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PREFACE

This is the final report of the investigation under
Contract Number 72-1221-KB2 between Consumers Power Company
and the University of Michigan. It discusses and summarizes
agspects of the work described briefly in quarterly letter
raports submitted'since July 1972 and in ‘detail in six
annual reports submitted since 1973. Additional results
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 meteoroclogical stations
from 1972 through 1977. A final data report for the period
1 December 1978 thrﬁugh 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 previous reports and
the aﬁthor; once again would like to thank them. Particular
thanks are given to Dcnald Pearson for maintaining data
collection and monitoring equipment performancé throughout
the entire measurement ohase of the investigation. Those
who ﬁade important contributions to data processing in
the iast year ara Will SBeaton, Randy Bliss, Mark Casper,

Dennis Hodges, Ken Rurdziel and Bruce Wattle.
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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 Micﬁigan. 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 céoling systems were under construc-
tion at the time the ihvestigation began. ‘

The Palisades Nuclear Plant has 36 cooling tower cells
as shown in Fig. l1.1. 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 locatéd
in an interdunal depression.

In the operation of the Palisades mechanic?l-
draft cooling towers, ambient air is drawn pastlcascading
heated water drops which lose heat to the air by sensible
and latent heat transfer orocesses. The result is that
the air leaving a cell is usually a saturated mixture of

air and water vapor which is warmer than the ambient




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 atmospheré directly,
both as small droplets which comprise the plume and large
drops which fall out as drift. An aerial phofograph
showing the codiing towers during operation on 23 December
1977 is shown in Fig. 1.2.
In the operation of the once-tihrough system at the
Cook Nuclear Plant, water is taken from Lake Michigah at
a rate of about 1,645,060 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 t?b 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




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, thersfore, and work on them began in
April, 1972, when orders for equipment were placed and

locations for meteorological stations were chosen.

Purnose and Appreoach

The goal of the cooling tower investigation was to
" determine (1) if the heat and moisture added to the
atmosphere 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 atﬁospheric
conditioﬁs, increase the humidity near the ground for
prolonged pericds and, in addition, cause or enhance not
only fog and/or icing at the surf;ce, 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 observational approach was taken in ;ﬁ; 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 peossible, information'on cloudiness and icing

was obtainable from special observations and photographs.
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The nearest National Weather Service station which could
provide adequate and somewhat representative information
on some of these variables was at Muskegon. Because the
station was located about 112 xn north of the cooling
towers, however, it was out of range of their influence.
The necessary information closer %o the towers was obtained
by establishing a special networkx of 13 meteorological
_Stations extending from near the cooling towers to about
19 km inland (Ryznar, gt.al., 1976).

A map showing locations of the stations comprising
both the Palisades and Cook networks and stations having

other types of meteorclogicai data is shown in Fig. 1.3.

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 shoreliné conditions. These data
were analyzed in detail by Baten and Eichmeier (1953)
in terms of climatological characteristics.

A map showing locations of the Palisades network
stations in greater detail is given in Fig. l.4. Tempera-

ture, relative humidity and precipitation were measured .

at all stations. At'the two main stations, called PO3A
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and PQ7A in this report, wind velocity, visibility, and

. global solar radiation, consisting of direct plus diffuse
solar on a horizontal surface were also measured. The
network instrumentation and calibration schedules are
given in Table 1l.1l.

Station PO03A was located in a flat field about-l
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 the turbine building
on-site. In addition to providing.general information
on plume behavior, the time-lapse photographs were especially
helpful in determining occurrences of plume downwash and
its downwind extent. Station P07A had the same equipment
as PO3A except for the time-lapse camera, but because it
was about 19 km inland, it was assumed to be out of range
of direct cooling tower effects.' In this way, it acted
as a control station.

The nuclear plant and cooliﬁg towers began test
operations on 1 April 1975. Plant load was.gradually
increased to 80% of capacity later that month. Outages
lasting from a few hours to a few days were experienced,
but the plant remained >a line until 20 Decembef 1975,
when it was shut down for about five months for refueling
and steam generator eddy curreﬁt testing. It resumed
continuous operation on 18 May 1976 and, except for
occasional outages lasting from several hours to several

days, it maintained an average generator load of about



Table 1.1:

Variable

Precipitation

Temperature
Rel. Hum.
Wind Speed

Wind Direction

Visibility

Solar. Rad.

Instrument and

Height above -
Source ground (meters)

Date

Network Instrumentation and Calibration schedule

Months be-
installed tween calib. technique

0T

Calibration

Weighing gage : 1l
Belfort Inst. Co.

Hygrothermograph 1.5
Model 5-594
Belfort Inst. Co.

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

Wind Vane ! 3
Model 104
WeatherMeasure Corp.

Visiometer 1.5
Model 1580

Meteorology

Research Inc.

. Pyranometer 1

Model R411l
WeatherMeasure Corp.

10/72

2/173
2/73
2/73

10/72
(PO3A)
3/73
(co3a)
5/73
(PO7A)

10/72
(PO3A)

12/72
(C03a)
3/73
(PO7A)

12/72

(cloa)

6

12-18

12

Static
weights

Calib.
chamber

Wind
tunnel

Circular
linearity

Manufact. E

Comparison
with
standard



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 froﬁ 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 based on (1)
an analysis and statistical-comparison of nonoperational

and operational meteorological data and (2) case studies,

observations, and photographs of plume behavior and effects.

Lake breezes, which play a major role in determining plumé'

behavior during the spring and summer seasons, are also

analyzed in terms of their effects on the plume, frequency.

of occurrence and penetration 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 to pdtential apple
scab infectiong for nonoperational and operational‘

periods.
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- PART A, PLUME BEHAVIOR AND EFFECTS



II. OBSERVATIONS OF FOG,
ICING, DRIFT AND PRECIPITATION

Introduction

From the time the cooling towers began operation in
April 1975 until the measurement program was terminated
in March 1979, visual and photdqraphic observations 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 seéurity personnel,
who completed queStionnaifes concerning characteristics
énd effects'of the plume. Examples of completed questionnéires
weré given and discussed in each'annual report since 1976.
Time lapse photographs of the plume were taken from the
roof of the turbine buildigg and from station PO3A. Final
resuits of the visual and photographic observations are

described below.

Visual observations

Table 2.1 lists the number of plume questionnaires
completed in each quarter, the number of days of cooling
tower operation and the number of observations éf plume
dbwnwasﬁ, 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
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Table 2.1

Plume Questionnaire Results by Quarter

Days of # Plume

Quarter # Quest, Operation # Downwash fog ~ & Icing
4/1/75 - 6/30/75 216 .78 75 48 12
7/1/15 - 9/30/15 141 77 27 19 0
10/1/75 - 12/31/75 181 77 79 a6 16
1/1/76 - 3/31/76 0 0 |

4/1/76 - 6/30/76 85 43 22 14 0
7/1/76 - 9/30/16 69 79 18 28 0
10/1/76 - 12/31/76 1226 " 80 | 100 o 67
1/1/77 - 3/31/17 402 86 181 147 134
4/1/717 - 6/30/717 271 79 73 68 6
/1777 - 9730/ 161 81 ' 47 57 0
10/1/77 - 12/31/77 174 88 93 108 32
1/1/78 - 3/31/18 6 6 2 5 6
4/1/78 - 6/30/78 66 59 15 29 0
1/1/78 - 9/30/178 119 57 49 63 0
10/1/78 - 12/31/78 71 65 36 55 3

1/1/79 - 3/31/179 50 87 26 38 24




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 of the four quarters.
Given in parenthesis is thé corresponding percent of the

number of questionnaires that reported these effects.

Table 2.2

Summary of Plume Questionnaiie Repdrts by Quarter

Quarter # Quest. Downwash . Plume Fog % Icing
1/1 - 3/31 458 209 (46%) 130 (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 - 12/31 652 336 (52%) 118 (18%)

308 (47%)

Fog. Seasonal changesfin 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?",

A for example, increased from 29% to 47% from the warm to

the cold seasons. A s:rilar increase can be noted in

the affirmative responses concerning 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 fo;m 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 nearlj coincident with the east boundary of
the Palisades site. Although only six reports of this
type were received, it is reasdnable to beliéve that more
occurrences took place but were undetected because (1)
most visual observations were made in daytime within site
boundaries and (ZY ﬁime lapse photographs sho&ed the plume-

in limited fields of view and in daytime only.

' Icing. Icing due to f;eezing drift and plume waél
reported frequently whenever temperatures were below
freezing. It was confined mainly to the site itself
except for the south boundary, which is about 250 m
south of the southernmost block of cooling towers. It
was reported as late in the spriné as 9 April and as early
in the autumn 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 occurréd near
the towers and consist;d of a dense, nearly transparent,
type of glaze ice caused by the freezing of the largest
and heaviest drift droplets which were the first to fall.

Farther downwind, the type of ice changed from glaze ice




13

to a less dense type of rime ice caused by freezing of
the plume rather than of the larger droplets comprising
drifet.

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 t6 the Nuclear
Regulatory Commission in March 1976. Synoptic meteorologi-
cal conditioﬁs which led to the icin§ were discussed in
detail. In addition, a climatological study of the averagé
frequency of occurrence of potential icing conditions

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

Drift. Various intensities of drift were always

present during cooling tower operation (Rechow, 1978b).

In three cases it was observed on the Blue Star Highway
at distancesg of 0.9, 1.2 and 1.4 kxm east of the cooling
towers. In the first two cases,-the wind speed measured
at station PO3A at 2 height of 3 meters was only about

2 m sec.l and in the third case it was 4 m sec-l.

The downwind transport of drift at Palisades, as
illustrated above by =hae seemingly large distantes in
épite of light wind sceeds, has a complex dependency on
wind speed and directiocn, température and humidity and
their variations with height. Further complicating the
drift transport 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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orographic lifting oanir by the dunes takés place which
enhances plume rise and adds to the downwind transport.
For wind speeds exceeding about 4 m sec-l, however,
downwash occurs. These complexitiesgs 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 from the plume. Apart from 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
cited above. The second occurred on 17 February 1377 with
a cloudless sky, a teﬁperature 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 northwestward toward Lake Michigan.

No natural snow was occurring at the time, but very light

snow was reported falling from the ?lﬁme as it passed

across the shoreline. The fourth occurred on 17 February

1979 when the sky was cloudless and the temperatufé 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 PO3A beginning.in.April-l975 and, in addition,
from the top of the turbine building beginning in October
1375 (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 enough away from the coqlin§ towers that about 0.5 km
of the I-196 Freeway was in the camera's field of view.

In addition, the field of view for the 1300 m distaﬁce

to the cooling towers was about 1300 m horizontallf 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 turbine building was

located near the southeast corner and faced inland (east).

e
e
oy
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Its field of view included (1) a section of the parapet
of the tu&bine building, (2) €four cooling tower 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 downwash for wind directions
f:om‘south;southeast clockwise through west-northwest.

All time-lapse films were reviewed and the character-
istics of the plume were &etermined from the photographs
from both locations. Notes were taken on plume character-
istics such as its'diréction of movement, if it evaporated
and where, if it fragmented or remained as a densé 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 above
information was used to document both the results obtained
from the plume questionnaires and the plume effects on
solar radiation discussed in thé 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 book 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 ground as it
moves downwind. If more than 7/10 of the sky is already
covered by opaque 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 cloudless except for the plume, however,
and if no abnormally large attenuation of solar radiation
by atmospheric particulates and/or aerosols is occurring,
the plume simultaneocusly diminishes solar radiation
directly where its shadow falls and enhances it on both
sides. Examples were discussed briefly in the Fifth
(1977) and Sixth (1978) Annual Reports. Evaluations of
these effects as well aé the seriousness‘of the shadowing
problem in general are described below.

The results are based on case studies for times
when an observer was near the pyranometer at station P03A
to verify that the sky was cloudless and that tﬂe 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
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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 occurred with a completely
cloudless sky.

The reason for the increase is that the pluﬁe

reflects solar radiation in a way similar to that of a

- cumulus-type of cloud. The reflections occur not only

back to space from the plume's ﬁpper surface but, moré

importantly, toward thé grounﬁ from its sides. As a result,

ground locations within a qertain distance on either

side of its maih shadow receive not only the direct and

diffuse solar rad:i.ation.t’hey would nomlly receivé with .

a cloudless sky but also the additional 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 normally decrease solar

radiation compared to its cloﬁd;ess value, a plume can

enhance it at certain locations. : )
Several factors determine which' locations receive

smaller or larger than cloudless ambunts of solar radiation.

The most important is the geometry invelving 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 éoler rediatien in an inland (east) direction
just after sunrise end in a lakeward (west) direction

just before sunset. Near solar noon, areas on boﬁh

sidee of the plume ;eeeive aeditional solar ra&iation '
regar&less of the pluﬁe'e direction of movemeet. The
steadier the wind direction, the more prolohged will be
the tlme 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.

o Regardlng shadowing effects by the plume in qeneral,
cloudiness lnformatzon obtalned from cllmateloglcal |
Summaries-fer Muskegontshows that‘except'for.the.summer
 season, shadowing by the plume does not significantly
add-td'that‘produced‘by natural daytime cloudiness. For
exampie, natural deytime cloudiness covers an avetage-

-~ of 8.5 tenths’of the sky in winter, 5.6 tenths in spring,

- 5.2 tenths in summefﬁand 6.? tenths in autumn (Miehigan
Department of Agriculture, 1971). Even in summer, shadowing
is ﬁsually not pronounced'excepe in the early part of the
day. Time lepse phetogrephs show that after 1100 local
 time, on most summer days the_plume evaperates within a
short distence ofrtﬁe cooling towers unless a leke breeze
forms. In this case abrupt changes in p;ume characteristics
and behaviof can take piece, as diseussed in the following

" section.



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

Introduction

Because the Palisades cooling towers ére located on the
shore of Lake Michigan, the behavior of the éooling tower
plume in the warm seasons is of:en_determined by diffusion
charactéfistics associated with. lake and land breeze circulations.
. Time Lapse photographs show, for example, that the plume's
' behavidr andAéharacteristics undergo significant changes during
and ;mmediételf'after the passage of a true lake breeze and

dufing the more graduél-passaée'of a lahd bree:ze.

The'importance of lake breezes in affecting plume behavior.

caused their characteristics to be studied since the measure-

ments comprising this investigation began in 1973, Analysis
of recordings of temperaturé and hﬁmidity ét each station and
of wind velocity a£ the four>main stations.for the 6-year
period of recordings provided information on lake: breeze
océdrrences, penetration'inland and speed of movement inland.
These characteristics were studied_iﬁ relation to other
meteorblogical_variables such as cloudiness and offshore wind
sveed. Hﬁach annual report since 1974 contains an updated
summary of findings. Final results are discussed below.

Tvpes 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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displacing warmer air, it has many of the characteristics of a
cold front, or TLB front in this case.

Whereas the offshore wind preceding a TLB is caused by-the
large-scale pressure distribution as indicated by isobars 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 moves inland against an exi;ting
wind direction which is between northeast clockwise throuéhA
south. 1Its passage is best Eharaétefizéd and detected by a
shift in wind direction from a genefal eaéterly to a westerly
one.

Although'it'is not considered hefa, another type of lake
breeze occurs more frequently £hén‘€he TLB af the Palisades
location. It is a type which occurs when the'exiéting wind is
already onshore and similar thermal differences between land
and water develop. This type of lake breeze adds én impetius to the
existing onshore wind and is detectable mainly as an increase
in wind speed. Changes in température, humidity, wind
direction and thermal s:abiltiy are generally less than those
caused by a TLB. As a rasult, even thotgh it isuﬁore common
than the TLB along the eastern shore of the,laké (because
westerly winds are more ccmmon then easterly'winds in éhe warm
seagsons), its overall effects on the cooling tcwerlplume are

also less.
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Effects on the plume

A well-developed TLB front passing over the cooling tower
site causes the plume to change from one which is moving lake-
ward and has significant vertical development near the shore to
one which is moving inland, is more dense, and has less vertical
development.f.These changes, which may take place in as short
a time ae 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 to onshore,

(2} a decrease in temperatufe'which decreases the wet

bulb depression and acts to increase plume density and é

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

(5) 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 usuelly the time of
maximum temperature and lowest relative humidity, a decrease in

temperature of 2°C and an increase in relative humidity of about




20% are common changes.

The following is an example of tﬁe relevance of these
changes to the behavior of thé cooliﬂg tower plume. If the
air temperatﬁre remains near 24°C, but if the relative
humidity increases from a value of 40% to 60% due to a TLB
frontal passage the wet-bulb'temperaﬁure increases from about
15°C to 19°C and'decreaseé the wet=bulb depression. The
smaller the.wet-bulb depression, the less the amount of water
thét'can be evapofated into the air. The effects on the plume

are increases in its density and length.

Effects Qf cloudiness énd.wind speed on TLB

A total of 187 TLB Sccurrences-in the 6-year period were
-aﬁalyzed Fo determine how cloudiness and wind speed control the
formatidn and behavior of the TLB. It was found that
1) A TLB will form if the sky is éloudless (or nearly so) and
if the speed of the existing wind blowing lakeward does not.
exceed about 5 m sec~l. It is likely to form.between 0900-and

1100 local time and move inland at a speed of about 1 to 2 a

sec™l. The lighter the offshore wind and the fewer the clouds, .

the earlier it will form and the faster and farther it will
" move inland. '
2) . If the sky is cloudl2sss and the offshore wind speed is

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

near 6 m sec
'near the .time of maximum land-lake temperature difference.

It is ﬁot likely to penetrate more than 5 km iniand. There

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

often back to the shoreline itself.

29
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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™t even if the sky is cloudless. In the first case
it will net,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, enhanced turbulent exchange
of heat and momentum associated with au offshore wind of
about 7 m s’ec-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 lake

breeze circulation.

Qccurrences from 1973 through 1978

Table 4.1 shows the number of occurrences of true lake

breezes by mcnth for each year from 1973 through 1978.

Table 4.1

Menthly Occurrences of True Lake Breezes for
1973 through 1978

M A M J J A S o N TOT

1973 5 3 2 2 2 31 3. 0 -~ 21
1974 3 1 4 5 7 10 s 00 35
197° 1 3 4 4 5 71 3 1 2 30
1976 2 2 s 4 4 8 4 1 0 30
1977 1§ 6 6 4 5 3 2 a 33
1978 0 6 7 3 7 9 5 0o 1 38
Tot 12 21 28 24 29 ‘42 21 7 3 187
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It can be noted from Table 4.1 that an average of about

31 TLB occur between 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. Compared to average
conditions for the other months shown, July and August have
.the highest maximum temperatures (about 26°C), the least
daytime cloudiness (about 4/10 coverage) and the lowest

wind speeds (about 4 m s -

). The average water temperature
near the surface is about 21°C. The overall result is thatxv
the land to water temperature difference, which is the driving
force of the TLB, is edhénced in these months by the small

amount of daytime cloudiness, which allows the land to warm

and by the low wind speeds, which remdve proportionately

less heat from the land by turbulent exchange than do the

highér 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 in%;nd.
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Table 4.2

Number of True Lake Breezes Reaching
Maximum Distances Inland

<1 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 5 9

1976 1 3 7 "7 12

1977 2 1 10 5 15

1978 3 6 5 .5 19

Total 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 farthest station, which was PO7A at 19 km. On the
other hand, 15 passed the shoreline stations bﬁt were just barely
discernible when they passed stations near 1 km inland.

Although they are not shown explicitly in Table 4.2,
50 TLB reached some maximum distance inland but were then
forced to retreat lakeward by the existing offshore wind
and/or by an increase in cloudiness which decreased the land-
to-lake temperature difference. Of the 50 TLB fronﬁé 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.




Vertical temperature structure

The availability of meteorological tower data for 1975
through 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 Serviqes Inc.,
Amityville, New York, which has the responsibility for pro-
cessing and tabulating wind and temperature data from the
meteorological tower located at the Donald C. Cook Nuclear
®lant. The tower is lécated 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 Palisades
élte.

Although there are many variations of the fLB, a typical
behavior of wind direction throughout the day associated
with the TLB consists of a morning wiﬁd 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 varioqg wind
directions on temperature differences between 9 and 55 meters
were determined using hourly values (1) prior to TLB passage,
(2) covering the time of TLZ passage, (3) for the period of
onshore wind, (4) covering the time of the evening wind shift
from onshore to offshore and (5) after the wind shift and sub-

sequent return to land air had occurred.

33
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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
ﬁo, during the TLB periodsand 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 ;an 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 stratification,
or lapse) with an average of -1.4°F. This is equivalent to

a height decrease in temperature of aboﬁt 1.7°C/10Q0 m,

or nearly twice the adiabatic lapse rate. With moderate wind .
speeds, suqh a temperature difference is conducive to rapid
vertical andhhorizontal diffusion of the cooling tower plume.
During the daytime period with dnshore 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
of a TLB, an increase in stability occurred in 68 cases, a
decrease occurred 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. S
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Table 4.3

Values of TSS—T9 for True Lake Breezas*

During

Ts5-Tg Hour Prior __Onshore Winds | Hour After
% Cases Ava. °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 0 1 0 12 0
Table 4.4
Changes in T, -Tg with Passage and Retreat of
True Lake.Breezes*
Sign of Change With Passage With Evening wWindshift
- With Retreat
iCases Ave. °F § Cases Ave. °F
: |
Pos. (inecr. inversion
" or decr. lapse) 68 - +0.8 103 +1.1 |
Neg. (decr. 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 results was made using data for
both the Palisades and Cook meteorological towers. Actual
values were slightly different, but both showed (l).insta-
bility for the hour prior to TLB passage, (2) an increase
in stability with passage, (3) instability during the period
of onshore winds and (4) an increase ih stability accompanying
the wind shift from onshore to offshore. For the hour after
this wind shift, however, the Cook data showed an average
lapse of -0.4°C but the Palisades data 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 off;ho?e winds. Wooded inhomogeneous
terrain is upwind of the Cook tower, however, which delays
the formation of inversions compared to that over flat and

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 STATICONS PO3A AND PO7A

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 studied
with both nonoperatiocnal and operational visibility
measurements from visiometers at stations P03A and PO7A.

In the first part of the study, the approach was to deter-
mine which episodes of visibility reductions to less than
3 km were caused by advection-~-radiation fog (abbreviated
in this report as a-r fég) and then to compare occurrences
and durations at the two stations when the cooling towers
were operational and nonoperational. Meteorological
conditions 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 second part of the ;tudy, statistical methods
and tests were applied to the number of hours with visgi-
bilities reduced to 3 km or less by meteorological
obstructions other than snow. The purpose was to determine
if an increase in the number of hours of visibility
réductions occurred during cooliné tower operation and

if so, whether the increase was statistically significant.

Advection-radiation fog

The basic assumption in this study was that station

PO7A, because it was located about 19 km inland from ths

39
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cooling towers, was out of ranée of tower fnflueﬁce on
a-r fog, so occurrences there 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

" enhancgd by moisture from the coocling towers. Non-

operational and operational occurrences of a-r fog at
both stations were compared, therefore, to determine if
significant increases occurred at P03A which were not

attributable to natufaI causes.

Nonoperational and ogefational occurrences. The

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

‘by month and year in Table 5.1 fof the preoperagional

years of 1973-74 and the operational years of 1975
through 1978. The corresponding percentages of available
data recorded in each monfh are also listed. These data
comprise the basis for the contingency analysis discussed

below.

Contingency Tabulation. The statistical method found -

to be effective in analyzing the data in Table 5.1 for

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

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

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

must occur, and two other events, ¢ and 4, only one of

which must occur, a determination can be made concerning



Table 5.1 Hours of advection-_-radia:tion fog by month and year

2032 | PO7A
Avail. Hours Avail. Hours
Data : Fog Data . Fog
(3) « (%)
: 1973
7 74 : 0 (Preop.) ) -
F 58 0 | ] -
M 0 - 0 -
a 0 - 0 -
M 72 34.4 51 13.1
.3 100 59.2 ) 91 18.5
3 100 8.6 : L -
A 97 ©103.5 Y 26.7
S - 100 - 61.9 61 13.6
o 99 87.5 ’ 100 26.3
N 100 5.7 100 5.4
D 97 0 ' . 100 0
1974 |
3 0 - (Preop.) 97 - 0
F 55 0 ' - 94 - 10.7
M 60 5.5 6 5.9
A 0. - 0 -
M 43 6.6 | 75 13.8
J 100 51.5 B ‘ 99 5.9
J 100 78.1 100 30.6
A 86 93.8 68 23.9
£ 93 123.8 0 -
0 100 14.2 0 -
N 100 31.9 o . -
D 100 ' 0 0 -



42

Table 5.1 (cont.)

PO3A PO7A

Avail, Bours Avail. Bours

Data Fog Data Fog

(%) (%)

' 1975
J 99 0 - 0 -
F 99 0 4 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
J 81 120.3 100 31.0
a 96 60.2 89 31.9
S . 87 51.2 95 43.3
o) 100 45.5 100 28.6
N. g8 25.4 69 26.9
D 87 0 0 -

76

J 100 0 -
F 100 0 -
M 93 1.4 85 0
A 89 16.8 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 13 100 67.6
S 100 38 90 .35.1
o) 90 20 100 12.4
N 97 98 0
D 21 84 0
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77
87
100
96
100
90
100
83
97

33
87
100
100
100
93
99
87
88
85
100
93

3.2
28.8
17.7
29.7
18.8
18.4
11.9

4.2
2.1
27.5
29.6
53.0
67.9
36.8

8.9

100
99
98
92
99

100

100

100
96
71

o O O o

95

100
99
99

100

100
85

0.2
3.1
7.5
7.1
3.7
13.6
8.5

5.6
12.8
8.1
7.5
22.5
13.5
13.7
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any association between the occurrence of events a and

¢ (Brooks and Carruthers, 1953).

(a,c)

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

The frequencies of

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

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 Example of 2 x 2 contingency table
P03A ,
fog no fog Total
fog a b a+hb
PO7A
no fog c d c+d
Total a b +4d a+tb+c+d=n
a = hours with fog at both P63A and PO7A
b = hours with fog at PO7A but not at P03A"
¢ = hours with fog at P03A but not at PO7A
d = hours with no fog at either station forAdays

with fog.

Lo




One of the main advantagés 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 fromlthe other because of equipment
malfunction, the occurrence was not counted at all.

As 2 result, even though the overall totals for a

station may be somewhat less than actual, missing data

in most cases do not cause the results for one station

to be biased with respect to the other.-

fable 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 1378, which
were operational years. Relative changes in the number
of hours with a-r fog at the two stations can be seen
more clearly 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 hgurs 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 both 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 vigibility <3 km.

1973-1974
(nonoperational)
PO3A
fog no fog Total
fog
"159 44
PQ7A 0
‘ no fog 338 2579 2917
| Total 497 2623 3120
|
1975 through 1978
(operational)
PO3A
fog no fog Total
fog 465 250 715’
PQ7A
8
no fog 44 7490 8334
Total 1309 7740 9049




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

hourg of a=r fog at one or hoth stations.

1973=74 1375 | 1376 1977 1978

44 .55 68 44

PO7A alone ma% yyy =11% vy =20%. L EVE =19% 53 3179

PO3A alona (338 _ 288 165 129 263
gn-. 62% 393 =5 8% Ty 43% 337 S6% 95 53%

Table 5.4 shows that station P07A.alone had feog
about 8% of the‘total a-r fog hours in the oreoperational
years of 1973-74 and about 16% of them during the
operational years. The corzesponding ratios for PO3A
are 62% and 54%. In general, the much greater number of
hours during which PQ3A alone had a—f fog are real in
both cagses, but the comparatively small ratio for PO7A
in the preoperational years is caused mainly by missing
data. There were frequent visiometsr malfunctions at
tha beginning\of visibility measursment program. It
can be noted from Table 5.1, for example, that data
recovery for the months of August and September, whean a-r
fog is most fraquent, was 63% or less for PO7A but greatar
than 85% for P03A for both years.' The ratios for 1975
through 1978 are probably more representative of the

actual diffarence in a-:'foq between the two stations.
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The differences in a-r fog between PO03A and PO7A
as well as the small cpanges from préope:ational to
operational conditions are due to natural causes and
variabilities. Among the most impoﬁtant causes are the
naturally higher humiditigs at PO3A resulting from (1)
the proximitflof 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 P0O3A. Because the air is already moist,
slight cooling increases the relative'humidity enough
to cause a-r fog frequenily to form earlier in the
evening and last longer in the morning at PO3A than
at PO7A, which is at a slightly high&r elevation.

'In summary, the resutis for the a-r fog study

‘shpwed that regardless of whether or not the cooling

towers were operating, ‘

(1) July, August and September had the most hours
of a-r fog and November through March had the
least, and

(2) station PO3A had about twice és many hours of
a-r fog as station PO7A in the summer ‘when
a-r fog was most freguent,

The cooling towers did not increase either the number

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




Visibiiity Reductions

To augment the study of a-r fog occurrences described
above, a similar study was made of whether the cooling towers
affact surfacé'visibilities in general. Choosing an effective
technique to determine if natural reductions in visibility
are enhanced by the cooling towers is .complicated by the fact
that, like many ' meteorological variables, the statistical
distribution of visibility data is highly u-shaped. Be-
eause of this non-normality, statistical methods which
assume normali;y could not be used. A statistical methed
which was indepenﬁent of the sample distribution was
required. A method which met this criterion consistéd of
a2zx2 éontingency table and a chi-square test to determine
independence of the elements in the table. (Dixon and
Masséy, 1979). This method was applied to the visibility
data from statiéﬁs PO3A and PO7A to determine if an increase
in the number of hours of visibility reductions occcurred
during cooling tower operation and, if so, whether the
increase Qas 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 ended in March, 1979, were used.
The data set was categorized aqcording to season and by
hour of the day. The number of hours‘in which the visibility
was reduced 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
or . . C .. Db . 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 are the hours in which the

" visibility was less than or equal to 3 km for the nonoperational

and operational periods, respectively. N is the total hours
of instrument operation. .
The chi-square statistic was then generated from this -

table using the following equation.

2
2 _ __N( AD-BC = 0.5N) 2
X" = TR+B) (a*C) (5D (C+OT 2 X (1)1-s.

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

0.5 is Yate's Constant, which provides for a better
£it between the test statistic (xz) and a chi-
square distribution with 1l degree of freedom,

xz(l)l-d is the 1-a percentile of a chi«sq&are dis-
tribution with 1 degree of freedom and

a is the probabiliéy of detecting a change in the
freqqency of hours of visibility £ 3 km when in
fact there has not been a statistically significant .

chénge. On the tests performed here, a is taken
as 0.0S. '



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

follows:
Ho : the occurrence of fog with visibility < 3 km is
independent of the cooling tower.operational status.
Thig hypothesis can be rejected in the classical sense
if the minimum expected value (E) 13'1 5 and if the value of
x2 is > xz(l)l-a. The value of E is given by the product
of thé marginal frequenciés divided by N. For B, the nonopera-
tional hours of réduced visibility, thelexpected vélue EB

may be written

E, = (A+B) (B+D)/N

B

However, Snedecor (1356) in his analysis indicates that this
requirement of Ep being > 5 to reject the hypothesis is too
strict and that meaningful results can be obtained when ﬁé
is less than 5 by mﬁ;tiplying the~vaiue of xz(l)l-a by 1.5.
Thus ‘a second criterion for rejecting the hypothesis of '

independence occurs whenever

Eg < 5 and x° > (1.5) (¥ (L)1-a).

From the 2 x 2 contingency tablaes, the frequency
distribution of hours containing a visibility reduction
to 3 km or less was computed for each station a;d season.
These frequency distributions were then plotted for both the
operational and nonoperational pericds and are shown in
Figs. 5.1 to 5.4. In these figures, the frequency of

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



the number of observations with a visibility reduction
the number of complete days In the operaticnsl or - X 100
nonoperational period ‘

The number of complete days used in each pericd and season is
also given. Periods of possible cooling towerAeffects are
indicated by the shaded areas beween the operatzonal and
.‘nonoperational curves.

Below the frequency distribution are shown ‘the resﬁlts
of the chi-square test of independence. The value of x® for
each hour of the day is represented by the height of the bar;
the number above the bar is the minimum expected value
(E ) for that test. The solid horizontal line is the value

2

which x” must equal or exceed to reJect the hypothesis of ‘ .

lndependence when Eg 2 5. The dashed line, on the other hand,
corresponds to the velue»x2 must equal or exceed to reject the

hypothesis when Eg < S.

Seasonal variations. Results for éhe%ﬁiiﬁééifeason are shown

in Fig. 5.1. The nonoperational curve.for"Pé;MTi&-higher

than the operational curve for all hours.except 1100, 1300,

1700, 1800, and 230G, when the~operatione1 curve is either

concuzrent or hiqher, ind;cetzng thet:coolxng tower.effects
are possible. However) ‘the ohi-equare‘tests at each of

thase hours fail to reject the” hypothesis of independence;

thus no cooling tower effect is likeig.i %"”

t?\-—‘.,vs

:#’—A ﬂ‘%‘ T :
.The nonoperational éurve for PO7A is also higher than

its operational counterpert_for all hours except between

0800-1000 and 1400-1700. Again, the chi-square 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 nonoperational curve for about 15 hours during the mdrning

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 operational curve is less than the nonoperationai
curve.

Similar conditions also occur with thg PO7A 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
dooling tower effect. '

Results for summer are shown in Eig. 5.3. The diurnal
vattern is very pronouncéd during this seéson, especially
for PO3A. Statistically significant_resulté occur for 9
hours for P03A. However, the nonoperational curve for this
station is always greater than the dpgrational curve.

For PO7A, only two hours (1300, 2000) have significant
results. Again, the nonoperational curve is greater.than
the operational data set at these times.

| Résults for autumn are shown in Fig. 5.4. The nonopera-

tional curve for PO3A is considerably higher than the opera-
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 than the nonoperational

curve at 1200 and 1900 but the chi-square values for these
hours are too low to cause rejection of the hypothesis.

For PO7A, the operational curve is above the nonoperational
curve for 16 hours (primarily from noon until midnight).
However, only twq of these hours (1300 and 1900) are signifi-

cant at éhe 5% level.

Conclusion. 'Categérizing visibility feductions according
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 exéeption of oécasional 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 P07A from the cooling
towers leads to the conclusion that natural causes are

responsible.
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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 béfore/
after study has been shown (Lowry, 1977) to be an ideal

method for determining the existence of localized effects

.on climate.

The approach taken in determining possible temperature
or humidity effects caused by operation of the cooling towers
is to compare opérational and nonoperational data for stations
near the plant. Since the seasonal average temperature,
for example, at those stations can vary greatly from year
to year regardless of the operational status of the plant,
it ig necessary to incorporate additional data into the
analysis to take into account such natural vari;bility.
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
chance that their 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 ag controls toaccommodate natural temperature variations.
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Method

The method used in ﬁhis 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 theﬁaverage temperature for the stations near the plant
POlA, PO2A, P03A, P08A, Pl0A). After-stations were grouped
and teﬁperature differences (AT) calculated, the d&fa were
sorted by wind direction measured at PO3A and by ﬁhe hour-of

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

offshore (55° < WD < 170°)

_and. onshore (235° < WD < 350°).

Hours with alongshore winds (350° < WD < 360°; 0° < WD < 559).
and (180° < WD < 235°) were not used in the analysis. Tﬂg
data were sorted by wind direction because if there is an
increase in'temperatﬁre near the plant, the possibility of
detecting it in the sﬁation data exists only during periods
of onshoré winds. 1In additioq, the AT data for offshore
winds provide 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 compare the curves for the

| operational period with those for the nonoperational period.

If there is a detectable cooling system effect, one would

expect the operational AT curves for onshore winds to be




g1
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 in the data sample be independent
and approximately normally distributed. With a moderate samplz
size (30 or more observations), the requirement for normality
may be ignored. Hourly observations of most meteorological
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 t-test was then applied for each hour
of the day. Although the results for any particular hour
are closely related to the results for the hours immediately
preceding and following it, significant results are separable
from the natural diurnal variability in the temperature fielgd.
An identical analysis was performed for relative humidity (RH).
In the absence of.an increase in temperature near the plant
during the operational periocd, an increase in étmospheric
moisture might be detected as a positive displacement 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 increase in temperature coupled

with an increase in absolute humidity (the actual amount of



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
signif}cance of dew point as 5 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,
észis relative humidity. A positive displacement of
the operational ADP curve from the nénoperational curve
for onshorg 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 tempera:t. .,
relative humidity, and dew point data for December 1973 -
March 1979. Results are described by season below. In
each of the following figures, the curve made up of open
boxes, centered between the "+95%" curve and “-95?“ curve
represents nonoperational data. Vertical lines show the
95% confidence interval given by the ¢-distribution.
Operational data are plotted.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‘'months of nonoperational
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 difference in temperature, relative humidity

and dew point between the coastal and inland stations for both
onshore and offshore winds is shown in Figs. 6.1, 6.2 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 hours 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 statistically significant 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 dayliéht hours, when wind speeds are generﬁIly 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 operatioﬁal data for onshore

winds £all well outside the lower confidence limit throughout
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the afternoon, while operatinonal data for offshore winds

are generally within the confidence bané. Possible expiana—
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 nonoperatiocnal 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 relative 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 combination of these effects
is shown in the ADP curves (Fig. 6.3). It can be noted
that the diurnal cycle of ADP is small, implying that there
is little diurnal.chénge in the coastal/inland absolute
moisture 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 wigds. Opera-
tional ARH data'genefally fall within the confidence bands
except(for the morning hours with offshore wihds. 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 operationai data and 3 months of no data (June -
August 1978). Summer average diurnal variations of AT,
ARH and ADP are shown in Figs. 6.4, 6.5 and 6.6, respectively.
The shapes of the onshore AT curves (Fig. 6.4)vare similar
to those for spring. An effect of the lake being warmer in
summer than in spring is seen in the upwafd shift of thé
curves (more positive 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 pre&ious'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-1lying terrain. It is likely that temperatures af those
stations arelaffected to a greater degree by local air
drainage processes which have been observed to cause large
differences in temperature over short distances and could
reasdnably 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
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+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 ldwer 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

daylight hours, the operational data are at or near the
lower limit of the confidence intervals on nonoperational
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). With onshore winds,
since both operational AT and operational ARH curves are
at or near the lower confidence limit during the day-
light hours, ADP is well below the lower limit of the

confidence interval (+ 0.4°C).

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 respectively.
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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 lake, 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 be;ween the noﬁoperational‘and operational periods ié
about + 0.2°C for both 6n§hore and offshore winds. Operational
.data for both wind conditions are generally within those
bounds. | ' B A

As in the other seasons, ARH for onsggre;winds;(?ig. 6.8)
has a diurnal cycle the inverse of that for AT, while
ADP for onshore winds (Fig. 6.95 shows little diurnal
variation whatsoever. Operational ARH data fall within the
confidence bounds of about i 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
confidence interval of + 0.3°C during the daylight hours. .

At night, those data are at or near the lower confidence limit.

Winter. There wai§-18 months of winter data availa?le from
December 1973 - February 1979. The cooling towers Qere not
operational for about 11 months and operational 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, 6.1l an&-G.lZ, 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
statio;s to be higher than those further inland throughout
the day. The AT curves for offshore winds are quite flat.
The magnitude of a statistically significant change in AT
from the nonoperational‘to the operational period is about
+0.2°C for both onshore and offshore winds. Although
operational data generally fall within those bounds, it
‘'should be noted that from lOOO-lZOd EST and 1500-1800 EST,
operatiohal data for onshore winds are at or near the upper:
limit, with no corresponding shif£ of the operational data
for.offshore.winds.

The amplitudé of the diurnél 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. Operationai
data for offshore winds are generally within the +1.2%
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 fall within the

confidence bands at all hours although both curves approach

Fhalr racmart+tive 1nwer 1imire A1rrimea dha afEaymeme




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 operatioﬁal 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 rslated to cooling tower operation.
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 during the daylight hours. It

appears that those differences are due mainly to natural

8L




differences in cloudiness between the nonoperational and

operatidnal data sets. 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 éverage coastal/inland temperature
gradients and the flatter daytime AT curve. In'fact, those
gradients were much weaker in the nonoperational period,

as seen in Fig. 6.13, which shows the deviation of each

1600 EST average‘station temperature from the network

average temperature, for onshore winds. The isotherms are

much more widely spaced in the nonoperatibnaL period, with
a maximum coastal/inland difference of about 1.5°C, compared
to a maximum difference of about 3.0°C in ﬁhe operational

period,

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. Care

must be taken in the interpretation of results for individual
stations, since instrument or calibration errors take on

greater importance than they do in the data averagéd over

a group of.stations. A plot of the statistical significance

data on a network map, however, can show areas of statisti-

cally significant differences which may then be relatable .

to plant operational status and/or meteorological phenomena.
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Fig. 6.13: Spring 1600 EST station temperatures minus
network average temperature (°C) with onshore
winds, for nonoperational and operational periods.
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An example of such a plot is shown in Fig. 6.l4. The .
data plotted, rather than being t-test values which give
no information as to the sign of the difference between
the nonoperationai and operational means, are Bayesian
posterior probabilities (Lafson, 1969) that the operational
means are gréater than the nonoperational.means. Values
greater "than .95 are strong evidence that the operational
temperatures are larger th;n the nonoperational temperatures,
while values less than .05 are strong evidence that the
operational temperatures are smaller.v Data are plotted
for both onshore and offshore winds. As seen in the
figure, data for offshore winds are distributed :ather

randomly, while for onshore winds there is a clear pattern .

of'qperational temperature lower along the coastvgnd

higher inland. These plots lend further support to thé

analysis above, especially since the dissimilarity between

the plots shows that the befofe/aftef differences are

not simply systematic (i.e., independent of wind direction).
‘It was noted in the previous section that ADP also fell

below the lower confidence limit throughout the afternoon

with onshbre 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
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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.

85



86

OFFSHORE

73 .50 .50 75

Probability that spring 1600 EST station relative
humidity minus network average relative humidity
is greater in the qQperational period than in

the nonoperational period, for.offshore and
onshore winds. Values less than .05 shaded
light, values greater than .95 shaded dark.




OFFSHORE

Probability that spring 1600 EST station dew
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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very similar to that for relative humidity, while the pattern
for onshore winds is much like the corresponding temperature
pattern. Clearly, the pattern 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 differencés in dew point similar to
those for temperature.

‘The impbrtaht-thing to be noted is that significant
differeﬁces such as th?se 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 (Fié. 6.10) , throughout much of the day-
light period. Since the operational data are actually con-
tained within the confidepce interval, it is possible that

the difference between the two data sets is due simply to
random processes. Further gxamination is necessary, however,
since the.operational data show a positive displacement

from the nonoperational data, and, as noted 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.
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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 lo&er operational
temperatures on the north (P02aA, P0SA, and DPO9A) and
east (PO07A). The major differences between the plots
are at Pl3A, where operational temperatures are similar
to nonoperational temperatures with offshore winds, but
significantly lower with onshore winds, and at POlaA,
where operational tempefatures are slightly lower than
nonoperational temperatures with offshore winds, but
signifidantly 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. Operational
temperatures with offshore winds averaged 0.1°C lower
than nonoperational, but with onshore winds they consistently
averaged about 0.3°C higher at all hours of thé.day.

The results are especially puzzling in light of the fact
that operational temperatures at P02A, only 400 m away,
were lower with both offshore and onshore winds, while
operational temperatures at P03A, about 900 m away, were

higher with both offshore and onshore winds. A case

’
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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 ﬁade for the onshore wind plot being "reality",
with PQlA, P03A, PO4A, POSA, PO6A and PlQA being in a
spatially unified region of higher operational temperatures,
and the offshore wind plot showing unexplainably lower
operational temperatures at POlA. On the other hand, this
entire analysis is predicated on the fact that data for
offshore winds serve as a control, since the stations are
all upwind of the cooling towers, and there are no
meteorological reasons to expect differences between the
operational and nonoperational periods.'
It then seems more likely that the plot for offshore

winds represents the true state of affairs, with P0Ola
in a spatially unified region of lower operational
ﬁemperatures which includes P02A, PO8SA and PO09A. The
analysis above, combined with consideration of the proximiéy
of the station to the cocoling towers, and data obtained
from plume obéervations by plant personnel and examination
of time-lapse photographs all point to the operation of
the cooling towers as a possible cause of the significantly
higher operational temperatures at POlA with onshore winds.
The fact that no such difference occurred at the next

nearest station (PO2A), and that an unexplainabie dif-
farence between data for offshore and onshore winds alse
occurred at a station well remqved from the vicinity of
the cooling towers (P13A) tend to throw doubt on sqch
a conclusion. WNevertheless, operation of the cooling

towars cannot be discarded as a possible cause for the
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increased operational temperatures at POlA.with onshore
winds in the winter season.

Relaﬁive humidities at POlA and P02A did not differ
significantly between the nonoperational and operational
periods, so the dew point comparisons (Fig. 6.18) show
the same éattern 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 during the operational period does ndt
prove that plume effects were detectable there, the
result is consistent with the temperature increase
descriﬁed above, in that they are both the kinds of impacts

originally hypothesized for this cooling system. ' ~

Analysis with respeét to directibn of plume motion

Because the analysis above indicates the ﬁossibility of
onsite plume-induced effects in winter, the data for that
season were examiﬁed in greater detail by use of a sorting
process which attempts to isola£e meteorological situations
where effécts are likely to be observed. Since thg moisture
and heat from the cooling towers are releaséd in a plume which
extends downwind from the plant, the greatest changes from
natural unmodified meteorological conditions should be found
ﬁnder the centerline of the -plume an& decrease away from the
plume axis. Therefore, the analysis beLow examines the

statistical significance of observed changes in temperature,
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Fig. 6.18: Probabili:, that winter 1600 EST station dew
point minu3 network average dew point is
greater 1a the operational period than in the
nonoperatinnal 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 effects 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 grouped together.

The direction from the cooling towers to each statioﬁ is known
and data for the station are analyzed relative to this direction.
Computations are made every-1l5° 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 wvalues.

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

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

Probabilities for temperature, relative humidity, and dew

point are given in Figures 6.19, 6.20, and 6.21 for stations

POlA, P02A, and P03A, respectively. 1In these figures the .
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probabilities are plotted as a function of the angle between

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 displacement 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 instance, the wind direction .

at PO3A may not be representative of that at POlA, especially
at night. Possibly, orography around POlA 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), the effect of the plume is
to increase the temperature, relative humidity and,
consequently, the dew point. Such increases should produce
increases in the Bayesian probability levels near ﬁhe 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.
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The computations for P02A (Fig. 6.20) and P03A (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 at POlA, while in other cases the patterns
are reversed (such as for temperature at 0100 EST at P02a).

In order to assimilate the computation for each station
in an organized gashion, two-dimensional objective analyses
of the data were made. Allvstation probabilities were entered
on an x-y display, with the x-axis being the distance of the
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 this type of display
where the observation density changes markedly écrosé the

analysis region.

Objective analyses were gene;ated by the computer program
Surface II (Sampson, 1978) for temperature, relative humidity,
and dew point at 0100 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 1966 EST fof
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 differenées betweén the operational and

nonoperational data sets are given in Fig. 6.24 and Fig. 6.25,

respectively.
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In most areas of Figs. 6.22 and 6.23 the near-axis
probabilities have magnitudes which indicate only marginal
significance that more saturated conditions are present in the
operational data set than the nonoperational. 1In only a few
places does the probability exceed the classical level of
0.90 (heévier 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. In fact, the region with greatest probabilities is
approximately 1l km from the cooling towers. At 0100 EST
the shaded area does not even begin-at the cooling towers.
This pattern may be due partly to the method of analysis, but
it may also result from the plume rising 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 would 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 analysis may only be considered as evidence that

such a relationship may exist..
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At 1900 EST the shaded. area, even though suggestive
of a plume, is off-axis by around 10°. 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) . ASince the plume appears to
be exactly on-axis . at 0100 EST,. the.former explanation
is more likely correct.

~ Figs. 6.24 and 6.25 indicate that the magnitudes of
the increase in relative humidity and dew point on the
plume axis are on the order of 1% and 0.2°C, respeétively.:
Taking into account the off-axis negative differences,
the effect of the plume is genérally less than 2% and
0.5°C. These represent the maximnm'differences,being
detected. 1In much of the analysis area the differences
are less and ﬁhe corresponding significance levels éﬁe
marginal. In fact, this analysis failed-tq 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 aﬁd
spatial variations of average temperature, relative_humidity.
and dew point data for stations in the vicinity of the
Palisades nuclear plant. The diurnal analysis showed thatl
differences between data from the operational and nonoperational
pericds on the order of 0.3°C for temperature, l.4% for

relative humiditf and 0.4°C for dew point are deteqtable

with 95% confidence (i.e., statistically significant at
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the .05 level). The largest diéference between dperational
and nonoperational data occurred in spring, where daytime

AT averaged 0.5-1.3°C lower during the operational period.
That difference was related to differences in cloud cover
between the operational and nonoperational periods, and
served %9 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 showed possible cooling tower
effects was winter. Onsite, at POlA, operatiomal températures
and dew points were significantly highér'(at the .05 level)
than nonoperational with onshore winds. Offsite, marginal
significance was attached to nighttime increases in relative
humidity and dew point during the opérétional period. These

increases appeared to be most significant under the plume

- centerline, at a distance of about 1l km from the cooling

towers. The magnitudes of these increases were small:
0.5°C for temperature and dew point and 1.5% for relative

humidity.




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~0f:the high natural
variability of precipitation in time and space. As
discussed in the Fifth (1977) and the Sixth (;978)

Annual Reports, detection of any modification is fﬁrther
hampered by the fact that, like otﬁer metedrolégical

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

and Carruthers (1953), the distribution is approximétely

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

classical statistical methods which assume normality

(such as "Student's"' t-test) cannot be used on precipitation

data. Numerous techniques which have been applied in
aﬁtempts to nofmali:e precipitation data hﬁve been un-
successful in doing so.

_fo test for changes which may be caused by the cooling
towers required é statistical test<whiéh was ind;pendent
of the saméle‘distribution. The Wilcoxin-Mann-whitney
statistical test was chosen here because it:

(1) is independent of the sample distribution,
(2) can be used on.saﬁples of unequal sizes,

(3)4 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 gnd tesﬁing new statistical methods for assessing
possible precipitation modification near the Bowen plant's
natural draft cooling towers. These new techniques test
for a change in the distributional properties.bf the
skewness and kurtosis of thé precipitation data in
addition to change in the mean.
In the present study, daily precipitation data for
the period September, 1972, through March, 1979, were
analyzed.for both the Palisades stations 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's data:
(1) All days with pfecipitation 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 "nonoperational" depending on the cooling
tower status.
(4) The days with precipitation were ranked in order
of increasing amount withou: regard to cooling |

tower status.




. (5) . The ranked  data were separated according to the
operational status of the cooling towers. B
(6) The number of observations in each groﬁpuwas
counted and the ranks were summed.
(7) The Wilcoxin-Mann-Whitney statistic was computed

from the following equation:

, Ny (Ny+1)

l. where: WMWS is the Wilcoxin-Mann-Whitney statistic,
‘Nl is the size of sample,
N2 is the size'of‘sample 2, and
z R, is the Summatidn of the ranks pertaining to
sample 1 (Hewlett-Packard, 1975). | 5
‘ ‘ | (8) A significance‘level was determined from this
| ’statistic_end eompared‘to a predeeermined confi-
dence level after which a decision wes made. The

null hypotheszs tested by the Wllcoxln-Mann—

‘ Wh;tney statlstlc was H : the mean daxly operatlonal

.precipitation equals thé mean daily nonoperational
precipitation (e.g., H : ¥; = H,) . '
This hypothesis was rejected if either of the following
cqnditions occurred: , _
| WMWS (Sample) > WMWS (l-a/2) or

WMWS (Sample) < WMWS (a/2)

where ¢ is a significance level.
- Recent research has shown that an interpretatioﬂ of
‘ | this statistic in terms of its classical use is not

always required to determine a modification. Instead, the

~=at

el
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relative magnitude of the significance level can be
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 a is given as a percentage. This
percentage refers to the probability of rejecting the

null héfothesis. Moreover, a difference is consieered

eignificant whenever this  probability is 90% or greeter.

Discussion .

The figures given below show differences and rejection
probabilities‘by seasoﬁ. In the figures, positive dif-
ferences between preeipitation means indicate that the .
mean dail} precieitation for the operational 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 available from the National Climatic Center in time
for inclusion in this analysis. Fihally; stations which
are just beyond the map perimeter are aiso included to
extend the region analyzed. The stations are EHolland,

Ralamazoo, 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;proba.bilities are those near stations PO3A, POSA, .

PO9A, P10A and Benton Harbor. The differences corresponding
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WINTER

Fig. 7.1: Winter mean daily precipitation differences in

inches between operational and nonoperational
periods (top) and percent probability of
rejecting the hypothesis that mean daily
amounts for the two periods are equal (bottom).
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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 equalAmeans
includes the entire network and extends east-southeast

toward Kalamazoo. The magnitude of these probabilities

(>95%), as well és the fact that the differences are
positive, indicate-that precipitation for the operational
period is much higher than for the nonoperational périod.
~ The following two factors indicate that this pattern
is'due to naturél céﬁses and not to the cooling towers:
(1) There is relatively little spatial chanée of
rejection probabilities with distance from the
towers. In fact, with the exception qf Benton
Harbor, all probabilities are greater 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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Fig. 7.3: As in Fig. 7.1, but for summer.



" (2) The rejection probabilities were insensitive 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 highly 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 possibility,
- histograms of operational and nonoperational brecipitation
amounts were prepared as sﬁown in Fig. 7;4. It can be
noted that the operational data set contains a larger
pefcentage of rainfalls greéter than 0.25 inches than

does the nonoperational set.

Autumn. The statistics for the autumn season are shown
in Fig. 7.5.: The patterns are quite variable, with
- Benton Harbor displaying the only critical value. Because

the corresponding difference is negative, however, 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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PERCENT FREGUENCY OF OCCURRENCE
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Fig. 7.4: Percent frequency of occurrence of mean daily
operational (top) and nonoperational (bottom)
precipitation amounts for summer.
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Fig. 7.5:

As in Fig. 7.1, but for -autumn.

117

e



118

Weather Service stations to determine if significant
differences occurred between operational and nonoperational
periods. In the winter and autumn seasons, some stations
indicated negative differences, meaning that the operational
mean was significantly less than the nonoperational mean

and that there was no cooling tower effect. 1In the

spring season, only one station indicated a positive dif-
ference. This difference was only marginally significant,
however, and inconclusive 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 differénces
were the result of natural causes. In summary, the
statistical method applied did.not disclqse a modification

of precipitation by the cooling towers.




VIII. POTENTIAL APPLE SCAB INFECTION CONDITIONS

Introduction

The release of large amounts of heag and moisture
into the atmosphere by the cooling towers has caused concern
that an increase 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 orchards (Jones, 1971). Because the raising
of apples and other fruit is one of the main industries
~ in southwestern Lower Michigaq, the concern centers around
the possibility that the cooling towers could cause an
increase in.occurrences of certain 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 described below.

The stu§y'consists of a comparison of occurrences
computed using meteorological data for several Palisades
stations with those computed using data for Muskegon,
which serves as a representative control statiog. As
mentioned previously, the Natiocnal Weather Serfice Station
at Muskegon is as close to Lake Michigan as several
Palisades statidns are, but because it is about 112 km
north of the cooling towérs; it is out of range.of‘their

effects.

11§
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Conditions for Formation

Germination leading to apple scab infections begins
as-soon as disease~-carrying spores, which are raleased
from perithecia on dead leaves on the orchard floor during
temperatures above freezing, land on new green leaves or
friit which are also wet. As shown in Table 8.1, the

»meteorological conditions most conducive to aﬁple scab
germination and infection are temperatures between 63°F
and 75°F accompanied by or immediately following rain
(Jones, 1971). 1In this temperature range, Table 8.1 shows

that it takes only 9 hours for a light infection and 18

hours for a heavy infection to take place after the start .
of rain. If a protectivé spray is not épplied before

or wiﬁhin this critical 9-hour period, a spray witﬁ

eradicative properties must be used. At dolder.temperatures,'
longer times are required for infections to occur. None

occurs at temperatureé bélow_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 precipitation and that the
relative humidity remain at least 85% following the end
of precipitation. The precipitation criterion chosen
was that it must exceed 0.005 inch per hour. The reason

for adding relative humidity to the precipitation-temperature .

requirement (for the temperature range conducive to

infections) is that leaves, bark and frﬁit which are wet from rain




are likely to remain wet as long as the relative humidity
ig 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 primary apple
scab infection at different air temperatures.*

Degree of Infection

Average
Temperature Light Moderate Heavy
b 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 11l 16 24
54 11 1/2 16 24
53 12 17 25
52 12 18 26
51 13 18 27
50 14 19 29
49 14 1/2 20 30
48 15 20 30
47 17 23 35
46 19 25 38
4S5 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 writtén which totaled the
number of hours fulfilling the above criteria for several
Palisades stations for February through August, 1974 through
1978. Each occurrence was categorized as being conducive
to either light, moderate or heavy infection according
to the data in Table 8.1,.and. the number of occurrences
was totaled by month. »

Cliﬁatological inform;tion necessary td determine
natural occurrences was obtéined'by performing similar
computations using data for Mnskegon:for the'period

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
scab infection conditions are given in Table 8.2. The
top half gives the number of occurrences by month and
year for Muskegon and for station PO05A, located in an
orchard about 5 km from the.coolinq towers. Because.
station POSA was not in operatien in 1978, data for
station PQ7A were used. The average number of occurrences
for Muskegon for the period 1948-52 is aléo 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.




Nunber of

Occurrences of Potential Apple Scab I[nfection

Table §.2
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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 Februa;y, one in
March, two in April, three in May and four
both in July and August. In the five-year period
shown, 1977 had the largest total occurrences
with 26, and 1976 had the smallest with 16.
(2) similar results can be noted for station POSA.

May, June, July and August each have four or

five occurrences on the average,'February has
nene, March has one and April has two. Like
the Muskegon results, ﬁhe fewest occurrenées
at POSA were in 1976 when.there were 15. The
most were in 1975 when there weré'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 year for the fi&e‘Palisades
| stations was equal 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 uséd‘in

the analysis there was no increase in occurrences of

potential apple scab infectidﬁ conditions due to the
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operation of the cooling towers. Most changes in occurrences
which took Place in the network data from month to month

and from year to yYear also took place in the control data,
which indicates that weather patterns on the scale of
migratory pressure Systems are the dominating influence

on occurrences of potential apple scab infection cdnditions.



PART C. CONCLUSIONS



129

IX. SUMMARY OF FINDINGS

1) The most serious effect of the cooling towers is icing
caused by the freezing of both drift and plume in downwash
conditions. For temperatures less than about -3°C, both
drift and plume freeze as dense glaze ice on impact with
natural surfaces. For wind speeds 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 freezing of only the plume produces a less dense
type of 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 geneial, wind directions from the gouthwest,

and no;thwest quadrants produce the most frequent and longest
lasting icing episodes. Reports of icing were received as

early in the autumn 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 severiﬁy decreases
with disﬁance downwind, but the longer the duration of
subfreezing temperatures with a steady wind direction, thé
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 wera 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 loca;ions within about 200 m of the
towers which are occasionallyvaffécted by plume downwash.

For wind speeds greater than 4 m sec-l downwash oécurs

which often feaches ground level and causes an increase in
temperature and humidity and a reduction in visibility.
The<highér the wind and natural humidity, the farther downwind
the plume remains dense and in contact with the ground before
lifting. Six obsérvations 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 and nonoperationa1 periods show
that there are a few sigpificant differences 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.

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

few statistically significant, but small, 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.




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 shadowing by natural cioudiness except for
mornings in the summer season at locations within a few km of
the cooling towers. Summer mornings are normally cloudless
except for the plume, so shadowing is significant near the
Eowers 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 ig 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 sky covered by natural
cloudiness during daytime is 6/10 in spring, 7/10 in autumn
and 8/10 in winter, it is concluded that the plumévdoes

not add significantly to the natural shadowing produced by

clouds in those seasons.
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1978 Weber, M.R., D.F. Kahlbaum, M.J. St. Peter, W.W. Beaton ‘
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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) (gﬁtggrk) (Network) PO3A PO7A PO3A PO7A PO3A PO7A PO3A PO7A
APR 91 58 - - - 76 96 87 59 - -
MAY 95 50 - - - 98 99 98 99  100(a)100(b)
JUN 98 49 - - - 99 99 99 99 100 . 9p
JUL 98 96 - 100 100 92 99 92 99 190 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 0 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

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 a8 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 98 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 98 .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
DEC 98 : 99 99 17 17 100 98 99 100 100 0

LET



Appendix B. Percent Data Recovery By Month and Variéble (cont.)

BET

Precip. Rel. Hum. Solar Radiation Wind Direction Wind Speed Visibility
1975  (Network) (Network) (Network)  PO3A PO7A ~ PO3A POTA  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 99 133
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 93 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
scp 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
1976 _
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 98 98 96 100 72 98 100 98 89 100
. MAY 99 100 100 97 92 99 99 . 99 93 91 - 100
| Jun 99 99 99 94 60 - .90 99 99 99 98 100
| JuL 100 95 94 97 14 94 99 . 92 99 g1 . 88
AUG 99 - 99 .99 86 100 99 99 99 99 100 100
SEP 99 98 98 1100 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
DF.C

94 94 . 99 100‘ 99 100 92 100 20 81 '
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Appendix B. Percent Data Recovery By Month and variable (cont.)

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 7 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 g7 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 0
MAR 96 99 99 99 59 0 99 0 96 100 - 0
APR 100 (c) 96 (c) 94 (c) 100 100 58 100 58 96 100 0
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 1060 100
DEC 88 (d) 76 (d)° 69 (d) 100 100 73 75 94 78 92 83
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Appendix B. Percent Data Recovery By Motnh and Variable (cont.)

| Precip. Temp. - Rel. Hum.

1979 (Network) (Network) (Network)
tAN 52 67 : 61

"EB 80 : 84 84

MAR 85 (e) 96 (e) 96 (e)

(a) beginning 10 May

(b) beginning 17 May

[c) PO03A & PO7A only

(d) PO3A & PO7A only through 10 Dec
e) ending 27 Mar

f) ending 26 Mar

g) ending 28 Mar

Solar Radiation Wind Direction Wind Speed Visibility

PO3A
100
- 99
100 (£)

PO7A PO3A PO7A PO3A PO7A PO3A PO7A
87 69 61 80 73 77 58
99 97 97 99 90 100 98

100 (q) 99 (£)100(g)  93(f) 81(g) 98(f) 92(q)

ovT
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