meteorological effects ol
energy dissipation at
large power parks
Abstract

Large (10 000 to 50 000 MW) power parks are being
studied as one means of satisfying the nation's demand
for energy. The dissipation of waste energy from these
installations may result in significant meteorological effects. It is shown that the rate of atmospheric dissipation of the waste energy from these power parks is approximately equal to the atmospheric dissipation of
energy by geophysical phenomena such as thunderstorms,
volcanoes, and large bushfires. Cumulus clouds and
whirlwinds often result from these energy releases. There
is a possibility that natural vorticity will be concentrated by large power parks. A theory of multiple plume
rise is used to estimate the enhancement of plume rise
from multiple cooling towers.
Calculations of plume rise, ground level fog intensity,
and drift deposition due to emissions from cooling
towers at a hypothetical 40 000 MW nuclear power park
are made. The plume rise from 50 towers is estimated to
be more than 110% of that from a single tower if the
tower spacing is less than about 300 m. At locations
within 100 km of the cooling towers, excess fog will occur about one or two percent of the time. The vapor
plume will be appreciably longer than those from
present installations; for instance it should be clearly
visible from earth satellites most of the time. Since there
are no power parks of this magnitude yet in existence,
there are no measurements to test these calculations.
The conclusions are highly tentative and indicate that
much more research is required on this subject.
1. Introduction

The maximum amount of electric power currently generated at a single thermal power station site is about
3000 MW. Many environmental impact statements have
been written concerning the atmospheric effects of heat
dissipation at such sites. On the basis of these calculations and a few observation programs presented at the
Symposium "Cooling Tower Environment—1974," it
can be concluded that the atmospheric effects of current heat dissipation rates are not serious problems,
provided that efforts are made to design the facility
such that down wash is eliminated, drift is minimized,
and plume rise is maximized. Fog formation and drift
deposition are generally localized and have little effect
beyond the plant boundaries. Clouds are sometimes observed to form due to heat and moisture from cooling
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towers, but no significant changes in rainfall in the
areas of study have been detected.
However, several sites are being studied by power
utility companies and government agencies as potential
"power parks" or energy centers. Two of these sites are
on the Mississippi River north of Baton Rouge and on
the Columbia River on the Hanford reservation. Such
fossil or nuclear powered plants could generate 10 000
to 50 000 MW of useable power on a land area on the
order of 5 to 100 km . Assuming 33% efficiency, there
might be as much as 100 000 MW of waste energy dissipated to the atmosphere, probably through some type
of cooling towers. This dissipation rate represents an
increase of between one and two orders of magnitude
of the energy release over that from the largest currently operating power plants. The meteorological effects of such a power input to the atmosphere are uncertain. In this report, comparisons with natural energy
processes and calculations of diffusion are used to make
a rough estimate of some possible impacts of the proposed power parks. Calculations refer primarily to wet,
natural draft towers, but effects of other types of cooling
mechanisms are also considered.
2

2. Comparison of power center with
natural energy processes

If evaporative cooling towers are used at a power
center, then about 80% of the dissipated heat will be in
the form of latent heat, which would be released to the
atmosphere only when the water vapor condenses. The
other 20% of the dissipated heat is sensible or convective heat, which is immediately available to the environment. If cooling towers are deployed on an area of, say,
100 km , the total heat output per unit area at a heat
dissipation rate of 100 000 MW would be 10 W/m .
This figure is, by the way of comparison, three times
greater than the average flux per unit area of solar energy (340 W/m ) at the outer edge of the earth's atmosphere. It is about 20% of the vertical flux per unit area
of energy in a thunderstorm as estimated by Hanna
and Swisher (1971). The total rate of energy released
by the cooling towers is nearly equal to the total
rate of energy release in a thunderstorm. However, it
is a factor of about 30 less than the rate of energy release by a squall line or a severe Great Lakes snow
squall (2.5 cm of precipitation in 6 h over 10 km ). It
appears that power parks will be on the same energy
intensity scale as mesoscale natural processes, possibly
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larger than a single thunderstorm cell but probably
smaller than a squall line.
It is clear in any case that a heat release of the
planned magnitude has the potential for generating a
thunderstorm at times and can be expected to act as a
thunderstorm "triggering" mechanism, especially in
areas where thunderstorm activity is naturally frequent.
Also, the plumes from the power center can alter
natural weather phenomena by acting somewhat like a
hill or small mountain, producing a barrier to air flow
and causing abrupt local lifting of air and so increasing thunderstorm frequency and precipitation
amount in its neighborhood (Stern and Malkus, 1953).
It should be understood that this effect is not primarily
dependent on the moisture addition by the cooling
towers. It is the combined effects of moisture addition
and buoyant lifting which augment natural precipitation phenomena. The particular phenomena that occur
will of course depend on meteorological conditions. For
example, in a dry, windy, stable atmosphere, no large
clouds will be initiated. But on days when the atmosphere is conditionally unstable and conducive to large
cloud development, the preferred location for cloud and
thunderstorm development will in all likelihood be
over the power center.
Since there are no existing power facilities of this
size, we do not know for certain from experience what
the meteorological effects will be. Some indication can
be gained from the behavior of plumes from existing
large power plants with cooling towers, but the proposed scale-up is still an order of magnitude or greater.
The only comparable stationary heat sources of this
magnitude are large fires and certain geophysical phenomena. Bourne (1964), and Thorarinsson and Vonnegut (1964) describe meteorological phenomena that
accompanied the Surtsey volcano, which released an
estimated 100 000 MW of heat continuously to the
atmosphere from an area less than 1 km . This energy
was released in the form of sensible (convective) heat
and was accompanied by the release of many small ash
particles. A permanent cloud extending to heights of 5
to 9 km, visible 115 km away, formed over the volcano.
Waterspouts formed below the bent-over plume from
this volcano. This indicates that the indraft at the cloud
base, caused by the rising, buoyant cloud, acted to concentrate local atmospheric vorticity. A more detailed
discussion of vorticity concentration is given in Section 4.
2

3. Comparison of power center with
man-made heat sources

In the previous section, natural energy inputs such as
thunderstorms and volcanoes were discussed. There are
also some man-made heat sources, such as controlled
bushfires and rocket firings, that have approximately
the same magnitude of energy release as the proposed
power park. Taylor et al. (1973) describe their observations of a large, controlled bushfire on an area of 50 km
in Australia. The maximum heat output, obtained for

2

15 min, was estimated as 200 000 MW. The average heat
output over a 6 h period was about 100 000 MW. A
cumulus cloud reaching to a height of 6 km formed
over about one-tenth of the area of the fire. Some convergence of winds into the fire area was observed. Taylor et al. (1973) analyzed other smaller fires (50 000100 000 MW) in Australia and found that a large cumulus cloud usually forms over these fires. They do not
report any precipitation or thunder from the clouds,
but emphasize the similarity of changes in meteorological conditions associated with fires to those associated
with severe thunderstorms and tornadoes. It is possible
that cloud condensation nuclei injected into the atmosphere by the brush fires also influenced the development of clouds.
The similarity between severe storms and wildfires was
also noted by Taylor and Williams (1968), who analyzed
a wildfire (The Hellgate, Va., fire) which occurred in
the warm sector of an extratropical cyclone system.
Atmospheric conditions were favorable to the formation
of severe storms. Whirlwinds were observed during
this fire.
Morris (1968) reports that the static firing of a Saturn
V booster rocket produced 148 000 MW of power over a
period of 150 s. It was concluded that ". . . when meteorological conditions in the lower atmosphere allow
for cumulus growth through appreciable depths, a
Saturn V booster captive firing will initiate convection.
. . . " A cumulus cloud of depth 3.8 km, with a central toroid which revolved cyclonically, was observed
on a day when natural convection caused many natural cumulus clouds and rain showers. Much carbon was
produced by the firing, which may have contributed to
the cloud formation. While the power of the Saturn V
firing is approximately equal to the power from an
energy center, the two phenomena have different time
and length scales.
In another example of man-made heat generation,
Dessens (1964) operated 100 oil burners in an area of
3200 m in order to artificially induce cumulus convection. The total heat release of 700 MW generated
cumulus clouds as well as dust devils near the burners.
Davies (1959) reports on the results of an accidental oil
fire which occurred in Long Beach. Energy was released
at a rate of 10 000 MW (Briggs, 1969) for a few days,
producing a black plume which rose to a height of
4000 m. The area of the source is not reported and it
is not known whether whirlwinds were produced.
It may be useful to comment on the differences between the possible meteorological effects of the heat
release from the power center and the well known
"urban heat island" effects discussed by Peterson (1969),
including their known role in altering downwind rainfall amounts (e.g. Huff and Changnon, 1972). Although
the total heat output from the center will compare with
that of a large city, the heat output per unit area is one
or two orders of magnitude greater. Whereas a large
city's heat creates the so-called "urban heat island," a
2
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TABLE
Source

Surtsey volcano
(Bourne, 1964)
Australian bushfire
(Taylor et al., 1973)
Booster rocket test
(Morris, 1968)
Oil burners
(Dessens, 1964)
Oil fires
(Davies, 1959)
Large city
(Peterson, 1969)
Thunderstorm
(Hanna and Swisher, 1971)
Power park

1. Energy characteristics of natural and man-made sources.
Area

1 km
50 km
300 m
3.2 km

2

2

2

2

—

10 km
10 km
5 to 100 km
3

2

2

2

small (a few degrees) thermal "bump" on the lowest
few hundred meters of the planetary boundary layer of
the atmosphere, the heat plume from the power center
is capable of penetrating the boundary layer and may
rise to great elevations in the troposphere (Koenig and
Bhumralkar, 1974).
The observations of volcanoes, and comparisons with
energy processes in thunderstorms and squall lines in
Section 2, and studies of brushfires and other man-made
heat sources in Section 3 are summarized in Table 1.
These studies suggest that the proposed energy center
may cause the development of large clouds, and may
sometimes trigger thunderstorm and whirlwind activity
in the area. It may also increase precipitation in naturally occurring widespread rain systems of the frontal
type. These changes would be difficult to detect because of the area variability of natural rainfall.
4. Vorticity concentration by large power sources

Vortices are often associated with large intense energy
sources. Dust devils, waterspouts, and tornadoes can
be caused by natural convective forces. Waterspouts were
observed near the Surtsey volcano. Whirlwinds caused
by fire bombing in World War II are described by
Landsberg (1947) and Rotty (1975). Fire whirlwinds
are often observed over fires in the turbulent lee wakes
of mountain ridges in the Pacific Northwest (see
Graham, 1955). It has already been mentioned that
the cloud from the Saturn V rocket was reported to
circulate cyclonically and that the firing of oil burners
caused the formation of dust devils.
Briggs (1975) has suggested a criterion to determine
whether a given buoyant source with access to large
scale natural vorticity will concentrate the vorticity into
a waterspout or other strong vortex. If the ratio of the
tangential component of the horizontal velocity of the
environmental air, F*, to the characteristic vertical
speed of the buoyant source, VB, is less than 0.15, buoyancy is dominant and there is no significant vortex. When
Vn/Vs is greater than 0.9, there is no concentration of
vorticity by the vertical motions and the whole flow

Time duration

Total power

Observations

Several months
Several hours

100 000 MW
100 000 MW
148 000 MW
700 MW
10 000 MW
100 000 MW

Continuous cloud
water spouts
Cumulus cloud
convergence
Cumulus cloud
Cumulus cloud
dust devils
Large plume

150 seconds
Several hours
Day
Continuous
Hour

Effects on climate
2 cm h rain

50 000 MW
100 000 MW

Continuous

-1

—

swirls. At values of V«/V between 0.15 and 0.9 it is
possible for vorticity to be concentrated. Briggs estimates that the characteristic vertical speed of the buoyant source, VB, equals (F/R) ,where i?(m) is the radius
of the buoyant source and F(mVs ) is the buoyancy flux
from the source (total heat release in watts divided by
pirCpT/g).
To convert heat fluxes from MW to mVs ,
multiply by 8.8.
To estimate the tangential velocity of natural convection in the mixing layer, V , Briggs used results of a
numerical experiment by Deardorff (1972). Briggs states
that "The maximum possible value of
is about 0.8
(Hzif , where u is the height of the mixing layer
(usually of the order of 1 km) and H equals g H /(c pT),
where H is the average sensible heat flux at the
ground." On a scale equal to Zi, the maximum value of
VOO is about 1.7 m/s for a strongly convective day (H =
10" m /s and Zi = 10 m). On smaller scales,
tyHziY'^R/zi). The vorticity concentration criterion is
applied to several types of sources in Table 2.
From this table it is seen that the plumes from the
Saturn V rocket (V /VB = 0.0025) and the single cooling
tower (VOO/VB = 0.06) are too dominated by buoyancy to
permit vortex formation. On the other hand, vorticity is
not usually concentrated by natural convection ( V J V B
— 1). When vorticity is concentrated by natural convection, it is typically at scales small compared to z (e.g.,
dust devils), for on these scales V / V is smaller. At
small R, V / V = (R/zi) for natural convection. It is
expected that vorticity will be concentrated in the oil
burner experiment ( V / V — 0.44). Since the ratio V*/VB
equals 0.12 for Australian bushfires, it is possible for
vorticity to be concentrated on occasion.
For clusters of 20 natural draft cooling towers, with
effective radii of 500 m and 5000 m, the ratios V*/V
are 0.33 and 0.71, respectively, and we can predict that
concentration of vorticity will occur. If dry cooling
towers were used, the sensible heat flux would increase
by a factor of five, and the ratios V*/VB would decrease
to 0.19 and 0.41, figures which are still well within the
range of vorticity concentration.
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TABLE

2. Calculation of the vorticity concentration parameter for several sources.
Radius

Rim)
25

Source

Single cooling tower
sensible heat
Cluster of 20 cooling
towers sensible heat
Strong natural convection
Oil burners
Saturn V
Australian bushfires

500
5000
500
125
10
10

3

Source environment
Heat flux
Buoyancy flux
F(m /s )
4

3

3500

10"

70 000
70 000
2500
6000
1 300 000
900 000

10~
10~
10"
10~
10~
10"

Observations agree with most of the predictions of
this table. Whirlwinds were observed during the oil
burner experiment and during some bushfires. Concentration of vorticity is not observed at single cooling
towers. The Saturn V cloud did experience a cyclonic
circulation, but did not induce whirlwinds or waterspouts. Dust devils and tornadoes are only occasionally
observed during strong natural convection. The Surtsey
volcano is not included in this table because it induced
waterspouts by a different process from that implied in
the criterion derived above. The strong inflow to the
bottom of the volcano plume caused surface convergence
under the bentover plume. Natural vorticity created
by the air flowing around the volcano (vortex shedding)
was concentrated by this convergence. Similarly, whirlwinds associated with the wildfires to the lee of mountain ranges in the Pacific Northwest derive their
vorticity from the strong wind shears near the mountain top. In these cases, we are not sure how to estimate
the environmental speed V .
X

5. Problems of calculating cloud formation and
plume merging for multiple plumes

As Huff (1972) points out, atmospheric scientists do not
yet have adequate information to provide good quantitative answers to the question of cloud and precipitation
augmentation by cooling towers. A few simple models
of cumulus cloud growth have been applied to cooling
tower plumes (e.g. Hanna, 1971; EG&G, 1971; McVehil
and Heikes, 1974). These models use Kessler et al.'s
(1964) parameterizations of cloud microphysics, which
were developed using observations from natural clouds.
There is the possibility that the droplet size distributions
are different in cooling tower plumes, due to the source
characteristics of drift (water drops splashed from the
tower), and therefore Kessler's approximations may not
be appropriate in this case. No comprehensive observation program has yet been conducted to verify these
cloud microphysics models for cooling tower plumes.
Some aircraft measurements of cloud droplet spectra
and total liquid water flux are being made in cooling
tower plumes by meteorology groups at Penn State University and Battelle Pacific Northwest Laboratory. Lacking detailed information on the cloud microphysics of

10

2

2

2

2

2

2

2

Mixing height
2i(m)

V J V B

5.2

0.32

0.06

5.2
2.4
1.7
3.6
51.0
1 3.8

1.7
1.7
1.7
1.6
0.13
1.7

0.33
0.71
1.0
0.44
0.0025
0.12

3

10
10
10
10
10
10

3

3

3

3

3

3

cooling tower plumes, estimates of cooling tower plume
phenomena must necessarily be somewhat speculative.
Cloud formation by wet and dry cooling towers with
equal total heat outputs was analyzed using Hanna's
(1971) model. It was found that, during given environmental conditions, if a cloud developed over the wet
tower, it would usually develop over the dry tower also.
By the time both plumes reach cloud level, most of their
volume flux is due to entrained environmental air. The
plume acts as a carrier for environmental air, raising
it to the natural lifting-condensation level.
In a power park there would be many large cooling
tower plumes. If they merge, the possibility of cloud formation increases. Briggs (1975) developed an enhancement factor, E , for bent over plumes, which gives the
factor by which the plume rise, Ah, from a single source
should be multiplied to give the plume rise from N
sources.
N+ S
(N - l)Ax
where S = 6 N*Ah
EN —
(1)
1+5
The symbol Ax represents the spacing between adjacent
sources. If this formula is applied to clusters of sources,
then (N — l)Ax should be replaced by the maximum
diameter of the clusters. This technique was tested with
data from multiple smoke stacks, with N as great as
nine, but has not yet been tested with data from cooling
towers. It is possible to calculate the spacing Ax necessary to keep the enhancement factor E below a certain
value, say 1.1. When E equals 1.1, the plume rise of
the aggregate is 10% greater than the plume rise from
a single tower. For example, if the plume rise from a
single tower, Ah, equals 500 m and the number of
sources, N, equals 50, then, according to this technique,
the spacing, Ax, must be at least 320 m to insure that E
is less than 1.1.
There are advantages and disadvantages to increasing
the tower spacing. An advantage is that the chances of
cloud and rainstorm generation are less if the plumes do
not merge. A disadvantage is that the chances of high
ground level concentrations of fog, drift, and cooling
water chemical additives are increased if the plumes do
not merge but stay closer to the ground.
A mathematical cloud growth model for multiple
plumes must account for interactions between the
N

N

N

N
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plumes and the environmental air. Recent models by
Arakawa and Schubert (1974) and Hill (1974) are first
steps towards the development of a comprehensive natural cloud growth model. The main stumbling block in
the development of such a model has been the problem of computational instability in the computer models
of multiple clouds. As these models are developed, it
will be possible to apply them to cooling tower plumes
to explain the convergence fields beneath the cloud layer
and the moisture changes in the environmental air
due to the cooling tower energy input.
6. Fog possibility

It is of great interest whether fog will occur at the
ground downwind of cooling towers. To estimate this
effect the Gaussian plume dispersion model can be applied to annual average meteorological conditions (Gifford, 1968; Hanna, 1974). The vertical plume distribution is assumed to be Gaussian with standard deviation
<r*(m) given by:
= 0.056 x/(l + 0.0015*) m
(2)
which is valid for "D stability" or nearly neutral conditions (Briggs, 1973). Following the references, the horizontal distribution is assumed to be governed by the
wind direction distribution. The water concentration,
X (g/m or g/kg), is then given by the formula:
X = (2.0 QJU crzx) exp (~h /2a )
(3)
where Q(g/s), U(m/s), and h (m) are source strength,
wind speed, and effective plume height, respectively.
Estimates of <r have been validated only out to distances
of about 20 km. However, in this analysis we will use
the formula out to distances of 100 km, in order to
make some rough estimates of water concentration at
great distances. T o determine average annual concentrations, the concentration calculated in a given wind direction is weighted by the frequency with which the
wind blows in that direction.
As an example of these calculations, source strength,
Q, is assumed to equal 4 X 10 g/s of water, or 80 000
MW heat dissipation (assuming that 2000 MW of heat
dissipation is roughly equal to 10 g/s of water evaporation). The magnitude of water flux can be seen by
considering that it is the equivalent of about 12 cm/yr
of water evaporated over an area of 10 km . Effective
plume height is assumed here to be 100 m, but can be
more accurately calculated using Hanna's (1972) formulas for plume rise from a single cooling tower. This
figure is probably on the low side of the range of possible plume heights, but will be used because it yields
conservative estimates of ground level water concentrations. As shown by equation (3), ground level concentrations can be greatly reduced by increasing the
effective plume height, h . This can be accomplished by
placing the cooling towers as close together as possible,
so that their plumes combine. But it was mentioned
in the previous section that if the plumes combine the
possibility of large cloud development is enhanced.
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There is a paradox that certain atmospheric effects are
enhanced no matter how the towers are spaced. Further
study is necessary to determine which of these atmospheric effects is more tolerable.
An alternative model, simpler than the Gaussian
plume model, is provided by the well-mixed piece-ofpie model: in this, water is assumed to be mixed uniformly within a sector of angular width 22.5° and within
the vertical depth, Z. The formula for the concentration,
X, is
UZ(2TVX/\6)'

V

;

The results of both (3) and (4) are given in Table 3. For
the purposes of illustration it is assumed that the average wind speed is 3.7 m/s, and that the plumes from all
of the towers merge by a distance of 10 km from the
site. The mixing depth, Z, is assumed to be 300 m.
The results of the two plume models agree within a
factor of two, indicating that they are not particularly
sensitive to the form of model chosen.
These figures must be compared with the saturation
deficit Am (g water vapor/kg air), defined as the difference between the saturation mixing ratio and the
actual mixing ratio. If the concentration, X, of excess water is greater than the saturation deficit, Am,
then fog forms. We will assume, for the sake of illustrating the point, that the probability distribution of saturation deficits measured at Oak Ridge, Tennessee, and
reported by Hanna and Perry (1973) is the same as
that of this hypothetical site. Thus the probability that
the saturation deficit is less than 0.5, 1, 2, and 4 g/kg is
21, 32, 49, and 66%, respectively. Based on the results
of the Gaussian plume model, we can predict that fog
due to the cooling towers will occur downwind, at the
ground under the plume about 66, 32, and 21% of the
time at distances of 20, 50, and 100 km from the site.
If winds are equally probable from all directions, then
on an annual basis fog due to the cooling towers will
occur at any given spot about 4, 2, and 1% of the time
at distances of 20, 50, and 100 km, respectively. Since
the average occurrence of rain is about 10%, and of
light and dense fog is 6% and 2%, respectively, then
the cooling towers are predicted to cause a significant
increase in fog concentrations at these distances.
If the cooling towers were spaced at least 1 km apart,
their plumes would not merge until 5 or 10 km downwind. Close to the towers, the source strength, Q, would
thus be that of a single tower, about 10 g/s, and ground
level excess water concentrations would be 0.30, 1.0,
and 0.70 at distances of 1, 2, and 5 km from the towers.
6

T A B L E 3. Ground level concentrations of excess water from
cooling towers, assuming Q = 4 X 10 g/s. U = 3.7 m/s, and
neutral stability.
7

Distance downwind
*(km)
10 20 50 100
Gaussian plume
X(g/kg or g/m ) 13 4.9 1.1 0.42
Well-mixed pie
X(g/kg or g/m ) 7.9 4.0 1.6 0.79
3

3
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Annual increases in fog at any given location for this
configuration would be of the order of 2%.
These calculations assume, in keeping with all current models of water dispersion from cooling towers,
that water is thermodynamically inert which, of course,
it is not. When the water vapor condenses, latent heat is
released, and this contributes to the plume dynamics in
a way that must necessarily affect plume growth, merging, height of rise, fogging, and so on. Natural cloud
physics processes operate and should be included in any
more detailed model of fog occurrence.
In the case of the low-level, mechanical draft (wet)
cooling towers, plume aerodynamic downwash to the
ground within a few tens of meters of the banks of
towers can be expected to occur frequently. Based on
Oak Ridge experience (Hanna, 1975), this can be expected to occur approximately 30% of the time. This
would result in a fairly dense fog at ground level within
several hundred meters downwind of the tower banks,
and it would be well on this account to consider the
location of these with respect to highways. These plumes
will ordinarily rise at still greater downwind distances
owing to buoyancy, but subsequently will diffuse downward to the surface again, just as in the case of natural
draft towers. However, the added contribution to the
effective plume height, h , due to the initial tower
height will not in this case be available. Although
we have not made calculations for this case, it is clear
that plume saturation, i.e., fogging, will occur sooner
(i.e., closer to the source) and more frequently, for
mechanical draft towers.
e

7. Drift deposition

It is assumed that about 5 X 10 g/s of circulating water
would be sprayed as drift from wet cooling towers at
the site considered in the last section. According to
Shofner et al (1975), typical drop diameter of the drift
water from modern cooling towers is about 100 /mi. We
do not know what the concentration of chemical impurities will be in the drift water. To calculate drift deposition accurately, drop evaporation and plume kinetics
must be accounted for, using techniques proposed by
Laskowski (1975) or Hanna (1974). Here we will make
only a crude calculation since the exact chemical makeup
is not known.
The settling speed of water drops with diameters of
100 /mi is about 0.27 m/s. Consequently, it will take the
drops about 750 s to fall to the ground from a plume
height of 200 m. If the wind is blowing at an average
speed of 3.7 m/s, the drops will strike the ground about
2780 m from the towers. If it is then assumed that
the drops are deposited uniformly on a ring around
the site, with inner radius 2000 m and outer radius
4000 m, then the deposition rate of water, w(g/m s) equals
5 X 10 g/s
7r[(4000 m) — (2000 m) ] °
*
°
2.1 X 10 g/acre yr. (5)
3
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This figure is the equivalent of a rainfall rate of 0.4
cm/yr. The deposition rate of chemicals that are present
in the circulating water would equal the deposition rate
of water times the mass concentration of the chemicals
in the water. For example if the cooling water were sea
water with a salt (NaCl) concentration of 30 000 ppm,
the deposition rate of salt would be 3.9 X 10" g/m s or
6.3 X 10 g/acre yr.
6
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8. Summary

By comparison with the energy production of natural
atmospheric processes, the generation of waste heat at a
10 000 to 50 000 MW power park ranks between thunderstorms and squall lines on the energy intensity scale.
Certain geophysical phenomena have produced energy
at rates on the order of that for the proposed power
centers. These have caused cumulus clouds to form to
heights of more than 5 km in the atmosphere, accompanied by local inflow of air at the surface, by intense
vortices, and sometimes by thunderstorm phenomena.
A criterion for determing whether natural vorticity
will be concentrated by a buoyant source is applied to
the natural and man-made heat sources discussed in this
paper. The predictions of this criterion are shown to
be generally correct for sources such as bushfires, oil
fires, and natural convection. The criterion predicts
vortices to be formed around power parks.
Using an empirical method for estimating multiple
plume rise, it is predicted that the plume rise from an
aggregate of cooling towers will be 10% or more greater
than the rise from a single tower if the towers are
spaced closer than 300 m.
A condensed plume is predicted to occur about 20%
of the time at distances of 100 km from natural draft
towers dissipating about 80 000 MW of waste heat, for a
power park location in the southeast U.S. At a given
location within 100 km of such towers, excess ground
fog due to the towers would occur about 2% of the
time. Drift deposition of water would average about 0.4
cm/yr at distances from 2 to 4 km from the towers.
Naturally occurring precipitation phenomena would be
augmented.
The preceding numerical estimates are all tentative
and approximate, and they should be verified in the
future using more complete theories and data. There is,
however, no reason to doubt their general level of accuracy, even though the precise values are in some
question.
9. Suggestion for future research

Almost all of the problems related to the meteorological
effects of large power centers are currently marked by
inadequate theories and the absence of observations.
The following research programs are urgently needed in
support of any more detailed consideration of the meteorological effects of a power center.
1) A theory of the merging of separate convective elements should be developed.
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2) Models of multiple cloud growth and their interaction with the environment should be studied and applied to the power park problem.
3) Mathematical models of cloud growth due to large,
continuous, latent and sensible heat plumes from fixed
sources should be devised and studied. These phenomena should be measured in the atmosphere and
the model calculations tested with the observations.
4) Models combining both thermodynamical (buoyancy
and latent heat) effects and passive diffusion of cooling
tower plumes should be developed and tested.
5) Physical modeling in a wind or water tunnel of
aerodynamic (downwash) effects of various cooling tower
configurations is needed. (Groups of towers may act as
a collective barrier to air flow.)
6) A more detailed drift deposition model is needed,
which should account for the initial distribution of drift
drops across the plume.
7) Scavenging of pollutants (including radioactive
species) by cooling tower plume water drops needs to be
studied.
8) A modeling effort, mathematical or in a suitable
wind tunnel, or preferably both, should be made to
study the possible role of the contemplated waste heat
releases from energy centers in organizing and concentrating local atmospheric convection and vorticity.
There is a particular need for more measurement programs to accompany all these theoretical and design
studies, because the values of many controlling parameters must be determined.
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aimouDcements
GATE data catalogue published

The GATE Data Catalogue, which describes the data sets
and products now available from the Global Atmospheric
Research Program's (GARP) Atlantic Tropical Experiment
(GATE), has been published by World Data Center A, Meteorology, in Asheville, N.C. The catalogue has been distributed worldwide to more than 300 scientists who participated in the GATE program.
The catalogue lists the 16 major GATE data sets completed by 1 April 1975. These include preliminary sets prepared during the experiment, data from several participating ships, and many of the data collected by satellites. The
lists are organized into four major sections: 1) Information
products prepared during the experiment; 2) Nationally
processed and validated data; 3) Internationally processed
and validated data; and 4) National raw data holdings.
The catalogue is in looseleaf form and will be updated
periodically. The first update includes new data products
received at the Asheville archives through 1 July 1975. The
final GATE data set will be the largest collection of
oceanographic and meteorological data ever compiled for
a particular region of the world.
Copies of the GATE Data Catalogue may be obtained by
writing Grady McKay, World Data Center-A, Meteorology,
Federal Building, Asheville, N.C. 28801.
CIRES visiting fellowships

The Cooperative Institute for Research in Environmental
Sciences (CIRES) offers one year Visiting Fellowships to
scientists with research interests in the areas of atmospheric
science, solid earth science, atmospheric and terrestrial EM
wave propagation, and paleo and rock magnetism. Recipients of these awards are completely free to pursue their own
research programs. Selection is made on the likelihood of
an active exchange of ideas between the Visiting Fellow and
the scientists in CIRES and other local research groups.
Stipend is scaled to research experience, and the program is
open to scientists of all countries.
Applications for the 1976-77 academic year awards should
be sent to: The Director, Visiting Fellows Program, CIRES,
University of Colorado, Boulder, Colo. 80302 U.S.A., before
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Stern, M. E., and J. S. Malkus, 1953: The flow of a stable
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10, 105-120.
Taylor, D. F., and D. T. Williams, 1968: Severe storm features of a wildfire. Agric. Meteor., 5, 311-318.
Taylor, R. J., S. T. Evans, N. K. King, E. T. Stephens, D. R.
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a large scale brushfire. J. Appl. Meteor., 12, 1144-1150.
Thorarinsson, S., and B. Vonnegut, 1964: Whirlwinds
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1 February 1976 and should include curriculum vitae,
publications list, names of three professional references, and
a brief outline of the intended research. CIRES is jointly
sponsored by the University of Colorado and the Environmental Research Laboratories, National Oceanic and Atmospheric Administration.
APCA annual meeting—call for papers

The 69th Annual Meeting of the Air Pollution Control
Association (APCA) will be held 27 June-1 July 1976 at the
Memorial Coliseum in Portland, Ore. Areas of special interest
to meteorologists will be: dispersion modeling, atmospheric
chemistry, air pollution and meteorology measurements, and
air pollution surveys. Abstracts should be submitted by 1
December 1975 on the APCA annual meeting proposal form,
which can be obtained from Dr. Richard W. Boubel, Technical Chairman, Dept. of Mechanical Engineering, Oregon
State University, Corvallis, Ore. 97331.
W M O issues new catalogue of publications

Over 200 publications on meteorology, air pollution, water
resources, agriculture, marine and aviation sciences, climatology, and weather modification are described in the fully
annotated catalogue of publications recently issued by the
World Meteorological Organization. The 119-page catalogue
lists publications of the World Weather Watch (WWW) and
Global Atmospheric Research Program (GARP), technical
monographs, manual and guides, and atlases. Publications
are listed by subject and indexed by title and series. The
catalogue is available free on request from UNIPUB, Box
433, Murray Hill Station, New York, N.Y. 10016.
Aerospace fellowships for women

The Thirty-Eighth Annual Amelia Earhart Aerospace Fellowships program for graduate study in aerospace and related sciences has been announced by Zonta International, a
service organization of executive women in business and the
professions. Grants of $3000 will be awarded for the 1976-77
school year to women "recommended for their character
and scholastic record, and holding the bachelor's degree in a
science acceptable as preparatory for advanced aerospace
studies in the approved college of their choice." Applications
must be filed by 1 January 1976. For application blanks write
to: Zonta International, 59 East Van Buren St., Chicago, 111.
60605 (tel: 312 939-3850).
(More announcements on page 1083)
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A*
The Acoustic Radar records
continuous information about
stability, turbulence, and inversions aloft. Although it
does not directly measure the
temperature profile of the atmosphere, this continuous recording is frequently more
useful than a single temperature sounding because the
general form of the temperature profile can be visualized
and its time changes recognized.

ACOUST*
Current users of this simple-to-operate,
moderately priced instrument include-
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Powerplants
Smelters
Consulting firms
Government laboratories
Universities
throughout the world.

The instrument is being used for—
Environmental impact studies
Real-time emissions control
Diffusion research
Synoptic and mesometeorological
research.
Turbulence levels and studies
Time interpolation of sonde data

Continuous remote sensing and recording of—
• INVERSION HEIGHTS AND THE
DEPTH OF THE MIXING REGION—
the capability of the atmosphere to
disperse pollutants

WAVE MOTIONS AND BREAKDOWN,
FRONTAL SURFACES, AND MARINELAYER INVERSION—for operational
meteorology and research

• THE DIURNAL PATTERN OF
NOCTURNAL LAYERING, MORNING
BREAKDOWN OF INVERSIONS, AND
THE DAYTIME GROWTH OF CONVECTIVE CELLS-their timing and
strength for air pollution forecasting
and analysis

HEATED PLUMES FROM SMOKE
STACKS—a direct measurement of
plume rise
THE TOP OF A LAYER OF FOG OR
LOW CLOUDS—an operational tool
for airports

Prices from $6750.
Please call or write for additional information.

AEROVIRONMENT INC.
145 VISTA AVE., PASADENA, CA. 91107 • 213-449-4392
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