HA MHTEHCHB-
HOCTH IMKIOHA. BospgelictBue Ha 06JaKO Mo-
XeIMpoBaJOCh MYTEM ydeTa Telaa, 0CBOGOK-
KaeMoro IpH 3aMep3aHMM NPH TeMueparype
Hu#e 0°C Ha HEKOTOPHIX BHIGpAHHHX pagMycax
B o6nacTn KoHBeKIuM. [IBMiKeHUe LINKJIOHA HAf
MOBEPXHOCTHIO MODPA C HEOXHOPONHON TeMIle-
paTypoil MOJeIMpPOBAJIOCH B MAHHON OCECHM-
MeTpUYHONl MOmeNM nyTeM WM3MeHEHHMsA cO Bpe-

MEHEM TeMIIepaTypPH MOPA BHYTPHM HEKOTOpOro
paguyca. PesyJpTaTH MOKA3HBAIOT, YTO MAaKCH-
MajbHHE BETPH B CHMMETDHYHOH Mogjean
TPONMHYECKOr0 UMKIOHA HNMEIT TEeHAEHIHUIO K
nHTeHcnPUKanMu, a He K oclablleHMIo IpH
HCKYCCTBEHHOM BO3meiicTBHU. PeayubraTh aKc-
MepHMEHTOB, MOLETUPYIOIMX PAYKTyAlHH TeM-
HeparypH I[OBEPXHOCTH MODH, IOKa3hIBAIOT,
4T0 M3MeHeHHA BECbMa MAIHX IPOCTPAHCTBEH-
HBIX MaciraboB (make MEHbIIMX pasMepa KOH-
BeKTUBHOM 0GIACTH) SHAYMTENDBHO BIMAIT HA
MHTEHCHBHOCTb TPONMYECKOr0 IUKJIOHA.
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