320158

Final Report

An Investigation of the
Meteorological Impact of
Mechanical-Draft Cooling Towers
at the Palisades Nuclear Plant

by

EDWARD RYZNAR Under contract with:
Consumers Power Company

DENNIS G. BAKER Jackson, Michigan

MICHAEL R. WEBER
DENNIS F. KAHLBAUM
MICHAEL ST. PETER

January 1980

@ ‘%\‘&;;, é

College of Engineering
Department of Atmospheric and Oceanic Science

# _4; /) A5 7
Docket® 2 52,4 2v0
Co n”'c’# 2/r0 of Dogument:

[&? ‘éﬁﬁ-‘ﬂ" ¥ ‘;ckﬂ HLE

8008140 2"\‘2




\

College of Engineering

' . The University of Michigan
‘ Department of Atmospheric and Oceanic Science

Final Report

AN INVESTIGATION OF THE METEOROLOGICAL IMPACT
OF° MECHANICAL-DRAFT COOLING TOWERS AT THE
PALISADES NUCLEAR PLANT

by
Edward Ryznar
Dennis G. Baker
Michael R. Weber

\
|
.
Dennis F. Kahlbaum |
Michael St. Peter |

|

DRDA Project 320158 ‘ | | |

under contract with:

CONSUMERS POWER COMPANY
JACKSON, MICHIGAN

administered through: |
The Division of Research Development and Administration

January 1980




PREFACE

This is the final report of the investigation under
Contract Number 72-1221-KB2 between Consumers Power Company
and the‘Unive:sity of Michigan. It discusses and summarizes
aspects of the work described briefly in quarterly letter
reports submitted since July 1972 and in detail in six
annual reports submitted since 1973. Additional-resulﬁs
have been published in six data reports which contain
summaries.and tabulations of all temperature, humidity,

precipitation, wind velocity, visibility and solar radiation

~ data recorded by the project's 13 meteorological stations

from 1972 through 1977. A final data report for the period
1 December 1978 through the end of themeasurement phase
in March 1979, is in preparation. |

A large number of present and former University of
Michigan staff and students have participated in the
investigation since it began. Former participants have
been individually acknowledged in pravious reports andé
the authors once again would like to thank them. Particular
thanks are given to Donald Pearson for maintaining data
collection and monitoring egquipment performance throughout

the entire measurement phase of the investigation. Those

who made important contributions to-data processing in— - ——

the last year are Will Beaton, Randy Bliss, Mark Casper,

Dennis Hodges, Ken Xurdziel and Bruce Wattle.
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Many personnel at the Palisades Plant itself also
were extremely helpﬁul.' Larry Kenaga and his colleagues
maintained the time lapse camera systam on the roof of the
turbine puilding and oversaw the plume observation program.
The cbservation program involved both plant security and
engineering peréohnel, who toock time to observe the plume
and note their observations on plume questionnaires. They
completed:2238 gquestionnaires in 1040 days of cooling
tower operétion.

The study could not have been conducted at all if
several property owners hadn't sacrificed-énough of their
property for the installation of a precipitation gage and a
weather shelter for the duration of the measurement program.
In the case of a main station located at the U.S. Department
~ of Agriculture Office in Bangor, not oﬁiy were we allowed
to locate metgqrologicaL equipment in a large area outside
the building} but all recording equipment was accommodated
inside. The cooéeratidn of Mrs. Krohn, Mrs. Johnson-and

the other USDA emplovees there is very much appreciated.

Our special appreciation is expressed to Dr. Harry
Moses of the U.S. Department of Energy for providing
valuable ideas, comments and suggestions concerning
all aspects of the project. The advice and cooperation of
Dr. Norton Strommen, former NOAA climatologist for Michigan,
‘Dr. Fred Nurnbérger of the Michigan Weather Service and
all other members of the advisory committee for the study

are gratefully acknowledged.




Mrs. Barbara Walunas typed this and other reports,
memoranda and correspondence and handled many administrative

details. Sincere thanks are expressed for her capable

help.
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ABSTRACT

Final analyses, summaries and conclusions regarding
the meteorological effects of the Palisades cooling towers
are prasented and discussed. Topics include (1) statistical
analyses of operational and nonoperational visibility,
temperature, relative humidity, dew point and precipitation
data, (2) cooling tower plume effects on fog, icing,
snowfall and solar radiation as determined‘from measurements
and visual and photographic plume observation programs,

(3) characterlstlcs of true lake breezes aﬁd thelr effects
on the coollng tower plume and (4) a comparison of opera-
tional and nonoperational occurrences of meteorological

conditions conducive to apple 'scab infections.
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I. INTRODUCTION

Background

The investigation was initiated in 1972 under separate
contracts with Consumers Power Company and Indiana &
Michigan Electric Company for a joint study of meteorological
effects of cooling systems at two nuclear power plants
near Lake Michigan in southwestern Lower Michigan. The
investigation was concerned with Consumers Power Company's
Palisades Nuclear Plant, which uses mechanical-draft
cooling towers, and Indiana & Michigan Electric Company's
Donald C. Cook Nuclear Plant, which uses a once-through
cooling system. ‘Both cooling systems were under construc-
tion at the time the investigation began.

The Palisades Nuclear Plant has 36 cooling tower cells
as shown in Fig. 1l.1l. The two blocks are 198 m long,
15.2 m wide, 19.8 m high and about 100 m apart. They
are parallel to each other in a west-east line extending
inland from near the Lake Michigan shoreline. Sand
dunes that rise up to 61 m above Lake Michigan extend
inland 0.6 km from near the towers, which are located
in an interdunal depression.

In the operation of the Palisades mechanical-
draft cooling towers, ambient air is drawn past cascading
heated water drops which lose heat to the air by sensible
and latent heat transfer processes. The result is that
the air leaving a cell is usually a satiyrated mixture of

air and water vapor which is warmer than the ambient
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Fig. 1.1: Aerial view of the Palisades Nuclear Plant and
mechanical-draft cooling towers prior to
operation (Consumers Power Company photo).




air. Condensation of the water vapor occurs as the air
leaves the cell and a visible plume usually forms. If
the generation load of the nuclear plant is at its full
capacity of about 700 megawatts, as many as 12,000 gallons
of water per minute may enter the atmosphere directly,
both as small droplets which comprise the plume and large
drops which fall out as drift. An aerial photograph
showing the cooling towers during operation oﬂ 23 December
1977 is shown in Fig, 1.2.
In the operation of the once-through system at the
Cook Nuclear Plant, water is taken from Lake Michigan at
a rate of about 1,645,000 gallons per minute (USAEC, 1973).
It becomes heated in cooling the condensers, and the heated
water is returned to Lake Michigan. An area of warm water,
or thermal plume, spreads out from the discharge point
and heat and moisture are lost by conductive, radiative
and turbulent transfer processes. According to Carson
(1976) the energy flux per unit area into the atmosphere
with a lake cooling method is about 3 orders of magnitude
less than the energy flux from the top of a cooling tower.
The planning of the joint study took into account
that even though meteorological effects of the two methods
of cooling were expected to be different, a study of
the effects of one system could supplement the other
study in many ways, since both cooling systems were located
on the Lake Michigan shoreline and separated by a distance of

only 33 km. The two investigations were set up as similar




Fig. 1.2: Aerial view of the Palisades Nuclear Plant and
mechanical-draft cooling towers during operation
on 23 December 1977 (Photo by Hann Photo Service).




S5-year projects, therefore, and work on them began in
April, 1972, when orders for equipment were placed and

locations for meteorclogical stations were chosen.

Purpose and Approach

The goal of the cooling tower investigation was to
determine (1) if the heat and moisture added to the
atmospvhere affect meteorological conditions ‘inland and
(2) if so, to what extent several meteorological variables
would be affected. Of major interest and concern, for
example, was the possibility that when the cooling tower
plume was moving inland it could, under certain atmosgheric
conditions, increase the humidity near the ground for
prolonged periods and, in addition, cause or enhance not
only fog and/or icing at the surface, but also cloud
growth and precipitation. Humidity increases, if large
enough, could seriously impact spraying operations
for disease prevention in the fruit belt inland from the
cooling towers, for example, and icing could deleteriously
affect the trafficability of the I-196 Freeway located
about 0.8 km from the cooling towers.

An cobservational approach was taken in the study which
was designed to provide basic information on possible
cooling tower effects on fog, solar radiation, precipitation,
temperature, and humidity by direct measurements. To the
extent possible, information on cloudiness and icing

was obtainable from special observations and photographs.




The nearest National Weather Service station which could
provide adeguate and somewhat representative information
on some of these variazbles was at Muskegon. Because the
station was located about 112 km north of the cooling

towers, however, it was out of range of their influence.

The necessary information closer to the towers was obtained

by establishing a special network of 13 meteorological
stations extending from near the cooling towérs to about
19 km inland (Ryznar, et.al., 1976).

A map showing locations of the stations comprising
both the Palisades and Cook networks and stations having
other types of meteorological data is shown in Fig. 1l.3.
Most of the National Weather Service (NWS) cooperative
stations shown have valuable long-term temperature
and precipitation data. These were used in the study
to determine natural variability. Of particular relevance
to the Palisades study is the station at South Haven,
which is only about 9 km north of the cooling towers
and has over 40 years of temperature and precipitation
data representative of shoreline conditions. These data
were analyzed in detail by Baten and Eichmeier (1955)
in terms of_climatological characteristics.

A map showing lccations of the Palisades network
stations in greater detail is given in Fig. 1l.4. Tempera-
ture, relative humidity and precipitation were measured

at all stations. At the two main stations, called PO0O3A
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and PQ7A in this report, wind velocity, visibility, and

. global solar radiation, consisting of direct plus aiffuse,
solar on a horizontal surface were also measured. The
network insfrumentation and‘calisration schedules are
given in Table 1l.1l. _

Station P03A was located in a flat field about 1
km ESE of the cooling towers and near the I-196 Freeway.
Time-lapse photographs of the'plume‘were made from this
station as well as from the roof of ﬁhe turbine building
on-site. In addition to providing éeneral information
on plume beﬁavior, the time-lapse photographs were especially
helpful in determining occurrences of plume downwash and
its downwind extent. Station P07A had the same equipment
as P0O3A exéepp for the time-lapse camera, but because it
was about 19 km inland, it was assumed to be out of range
'6f direct cooling tgwer effects. In this way, it acted
as a control station. |

The nuclear plant and cooling towers began test
operations on 1 April 1975. "Plant load was—gradually
increased to 80% of capacity later that month. Oufages
lasting from a few hours to a few days were experienced,
but the plant remained on line until 20 December 1975,
when it wasvshut down for about five months for refueling
and steam generator eddy current testing. It resﬁmed
continuous operation on 18 May 1976 and, exéept for
6ccasional outages lasting from several hours to several

days, it maintained an average generator load of about




Table 1.1: Network Instrumentation and Calibration schedule

Variable

Precipitation
Temperature
Rel. Hum.
Wind Speed

Wind Direction

Visibility

'Solar.Rad.

Instrument and
Source

Weighing gage
Belfort Inst. Co.

Hygrothermograph
Model 5-594 .
Belfort Inst. 005

Gill 3-cup Anem.
Model 12101
R.M. Young Co.

Wind Vane
Model 104 .
WeatherMeasure Corp.

Visiometer
Model 1580
Meteorology

. Research Inc.

Pyranometer
Model R411
WeatherMeasure Corp.

Height above
ground (meters)

Date

Months be-
installed tween calib. technique

Calibration

1

1.5

10/72
2/73
2/73

2/73

. 10/72

(PO3A)
3/73

(CO3A)
5/73

(PO7A)

10/72
(PO3A)

12/72
(C03A)
3/73
(PO7A)

12/72

(Clo0R)

6

12-18

12

Static
weights

Calib.
chamber

Wind
tunnel

Circular
linearity

Manufact.

Comparison
with
standard

0T




700 MW(e) until 6 January 1978 when it was shut down for
refueling. Testing resumed in April and the cooling
towers resumed operation on 21 April 1978. Several pro-
longed outages were experienced from that time until the
end of the measurement program on 26 March 1979.

In keeping with the original plan of the investiga-
tion, the final evaluation of the meteorological impact
of the cooling towers contained herein is baéed on (1)
an analysis and statistical-comparison of nonoperational
and ope:ational meteorological data and (2) case studies,
observations, and photographs of plume behavior and effects.
Lake breezes, which play a major role in determining plume
behavior during the spring and summer seasons, are also
analyzed in terms of their effects on the plume, frequency
of occurrence and penetratién inland. The question of
cooling tower impact on the fruit industry is addressed
directly in terms of a comparison of occurrences of
meteorological conditions conducive ﬁo potential apple
scab infections for nonoperational and operational

periaods.
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‘ PART A. PLUME BEHAVIOR AND EFFECTS




II. OBSERVATIONS OF FOG,
ICING, DRIFT AND PRECIPITATION

Introduction

Frbm-the time the cooling towers began operation in
April 1975 until the measurément program was terminated
in March 1979, visual and photographic obse;vations of
the cooling tower plume were made. Most of the visual

observations were made on-site within about 300 meters

- of the towers by plant engineering and security personnel,

who completed questionnaires concerning characteristics

and effects of the plume. Examples of completed questionnaires

were given and discussed in each annual report since 1976.
Time lapse photographs of the plume were taken from the
roof of the turbine building and from station PO3A. Final

resutts of the visual and photographic observations are

"described below.

Visual observations

Table 2.1 lists the number of plume questionnaires
completed in each quartér, the number of days of cooling
tower operation and the number of observations of plume
downwash, fog and icing reported since.the cooling towers
began -operation. The number of days of cooling tower
operation was determined from log books of plant operations
and from the time.lapse photographs.

In the 1042 days of cooling tower operation from

April 1975 through 31 March 1979, 2238 questionnaires were

15




Quérter

4/1/75 - 6/30/75
7/1/75 - 9/30/75
10/1/75 - 12/31/75
1/1/76 - 3/31/176
4/1/76 - 6/30/76
7/1/76 - 9/30/76
10/1/76 - 12/31/76
1/1/77 -~ 3/31/77
4/1/77 - 6/30/77
7/1/77 - 9/30/77
10/1/77 - 12/31/77
- 1/1/78 - 3/31/78
4/1/78 - 6/30/78
7/1/78 - 9/30/78

10/1/78 - 12/31/78
1/1/79 - 3/31/79

Table 2.1

Plume Questionnaire Results by Quarter

» . Days of
# Quest, Operation # Downwash
216 78 75
141 77 27
181 77 79
0 0
85 43 22
69 79 18
226 80 100
402 86 181
271 79 73
161 81 47
174 88 93
6 6 2
66 59 15
119 57 49
71 .65 ; 36
50 87 26

# Plume
fog
48

19

46

14
28
127
147
68
57
108

29
63

55
38

# Icing

12
0
16

67

134

24

9T



completed. Table 2.2 summarizes the results shown in

Table 2.1 in terms of the total number of observations of
downwash, plume fog and icing for each bf the four quarters.
Given in parenthesis is the corresponding percent of the

number of guestionnaires that reported these effects.

Table 2.2

Summary of Plume Questionnaire Reports by Quarter

Quarter - #_Quest. Downwash Plume Fog # Icing

/1 - 3/31 . 458 209 (46%) 190.(41%)- 164 (37%)
4/1 - 6/30 " 638 . 185 (39%) 159 (25%) 18 (3%)

7/1 - 9/30 490 141 (29%) 167 (34%) 0

10/1 - 12/31 652 308 (47%) 336 (52%) 118 (18%)

Fog. Seascnal changes in reported plume effects
on fog are evident in Table 2.2. The percentages of |
affirmative responses to the question asked concerning
downwash, worded as: "did the plume contact the ground?",
fbr example, increased from 29% to 47% from the warm to
the cold seasons. A similar increase can be noted in
the affirmative responses conce;ning fog caused by the
plume. Combining these results with'information obtained
from the time lapse photographs shows that between November
and March, fog in the form of a downwashing plume occurs

near the towers nearly half the time.

17
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Six observations of the plume occasionally descending
to ground level near the Blue Star Highway were reported:
The highway is 0.7 km from the east end of the cooling
towers and is ﬁearly coincident with the east boundary of
the Palisades site. Although only six reports of this
type were received, it is reasonable to believe that more
occurrences took place but were undetected because (1)
most visual observations were made in daytime within site
boundaries and (2) time lapse photographs showed the plume

in limited fields of view and in daytime only.

Icing. Icing due to freezing drift and plume was
reported frequehtly whenever temperatures were below
freezing. It was congined mainly to the site itself
except for the south boundafy, which is about 250 m
south of the southernmost block of cooling towers. It
was reported as late in the spring as 9 April and as early
in the autﬁmn aS 12 November. No reports of icing off-
site were received. On-site, however, icing due to freezing
drift caused damage to vegetation (Rochow, 1978a).
Slippery driving conditions on the access road were
frequently reported. |

Characteristically, the heaviest icing oqcurred near
the towers ahd/consisted of a dense, nearly transparent,
type of glaée ice caused by the freezing of the largest
and heaviest drift droplets which Qere the first to fall.’

Farther downwind, the type of ice changed from glaze ice
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to a less dense type of rime iéé caused by freezing of
the plume rather than of the larger droplet§ comprising
drift.

A case study of a severe icing episode which took
place on 18-19 December 1975 was submitted for inclusion
in the Fifth Annual Report of Operation-for the Palisades
Plant submitted by Consumers Power Company té the Nuclear
Regulatbry Commission in March 1976. Synoptic meteorologi-
cal coﬁditions which led to the icing were discussed in
detail.v In addition, a climatological study of the average
frequency of.occurfence of potential icing conditions

for Palisades was described in the Fifth Annual Report (1977).

Drift. Various intensities of drift were always

pfesent during cooling tower operation (Rochow, 1978b).
In three cases it was observed on the Blue Star Highway
at distances;of 0.9, 1.2 and 1.4 km east of the cooling
. towers. In the first two cases, the wind'speed measured
at station PO3A at a height of 3 meters was only about
.2 m sec-l.and in the third case it was ¢ m sec-l.

The downwind transport of drift at Palisades, as
illustrated above by the seemingly large distances in
spite of light wind speeds, has a complex dependency on
" wind speed and direction, tempefature and humidity and
their variations with height. Further complicating the
drift tfansport prohlem is that the cooling towers are

located in an area with higher sand dunes about 50 m east

and south of them. With onshore winds, for example,
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N .
orographic lifting of air by the dunes takes place which .
enhances plume rise and adds to the downwind transport.

For wind speeds ex;éeding about 4 m sec-l, however,

downwash occurs. These complexitieé are only pointed out;

the present study was not designed to include the special

measurements necessary for a more detailed analysis of

drift+ transport. | :

Precipitation frqm the plume. Apart ﬁrom drift,
precipitation from the plume in the form of snow was re- _
ported on four separate occasions. The first occurred on
19 December 1975 and was described in the report to the NRC | 3

cited above. The second occurred on 17 February 1977 with

a cloudless sky, a temperature of -14°C and a south wind.
Light snow from the plume was reported falling near the
visitor's center. The third occurred on 12 January 1979
with a 3000 ft overcast and a temperature of -11°C. The
plume was moving ﬁorthwestward toward Lake Michigan.

No natural snow was occurring at the time, but very light | N
snow was reported falling from the plume as it passed
across the shoreline. The fourth occurred on 17 February
1979 when the sky was cloudless and the temperature was
=-23°C. Again, an easterly wind caused the plume to move

lakeward, with light snow reported falling from it as it

passed across the shoreline.

Observations of this type were corroborated by
additional communications with the observers who reported ’

the snow. No reports of snow from the plume offsite
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were received nor was any significant accumulation

reported on site.

Time-lapse photographs

The time-lapse photographs were made every 90 seconds
from station PO03A beginning in April 1975 and, in addition,

from the top of the turbine building beginning in October

1975 (see Figure l.l). Components of the time-lapse systems - ‘
and examples of plume photographs in a lake breeze condition

were discussed in the Fourth Annual Report (1976). The \
system at PO3A provided information on plume behavior

above the sand dunes, which obscure the cooling towers

from the camera site. . The site had the advantage of being

far ehough away from the cooling towers that about 6.5 km

of the I~-196 Freeway was in the camera's field of view.

In addition, the field of view for the 1300 -m distance

to the cooling towers was about 1300 m horizontally and

1000 m vertically. With winds from W through NW the
behavior of the plume was photographed as it moved over
the freeway. The least information was obtained with east
winds or with strong winds from a general southerly or
northerly direction which caused downwash. The latter
kept the"downwashing'plume low enough to be obscured
by the dunes as it moved nearly parallel to the shoreline.
The plume was usually not visible at all with east winds
which took it lakeward.

The camera on the roof of the tﬁrbine building was

located near the southeast corner and faced inland (east).
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Its field of view included (1) a section of the parapet
of the turbine building, (2) four cooling towef cells at
the east end of the north block of towers and (3) the
utility-line corridor extending from the turbine building
as far as the first supporting tower on top of a sand
dune. Because the camera faced in a general easterly
direction it was able to provide information on plume .
diffusion and occurrences of doanash for wind directions
from'souﬁh;southeast clockwise through west-northwest.

All time-lapse films were reviewed and the character-

istics of the plume were determined from the photographs

" from both locations. Notes were taken on plume character-

istics such as its direction of movement, if it evaporated
and where, if it fragmented or remained as a dense plume,
if it downwashed, if it encountered wind direction

shear as it rose and if it stimulated cloud development

when there were no other clouds visible. The &bove-

information was used to document both the results obtained

from the plume gquestionnaires and the plume'effects.on

‘'solar radiation discussed in the next section.

All questionnaires and time-lapse films are on file-
at the University of Michigan. The information extracted
from each questionnaire was entered individually in a

master log boock and is documented with meteorological data.
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III. SHADOWING AND EFFECTS ON
SOLAR RADIATION

The time lapse films of the cooling tower plume
discussed in the previous section show that the plume
often resembles a stratocumulus type of cloud which,
for a cloudless sky, shadows an area on the groﬁnd as it
moves downwind. If more than 7/10 of the sky is already
covered by,opaqué cloudiness, the shadowing is hardly
discernible and any'additional diminution by the plume
of solar radiation reaching the ground is insignificant.
If the sky is cloudlesslexcept for the plume, however,
and if no abnormally large attenuation of solar radiation
by atmospheric particulates and/or aerosols is occurring,
the plume simultaneously diminishes solar radiation
directly where its shadow falls and enhances it on both
sides. Examples were discussed briefly in the Fifth
(1977) andrsixth (1978)_Annual Reports. Evaluations of
these effectsias well as the seriousness of the shadowing
problem in general are described below.

The results are based on case studies for times
when an-obse:ver was near the pyranometer at station PO3A .
to verify that fhe sky was cloudless and that the cooling
tower plume was the only cause of the variations in solar
radiation recorded. The recordings included times when
the plume was close to and occasionally intersected an
imaginary line connecting the sun and the pyranometer. The

plume was fragmenting during these times and produced




frequent brief decreases as well as increases in measured
solar radiation. It was found that the mean of each of
the 4-hour recordings analyzed was about 6% greater

than that which would have occurfed with a completely
cloudless sky.

The reason for the increase is that the plume
reflects solar radiation in a way similar to that of a o
cumulus-type of cléud. The reflections occur hot only
back to space from the plume's upper surface but, more
importantly, toward the.ground from its sides. As a result,
ground locations within a certain distance on eithér
side of its main shadow receive not only thé direct and i

diffuse solar radiation they would normally receive with

a cloudless sky but also the additioﬁal amount reflected
by the plume. The reason that the effects of a plume
differ from those of‘cumulus clouds is that cumulus clouds
are usually randomly distributed. A plume, however,
can move in a relatively constant direction downwind if
the wind direction variability is small. Over a matter
of hours, therefore, whereas cumulus clouds normallgraecrease solax
radiation compared to its cloudless value, a plume can
enhance it at certain locations.

Several factors determine which locations receive

smaller or larger than cloudless amounts of solar radiation.

The most important is the geometry involving the position

‘and direction of movement of the plume in relation to the ‘

position of the sun. A dense plume moving parallel to

- the shoreline (north or south), for example, can be expected




to increase solar radiation in an inland (east) direction
just after sunrise and in a lakeward (west) direction
-just before sunset. Near solar noon, areas on both

sides of the plume receive additional solar radiation
regardless of the plume's direction of movement. The
steadier the wind direction, the'more'prolonéed-will be_
the time that (1) the area shadowed completely by the
plume receives less solar radiation at the same time that -
(2) areas on each side of it receive more.

Regardiné shadowing effects by the plume in general,
cloudiness information-obtained from climatological
summaries. for Muskegon shows that except for'the summer
season, shadowing by the plume does not significantly
add to that produced by natural daytime cloudiness. For
example, natural daytime cioudiness covers an avérage
of 8.5 tenths of the sky in winter, 6.6 tenths in spring,
5.2 tenths in summer and 6.7 tenths in autumn (Michigan
Department of;Agriculture, 1971). Even in summer, shadowing
is usually not pronounced except in-the early part of the
day. Time lapse photographs showvthét after 1100 local
time, on most summer days the plume evaporates within a
short distance of the coolingAtowers uniess a lake breeze
forms. In this case abrupt changes in plume characteristigs
and behavior can take place, as discussed in the following

section.
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IV. EFFECTS OF TRUE LAKE BREEZES
AND THEIR CHARACTERISTICS

Introduction

Because the Palisades cooling’towers are located on the
éhore of Lake Michigan, the behavior of the cooling tower
plume in the warm seasons is often determined by diffusion
characteriétics associated with lake and land breeze circulations.
Time lapse phdtographsvshow, for example, that the plume's
behavior and éharacteristics undergo significant changes during
and immediately after the passage of a true lake breeze and
during the.mofe gradual passage of a land breeze.

The importance of lake breezes in affecﬁing plume behavior

caused their characteristics to be studied since the measure-

ments comprising this investigation began in 1973. - Analysis

of recordings‘of temperature and humidify at each station and
of_wind.velocity at the four main stations for the 6-year’
period of recordings provided information on lake breeze
occurrences, penetration inland ahd speed of movement inland.
These characteristics were studied in relation to other
'meteorological variables such as cloudiness and offshore wind
speed.  Each annuai report siﬁce 1974 contains an updated
summary of findings. Final results are discussed below.

Types of lake breezes

-A true lake breeze, abbreviated in this discussion as
TLB, is defined here as air from over Lake Michigan moving
onshore and inland and displacing warmer air moving toward the

lake. Because the air along the leading edge of a TLB is ‘
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&isplacing warmer air, it has ﬁany of the characteristics of a
cold frant, or TLB front in this case.

Whereas the offshore wind preceding a TLB is caused by=the
large-scale pressure distribution as indicated by iscbars on
a weather map, the TLB itself is a daytime wind caused by a
lake-to-land pressure difference generated by the land becoming
warmer than the water. The Michigan shoreline in the vicinity
of the cooling towers is oriented approximately north-northeast
to south-southwest, so a TLB moveé inland against an existing
wind direction which is between northeast clockwise through
south. Its passage is best characte:ized and detected by a
shift in wind‘direction from a general easterly to a westerly
one.

Although it is not considered here, another type of lake
breeze occurs more frequently than the TLB at the Palisades
location. It is a type which occurs when the existing wind is
already onshore and similar thermal differences between land
and water déVelop. This type of lake breeze adds an impetus to the
existing‘ohshore wind and is aetectable ﬁainly as an increase
in wind speed. Changes in temperature,'humidity, wind
direction and'thermal'stabiltiy are generally less than those
caused by a TLB. As a result, even though it is more common
than the TLB along the eastern shore of the lake (because
westerly winds afe more common then easterly winds in the warm
seasons), its overall effects on the cooling tower plume are

also less.
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Effects on the plume

A wellfdeveléped TLB front passing over the cooling tower
site causes the plume to change from one which is moving lake-
ward and hés significant vertical development near the shore to
one which is moving inland, is moée dense, and has less vertical
development. . These changes, which may take place in as short
a time as 10 minutes, are due to the following meteorological
changes accompanying the passage of the TLB and the transition
from land air to lake air at the cooling tower site: |

(1) a shift in wind direction from offshore ta onshore,

(2) a decrease in temperature which decreases the wet
bulb depression and acts to increase plume density and
length,

(3) an increase in humidity which also decreases the wet
bulb depression and acts to increase plume density
and length,

(4) an increase in wind speed which bends the plume over
and in many cases leads to downwash, and

(3) a change in vertical temperature structure to a more
-stable stratification, which acts to decrease the
buoyancy of the plume.

The largest changes in temperature and humidity caused by

a TLB front usually occur during times of the greatest land to
water temperature contrast. For example, if a TLB does not
develop until early afternoon, which is usually the time of
maximum temperature and lowest relative humidity, a decrease in

temperature of 2°Cand an increase in relative humidity of about
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20% are coﬁmon changes.

The following is an example of the relevance of these
changes to the behavior of the cooling tower plume, If the
air temperature remains near 24°C, but if the relative
humidity increases from a value ofvéb% to-GO% due to a TLB
frontal passage the wet=-bulb temperature increases from about
15°C to 19°C and decreases the wet-bulb depression. The
smaller the.wet-bulb depression, the less the amount of water
that.can be evaporated into the air. The effects on the plume

are increases in its density and length.

Effects of cloudiness and wind speed on TLB

A total of 187 TLB occurrences in the 6-year period were
analyzed to determine how cloudiness and wind speed contfol the
formation and behavior of the TLB. It was found that
1) A TLB will form if the sky is cloudless (or nearly so) and
if the speed of the existing wind blowing lakeward does not .
exceed about 5 ﬁ sec™l. It is likely to form between 0900 and
- 1100 local.time and move inland ét a speed of about.l té 2 m
séc™l. The lighter the offshore wind and the fewer the ¢louds,
the earlier it will form and the faster and farther it will
move inland.

2) If the sky is cloudlesss and the offéhore wind speed is

l, a TLB is likely to form, but later.in the day

ﬁea: 6 m sec”
near the time of maximum land-lake temperature difference.

It is not likely to penetrate more than 5 km inland. There

is also a strong possibility that it will be forced to retreat,

often back to the shoreline itself..
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3) A TLB will not form if more than about 7/10 of the sky ' .
is covered by clouds or if the existing offshore wind exceeds

7 m sec_l even if the sky 1s cloudless. 1In the~fir§t case

it will not form for the following reason: the greater the
cloudiness, the less chance that a large enough land-to-

lake temperature difference will develop to enable a TLB

to form. In the second case, énhanced turbulent exchange | E
of heat and momentum associated with an offshore wind of

about 7 m'sec-l does not allow the land-to-lake temperature
difference to become large enough near the shoreline to

create the pressure field necessary to initiate a léke

breeze circulation. 5

Qccurrences from 1973 through 1978

Table 4.1 shows the number of occurrences of true lake

|
!
1
g

breezes by month for each year from 1973 through 1978.

Table 4.1

Monthly Occurrences of True Lake Breezes for
1973 through 1978

M A M J J A s 0 N TOT

1973 5 3 2 2 2 3 1 3 0 21 :
1974 3 1 4 5 7 10 5 0 0 35 :
197. 1 3 4 4 s 7 -3 1 2 30 f
1976 2 2 5 4 4 .8 4 1 0 30 “
1977 1 6 6 6 4 5 3 2 a2 33
1978 o 6 7 3 7 9 s o 1 38

7 3 187

Tot 12 21 - 28 24 29 42 21




It can be noted from Table 4.1 that an average.of about

31 TLB occur betwéen March and November each year and that
July and August have the largest number of occurrences. The
fact that the TLB is most frequent in these two months can
be explained in terms of average air and water temperatures,
cloudiness and wind speedé which occur in combination along
the eastern shore of Lake Michigan. Coﬁpared to average
conditions for the other months shown, July and August have
the highest maximum témperatures (about 26°C), the least
daytime cloudiness (about 4/10 coveragef and the lowest

l). The avérage water temperature

wind speeds (about 4 m s~
near the sufface is about 21°C. The overall result is that
the land to water temperature difference, which is the driving
force of the TLB, is enhanced in these»months by the small

amount of'aaytime cloudiness, which allows the land to warm

and by the low wind speeds, which remove proportionately

less heat from the land by turbulent exchange than'do the

higher wind speeds of the other months shown.

Penetration inland
Table 4.2 shows the 187 occurrences in terms of the

number that reached various maximum distances inland.
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Table 4.2

Number of True Lake Breezes Reaching
Maximum Distances Inland

<1l km 1-5 km 5-11 km 11-19 km >19 km

1973 4 2 4 3 8
1974 3 : 3 6 10 13
1975 2 7 7 o 5 : 9
1976 1 3 7 "7 12
1977 2 1 10 | 5 15
1978 3 6 5 5 19 |
Totai C 15 22 39 35 76 !

It can be noted from Table 4.2 that a total of 76 of the 187

TLB, or nearly every second one, moved at least as far inland
as the farthesﬁ station, whiéh was PO7A at 19 km. On' the
other hand, 15 passed the shoreline statlons but were just barely
idlscernlble when they passed stations near 1 km inland.
Although they are not shown expllc1tly in Table 4.2,
50 TLB reached some maximum distanée inland but were then
- forced to rétreat lake&ard by the existing offshore wind
and/or by an increase in .cloudiness which decreased the land-
to-lake temperature difference. OFf the 50 TLB fronts which
returned lakeward, 24 were forced back to the shoreline
itself, For these occurrences, the meteorological changes .
which were associated with the TLB moving inland were

reversed, with corresponding changes in the characteristics

of the cooling tower plume. : ‘




33

Vertical temperature structure

The availability of meteorological tower data for 1975
£hrough 1978 enabled a total of 129 TLB occurrences to be
analyzed to determine their effects on thermal stability.

The analysis was based on hourly averages of temperature.
data obtained from Meteorological Evaluation Services Inc.,
Amifyville, New York, which has the responsibility for pro-
Cessing and tabhlating wind and temperature data from the
‘meteorological tower located at the Donald C. Cook Nuclear
Plant. The tower is located on top of a sand dune about
300 m from Lake Michigan._-In addition to wind sensors,

the tower contains temperature sensors at 9 and 55 m,.,  For
1978, similar data were proVided by Consumers Power Company
from a newly installed meteorological tower at the Palisédes
site.

Although there are many variations of the TLB,.a typical
behavior of wind direction throughout the day associated
with the TLB consists of a mofning wind shift to onshore,
~a gradual clockwise veering of the wind throughout the day
due to the effect of Coriolis force and an evening wind shift
to an offshore wind direction as the land cools to the water
temperature (Weber, 1978). Effects of the various wind
directions on temperature differences between 9 and 55 meters
were—determined using hourly values (l) prior to TLB passage, .
(2) covering the time of TLB passage, (3) for the period of
onshore wind, (4) covering the time of the evenin§ wind shift
from onshore to offshore and (5) after the wind shift and sub-

sequent return to land air had occurred.




Results of the analysis are shown in Table 4.3 and Table ‘
4.4. Table 4.3 shows averages of T55-T9 for the hour prior
to, during the TLB period,and for the hour after the passage
of a TLB front. Table 4.4 shows averages of the changes that
took place with TLB passage and retreat. In all cases
actual, and not potential, temperatures were‘used.

It can be noted from Table 4.4 that in 114 cases, the

average temperature difference for the hour prior to TLB

. passage was negative (thermally unstable stratifiéation,

or lapse) with an average of -1.4°F. This is equivalent to

a heighf decrease in temperature of about 1.7°C/100_m, , _ ,ﬁ
or nearly twice the adiabafic lapse raté. With moderate wind
spéeds, such a temperature Qifference is conducive to rapid

vertical and horizontal diffusion of the cooling tower plume. .

Dufing the daytime period with onshore winds, the average

temperature difference for 114 cases was nearly the same as

above. One hour after the evening wind shift from onshore

to offshore, however, 63 of 120 cases had changed to an

inversion (thermally stable stratification), 45 retained

a lapse and 12 had the same temperature at 9 and 55 m.
From Table 4.4, it can be noted that with the passage ol

of a TLB,'an ipcrease in stability occurred in 68 cases, a - )

decrease occurre& in 28, and 27 showed no change. With the

evening wind shift, the predominant change was toward increasing

. stability as shown by the 103 positive changes. Some of the

17 negative and zero changes were associated with lake

breezes which were forced to retreat lakeward during the

afternoon when there was still a pronounced temperature lapse

over land.




Values of T

Table 4.3

55 79

-T., for True Lake Breezes*
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Tee-T : During
55 “9 Hour Prior Onshore Winds Hour After
$# Cases Ave. °F # Cases Ave. °F #Cases Ave, °F
Neg. (lapse) 114 -1.4 114 . .-1.3 45 -0.9
Pos. (inversion) 5 +2.9 6 '+0. 9 63 +1.5
Zero 4 A 0 1 0 12 0

Changes in ng‘Tg with Passage and Retreat‘of

Table 4.4

True Lake.Breezes*

Sign of Change With Passage With Evening Windshift
: _ With Retreat
iCases Ave. °F 4 Cases Ave. °F
Pos. (incr. inversion
or decr. lapse) 68 +0.8 103 +1.1
Neg. (decrzr. inversion) 28 - =0.8 12 -0.6
Zero 27 0 5 0

* Differences in the total number of cases in the
various categories are caused by missing data
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®
A comparison of 1978 résults was made using data for

both the Palisades and Cook meteorolcgical towers. Actual

values were slightly different, but both showed (l)linsta-

bility for the hour prior to TLB passage, (2) an incfease

in stability with passage, (3) instability during the period

of onshore winds and (4) an increase in stability accompanying

the wind shift from onshore to offshore. For the hour after

this wind shift, however, the Cook data showed an average : i

lapse of =0.4°C but the Palisades daﬁa showed an inversion

of about +0.4°C. One of the main factors responsible is that

comparatively flat homogeneous terrain is upwind from the
Palisades tower for offshore winds. Wooded inhomogeneous o

terrain is upwind of the Cook tower, however, which delays

the formation of inversions comparad to that over flat and A

level terrain. : _ . {




PART B.

STATISTICAL ANALYSES AND COMPARISONS OF
OPERATIONAL AND NONOPERATIONAL DATA

FROM THE 13 METEOROLOGICAL STATIONS




V. FOG OCCURRENCES AND VISIBILITY
REDUCTIONS AT STATIONS PO3A AND PQ7A

Introduction

The possibility that moisture from the cooling towers
may increase fog at locations other than those close to
the cooling towers, where downwash occurs, was stuaied
with both nonoperational and operational visibility
measurements from visiometers at stations PO3A and PO7A.

In the first part of the study, the approach‘was'to deter-
mine which episodes of visibility reductions to less thaﬁ
3 km were caused by advection-radiation fog (abbreviated
in this report as a-r fog) and then to compare occurrences
and durations at the two staﬁions when the cooling towers
were oée:ational and nonoperational. Meteorological
condiﬁiohs conducive to a-r fog formation as they might

be affected by cooling. tower operation were discussed

in detail in the Fourth Annual Report  (1976).

In the secon& part of the study, statistical méthods
and tests were applied to the number of hours with visi-
bilities reduced to 3 km or less by meteorological ,
obstructions other than snow. The purpoée was to determine
if an increase in the number of hours of visibility
reductions occurred during cooling tower operation and

if so, whether the increase was statistically significant.

Advection-radiation fog

The basic assumption in this study was that station

P07A, because it was located about 19 km inland from the

39
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cooling towers, waé out of range of tower influence on ‘
a~r fog, so occurrences thers were due to natural causes

only. A-r fog at P03A, which was located about 1 km from

the cooling towers, however, was‘also due to natural

causes, but occurrences and durations there could be

- enhanced by moisture from the cooling towers. Non-

operational and operational occurrences of a-r fog at

" both stations were compared, therefore, to détermine if

significant increases occurred at PO03A which were not -

attributable to natural causes.

Nonoperational and operational occurrences. The i

number of hours with a-r fog at both stations is given

by month and year in Table 5.1 for the preoperational ‘
yearé of 1973-74 and the operational years of 1975 |
throuéh 1978. The corresponding percentages of available

data recorded in each month are also listed. These data | _ *
comprise the basis for the cdntingency analysis discussed

below.

Contingency Tabulation. The statistical method found

to be effective in analyzing the data in Table 5.1 for

a possible cooling tower effect is the 2 x 2, or tetrachoric,
contingency table applied to individual episodes of a-r

fog at each statioﬁ. The reason that the method is useful

is that if there are two events, a and b, only one of which

must occur, and two other events r C and 4, only one of .

which must occur, a determination can be made concerning
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D 100 0

3‘ Table 5.1 Hours of advection-radiation fog by month and year
E03n BO7A
Avail. Hours Avail. Hours
Data Fog Data Fog
(%) (%) _
1 J 74 0 (Preop.) 0 -
F 58 0 0 - -
M - 0 -
K N o . i
g M 72 34.4 51 . 13.1
' I 100 59.2 91 18.5
; J 100 ' 78.6 . 98 38.2
i A 97 103.5 61 26.7
S 100 61.9 61 13.6 i
i 0 99 87.5 100 26.3 1
N 100 5.7 100 | 5.4 ‘
. D 97 0 ‘ - 100 0 : ‘
: 1974 ‘
3 0 ' - (PreoT) ‘ 97 ' 0 j
F 55 0 94 10.7 |
M e - 5.5 66 5.9
A o - 0 -
1 43 6.6 75 13.8
J 100 - 51.5 _ 99 25.9 |
3 100 ©78.1 100 0.6 \
A 86 93.8 | 68 23.9 \
'S 93 123.8 0 . - ‘
o 100 14.2 0 -
N 100 31.9 0 - ‘
° ‘
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PO3A PO7A

Avail, Hours Avail. Hours

Data Fog Data Fog

(%) (%)
1975

J 99 0 0 -

F 99 0 34 0

M 100 19.5 100 0
A 100 9.4 73 0.2
M 78 26.5 100 11.9
J 94 74.6 100 32.6
3 81 120.3 100 31.0
a 96. 60.2 89 31.9
s 87 51.2 95 43.3
0 100 45.5 100 . 28.6
N 88 25.4 69 26.9

D 87 0 0 -

1976

J 100 0 -

F 100 0 -

M 93 1.4 85 0
A 89 6.8 99 4.9
M 91 20.5 100 21.3
J 98 42.6 100 22.4
J 81 26.1 89 30.0
a 100 113 100 67.6
s 100 38 90 35.1
o 90 20 100 12.4

N 97 -98 0

D 21 84 0




Table 5.1 (cont.)

PO3A PO7A

Avail. Hours Avail. Hours

Data Fog Data Fog

(%) (%)

- 177
J 20 0 81 0
F 40 0 93 0
M 77 0 100 0
A 87 3.2 99 0.2
M 100 28.8 98 3.1
J 9% 17.7 92 7.5
J 100 29.7 99 7.1
a 90 18.8 100 3.7
s 100 18.4 100 ©13.6
0 83 11.9 100 8.5
N 97 0 96 0
D 79 - 0 71 0
1978

J 33 0 0 -
F 87 0 0 -
M 100 0 0 -
A 100 4.2 0 -
M 100 29.1 95 5.6
J 93 27.5 80 12.8
J 99 29.6 100 8.1
A 87 '53.0 99 7.5
s 88 67.9 99 22.5
0 85 36.8 100 13.5
N 100 . 8.9 100 13.7
D 93 0 85 0



any association between the occurrence of events a and .
¢ (Brooks and Carruthers, 1953). The frequencies of

(a,c) (a,d) (b,c) and (b,d) are set out in the form of

a 2 x 2 contingency table (Snedecor, 1956). An example

with stations P03A and PO7A is shown in Table 5.2 in

which the letters are used as defined below.

Table 5.2 Exam?le of 2 x 2 contingency table

P0O3A
fog no_fog Total
. fog ' a b ' a+b
PO7A ' | E
no fog ' c a c+d _ ,
Total - a+ ¢ b +4d a++b+c+d=n

a = hours with fog at both P03A and P0O7A

o
il

hours with fog at PO7A but not at PO3A

Q
]

hours with fog at PO3A but not at PQ7a
d = hours with no fog at either station for days

with fog.




One of the main advantages of this method is that recorded

data must be available for both stations in order for
them to be included in. the contingency table. For
example, if a-r fog were occurring at one station but
data were missing from_the other because of equipment
malfunétion, the occurrence was not counted at all.
As a result, even though the overall totals for a

- station may be somewhat less than actual, miséing data
in most cases do not cause the results for one station

to be biased with respect to the other.

Table 5.3 consists of contingency tables which give
a breakdown of the hours with a-r fog for:1973-74, which
were preoperational years, and 1975 through i978, which
were opefation#l years. Relative changes in the number
of hours with a-r fog at the two stations can be seen
more clgarly by incorporating results of Table 5.3 in
terms of ratios for individual years. For those days
on which fog occurred at a station, ratios of hoﬁrs of
fog at one station alone (b for PO7A and ¢ for PO3A
in Table 5.2) to the total number of hours of fog at one
or boﬁh stations (b/a+b+c and c/a+b+c as defined above)

are shown in Table 5.4.
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Table 5.3

Contingency tables of hours of advection-radiation

fog at PO3A and PO7A for visibility < 3 km.

1973-1974
(nonoperational)
PO3A
fog no fog Total
- fog-
"159 44 203
PO7A
no fog 338. 2579 2917
Total 497 2623 3120
1975 through 1978
(operational)
PO3A
fog no fog Total
rog 465 250 715
PQ7A _
844 7490 8334
no fog
Total 1309 7740 9049




Table 5.4 Ratios of hours of a=r fogat one station to total

hours of a-r fog at one or both stations.

1973-74 | 1975 [ 1976 1977 1978
a4 55, _ 68 44 84
P07 alone ﬂ"ra% I§3— =11% m- =20% 55—2-— =19% 492 173
PO3A alone [338 _..,.1288 _.oo| 165 _,a. | 129 _ 263 _
SIT T62%| Qg3 TO8| 3gT Te8% | 337 TS6% | e OB

Table 5.4 shows that station PO7A alpnevhad fog
about 8% of the total a-r fog hours in the preoperational
years of 1973-74 and about 16% of them during the
operational years.. The corresponding ratics for P03A
are 62% and 54%. In general, the much greater number of
hours during which P03A alone had a-r fog are real in
both cases, but the comparatively small ratio for PO7A
in the preoperational yeats is caused mainly by missing
data. There were frequent visiometer malfunctions at
the beginning of visibility measurement program. It
can be noted from Table 5.1, forlexample, that data
recovery for the months of August_and‘September, when a-r
fog is most frequent, was 68% or less for PO7A but greater
than 83% for P03A for both years. The ratios for 1975
through 1978 are probably more representati;e of the

actual difference in a-r fog between the two stations.
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The differences in a-r fog between PO3A and PO7A

as well as the small changes from preoperational to-

operational conditions are due to natural causes and

variabilities. Among the most important causes are the

‘naturally higher humidities at PO03A resulting from (1)

the proximity of that station to Lake Michigan and (2)
the slight terrain depression in which it is located.
Particularly on cloudless summer evenings with light winds,

the coolest air settles into the lowest elevations such

' as those at P03A. Because the air is already moist, -

slight cooling increases the relative humidity enough

to cause a-r fog frequently to form earlier in the

evening and last longer in the morning at P03A than

at P072, which is at a slightly higher elevation.

In summary, the results for the a-r fog study

 showed that regérdless of whether or not the cooling

towers were operating, -

(1) July, August and Septeéember had the most hours
of a-r fog and November through March had the
least, and | |
(2) station PC3A had about twice és many hours of
a-r fog as station PO7A in the summer when
a-r fog was host frequenﬁ.
The cooiing'towers did not increase either the number

of a-r fog occurrences or their duration at either station.




Visibility Reductions ‘ .

To augment the study of a-r fog occurrences described
above, a similar study was made of whéther the cooling towers
affect surfacé‘viélbilities in generél. Choosing an effective
technique to determine if natural reductions in visibility
are enhanced by the cooling towersis:complicated'by the fact
that, like many 'meteorological variables, the statiétical‘
distributibn of visibility data is highly u-shaped. Be-
causé of this non-normality, statistical methods which
assume normality could not be used. A statistical method
which was indepenaent of the,sample'distributidn was
required. A method which met this criterion conéisted~of
a2 x2 coﬁtingency table and a chi-square test to determine
independence of the elements in the table (Dixon and
Massey, 1979)._ This method was applied to the visibility
data from statioﬁs PO3A and PO7A to determine if an incfease
in the number of hours of viSibilityréductionSoccurred
during cooling towef'operation and, if so, whether the
increase was stétistically significant. |

For the purpose of this analysis, oniy COmplete days
of observation from the beginning of visiometer measurements
at the two stations until they endéd'in Mérch,l979,were used.
The data set was categorize&_according to season and by
hour of the day. The number of hoursnin which the visibility
was feducgd to 3 km or less (instrument threshold) by

obstructions other than snow was then tabulated according to




cooling tower status (operational or nonoperational) and .
entered into a 2 .x 2 contingency table as shown in Table 5.5

Table 5.5. Visibility contingency table
Vis > 3 km 'vis < 3 km Total

NONOP A _ " B A+B
op . . C o D . C+D
A+C B+D A+B+C+D=N

where: A'and C are the hours in which the visibility was

greater than 3 km for the operational and nonoperational
periods,'respectively. B and D ére the hours in which the'
visibility was less than or equal to 3 km for the nonoperational
and opefatibnal periods, respectively. N is the totél hours

of instrument operation. : _. i

The chi~-square statistic was then generated from this

table using the following equation.

| o,
2 _ N( AD-BC - 0.5N) 2 _
X" = T&+B) (A7C) (5¥D) (CDT 2 X (1)11-e,

where: A,B,C,D, and N are given above,

0.5 is Yate's Constant, which provides for a better. . j
fit between the test stafistic (xz) and a chi- |
square distribution with 1 degree of fréedom,

xz(l)l-a is thé 1-a percentile of a chi-square dis- -
tribution with 1 degree of freedom and

@ is the probability of detecting a change in the
frequency of hours of visibility < 3 km when in

fact there has not been a statistically significant

change. On the tests performed here, & is taken ‘

as 0.05.
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The hypothesis (Ho) being tested by this method was as

. follows:

H, : the occurrence qf fog with visibility < 3 km is
independent of the cooling tower operatiohal status.
This hypothesis can bé rejected in the classical sense

if the minimum expected value (E) is > 5 and if the value of

x2 ié i xz(l)l—a. The value of E is given by'the-product

of thé marginal frequencies divided'by.N. For B, the nonopera-

tional hours of ieduced visibility, the.expeCted value EB |

may be written

EB = (A+B) (B+D) /N

However, Snedecor (1956) in his analysis indicates that this
requirement of EB being > 5 to reject the hypothesis is too
stricﬁ and that meaningful results can be obtained'whén éB
is less than 5 by mu;tiplying the value of xz(l)l-aAby.l.S.
Thus a sec0nd criterion Eor rejecting the hypothesis of

independence occurs whenever

2

E., <5 and x

5 > (1.5) (¥°(1)1-a).

From the 2 x 2 contingency tabies,vﬁhe frequency
distribution of hours containing a visibility reduction
to 3 km or less was computed for each station and season.
These frequency distributioﬁs were then plotted for both the
operationai‘and nonoperational periods and are shown in
Figs. 5.1 to 5.4. 1In these figures, the frequency of

occurrence for each period and hour of the day is egual to




the number of observations with a Visibility reduction % 100

the number of complete days in the operational or
nonoperational period

. The number of complete days used in each period and season is
also given.‘ Periods of possible cooling tower éffects are .
indicated by the shaded areas between the operational and
nonoperational curves. | )

Below the frequency distribution are shown the results .
of the chi-sguare test of independence. The value of x? for f
each hour of the aay is represented by the height of the bar;
the number above the ba; is the minimum expected value
(EB)'fér that test. The solid horizontal line is the value 3
which x2 must equal or exceed to reject the hypothesis of |

independence when E, > 5. The dashed line, on the other hand, .

5
corresponds to the value x2 must equal or exceed to reject the

hypothesis when EB <5,

g

Seasonal wvariations. Resulis for the winter season are shown

in Pig. 5.1. The noncperational curve for PO3A is higher : = i
-than the operational curve for all hours'excepf 1160, 1360, |
1700, 1800, and 2300, when the coperational curve is either
concurrent or higher, indicating that cooling tower effects
are possible. However, the chi-square tests at each of
these hours fail to reject the hypothesis‘of independence;
thus no cooling tower effect is likely.

The nonoperatioﬁal.curve for PO7A is also higher than

its operational counterpart for all hours except between -

0800-1000 and 1400-1700. Again, the chi-sguare tests fail

to reject the hypothesis.
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Results for spring are shown in Fig. 5.2. The diurnal

variation of visibility is more pronounced for both stations
during this season. For P03A, the operational curve exceeds
the nonoperatiocnal curve for about 15 hours during the morning
and afternoon. However, none of the chi—square values is
significant at the 5% level. " The values at 0900 and 1000 come'
close to being significant, but they  correspond to periods
when the operationai curve is less than thé nonoperational
curve. |

Similar conditions also océur with the P07A data. Here,

the operational curve is higher than the nonoperational

. curve for 12 hours during the morning and evening. Again,

however, none of these differences 'is statistically significant.
Thus, as with the winter season, there is.no detectable
cooling tower effect.

Results for summer are shown in Fig. 5.3. The diurnal
pattern is very pronounced during this season, especially
for P63A. Statistically significant results occur for 9
hoﬁrs for PO3A. However, the nonoperational curve for this
station is always greater than the operational curve.

For PO?A, only two hours (1300, 2000) have significant
results. Again, the nonoperaticnal curve is greater than
the operational data set at these times.

Results for autumn are shown in Fig. 5.4. The-nonopera—
tional curve for PO3A is considerably ﬁigher than the oéera-
tional curve during the early morning and late evening hours.

Most of these differences are significant at the 5% level.
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The operational curve is greater ﬁhan the nonoperational .
curve at 1200 and 1900 but the chi-square values for these
hours are too low to cauée rejection of the hypothesis.
For PO7A, the operational curve is above the nonoperational
curve for 16 hours (primarily from noon until midnight).
However, only two of these hours (1300 and 1900) are signifi-
cant at the 5% level.

e

Conclusion. Categorizing visibility reductions according f

'to a 2 x 2 contingency table and applying the chi-square

test to determine the significance of these results showed
that with the possible exception of occasional periods

during the autumn season for station P07A, there is no

cooling tower effect on reductions to 3 km or less. Even in , .

these cases, the 19-km distance of PO7A from the cooling
towers leads to the conclusion that natural causes are

responsible.




VI. TEMPERATURE, RELATIVE HUMIDITY AND DEW POINT

Introduction

One of the possible effects of injecting large amounts

of heat and water directly into the atmosphere by the cooling

.towers is an increase in air temperature and/or atmospheric

moisture near the towers. The meteorological.network estab-
liShed in this study was, in fact, designed to detect such
effects if they existed, by means of a before/after comparison
of data from the stations near the towers. Such a béforé/
after study has been shown (Loﬁry, 1977) to be an ideal
method for dgtermining the existence of localized effects
on climate. |

The a?proach taken in detérmining possible temperature
or humidity effects caused by operation of the cooliné towérs
is to compare opérational andAnonoperational data for stations
near the plant. Since the seasonal average teﬁperature,
for example, at those stations can vary greatly from year
to year régardless of thé operational status of the plant,
it is necéssary-to incorporate additional data into the
analysis to take into account such natural variability;
The network stations 10-20 km inland, for example, are
affected by the same large-scale weather patterns as those

near the lake but are far enough away so that there is little

59

chance that thelr temperatures are affected by the cooling towers.

Since, however, data from these inland stations are still

representative of conditions near Lake Michigan, they may be

used ‘as controls toaccommodate natural temperature variations.
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Method

The method used in this analysis has been described
in detail in previous annual reports, and is summarized
below. For each hour, the average temperature for the
Palisades inland stations (P06A, PO7A, P1l3A) was subtracted
from the average temperature for the stations near the plant
PQlA, PO2A, P03A, PO8A, PlOA). After stations were grouped
and temperature differences (AT) calculated, the data were
sorted by wind direction measured at P03A and by the hour of

day. The wind direction (WD) sorting was into two categories:

offshore (55° < WD < 170°)

and onshore (235° i WD < 350°).

Hours with alongshore winds (350° < WD < 360°; 0° < WD < 55°)
and (180° < WD < 235°) were not used in the analysis. The
data were sorted by wind direction because if there is an
increase in temperature néa: the plant; the possibility of
détecting it in the station data exists only during periods
of onshore winds. In addition, the AT data for offshore

windéAprovide a control which may be compared to the AT

~ data for onshore winds. The data were finally sorted by

hour of day.

Plots of the diurnal variation of the average shoreline
minus inland AT for each season and wind direction category
were made to be able to visually compafe the curves for the
operational period with those for the nonoperational period.
If there is a detectable-coolingisystemveffect, one would

expect the operational AT curves for onshore winds to be
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displaced upward (i.e., more positive AT) from the nonoperational

curves, with no corresponding displacement of the operational

curves for offshore winds.

To evaluate the statistical significance of any observed
differences, "Student's-t" test was applied. The test re-
quires that the observations ih the data sample be independent
and approximately normally distributed. With a moderate samplzs
size (30 or more observations), the requirement for normality
may be ignored. Hourly observations of most meteorolbgical

variables, however, are generally not independent, since the

. value of a variable for one hour is usually dependent on the

. value for the previous hour.

To avoid the problem of dependence within a sample, the

data were sorted by hour of the day so the observations

grouped for any particular hour were separated by at least

24 hours (and often longer, due to the wind direction
restriction)..~The'£-test‘was then applied for each hour

of the day. Although the results.for any particular hour
are cloéely reiated tb the results for the hours immediately

preceding and following it, significant results are separable

" from the natural diurnal variability in the temperature field.

An identical analysis was performed for relative humidity (RH).
In the absence of'an increase in temperature near the plant
auring the operational period, an increase in atmospheric_
moisture might be detected as a positive displaceﬁent of the
operational ARH curve from the nonoperational curve for onshore
winds.' ARH is defined here as the average coastal minus
inland relative:humidity. An incréése in temperature coupled

with an increase in absolute humidity (the actual amount of -




62

water in the air), however, might not be detectable by

examination of RH alone, because of the dependence of RH-on
temperature.

For that reason, the average coastal minus inland
dew point (ADP) was also analyzed in the same way. The
significance of dew point as a moisture variable is that it
is a function of the actual amount of water vapor in the

air rather than the amount relative to saturation,

~as is relative humidity. A positive displacement of

the operational ADP curve from the ndnoperational curve
for onshore winds would be the expected result if the
plant had indeed caused an increase in atmospheric moisture

by operation of the the cooling towers.

Discussion

The method described above was used.to analyze temperature,
relative humidity, and dew'point data for December 1973 -
March 1979. Results are described by season below. 1In
each of the following figures, .the curve made up of open
'boxes,'gentered between the "+95%" curve and "-95%" curve
represents nonoperational data. Vertical lines show the
95% confidence interval given by the t-distribution.
Operational data are plottéd'as solid circles; The numbers
shown at the points plotted at 0600, 1200, 1800, and 2400
EST are the number of observations each of those data

points represent.
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Spring. Of the 16 months of spring data from March 1974 -
March 1979, there were approximately 8,m9n£hs of nonoperatioﬁal
data, 6 months of operational data, and 2 months (April =-

May 1978) of no data resulting from the network being de-~-
comissioned from'April-November 1978. The diurnal variation

of the average d&fference in temperature, relative humidity

and dew point between the coastal and inland stations for both
onshore and offshore winds is shown in Figs.‘s.l, 5.2 and
6.3, respectively.

In Fig. 6.1 the effect of the relatively cold lake on
. coastal temperatures is seen in the curves for onshore winds.
During the héurs of maximum solar heating, inland temperatures
averaged about 1.0°C higher than those at the coast during
the nonoperational period and 2.0°C higher during the oper-
ational period. This may be compared to coastal-inland
differences of less than 0.3°C during the same hours, but
for offshore winds.

The "+95%" and "-95%" curves show that the magnitude of
a statisticallyvsignificant difference of the operational
data from the‘nonoperational is about +0.4°C for onshore
winds and +0.2°C for offshore winds. These values are for
the daylight hours, when wind speeds are generélly higher,
vertical mixing is maximized and local terrain or exposure
effects are minimized. As a result, the daytime data
are generally made up of more observations and have greater
consistency (i.e., smaller variance) than the nighttime
data. It can be seen that the operational data for onshore

winds fall well ocutside the lower confidence limit throughout
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the afternoon, while operatinnal data for offshore winds

are generally within the confidence band. Possible explana-
tions for the observed behavior will be given in the next
section, but it may be noted here that the direction of the
shift of the operational curve from the nonoperational is
exactly opposite to that expected if there were a cooling

tower effect.

The ARH curves (Fig. 6.2) for onshore winds show a dis-
tinct diurnai cycle, which is the inverse of the diurnal ..
AT cycle shown in Fig. 6.1. At night, when it is warmer
near the coast than it is inland, the reiative humidity is
lower near the coast. The daytime relative humidity, on the

other hand, is higher near the coast mainly because the temperature

.is lower than it is inland. The qombination of these effects

is shown in the ADP curves (Pig. 6.3). It cén be noted
that the diurnal cycle of ADP is small, implying that there
is little diurnal change in the c¢oastal/inland absolute
méisture gradient in spring.

The magnitude of a statistically significant difference
between operational and nonoperational data is about +1.5%
relative humidity and +0.4°C dew point for onshore winds and
+1.3% and #0.3°C respectively, for offshore winds. Opera-
tional ARH data'genefally fall within the confidence bands

except for the morning hours with offshore winds. Opera-

. tional ADP data are generally lower than the lower limit

during the afternoon with onshore winds, as were the corresponding
AT data.  Similarly, .the operational ADP data for offshore winds
are lower than the lower limit during the morning, as were

the corresponding ARH data.
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Summer. For the period June 1974 - August 1978, there were

approximately 4 1/2 months of nonoperational data, 7 1/2

months of operational

August 1978). Summer
ARH and ADP are shown

The shapes of the
to those for spring.
summer than in spring

curves (more positive

data and 3 months of no data (June -
average diurnal variations of AT,

in Figs. 6.4, 6.5 and 6.6, respecti?ely.A
onshofe AT curves (Fig. 6.4) are similar
An effect of the lake being warmer in

is seen in the upward shift of the

AT) on the summer plots. The offshore

curves exhibit an unusual diurnal variation which appears

to be just'the opposite of the onshore variation. Similar

plots for stations in

the Cook network (not shown here)

display little diurnal pattern, with the curves generally

matching each other between 1000 and 1900 EST. The surprising

result is that AT goes negative at night with offshore winds:

in the Palisades network.

As discussed in previous annual reports, it is believed

that this result is due to station locations, since, of

the five Palisades shoreline stations, four are located in

low=-lying terrain. It is likely that tempergtures Qf those

stations are affected

to a greater degree by local air

drainage processes which have been observed to cause large

differences in temperature over short distances and could

reasonably account for the offshore negative AT's observed

at night.

The magnitude of . a statistically significant difference

in AT between the operational and nonoperational periods is




OF FSHORE

ONSHORE

0 00 S0-
2 930 ‘3UNLIYY3dUIL (ONTINI-YHS)

-
~N
.'m
3
-
[37]
w
T
5
(=]
I
[
[ <«
o't 52 02 51, 02"
-+
N
e
™~
te
[
w
73]
fougs
=
Q
I
ia
[«
ot sz 0z s 0z

As in Fig. 6.1, for the summer season.

69

6.4:

Fig.




OFF SHORE

22
35

.26

-95%

ONSHORE

Wi e
e wae o B8 onTimg T
n g
g S
3
[
v} e
=
/ 9
..4.. /.
]
/\
. »\w —— -
00°e 80°L~ 00°6-

hzwu y3d »FHQHz:: Jmm .oquHlmeu

24

2
HOUR, EST"

for the summer season.

6.2’

24
As in Fig.

16 -
6.5:

7
- HOUR, EST
Fig.




ONSHORE

"
poed

1 '\\ 95%
o \ /|
L 82 |
gg 14
é 62
§ 23 L/\‘ 13
=
& 28
a ¢ b
—_ 109
2 105

n
Sal
Hll 3
«
5

a ~95%

1

0 " . . — .

‘9 4 2 5 24

HOUR, EST
Fig.

15

10

OF F SHORE

0.5

(SHR~INLND) DEW POINT, DEG. C

-10

i

-

0
0

2
HOUR, EST

6.6: As in Fig. 6.3, for the summer season.

24

TL



+0.3°C for onshore winds and +0.2°C for offshore winds. The
offshore operational curve lies completely within the confi-
dence band, while the onshore operational curve lies near
the lower limit of, but generally within the confidence
interval.

As in spring, the diurnal cycles of ARH (Fig. 6.5) for

summer are the inverse of the AT cycles. Throughout the i

daylight hours, the operational data are at or near the
lower limit of the confidence intervals on nonopérational
data for both onshore (£1.4%) and offshore (+1.3%) winds.

The individual effects seen in the AT and ARH plots are \

again combined in the ADP plot (Fig. 6.6). With.offshore

winds, operational ADP is at or near the lower limit of
the confidence interval (*0.3°C). wWith onshore winds, ‘ |
.sipéé both operational AT and operational ARH curves are
at or near the»lower.éonfidence limit during the day- A .i
light hours, ADP is well below the lower limit of the

' i
confidence interval (* 0.4°C). A !

Autumn., Of the 15 possible months of autumn data from
September 1974 -~ November 1978, approximately 3 1/2 months
were nonoperational, 8 1/2 were operational and, again,
there were no data for the 3 months of 1978. Plots of AT,

ARH and ADP are shown in Figs. 6..7, 6.8 and 6..9 respgctively.
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The upward shift of the AT curves for onshore winds
noted in summer continues into the autumn season (Fig.'6.7).
As colder weather sets in, the land cools much more rapidly
than the Iake, so temperatures at the coastal stations re-
main higher than those further inland for nearly the entire
day. The magnitude of a statistically significant difference
in AT between the nonoperational and operational periods is
about + 0.2°C for both onshore and offshore winds. Operational
data for both wind conditions are generally within those
bounds.

As in the other seasons, ARH for onshore winds (Fig. 6.8)
has a diurnal cycle the inverse of that for AT, while
ADP for onshore winds (Fig. 6.9) shows little diurnal

variation whatsoever. Operational ARH data fall within the

‘confidence bouﬁds of about + 1.6% for onshore winds and

+ 1.2% for offshore winds. >Operational ADP data for onshore
winds also fall within the + 0.3°C confidence bounds. Opera-
tional ADP data for offshore winds are contained within the
COnfidenée interval of + 0.3°C during the daylight hours.

At night, those data are at or near the lower confidence limit.
Winter. There were 18 months of winter data available from
December 1973 - February 1979. The cooling towers were not
operational for about 11 months and operaﬁional for about 7
months. In addition, there were no relative humidity and dew
point data available for December 1973, a nonoperational month.
Diurnal plots of the average coastal-inland AT, ARH and ADP are

shown in Figs. 6.10, 6.11 and 6.12, respectively.
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The amplitude of the night-to-day variation of AT in

winter with onshore winds (Fig. 6.10) is greatly reduced

from that of the other seasons, a result of the frequent
occurrences of cloudy conditions typical of Great Lakes winters.

As in the autumn season, the fact that the lake is generally

warmer than the land causes temperatures at the coastal
stations to be higher than those further inland throughout
the day. The AT curves for offshore winds are quite flat.

The magnitude of a‘statisﬁically significant change in AT

-from the nonoperational to the operational period is about

+0.2°C for both onshore and offshore winds. Although
operationél data generally fall within those bounds, it
should be noted that from 1000-1200 EST and 1500-1800 EST,
operational data for onshore winds are at or near the upper
limit, with no corresponding shift of the operational data
for. offshore winds. |

The amplitude of .the diurnal ARH Variation'(Fig. 6.11)
is also much smaller than that for the other seasons.
Operational data for onshore winds are at or near the lower

limit of the +1.2% confidence interval at the times that

AT data were near their upper limit noted above. Operational

data for offshore winds are generally within the 11.2%
confidence interval. |

The ADP curves (Fig. 6.12) for both onshore and offshore
winds are quite flat.-.The magnitude of a statistically
significant difference in ADP from the nonoperational to the
operational period is about +0.2°C for onshore winds and
+0.3°C for offshore winds. Operational data fali within the
confidence bands at all hours although both curves approach

their respective lower limits during the afternoon.
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Evaluation;of significant differences

A few statistically significant differences between

operational and nonoperational data were noted in the dis-

cussion above. Table 6.1 summarizes the magnitude of a
change between nonoperational and operational data required

for statistical significance at the .05 level.

Table 6.1. Magnitude of statistically significant
differences between operational and nonoperational
data by season and variable.

AT ~ ARH ADP
>Spring +0.4°C* +1.5% . +0.4°C*
Summer +0.3°C +1.4% +0.4°C*
Autumn +0.2°C . +1.6% +0.3°C
Winter +0.2°C* +1.2% .+0.2°C

Values noted with an asterisk (*) were exceeded during the
operational period with onshore winds, with no such corres-
ponding occurrence with offshore winds. '

The summer ADP value which was exceeded was discussed
previously and is probably not ;elated to cooling tower éperationq
The others are evaluated below in terms of possible expla-

nations for the observed behavior.

Spring AT, ADP. The largest differences between operational

and nonoperational AT were noted above for the spring season
(Fig. 6.1), in which operational AT averaged 0.5 - 1.3°C lower
than nonoperational AT duriné the daylight hours. It

appears that those differences are due mainly to natural




differences in cloudiness between the nonoperational and ‘
operational data séts. For example, average sunrise to

sunset cloudiness at Muskegon, the nearest representative
first-order weather station, was 6% higher in the nonoperational
period than in the operational period. It seems likely

that the larger number of cloudy‘days during the nonoperational
period resulted in weaker average coastal/inland temperature
gradients and the flatter daytime AT curve. In fact, those
gradients were much weaker in the nonoperational pericd,

as seen in Fig. 6.13, which shows the deviation ofveach

1600 EST average station temperature f£rom the network»

average temperature, for onshore winds. The isotherms are

much more widely spaced in the nonoperational period, with

a maximum coastal/inland difference of'about 1.5°C, compared

to a maximum difference of about 3.0°C in the operational

periodf

The statistical significance of such differences between -

operational and nonoperational data can also be evaluated

on a station-by-station basis by use of the t-test. Cara
must be taken in the interpretation of results fof individual
stations, since instrument or calibration errors take on
greater importance than they do in the data averaged over

a group of stations. A plot of the statistical significance
data on a network map, however, can show areas of statisti-
cally sigﬁificant differences which may then be relatable

to plant operational status and/or meteorological phenoména.
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An example of such a plot is shown in Fig. 6.14. The

data plotted, rather than being t~test values which give

no information as to the sign of the difference between

the nonoperational and operational means, are Bayesian
posterior probabilities (Larson, 1969) that the operational

means are greater than the nonoperational means. = Values

~greater than .95 are strong evidence that the-operational

temperatures are larger than the nonoperational temperatures,

while values less than .05 are strong evidence that the

operational temperatureé are smaller. Data are plotted

for both onshore and offshore winds. As seen in the : i
figure, data for offshore winds are distributed rather

randomly, while for onshore winds there is a clear pattern

of operational temperature lower along the coast and

higher inland. These plots lend further support to the
analysis.above, especially since the dissimilarity between |
the plots shows that the before/after differences are
not simply systematic (i.e., independent of wind direction).
It was noted in the previous éection that ADP also fell
below the lower confidence limit throughout the afternoon |
with onshore winds, while ARH remained generally within its
bounds. Spatial displays of the probability that operational
relative humidities and dew points exceed nonoperational,
corresponding to the temperature plots above, are shown in
Figs. 6.15 and 6.16, respectively. The relative humidity

plots are very similar to each other, with a mixture of higher

and lower operational relative humidities both at the coast
and inland. No plant- or lake-induced differences are

evident. The pattern for dew point with offshore winds is




Fig.

6.14: Probability that spring 1600 EST station temperature
minus network average temperature is greater in the
operational period than in the nonoperational period,
for offshore and onshore winds. Values less
than .05 shaded light, values greater than
.95 shaded dark.
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Fig.
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6.15: Probability that spring 1600 EST station relative
humidity minus network average relative humidity
is greater in the gperational period than in
the nonoperational period, for offshore and
onshore winds. Values less than .05 shaded
light, values greater than .95 shaded dark.
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Fig. 6.16: Probability that spring 1600 EST station dew
point minus network average dew point is
greater in the operational period than in the
nonoperational pericd, for offshore and onshore
winds. Values less than .05 shaded light,
values greater than .95 shaded dark.
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ver? similar to that for relative humidity, while the pattern
for onshore winds is much like the corresponding temperature
pattern. Clearly, the pattein of significant differences

in temperature combined with the mixture of increases and
decreases of relative humidity at both the coast and inland
results in significant differences in dew point similaf to
those for temperature.

The important thing to be noted is that significant
differences such as these between data from the operational
and nonoperational periods, which have no relation to the
operation .of the cooling towers, can occur. It is important,
then, that such differences be evaluated in light of all ’

available information. '

Winter AT. It was noted previously that operational AT was at

or near the upper confidence limit for winter nonoperational
AT with onshore winds (Fig. 6.10), throughout much of the dey—
light period. Since the operational data are actually con-
tained within the confidence interval, it is possible that

the difference between the two data sets is due simply to

random. processes. Further examination is necessary, however,

"since the operational data show a positive displacement i

from the nonoperational data, and, as ncted in previous annual
reports, winter is the most likely season in which either
a temperature or a moisture effect may occur and be detectable

by this statistical approach. ’




Maps of the probability that the operational mean
temperature exceed the nonoperational means at 1600 EST
are shown in Fig. 6.17. The plots for onshore and offshore
winds are similar to each other in that there is an east-
west band of higher operational temperatures stretching
from PO3A to P06A, bounded by areas of lower operational
temperatures on the north (P02A, P08A, and P09A) and
east (PO7A). The major differenbes between ﬁhe plqts
are at P1l3A, where operational temperatures are similar
to nonoperational temperatures with offshore winds, but
significantly lower with onshore wiﬁds, and at P01A3,
where operational temperatures are slightly lower than
nonoperational temperatures with offshore winds, bﬁt
significantly higher with onshore winds. The combination

of these effects would, indeed, tend to cause the positive

displacement of the operational curve from the nonoperational

apparent in Fig. 6.10.
There are no apparent meteorological or physical
reasons for the behavior observed at POlA. Operatiohal

temperatures with offshore windsraveraged 0.1°C lower

than nonoperational, but with onshore winds they consistently

averaged about 0.3°C higher at all hours of the day.

The results are espeéially puzzling in light of £he fact
that operational temperatures at POZA, only 400 m away,
were lower with both offshore and onshore winds, while
operational temperatures at PO03A, about 900 m away, were

higher with both offshore and onshore winds. A case

89
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Fig. 6.17: Probability that winter 1600 EST station
temperature minus network average temperature
is greater in the operational period than in . .
the nonoperational period, for offshore and
onshore winds. Values less than .05 shaded
light, values greater than .95 shaded dark.
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could be made for the onshore wind plot being "reality",
with PO1A, PO3A, P04A, P05A, P06A and PlOA being in a
spatially unified region of higher operational temperatures,
and the offshore wind plot showing unexplainably lower
operational temperatures at PQlA. On the other hand, this
entire aﬁalysis is predicated oh the fact that data fof
offshore winds serve as a control, since the stations are
all upwind of the cooling towers, and there ere no
meteorological reasons to expect differences between the
operationel and nonopefational periods.

It then seems more likely that the plot for offshore
winds represents the true state of affairs, with POlA
in a spatially unified region of lower operational
temperatures which includes P02A, POSA and PO9A; The
analysis abo&e, combined with_consideration of the proximity
of the station to the cooling towers, end data obtained
from-plﬁme,observations by plant personnel and examination
of.time-lapse photograéhs all point to'the operation of
the cooling towers as a possible causelof the significantly
higher operational temperatures at POlA with onshore winds.
The fact that no such difference occurred at-the next
nearest station (P023), and that an unexplainable dif-
ference between daﬁa for offshore and onshore winds also‘
occurred at a station well remeved from the vicinity of
the cooling towers (P13A) tend to throw doubt en such
a conclusion. Nevertheless, operation of the cooling

towers cannot be discarded as a possible cause for the




increased operational temperatures at POlA with onshore
winds in the winter season.

Relative humidities at P0lA and P02A did not differ
significantly between the nonoperational and operational
periods, so the dew point comparisons (Fig. 6.18) show
the same pattern'of differences between offshore and on-
shore winds near the plant that were seen for temperature.
While the implied increase in absolute moisture at POlA
with onshore winds duriﬁg the operational period does not
prove that plume effects were detectable there, the
result is consistent with the temperature increase
described above, in that they are both‘the kinds of impacts

originaily hypothesized for this cooling system.

Anaiysis with respect to direction of plume motion

Because the analysis above indicates the possibility of
onsite plume-induced effects in winter, the data for that

season were examined in greater detail by use of a sorting

- process which attempts to isolate meteorological situations

where effects are likely to be observed. Since the moisture
and heat from the cooling towers are released in a plume which
extends downwind from the plant, the greatest changes from
natural unmodified meteorological cohditions should be found
under the centerline of the plume and decrease away from the

plume axis. Therefore, the analysis below examines the

statistical significance of observed changes in temperature,
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point minus network average dew point is
greater in the operational period than in the
nonoperational period, for offshore and onshore
winds. Values less than .05 shaded light,
values greater than .95 shaded dark.
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relative humidity and dew point with respect to an estimated
position of the plume.

The most representative data available for the direction
of the plume is the wind direction observed at P03A. Clearly,
orographic effecﬁs and/or changes of wind direction with
height may contribute to differences between the two, but these
are taken into account in analysis of the results. Data with
wind directions within 30° intervals are grouﬁed together.

The direction from the cooling towers to each station is known

and data for the station are analyzed relative to this direction.

Computations are made every 15° so there is a 15° overlap in
data between adjacent groupings.

As in the above analyses, observations are grouped by the
hour of the day to ensure independence of the data values.

Four hours were selected for examination: 0100 EST, 0700 EST,

1300 EST, and 1900 EST. These were considered representative
of day, night, and transitién conditions, and there wére
sufficient data values in each grouping to ensure the general
applicabiliﬁy of the statistical.tests applied. Bayesian
posterior prdbabilities are again applied to determine the
probability that the operational average is greater than the
nonoperational average. |

Prdbabilitieé,for temperature, relative humidity, and dew
‘point are given in Figﬁres 6.19, 6.20; and 6.21 for stations

P0la, P02A, and PO3A, respectively. In these figures the
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probabilities are plotted as a function of the angle bétween ‘
the plume axis and a line connecting the station and the cooling
towers. If the modifications are detectable, symmetric

variations of these probabilities about the plume axis should

be found,with a maximum on the axis.

Figure 6.19 shows several patterns which meet the above
criterion: relative humidity at 0100 EST, 0700 EST, and 1900
EST and dew point at 1300 EST and 1900 EST. However, for
several of these the maximum probabilities do not occur on the
axis, but 15° off-axis. Although such a displécement suggests
_that the cooling towers are not the cause of these probability
changes, there are several possible reasons why the cooling
tower plume could be off-axis. For instancé, the wind direction

at PO3A may not be representative of that at P01lA, especially

at night. Possibly, orography around P0lA funnels the cooling
tower plume so it affects the station from a somewhat different

wind direction. .

According to.the Gaussian plume model results described
in the Sixth Annual Report (1978), fhe effect of the plume is
to increase ﬁhe temperature, relative humidity and,
consequently, the dew point. Such increases should produce
increases in the Bayesian probability levels near the plume
'axis._-Such increases were noted.above for relative humidity
at 0100 EST, 0700 EST and 1900 EST, and dew point at 1300 EST
and 1900 EST. However, temperature and dew point at 0100 EST

have the opposite behavior. If this behavior is in fact a ‘

result of the plume, its physical explanation is not obvious.




on an xX-y display, with the x~axis being the distance of the

99

The computations for P02A (Fig. 6.20) and PO3A (Fig. 6.21)
produce patterns that for some variables and hours are fairly
symmetric about the plume axis. In some cases, the patterns
are similar to those ét P0lA, while in other cases the patterns
are reversed (such as for temperature at 0100 EST at P023).

In order to assimilate the computation for each station

in an organized fashion, two-dimensional objective analyses

of the data were made. All station probabilities were entered

station from the cooling towers projected on the plume axis

and the y-axis being the angle between the plume axis and a |
line connecting the station and cooling towers. It was

originally intended to use the transverse distance from the

plume to the station for the y-axis, but the objective analysis

program was not general enough to handle thié type of display

where the observation density changes markedly across the

analysis region.

Objective ana;yses were generated by the computer program
Surface II (Sampson, 1978) for temperafure, relative hgmidity,
and dew point.at.OIOO EST, 0700 EST, 1300 EST, and 1900 EST.
Of.the twelve analyses, the majority showed no discernible
patterns of plume effects. Only 0100 EST and 1900 EST for

relative humidity and dew point have patterns suggestive of

- modification. Those probabilities are presented in Fig. 6.22

and Fig. 6.23. Regions with probabilities of 0.6 or greater
have been shaded to show areas of possible modification. The
corresponding actual differences between the operational and
nonoperational data sets are given in Fig. 6.24 and Fig. 6.25,

respectively.
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dew point (right) as a function of distance
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Regions with a positive difference are shaded.
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In most areas of Figs. .6.22 and 6.23 the near-axis .
érobabilities have magnitudes which indicate  only marginal
significance that more saturated conditions are present in the
operational data set than the nonoperational. In only a few
places does the probability exceed the classical level of
0.90 (heavier shaded areas). However, in several of the figures,
the off-axis probabilities are considerably less that 0.5,
implying that the "background" situation is one of drier
conditions during the operational period. Hence, the likelihood
that the plume is being detected is higher than the magnitude

of these probabilities indicates.

In three of the four analyses there is a gap in the area

with the probabilities equal to or greater than 0.6 near the

plant. 1In fact, the region with greatest probabilities is
approximaﬁely 1l km from the cooling towers. At 0100 EST
the shaded area does not even begin at the cooling towers.
This pattern may be.Que partly to the method of analysis, but
it may also result from the plumevrising as it leaves the
plant area and then being brought down to the ground by.
diffusion and turbulent mixing at some distance inland. 1In
this situation, the effects of the plume wduld be greater at
stations farther from the plant than at those close by. - Such
a scenario was hypothesized by Koss and Altomare (1971) for
the Palisades cooling towers. Since there are no direct

data available indicating»a cause and effect relationship,

the present analvsis may oniy be considered as.evidence that

such a relationship may exist.




At 1900 EST thé shaded area, eveﬁ though suggestive
of a plume, .is off-axis by around ld°. Such a deviation
may be due to meteorological factors as discussed above
or may be indicative of a systematic error of approximately
10° in the wind direction measurements (which is roughly
their inherent accuracy). Since the plume appears to
be exactly on-axis at 0100 EST, the former explanation
is more likely correct. ‘

Pigs. 6.24 and 6.25 indicate that ﬁhe magnitudes of
the increase in relative humidity énd dew point on the
" plume axié are on the order of 1% and 0.2°C, respectively.'
Taking into account the off-axis negative differences,
the effect of the plume is generally less than 2% and
0.5°C. These represent the maximum differences being
detected. ' In much of the analysis area the differencgs
are less and the corresponding signifigance levels are
marginal. In fact, this analysis failed to show any
effects of the plume except.during the two nighttime hours

for the moisture variables shown above.

-Conclusions

The analyses above have examined diurnal and
spatial variations of average temperature, relative humidity
and dew point data for stations in the Qicinity of the
Palisades nuclear plant. The diurnal analysis showed that
differences between data from the operational and nonoperational
periods on the order of 0.3°C for temperature, l1l.4% for

relative humidity and 0.4°C for dew point are detectable

with 95% confidence (i.e., statistically significant at
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the .05 level). The largest difference between operational
and nonoperational data occurred in spring, where daytime
AT averaged 0.5-1.3°C lower during the operational period.
That difference Qas related to differences in cloud cover
between the operational and nonoperational periods, and

served to show that significant differences between the two

'~ data sets could exist which were totally unrelated to the

operation of the cooling towers.

The only season which éhowed possible cooling tower
effects was winter. Onsite, at_POlA, operational temperatures
and dew points were significantly higher (at the .05 level)
than ﬁonoperational with onshore winds. _Off;ite, marginal
significance was attached to nighttime increases in relative
humidity and dew point during the operational period. These
increases appeared té be most significant under the plume
centerline, at a distance of about 11 km from the cooling
ﬁowers. The‘magnitudes of these ihcreases were small:
0.35°C for.temperature and dew point and 1.5% for relative.

humidity.
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VII. PRECIPITATION

Introduction

Of the possible meteorological effects of the cooling
towers, a modification of precipitation is one of the
most difficult to detect because of the high natural
variability of precipitation in time and space. As
discussed in the Fifth (1977) and the Sixth (1978)

Annual Reports, detection of any modifiéaﬁion is further
hampered by the fact that, like other meteorological

variables, precipitation émounts are not normally distri-
buted statistically. According to Huff (1971) and Brooks

and Carruthers (1953), the distribution is aporoximately

. a log-normal or a gamma type. Because of this non-normality,

classical statistical methods which assume normality
(such as "Stuaent's"t-test) cannot be used on precipitation
data. Numerous techniques which have been applied in
attempts to normalize precipitation data have been un-
successfﬁl in doing so.

To test for changes which may be caused by the cooling

towers required a statistical test which was independent

of the sample distribution. The Wilcoxin-Mann-Whitney

statistical test was chosen here because it:
(1) is independent of the sample distribution,
(2) can be used on samples of unegual sizes,

(3) abstractly uses magnitude by its utilization of
ranks, and
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(4) is as powerful as the t-test when dealing with ‘
non-normal distributions (Lehmann, 1975).

Other researchers are currently employing the Wilcoxin-
Mann-Whitney statistic in assessing possible precipitation
modification. Patrinos and Hoffman (1979) are currently de-
veloping and testing new statistical methods for assessing
possible precipitatioﬁ modification near the Bowen plant's
natural draft cooling towers. These new techniques test
for 'a change in the distributional properties of the
skewness and kurtosis of the precipitation data in
addition to change in the mean.

In fhe present study, daily precipitation.data for
the period September, 1972, through March, 1979, were

analyzed for both the Palisades sStations and nearby

National Weather Service stations. The Wilcoxin-Mann-
Whitney statistic from this data set was obtained by
applying the following steps to eéch.station'é data:
© (1) All days with precipitation less'than .005 inches
(trace) were ignored. - This removed the obvious
'bias of no effect, since there‘must be precipitation
in order for it to be modified.
(2) The precipitation days were grouped by season.
(3) The precipitation days were coded either "operational"
or "nonopérational".depending on the cooling
tower status; |
(4) The days with precipitation were ranked in order
of increasing amount without regard to cooling .

tower status.
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(5) The ranked data were separated according to the
operational status of the cooling towers.
(6) The number of observations in each group was
counted and the ranks were summed.

(7) The Wilcoxin-Mann-Whitney statistic was computed

from the fbllowin§ equation:

Ny (N+1) ‘
WMWS_ = N;N, + - IRy
where: WMWS is the Wilcoxin-Mann-Whitney statistié,
Nl is the size of sample,
N, is the size of sample 2, and
z Rl‘is the summation of the ranks pertaining to
sample 1 (Hewlett-Packard, 1975).

(8) A significance level was determined from this
statistic and compared to a predetermined confi-
dence level after which a decision was made. The
null hypothesis tested by the Wilcoxin-Mann-
Whitney statistic was Ho: the mean daily operational
precipitation equals the mean daily nonoperational
precipitation (e.g., HO: My = uz), .

This hypothesis was rejected if either of the followin§
conditions occurred:
WMWS (Sample) > WMWS (l1-0/2) or

WMWS (Sample) < WMWS (a/2)

where ¢ is a significance level.
Recent research has shown that an interpretation of
this statistic in terms of its classical use 'is not

always required to determine a modification. Instead, the
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4

relative magnitude of the significance level can bé
interpreted as an indicator of a possible difference
(Lindmann, 1974). In the following discussion, both
interpretations are used and;to aid in showing the results,

the significance level o is given as a percentage. This

percentage refers to the probability of rejecting the

.null hypothesis. Moreover, a difference is considered

significant whenever this probability is 90% or greater.

Discussion

. The figures given below show differences and rejection‘
probabilities by season. In the figures, positive dif-
ferences between précipitation means indicate that the
mean daily precipitation for the operatiohal period was
greater than that for the nonoperational period. Also,
Stations with an M (missing) symbol have precipitation:-
data, but these data for late 1978 and early 1979 were
not availablé from the National Climatic Centef in time
for inclusioﬁ inlthis analysis. Fihally,‘stations which
are just beyond the map perimeter are alﬁo iﬁcluded to
extend the region analyzed. The stations are Hollangd,

Kalamaéoo, Eau Claire} Dowagiac, and Three Rivers.

Winter. The mean differences and rejection probabilities
for the winter season are given in Fig. 7.1. The only
significant probabilities are those near stations PO3A, PO5A,

P09A, Pl0A and Benton Harbor. The differences corresponding
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to these probabilities are negative, which means that on
the average, less precipitation occurred during the

operational period than during the nonoperational period.

Spring. The difference and probability patterns for the
spring season are quite variable as shown in Fig. 7.2.

Only one station, South Haven, has a marginal significance.

Summer. The values for the summer months reveal a more
orderly pattern as shown in Fig. 7.3. The area of highest
probabilities for rejecting the hypothesis of,équal'means
includes the entire network and extends east-southeast
toward Kalamazoo. The magnitude of these probabilities
(>95%) , as well as the fact that the differences are

positive, indicate that precipitation for the operational

period is much higher than for the nonoperational period.

The following two factors indicate that this pattern
is due to natural céﬁses and not to thg cooling towers:

(1) There is relatively little spatial chanée of
rejection probabiliﬁies with disﬁance from the
towers. In fact, with the exception of Benton
Harbor, all probabilities are gréater'than or
equal to 79%, and all differences are highly
positive. If the>cooling towers were the cause
for the increase in precipitation, some evidence
of this in the form of a region of lower rejection

probability should be discernible.
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(2) The rejection probabilities were'insensifive to
changes in the lower precipitation cutoff limit.
For this analysis, the limit below which precipi-
tation amounts were ignored was intentionally
varied from the original .005 inches to .05, .10,
.15, .20, and .25 inches and new probabilities
computed to determine if sensitivity to new values
existed. No change occurred up to 0.25 inches.
It is ﬁighly unlikely that the cooling towers

could influence precipitation by more than this

amount.

‘Both of these factors indicate that large.(>0.25 inch)
rainfalls are affecting the means. To test this possibilit&,
histograms of operational and nonoperational precipitation
. amounts were prepared- as shown in Fig. 7.4. It can be
noted that the operational data set contains a larger
percentage of rainfalls greater than 0.25 inches than

does the nonoperational set.

Autumn. The statistics for the autumn season are shown
in4Fig; 7.5. The patterns are quite variable, with
Benton Harbor displaying the only critical wvalue. Because
the correséonding difference is negative, héwever, no

cooling tower influence is indicated.

Conclusions

The Wilcoxin-Mann-Whitney statistic was applied to

daily precipitation data from both network and National
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precipitation amounts for summer.
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Weather Service stations to determine if significant
differences occurred between operational and nonoperational
periods. In the winter and autumn seasons, sdme stations
indicated negative differences, meaning that ;he operational
mean was significantly less than the nonoperational mean

and that there was no cooling tower effect. In the

spring season, only one station indicated a positive dif-
ference.. This difference was only ﬁarginally significant,
however, and inconclusivé in determining any cooling tower
influence. For the summer season,'significant_positive dif-
ference occurred in an orderly pattern, but further analysis
of the precipitation distribution showed that the differences
were the result of natural causes. In summary, the
statistical method applied did not disclose a modification

of precipitation by the cooling towers.




—

VIII. POTENTIAL APPLE SCAB INFECTION CONDITIONS

Introduction

The release of large amounts of heat and moisture
into the atmosphere by the cooling towers has caused concern
that an increaée in occurrences of apple scab infections
may result. Apple scab is‘a parasitic fungus disease

which can cause major damage to both leaves and fruit

of apple drchards (Jones, 1971). Because the raising

of apples and other fruit is one of the main industries
in southwestern Lower Michigaq,fthé concern centers around
the possibility that the cooling towers could cause an
increase ‘in occurrenées 6f cettain»combinations of tem-
perature, humidity and precipitation conditions conducive
to poteﬁtial apple scab infections. A study of occurrences
of these conditions, therefore, has been an ongoing part
of this investigation.  Final results are describedlbelow.
| The study consists of a comparison of occurrences
computed using meteorological data for several Palisades
stations with those computed using daté for Muskegon,
which serves as a representative control station. As
mentioned previously, the National Weather Service Station
at-Muskegon is as close to Lake Michigan aé-several
Palisades stations are, but because it is about 112 km

north of the cooling towers, it is out of range of their

effects.
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Conditions for Formation

Germination leading to apple scab infections begins
as soon as disease-cariying spores, which are released
from perithecia on dead leaves on the orchard floor during
temperatures above freezing, land on new green leaves or
fruit which are also wet. As shown in Table 8.1, the
meteorological conditions most conducive to gpple scab
germination and infection are temperatures between 63°F
and 75°F accompanied'by or immediately following rain
(Jonés,:197l). In this temperature range, Table 8.1 shows
that it takes only 9 hours foé a light infection and 18

hours for a heavy infection to take place after the start

"of rain. If a protective spray is not applied before

or within this critical 9-hour period, a spray with
eradicative»properties must be used. .At colder temperatures,
longer times are required for infections to occur. None
occurs at temperatures below freezing.

Because an infection period begins only with the

start of rain, the criteria used here to determine the

potential severity of an infection were that the temperature

remain above freezing during preéipitation'and £hat the
relative humidity remain at leasf 85% following the end

of precipitation} The precipitation criterion chosen.

was that it must exceed 0.005 inch per hour. .The reason

for adding relétive humidity to(the precipitation-temperature

requirement (for the temperature range conducive to

infections) is that leaves, bark and fruit which are wet from rai

n




are likely to remain wet as long as the relative humidity

is at least 85%, even though the rain has ended. The

period of infection and, therefore, its severity are

likely to be increased.

Table

8.1

Number of hours of wetting required for ﬁrimary apple

scab infection at different air temperatures.*

Degree of Infection

Average - . S . .
Temperature - Light Moderate Heavy
°F hrs hrs hrs
78 13 17 26
77 11 14 21
76 ' : 9 1/2 12 19
63 to 75 : 9 12 18
62 9 12 19
61 9 13 20
60 9 1/2 13 20
59 10 13 21
58 10 14 21
57 10 14 22
56 11 15 22
55 11 16 24
54 11 1/2 16 24
53 12 17 25
52 12 18 26
S1 13 18 27
50 14 19 29
49 14 1/2 20 30
43 15 20 30
47 17 23 35
46 19 25 38
45 . 20 27 41
44 .22 30 45
43 25 34 51
42 ' 30 40 60
33 to 41 2 days

*taken from Jones (1971).
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A computer program was written which totaled the
number of hours fulfilling the above criteria for several
Palisades stations for February through August, 1974 through
1978. Each occurrence was caiegorized as being conducive
to either light, ﬁoderate or heavy infection according
to the data in Table 8.1, and the numbeﬁ of occurrences
was totaled by month.:

Climatological informatién'necessary té determine
natural occurrences was obtained by performing similar ' !
computations using data for Muskegon for the period o
1948-1952, which was chosen on the basis of completeness
of hourly weather observations on magnetic tape. Muskegon ' ’

occurrences for 1974 through 1978 were obtained by

manually screening hourly weather observations and
tabulating these data according to the criteria of Table ' !

8.1,

Nonoperational and operational occurrences

Results of the computations of occurrences of apple 4 i
scab infection conditions are given in Tablé 8.2. The
top half gives the ﬁumber of occurrences by month and
year for Muskegon and for station P05A, located in an
orchard‘about S km from the cooling towers. Because
station POSA was not in operation in 1978, data for

station PO7A were used. The average number of occurrences

for Muskegon for the period 1948-52 is also given. The

bottom half of Table 8.2 lists total occurrences for

Muskegon and'for several network stations by degree of

potential infection and by year.
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Table -8.2
Number of Occurrences of Potential Apple Scab Infection
Muskegon County Air (MKG)
LIGHT (L) 'MODERATE (M)
PMAMJIJIA TOT FMAMJIJA TOT
1974 (non=cp) 00 1 0S5 1 0 ? 6012311 _38
1975 (op) 6012311 8 0013322 11
1976 (op) 0L001120 4 orLo01220" 6
1977 (op) e1r11112 7 0020411 8
1978 (op) 00211302 8 0002210 5
AVE (climo) (1948-1952) 7 8
Station POSA
1974 0012012 6 Q010502 8
1975 013341 12 00033113 10
1976 0020000 2 0001260 9
1977 6010204 ? 0011204 8
1978 (PO7A) 0011012 S 0010221 6
Totals
Station 1974 1975 1976
L M H TOT L M H TOT L M H TOT L
MKG 7 8 S 20 811l 4 23 4 6 6 16 7
pOJA 4 9 2 15 415 31 22 410 3 17 12
PO4A 312 31 18 315 3 21 4 8 4 16 10
POSA 6 8 5 19 1210 4 25 2 9 4 15 7
POGA 411 5 20 713 5 25 5 6 5 16 11
PO7A 510 3 18 912 3 24 5 6 S 16 7

Conditions
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TOT
5
4
6

1

1978
M H TOT

5 7 20
3 4 13
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The results show that .
(1) For Muskegon, whose results are representative )
| of those for a control station, meteorological
conditions conducive to some degree of apple
scab infection occur most frequently in June,
with an average of about six occurrences. There
are usually no occurrences in February, one in
March, two in April, three in Mayiénd four
both in July and August. In the five-year period
shown, 1977 had the largest tofal occurrences
with 26, and 1976 had the smallest with 16.
(2) Similar results can be noted for station PO3A.

May, June, July and August each have four or

five occurrences oh the average, February has
none, March h#s one‘and April has two. Like
the Muskegon results,-thé fewest occurrences
~at P03A were in 1976 when-there were 15. The
most were in 1975 when there were 26, which
was two greater than at Muskegon.

(3) Although it is not shown explicitly at the
bottom of Table 8.2, the average'of the total
occurrences for each jear for the five Palisades
stations was egual to or less than that of the
Muskegon control data for each year except
1975 when it was one greater.

These results show that for the stations used in

"the analysis there was nol. increase in occurrences of ‘

potential apple scab infection conditions due to the




Operation of the cooling towers. Most changes in occurrences
which took Place in the network data from month to month

and from year +o Year also took Place in the control data,
which indicates that weather pPatterns on the scale of
migratory pressure Systems are the dominating influence

on occurrences of potential apple scab infection conditions.
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IX. SUMMARY OF FINDINGS

1) The most serious gffect of the cooling towers is icing
caused by the ﬁreezing of both drift and plume 'in downwash
conditions. For temperatufes leés than about -3°C,Jboth
drift and plume freeze as dense glaze ice on impact with
natural surfacés.' For wind speedé greater than 6 m sec-l,

icing may extend as far as 200 m downwind. Because the heaviest
drift droplets are the first to fall out and freeze, beyond
about 200 m freeziné of only the plume produces a less dense
type ?f icing on only tall objects. This type of icing may
extend as far as 400 m downwind if the wind'speed exceeds

8 m sec-l. In general, wind directions from the wwouthwest

and northwest quadrants produce the most frequent and longest
lasting icing episodes. Reports of icing were received as

early in the autﬁmn as 12 November and as late in the spring

as 9 April.

2) Based on observations reported by personnel at the plant

‘'site, damage to vegetation and slippery driving conditions

are the main impacts of the. icing. Their severity decreases
with disﬁance downwind, but the longer the duration of
subfreezing temperatures with a steady wind direction, the
greater will be the accumulation of ice, the narrower will
be the zone of icing and the more severe will be the impact
of the icing. The damage to vegetation and slippery driving
conditions were reported at locations on the plant site

itself.
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3) Cooling tower effects on humidity, temperature and fog

are minimal except for locations within about 200 m of the
towers which are occasionally affected by plume downwash.

For wind speeds greater than 4 m sec'-l downwash occurs

whiéh often reaches ground level and causes an increase in
temperature énd humidity and a reduction in Visibility.

The higher the wind and natural humidity, the farther'downwind
the plume remaiﬁs dense and in contact with the ground before
lifting. Six observations reported the plume remaining |

at ground level near the 0.7-km inland distance of the

plant site boundary from the cooling towers.

4) Statistical analyses of visibility and precipitation
data for the 6perational ana nonoperational pericds show
that there are a feaw sigpificant difféfenées between

these periods. None of the observed differences, however,
is attributable to cooling tower effects. Instead natural
meteorological processes and variabilities are believed

to be responsible.

5) Statistical anélyses of temperature, relative humidity
and dew point data shéw.no differences between the nonopera-
tional and dpefational periods which are attributable to
cooling tower effects in spring, summer and autumn. A

few statistically significant, but‘sméll, increases in the
values of these variables were found in Winter both near

the plant and downwind under the plume centerline. The
overall impact of the cooling towers on these variables at

any point in the network, however, is negligible.
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6) The occurrences of combinations of precipitation,
temperature and humidity which are conducive to apple
scab infections are not increased by cooling tower operation

over those which occur naturally.

7) Shadowing effects of the cooling tower plume are minor
compared to shadowinglby natural cioudiness except for
mornings in the summer season at locations within a few km of
the cogling towers. Summer mornings are normally cloudless
except for therplume, so shadowing is significant near the
towers until rapid evaporation of the plume occurs near

midday. In cloudlecs conditions with a dense plume, solar

radiation is decreased where the plume's shadow falls, but

it is increased above clear sky values on either side of
the shadow due to reflections from the sides of the plume.
Because'the average amount of sﬁy covered by natural
cloudiness dufing‘daytime is 6/10 in spring, 7/iQ in autumn
and 8/10 in winter, it is concluded that the'plume'does

not add'significéntly to the natural shadowing produced by

clouds in those seasons.
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May 1978, and published in proceedings.

Moses, H., D.G. Baker, E. Ryznar, and D. Young: "A comparison
of the amounts of solar and wind energy available."
Presented at the American Meteorological Society Conference
on Climate and Energy,-May 1978, and published in proceed-
ings. :

Annual Reports

All annual reports come under the general heading of "An
investigation of the meteorological impact of mechanical-
draft cooling towers at the Palisades Nuclear Plant",
DRDA Project 320158, University of Michigan.

1973 Ryznar, E. and D.G. Baker: First Annual Progress Report,
42 pp. '

1974 and D.G. Baker: Second Annual Report, 78 pp.

1975 M. R. Weber, and D.G. Baker: Third Annual
Report, 59 pp. :

1976 M. R. Weber, D.G. Baker and D.F. Kahlbaum,
Fourth Annual Report, 102 pp. . .

1977 M.R. Weber, D.F. Kahlbaum and W.G. Snell,
Fifth Annual Report, 103 pp. .

1978 D.G. Baker, M.R. Weber and D.F. Kahlbaum, Sixth
Annual Report, 196 pp. '

Data Reports

1975 Ryznar, E., D.G. Baker, M.R. Weber, R. Kessler, and J.A.
Baron: Data Report No. l: Summary of Meteorological Measure-
ments for the Period October 1972 through June 1973. 99 pp.
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1975 Weber, M.R., R. Kessler, W.G. Snell, D.C. Dismachek, and ‘
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100 pp.

1976 Weber, M.R., R. Kessler, W.G. Snell, D.F. Kahlbaum: Data

Report No. 3: Summary of Meteorological Measurements for
the Period January 1974 through December 1974. 172 pp.

1976 Snell, W.G. and D.F. Kahlbaum: Data Report No. 3.1l:
Summary of Temperature and Humidity Measurements for the Period )
January 1974 through December 1974.v 37 pp. i

1977 Weber, M.R., D.F. Kahlbaum, R. Kessler arnd C.R. Wilkes:
Data Report No. 4: Summary of Meteorological Measurements
for the Period January 1975 through December 1975. 215 pp.

1977 Weber, M.R., D.F. Kahlbaum, R. Kessler, G.J. Rizzo, M.
St. Peter and C.R. Wilkes: Data Report No. 5: Summary of
Meteorclogical Measurements for the Perlod January 1976
through December 1976.

1978 Weber, M.R., D.F. Kahlbaum, M.J. St. Peter, W.W. Beaton
and J.N. Deaconson: Data Report No. 6 Summary of Meteorological
Measurements for the Peirod January 1977 through December

1977. 221 pp- | , '
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Appendix B. Percent Data Recovery By Month and Variable

Precip. Temp. Rel. Hum. Solar Radiation Wind Direction Wind Speed . Visibility
1973 (Network) (Network) {Network) PO3A PO7A P0O3A PO7A PO03A PO7A PO3A PO7A
APR 91 58 = - - T 96 87 59 - ~
MAY 95 50 - - - 98 99 98 99 100(a) 100 (b)
JUN 98 49 - - - 99 99 99 99 100 = 99
JUL 98 96 - 100 100 92 99 92 99 100 97
AUG 98 84 - 100 93 99 60 99 86 97 61
SEP 96 89 ‘ - : 99 99 99 0 99 0 100 60
ocT 98 94 - 99 99 100 0o . 92 17 98 100
NOV 99 89 - 100 100 75 51 99 94 100 100
DEC 95 80 - 95 100 49 . 99 88 96 97 . 100
1974 4 ,
JAN 97 84 86 100 25 98 98 79 99 0 96
FEB .97 : 84 - 85 98 61 97 99 89 98 55 94
MAR . 99 97 97 98 88 96 99 74 96 59 66
APR’ 98 99 98 91 100 50 99 - 99 99 0 0
MAY 96 98 94 100 100 98 99 . og 99 43 75
JuN ~ 98 97 92 99 100 99 89 98 96 100 99
JUL 97 99 97 100 99 99 99 100 99 100 100
AUG 99 100 99 100 91 99 99 99 79 86 67
SEP 08 98 - 98 98 100 99 99 99 99 93 0
ocT 98 100 99 100 100 99 99 . 99° 99 100 0
NOV 86 99 99 100 100 99 99 99 99 100 0
0

DEC 98 99 99 17 17 100 298 99 100 100
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Appendix B. Percent Data Recovery By Month and Variable (cont.)

Precip. Rel. Hum. Solar Radiation Wind Direction Wind Speed Visibility
1975  (Network) (Network) (Network) PO3A  PO7A PO3A PO7A PO3A PO7A PO3A PO7A
JAN 96 99 99 88 98 77 98 62 99 99 0
FEB | 96 99 100 99 100 4 98 4 99 99 33
MAR 98 96 96 100 99 99 99 95 99 100 100
APR 99 90 90 100 76 99 58 99 79 100 73
MAY 99 100 99 99 89 99 95 99 84 77 100
JUN 100 98 97 99 100 98 99 99 - 99 93 100
JUL 99 - 99 99 100 © 95 87 99 99 99 81 100
AUC 100 99 99 100 98 99 99 100 99 95 88
SEP 100 99 99 . 100 66 99 79 99 99 86 95
ocT 100 100 100 99 .99 100 100 100 99 100 100
NOV 100 99 99 100 99 56 99 56 ° 99 88 67
DEC 99 99 99 " 99 100 96 97 91 89 86 0
1975 | 4 , ,
JAN 100 93 93 100 100 99 99 96 99 100 0
FEB 99 97 97 100 100 99 90 100 83 100 0
MAR 99 98 98 100 99 81 80 99 80 92 85
APR 100 Y 98 96 . 100 72 98 .100 98 89 100
MAY 99 100 100 97 . 92 99 99 99 99 91 100
JUN 99 99 99 94 60 - 90 99 99 99 98 100
JUL 100 95 94 97 14 94 99 92 99 81 88
AUG 99 99 99 86 100 99 99 99 99 100 100
SEP 99 98 98 100. 100 99 99 99 100 100 89
ocT 99 94 94 _ . 100 100 95 99 94 - 99 90 100
NOV 99 99 . 100 100 99 99 . 93 99 96 97
DEC

94 94 - 99

99 100 92 100 20 81.
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Appendix B. Percent Data Recovery By Month and Variable (cont.)

1 Precip. Temp. Rel. Hum. Solar Radiation Wind Direction Wind Speed Visibility
1977 (Network) (Network) (Network) PO3A PO7A PO3A PO7A PO3A PO7A PO3A PO7A
JAN 85 94 94 80 99 71 74 71 74 20 - 80
FEB , 90 93 93 . 91 - 98 91 98 86 95 40 93
MAR 99 99 99 99 100 99 99 99 99 77 100
APR 99 99 99 89 100 100 99 100 99 87 99
MAY 98 97 97 98 99 96 100 99 80 100 98
JUN 96 97 97 100 69 99 94 72 . 94 96 92
JUL 96 94 92 100 68 93 93 . 93 65 100 98
AUG 97 94 92 . 100 78 99 99 100 99 90 100
SEP 98 97 97 99 73 99 99 99 99 100 100
ocT 99 97 97 100 97 100 99 99, 100 83 100
NoV 96 97 98 100 99 100 99 87 99 96 95
DEC 90 99 99 99 98 99 90 67 41 78 71
1978
JAN 83 93 93 97 98 58 14 70 1 33 17
FEB ' 82 ' 91 © 93 100 20 0 83 7 65 86
MAR 96 99 : 99 99 59 0 99 0 96 100
APR 100 (c) 96 (c) 94 (c) 100 100 58 100 58 96 100
MAY 100(c) - 100(c) 100 (c) 100 91 97 99 100 96 100 95
JUN 100 (c) © 90(c) 90 (c) 96 85 91 96 96 96 92 80
JUL 100 (c) 93(c) 93 (c) 99 99 86 87 77 85 99 100
AUG 100(c) 89 (c) 89 (c) 100 100 100 99 99 99 86 99
SEP 100(c) = 94(c) 94 (c) 100 94 99 99 99 99 88 98
oCT 100 (c) 99 (c) 99 (c) 86 94 86 99 86 99 83 100
NOV 100 (c) 95 (c) 95 (c) 99 90 99 96 100 81 100 100

DEC ' 88 (d) 76 (d)° - 69(d) 100 100 73 75 94 78 92 83
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1979
JAN
FEB
MAR

(a)
(b)
(c)
(d)
(e)
(£)
(9)

Appendix B.
Précip. Temp.
(Network) (Network)

52 67
80 84
85 (e)

beginning 10 May
beginning 17 May
PO3A & PO7A only

96 (e)

Percent Data Recovery By Motnh and Variable (cont.)

Rel. Hum.
(Network)
61
84

96 (e)

PO3A & PO7A only through 10 Dec

ending 27 Mar
ending 26 Mar
ending 28 Mar

PO3A
100
99
© 100 (£)

PO7A
87
99

100 (q)

Solar Radiation Wind Direction

PO3A PO7A
69 61
97 97
99 (£)100(qg)

Wind Speed Visibility

PO3A PO7A PO3A PO7A
80 73 77 58
99 90 100 98
93(f) 81(g) 98(f) 92(q)
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