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1
Theviews expressed by the authors are their own and do not necessarily
reflect those of the MarineLaboratory, the Un!versi ty of Guam, or the
GoverDJ:lent01' Guam.

It is desirable to try to understand the ecological effects of such
a large volumeof heated water entering Piti Channeland adjacent tidal
nats and then passing into the COI:II:lercialPort area. Thepurpose of this
report is to provide a basis for understanding at least SOCleof the
potential ecological effects. Particular attention is focused on thei.nflu­
Gee of the existing.Piti Power·Plant, since this gives a qualitative indica-
tion of whatmaybe expected frOJ:ladditional inputs of heated water into
the area. Our attention has focused on understanding the patterns of
temperature in the area and howthese can differ with time of day, stage
of the tidal cycle, wea.ther, season of the year, and variable plant loading.

Thegenerating capacity of the Piti Pever Plant is 74megawatts. The
two Cabras Island units presently under construction will have a capacity
of 66 MW each and are expected to be in operation late in 1914. Construc­
tion of twomore66 MW units will net begin until after that date.

.
Coolingwater for the Piti Pever Plant is pumpedin trom the west end

of Piti Bay, whichis separated trom the outfall area by the Cabras Island
causew8¥• Specitically. TepunganChannel,whichcuts across the inner
reef nats of WestPiti Bay, is the major source of cooling water tor the
existIng pover plant. Thecausewayis cut by Piti Canal, whichserves as
an aaxillary source of cooling water for the pever plant, especially at lev
tides. TepunganChannelha.a recently been enlarged to accommoda.tethe

J incre~ed demandsof the generating facilities presently under construction
t! and plBmledfor the future. The features referred to here can be located
I on the mapin Figure 1.

Approximately64,000 gallons per minute (4 cubic meters per second)
ia presently pumpedthrough the Piti PowerPlant; it is designed to raise
the temperature of this water a ~ of 10°F (5.s=c) • TheCabras Isl.a.nd
units presently under construction will pumpat least an additional 120,000
~ (1.6 m3/sec) into the outfall area , with a temperature rise of 10-15°F
(5.6-8.30C). Future construction of planned generating facilities will
eventually result in the pumpingof a maximum of 400,000SAJ (25.2 m3/sec)
into Piti Channel, including the 64,000 gpm nowbeing pumped.

-Thisreport presents the results of stUdies conductedtromJanuary,
1912, throughAprU, 1973. in Piti Channeland adjacent tidal flats and in
the Goverumentot Guam Commercial.Port area of ApraHarbor. Guam. This
locality is the receiving area for heated water leaving the condensersot
the Piti PowerPlant operated by thil U. S. NavyPublic WorksCenter. It is
scheduled to be the receiving area for heated water tram the condensersof
the Cabral Island Power~ant presently under construction by the Guam
PowerAuthority. The samearea is also expected to receive heated water
tram an additional generating facility planned for the Cabras Island site
in, t~e future.

INTRODUCTIONl
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We have continued to make visual observations of biological phenomena
in the area since the submission 01' our last report. Gill nets have
occasionally been strung across the mouth of Pit! Channel to see what
species and sizes of fish are moving into and out of the area. Suspended

Extensive information on water movement throughout the study arca
was obtained by observing the velocity and direction of movement of patches
of nuorescein dye. In addition, we have extensive data trom a TSK.eleatro­
aechanical current meter anchored at the mouth of Piti Channel where it
joins the dredged area of the Government of Guam Commercial Port. This
meter records current velocity and direction and can be lett in place for
three days at a time. Again, we have bed difficulties with the operation
of the instrument but have sufficient information to allow us to under­
stand major patterns.

Extensive instantaneous temperature measurements were made fram a
small boat or by wading on the tidal flats; these were done with hand-held
mercury thermometers and with a battery-powered telethermometer with
thermistor probes. Continuously recording Ryan thermograpbs, witb temper­
ature-sensitive expandable metal coils, and Dickson lIMlnicorders,,1with
temperature sensitive bul.bs filled with an expandable fluid, were used to
get seven-day temperature records at selected locations. Operating
ditficulties with the continuously recording devices limited the amount
of reliable data that could be gathered. However, we have sufficient
repetition with the same and different instruments to determine the major
patterns and to give us confidence in our conclusions.

METHODS

Our statements and proJections are based on the assumption that there
will be no significant alterations in the study area except those discussed
here. It the area is altered by additional construction activity or
additional etnuent discharges in the future, then the statements and
conclusions 01' this report must be reessessed.

This Should allow an assessment of effects of the new generating facilities
after they go into ope7.ation. We arc still working on the "before" portion
ot ,a "before-and-after" study. Our objective so far has been to get an over­
a.ll. understanding of IilajQrtherool. patterns under the widest possible range
01' conditions for the entire area, including the portion of outer Apra
Harbor which ,might have its thermal properties altered by future power plant
operations.

Our studies of Piti Channel began in January, 1972. A report, entitled
IIA Marine Environmental Survey of Piti Bay and Piti ChBlUlel, Guam, II 'WB.S
aubmitted to Guam Power Authority in June, 1972. The report presented a
general ecological survey of Piti Channel and adjacent areas and tocused
on the probable eftects of construction activities for the new power plant;
ther.mal patterns and the likely effects 01' new plant operations were not
diacussed. The U. S. Army Corps ot Engineers considered that report in
issuing a permit for the filling of submerged land on the construction site
but specitied that ecological studies should continue.

2
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aust east ot tbe tidal flats is the dredgedberthing area for
commercialandmilitary ships (see Fig. 1). It is approximately10 m
(33 tt) deep. Further east, this area connects with Outer ApraHarbor.

The substrate in the channels and tidal flats consists primarily ot
loose sediments of sand and silt, with scattered rubble and occasional
larger rocks. The tidal flats consist primarily at fine-to~oderate sized
particles of sand and silt. The channels are floored by somewhatlarger
'sized particles derived fromcoral skeletons and tram the green calcareous
alga Halimeda.

An area of live coral growth lies at the western end of Tidal Flats
C and Dand just east of the dredged ares. for NavyWharfE and the Govern­
ment ot Guam CommercialPort. The bottom in this area is approximately
2 m (6.6 tt) belowMLLW,andmanyof the coral heads grow up to the low
vater level. The coral heads considerably reduce, but do not caupletely
block, the total cross-sectional area. available for tidal. movementof water
between the CommercialPort and Tidal Flats C and D.

The tidal f'lats are broken up into several different areBs, as
indicated in Fig. 1. Tidal Flat A is the construction site for the new
powerplant and has nowbeen filled. Tidal Flat 15maybe covered by as
muchas .75 m (2.5 f't) of water at high spring tides J Tidal Flat C by
.5 m (1.6 f't), and Tidal Flat Dby 1 m (3.3 f't). All tidal f'lats are
mostly exposedto the air at low spring tides, although scattered
depreSSionsmayretain somewater at such times.

As shownin Figure 1, there are three kinds of physical features in the
stUdy area: channels, tidal flats, and an area of coral growtb. The deeper
areas are composedprimarily ot 2 cbannels, which are connectedwith eo.ch
other. Piti Channelis the main channel and conducts heated water from
:the Piti PowerPlant autf'alls to ApraHarborproper. Its depth is
Bppi"aXimately2 m(6.6ft) belowMeanLowLow Hater, except where it is
partially blocked by the GORCO pipeline. That part of the channel eBet
ot the GOBCO pipeline will be reterred to in this report as UpperPiti
Chafulel, 'Whilethat part west ot the pipeline will be referred. to as Lower
Piti Channel. A dead-endmoat (see Fig. 1) connects with the south side
ot upper Piti Channelat one pOint. A secondarychannel extends across the
tidal t'lats south of Piti Channeland roughly parallel to that channel.
It adJoins a long, narrow, man-madeisland. This secondarychannel is
ccmnectedwith Piti Channelvia a single smaller channel.

OBSERVATIONS

seciliaents throughout the length ot channel have caused water visibility to
. be pOar in the past tewmonths, however;this suspendedmaterial resulted
~ construction activities at the upper end of the channel.

Our observations have been spaced to include all stages of the tidal
~e for both neap and spring tides, all times of day, all kinds of
:weather, and all seasons of the year. This allowed us to galn an under­
standi.tl&of the entire range of canditiona to be expected.



Two mechanisms are responsible for water move~ent in Piti Channel
and adjacent areas. Cooling water from the Piti PO'YIcrPlant is dumped
into the area at its upper (eastern) end and flows down Piti Channel to the
harbor. Since this cooling water is drawn from Piti Canal and the Piti
reef flats on the eastern side of the Cabras Island causeway (see Fig. 1),

Water movement

Fish of many species are conspicuous throughout the deeper channel
areas and are often present in large numbers. A checklist for the outfall
~agoon and upper Piti Channel was given in our last report. Many of these
fish may come and go from the harbor. l~y move onto the tidal flats at
high tide and retreat back into the channels at 10vItide. Net fishermen
often set theiT nets to trap fish leaving the eastern end of Tidal Flat D
on a falling tide, particularly with the occurrence of the low spring
tides when the flats become almost completely exposed to the air. On one
occasion (29 June 1972) we observed a catch of at least 50 fish, represent­
ing an estimated biomass of at least 75 pounds, of ~ugilidae (mullets),
Leiognathidae (soapys or ponyfish), and Lutijanidae (snappers). The
channels are also fished by people using a hook and line. Table 1 gives
a list of fish caught in a gill net set at the mouth of Piti Channel
during 3 days of October 1972.

The corals growing at the western end of Tidal Flats C and D consist
primarily of heads of the genus Porites. Many borinG polychaete worms,
sea urchins (especially Diadema), damsel fish, and assorted crustaceans
are associated with thes~raf heads. Some staghorn corals of the genus
Acrooora are also found here.

A conspicuous biological feature of the secondary channel and
depressions on Tidal Flat D, wherever rocks, scrap oetal, or other solid
substrates occur, is the large number of oysters growing there. These
~lattain a size of several inches and are sometimes harvested bi local
people. These oysters do not occur on any of the available hard substrates,
~uch as sea walls and pilings, associated with Piti Channel or the power
pl~t outfall structures; we do not knQw the reason for this.

A general biological description of the tidal flats and channels
vas given in the June, 1972, report submitted to Guarn Power Authority.
Additional observations are presented here. Algae of the genus Halimeda
form conspicuous clumps on the bottoms of the channels and may also occur
in slightly shallower areas, but not on the tidal flats where they vTOuld
be ~osed at low tides. The lagoon immediately adjacent to the existing
power plant outfalls has many conspicuous cl~ps of tho red alga
Gracilaria and smaller clllr.lpsof brown algae. Scattered clumps of brown
algae, especially Padina, occur throughout the tidal flats but are killed
oft during part of the year (generally from about July to November) by
daytime ~ow-tide exposure to the air. Localized clumps of sea grass also
occur commonly. Burro'Vringorganisms, particularly snails and worms, are
common on the tidal flats and rework the sediments extensively. These
cause the surfaces of the sedfnent.sto be extremely irregular. A single
unidentified species, prooably a polychaete worm, appears to be responsible
for a large percentage of the burrOwing activity.

6



Sauops rubriviolaceous (parrotfish) UpeneuB arge (goatfish)

C&ranx melamp~B (jack) CtenochaetuB striatus (surgeonfish)

l.fulloidichtbysaurifla:mna(goatfish) Scarus ghobban (parrotfish)

Cheilinus trilobatus (wrasse) Bothus pantherinuB (flounder)

Gazza Bp. (soapy)

Sphyraena Jello (barracuda) Rhinecanthus aculeatus (triggerfish)

Pseudobalistes sp. (triggerfish)

Scamberoides sancti-petri (jack) Aetobatus narinari (eagle ray)

List of fish caught in a gi~ net set ~t the mouth
of Piti Channel on October 12, 19, and 26, 1972.

Ta~e 1.
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In addition to flow velocities, the volume of water transported
through a given cross-sectional area of channel is of interest. Volume
transport data were gathered on July 10, 1972, at stations in Piti Channel,
the secondary channel, and the connecting channel (see Fig. 9 for station
locations). Official tide records (National Oceanic and Atmospheric
Administration) report tbe following observed tides in Inner Apra Harbor
tor that day: 0542 hours, 2.3 ft.; 1336 hours, -1.0 ft; 2000 hours, 2.2 ft
(all. heights based on ~~wDatum). Flow data were gathered between 1100

From the standpoint of water turbulence and current velocity, Piti
Cbafmel may be divided into 3 regions. The upper region is the outfall
lagoon i.Jm!led1atelyadjacent to Piti Power Plant (Fig. 1). There is a
great deal.of t.urbulence in this area caused by an outflow of approximately
4 m3/sec (64,000 gpm) when both of the large outfall pipes are in use.
A ~~made shoal immediately in front of one of the outfall.pipes also
increases water turbulence and mixing. This turbulence gives way to
undirectional outward flow within 100 m (328 ft); flow velocities in the
upper region range from .19 to .83 m/sec (.G to 2.1 ft/sec). The middle
region extends downstream in Piti Channel for about another 900 m (approx.
2953 ee), or approximately 200 m (656 tt) westward of the GORCO pipeline.
Observed velocities in this region have ranged from .05 to .3 m/sec
(.16to 1 tt/sec). In the third region, which extends for the remainder of
LoVer Piti Channel (approx. 800 m, or 2625 ft, beyond the middle region),
the channel narrOWB somewhat. Flow velocities are greater, ranging from
.10 to .42 m/sec (.33 to 1.4 ft/sec). Although there is same overlap in
these reported ranges for the 3 regions, individual. observations in a given
region tend to va:ry up or down with the values in other regions. As w.ter
moves from the channel into the harbor it enters a much larger area, of
course; and velocity decreases to zero or near-zero.

.. ."

Fig. 2 shows observed patterns of water Dovement for different tidal
Stages•. It can be seen that water in upper Piti Channel always moves

", vestvaid. away from the plant. Water in Lo~rer Piti Channel may r~verse
and ~ eastwrd during some stages of at least some tidal cycles; "V18.ter

I mdVemeiJ.t here is more often westerly, however. Tidal Flats A and B flood
fr:om the 8d~acent upper Piti Channel and receive heated water from the
~ower Plant during a rising and high tide. During falling tides westward
fiowB develop in the secondary channel, and during rising tides reverse
~ occur. In the connecting channel weak southeasterly flows have
occasionally been observed on both rising and falling tides. This indicates
~t-some effluent water from the power plant may find its way into the
!se~ channel end adjacent areas via the connecting channel, although
"this volume is relatively small in relation to the volume of tidal exchange.
TidAl Flat C may thus receive some effluent water directly from the pOl-Ter
~~ but is probably covered mostly by water received from the harbor

. 'throuStl tidal exchange. Tidal Flat D receiVes its water primarily through
. tidal exchange and is likely not affected by effluent water from the power
~~lmt •

&D4 nOt "b'0IIl Piti Chanllel~ one effect of pumping Hater through the power
~t is to .increa.seganera.lwater circulation in Piti Channel and adjacent
~eas. w~ter also 1010vesinto and out of the area as the tides rise and
tall:.

a
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Figure 3 also shows that maximum velocities generally cOme 'atmid­
tide and lower velocities at or near the times of dead high and dead low
tides. Again, this is not surprising and reinforces the pattern found
Vith the dye studies. l.loreover,the velocity peaks were higher for out··
flowing tides than for inflowing tides •

A large volume of data is available from the current meter anchored
at the mouth of Piti Channel on a number of occasions. Fig. 3 plots the
direction and velocity data obtained on one such occasion. In this figure
the current direction designated as Ilin-flowing" generally includes the
campass points between 00 and 1000 ~ the direction designated as "out­
fl.cnTing4generally includes the compass points betlreen 2000 and 3000• Data
which did not fall consistently within either of these ranges for a given
period of time are designated as 'variable.Ii It can be seen from. Fig. 3
t~t there was generally outflow on a falling tide and inflow on a rising
tide. This was what might be expected. Periods of outflow and inflo,'were
u.suaJ.l.yseparated by periods of variable flow. The periods of outflow
tended to be sustained for longer periods of time than the periods of
inflow. We presume that this reflects the reinforc~ent of tidal movement
by plant output at times of falling tides and the partial negation of tidal
flow by plant output at times of rising tides.

Velocities in Lower Piti Channel for this falling spring tide
generally exceeded the range of values (reported above) observed at other
times. We may take the maximum volume transport (22 m3/sec, or 350,000
gpm) and subtract from it the plant output (4 m3/sec~ or 64,000 gpm) to
get the volume transport due to tidal flow (18 m3/sec, or 288,000 gpm).
If we assume that this tidal flow does not change and that future pl.ant
output increases to 12.6 m3/sec (200,000 gpm), then the calculated velocity
at the station in question will increase to .85 m/sec (2.8 f't/sec) if the
cross-sectional area of Louer Piti Channel does not change. If future
plant output increases to 25.2 m3/sec (400~000 gpm), then the calculated
ve~ocity will increase to 1.2 mlsec (3.9 ft/sec) for the same cross­
sectional area of the channel. These calculations give the maximum
velocities to be expected in Lower Piti Channel and apply only for the
midpoint of a falling spring tide.

~d 1600 hours. The results are presented in Tabl.e 2. It can be seen
from the table that the greatest velocities and volume transports occurred
n Piti Channel, as we expected. Intermediate velocities and volume

transports were observed in the secondary channel, and the lowest values
occurred in the small connecting channel. As the day prosressed, values
in Piti Channel and the secondary channel declined until there was a
reversal of flow approximately 2 hours after the time of low tide. Hence,
the highest values were found at the middle portion of the falling tide
.cycle, with lower values coming near the time that the tidal flow turned.
'~B is not surprising. Values in the connecting channel were reasonably
constant throughout the observation period, and no reversal of flow
occurred. As the flow in the secondary channel reversed with the rising
,tide, some of the warmer plant-derived water in the connecting channel
·c~d be forced onto Tidal ~lat C. .
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Temperatures measured with the telethermometer and mercury thermometers
ove~ the course of lS months covered the range of tidal conditions, times
of day, weather conditions, plant loading, and seasons. ~e have attempted
to ~et Bynop~ic observations over fairly large areas rather than concentrate
on ~ tine details for more restricted areas. It is possible to see some

,general patterns in these observations when they are all considered to­
gether and to form an overall picture of what can usually be expected with
regard to temperature.

Tgmperature Patterns for Piti Channel and Adjacent Tidal Flats

Tbe data presented in Fig. 3 are representative of most of our data
obtained trom the current meter. However, we have an occasional current
meter tape tbat cannot be analyzed according to the pattern described
above, so that we see apparent outflows on a rising tide and vice versa.
We believe that the majority of the data,as illustrated by Fig. 3,
represent the true pattern and that the apparent discrepancy with same of
the current meter data,is due to improper functioning of the meter rather
than beihg an invalidation of the pattern described.

'tenger periods of outflow and inflow and higher velocities occurred
at times of larger tidal fluctuations than at times of lesser tidal
riuctuations. This results from the larger volume of water that moves
into and out of Piti Channel and adjacent tidal flats through the mouth
of:Piti Cbamlel at times of greater tidal fluctuation.

The maximum velocity calculated from the current meter data is about
.22m!sec (.72ft/sec) for a falling tide with a fluctuation of about 1 m
1(3.3 :tt):i this is approximately one-third the maximum velocity observed
~t Station 27 in Lower Piti Channel on 10 auly 1972 (see Table 2). However,
~lie cross-sectional area of the changel at the location of the current

.meter is approximately 73 m2(2580 i't2), or about twice the cross-sectional
~a for'the dye station. Hence, the maximum volume transport calculated
at Ithe mouth of the channel is about 16 m3/sec (560 rt3/sec), as compared
irith the Yalue of 22 m3/sec (780 rt3/sec) for the narrower part of Lower
~rti C1iannel. This leaves sbme discrepancy between the t..ro figures. but
it can probably be accounted for by the observation that near the mouth
~f Piti Channel water may leave the south side of the channel and exit to
th~·liar.bor via the area. of coral growth at high tides, thus decreasing the
f~ow through the mouth of the channel itself. Of the calculated volume
t~~s~~t of 16 m3/sec at the mouth of the channel, about 4 m3/sec
(6H"QOO ~) ~ be accounted 1'orby ,mter pumped from the plant; the rest
must ib~ due to tidal exchange.

12:

Water from the plant condensers enters the outfall lagoon through
t~ outfalls. The eastern-most pipe empties the cooling water fram three
p1apt units. Its height is Just above mean water level. The other
outfall is submerged and empties the cooling water trOll ,two p1a.nts·units •
.Hence , IIl9reeffluent flows. out the above-water outfall:,.and the teoperature
immediately in front of this outfall is higher than immediately in frona
of'the submerged outf'all. The maximum. difference we have observed is 3 C
(5.4°F), but differences of 1°C (1.8°F) br less are the usual case. How­lever, theBe ditrerences are not iMportant from the standpoint of environmental.



Table 2. Water flow in the channel areas on July 10, 1972, betveen
liOO and 1600 hours. Cross-sectionalareas of the
channels are calculated for the major portions of the
channels with significant water movement and do not include
the shallow edges with little or no water movecent.
Locations of the stations are shown in Fig. 9.

13

Time Depth. X-Sact. Area Velocity Voluce Transport Direc-
D (rt) m2 (rt2) m/sec (rt/see) r;{3/sec(ft3/sec.) tian',

lilO 1.9 (6.2) 36 (390) .61 (2.g) 22 (780) w
1230 1.8 (5.9) 33 (360) .58 (1.9) 19 (680) w
1320 1.6 (5.2) 31 (330) .47 (1.5) 15 (500) w
1430 1.6 (5.2) 31 (330) .44 (1.4) 14 (460) w
1530 1.8 (5.9) 33 (360) .23 (.75) 7.5 (270) w
1615 very slight movement eastward

li30 1.4 (4.6) 18 (190) .16 (.52) 3.0 (100) SE
1243 1.4 (4.6) 18 (190) .19 (.62) 3.4 (120) SE
1355 1.2 (3.9) 16 (.l7D) .21 (.69) 3.4 (120) SE
1450 1.2 (3.9) 16 (170) .25 (.82) 4.0 (140) SE
1550 1.2 (3.9) 16 (170) .18 (.59) 2.9 (100) SE

8 1140 1.8 (5.9) 17 (180) .43 (1.4) 7.a (250) ~1
(Becond- 1255 1.6 (5.2) 15 (160) .31 (1.0) 4.6 (160) w

Cb.) 1408 1.6 (4.9) 14 (150) .19 (.62) 2.7 ( 93) w
1508 1.6 (5.2) 15 (160) .12 (.39) 1.8 ( 62) v1
1600 very slight movement eastward



Figure 5 shows isotherms for 18 Hay 1972 between 1000 and 1130 hours,
or approximately at the time of high tide (1012 hours). Tnere is a
definite thermal plume extending from the outfall lagoon onto Tidal Flat A.
However, throughout the channels and tidal flats, temperatures are
generally about 1°C (l.8°F) lower than for 2 14ay. Although the patterns

Figure 4 shows plotted isotherms for 2 May 1972 between 1030 and
1200 hours, or approximately 1 hr to 2 1/2 hr after high tide. The thermal
plume from the power plant can be seen extending west,~d in Piti Channel)
,with the tidal flats on either side having lower temperatures. However,
the other channels and the tidal flats have temperatures of 30°C (86°F) or
higher; and at least halt'of their total area has temperatures of at least
31°C (87.8°F). This latter temperature also prevails in Lower Piti Channel.
We attribute these relatively high temperatures on the tidal flats to solar
he~ting in the case of Tidal Flat D and to a combination of solar heating
and plant effects in the case of Tidal Flats A and B.

Representative isotherm plots drawn from the mercury thermometer
and telethermometer data.are shotm in Figs. 4-8. Such plots have the
advantage of giving a synoptic picture but also have the disadvantage of
perhaps suggesting more cle~-cut temperature boundaries than actually
exist. We have the data to draw more than 40 Laobherm :plots !Corthe Piti
Channel/tidal flat area or the harbor, but the figures presented here give
an idea of'the "typical" picture and the range of observations. Table 3
presents additional. data for selected stations at other times.

The temperature of the intake uater also affects temperature of the
outfall water. since the temperature rise in the plant condensers is not
a fUnction of the intake temperature. Hence, outfall temperatures will
rise as intake temperatures rise. Observed temperatures in Tepungan
Channel, one of the intake souroes, have varied from 27.0 to 3l.5°C
(80.6 to 88.7°F), with the highest t~peratures coming at times of low tides
on sunny afternoons, vhen the water entering this channel is heated as it
flows across the Piti Reef Flats on the eastern side of the Cabras Island
Causeway. Hence, solar heating indirectly affects the temperature in the
ou~fall area. Observed temperatures in Piti Canal, another source of cooling
water, are generally 10vlerthan in Tepungan Channel and are usually less
than 29°C (84.2°F). Water from these two intake sources is mixed in varying
proportions before it enters the two parts of the plant.

considerations, since the water in the outfall lagoon is strongly agitated
by the force of flow from both outfal1s and is well mixed within 100 m
(328 :rt) of the outfalls. No further consideration 'tnllbe given hereto differences in temperature between the t¥o outfalls.

Water temperat~'e in the outfall lagoon is affected by plant
J lo8.ding, which usually changes with the time of day. The major peak in
plant load occurs in the late afternoon and early evening hours, according
to personnel at the Piti Plant. Smaller peaks occur at about 1100 and
1400 hours daily. The plant is designed so that cooling water flawing
through the condensers is expected to rise a maximum of 5.6°c (10°F).
On several occasions, "Te have observed that water flowing from one of the
outfalls is no warmer than water in the int~~e channell and it was obvious
that no plant load was being imposed. The effect of such an occurrence,
of course, was to lower temperatures in the outfall lagoon below the usual.
range.

14
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Figure 8 sbowsplotted isotherms for temperatures taken between1345
and 1545hours on a mostly overcast day, 7 March1972. Tbetide was fallins,
with high tide having occurred at 1118hours. The most striking thing
about Figure 8 is the generally low temperatureswhichprevailed throughout
the channels and tidal flats. It is obvious tromthe temperature immediately
adJacent to the outfall (29.8°C, or 85.6°F) tbat there is a reducedplant
load, and this is reflected in the low temperatures in Upperand LowerPiti
Channel. Thetempera.tureson the tidal flats for this cloudy afternoon
vere as muchas 5°C(,OF) lower than for the afternoon of a sunny day

Figure 7 showsisotherms for tbe morningof an overcast day, 11
~ 1972. Thetemperatureswere taken between1000and 1200hours on a
tal] 1ng tide; high tide was at 0754hours. Figure 1 indicates generally
~ow temperatures on the tidal flats, as low as 27°C(80.6°F) on Tidal Flat
D. These-tidal flat temperatures are at the lower end of the observed
range tor our ~5~nth study but are representative for overcast conditions.
~rature patterns throughout the tidal flats weregenerally morepatchy
than usual. Temperaturesin Piti Channelwere higber than tidal flat
temperaturesbut within the usual range. Aplumeof ,rarmerwater can
clear~ be seen extending tromPiti Channelonto the middle of Tidal Flat
-a. with cooler tidal flat waters lying on eithez: side of it. In this case
p1ant effluent, andnot solar bea.ting, was responsible for raising the
~ratureB on Tidal Flat B.

tor. tF tW days are similar the actual ~emperaturesare different. Figs.
~ aDd , ~re~~t cammo~yobservedcond1tions and we consider these
pattenuJ ~_ ~ . typical.. -

, Jn~ '6·show isotherms for tile afternoon of 18 Mat, ~r the same
~ far ihich"tbe morningisotherms are sho~ in Fig. 5. Temperaturesweretaken between 1500and1630hours on a fall1ng tide. LO'1 tide occurred at
1806 ~8. It can be seen troma comparisonof Figs. 5 and 6 that there
... ·k gen.rat temperature increase throughout all channels and tidal flats
'ti8tveeh the times that temperatureswere taken for the morningand afternoon

" tso;thei1n plots. Since the tide l1&S falling ~water wasmovingoff the tidal
ru-es into the channels. The temperature increase on the tidal flats must
bit due t';~Bolar heating andnot to the thermal plumefromthe powerplant.
!his is Certainly the case for Tidal Flat Dand probably the case for Tidal
Flats AaDd·B, whichwerepartially blocked tram receiving plant effluent
by • exposedshoals. Thetidal flats are as hot as) or hotter than. most
·areas of Pit'i Channel. This clearly demonstratesthat solar heating is just
as sighiticant as heated water leaving tbe powerplant in causing bigh
tem_peratu;oeson tbe tidal flats, at least on a falline; tide for tbe after­
noon ot a sunnyday. Stations on Tidal Flat D, wbichcould not be atfected
by' the power plant, actually bad temperatures lOC(1.OOF)bigher than a
station immediatelyadjacent to the plant outfall (34.1 VB 33.7°Cor 94.5
~ 22.q;~l. Waterdraining from tbe tidal flats mixes in tbe cbannels,
tpartiaularly Piti Channelvith water fromtbe powerplant, and temperatures
~ the channels reflect the effects of both. Fig. 6 is based on tidal flat
~,tures whichare neer the upper limit of our observedrange for the
entire study period, but the patterns and actual temperatures are typical
tor the stated conditinns.

17
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Turbulent waters in the outfall lagoon give rise to a one-way flow
awa.y~om the plant vithin 100 m. Extensive observations have been made
a~ Sta~ionB 4 and 5 (see Fig. 9)~approximately 300 rn downstream from the
plant~utfalls. The temparatures of these two stations are usually the
same or nearly the same. This indicates that water from the power plant
tlow~arOund the south side of the small island there as well as down the
main channel 00 the north side of the island. Temperatures in tbe moat,
whlih adjoins the main body of water at this point, are usually lower at
the end of the cul-de-sac than at tbe mouth. Dye drops have indicated
little water circulation in the moat. The highest readings for all the
Piti 'Channel stations ,Tereobserved on the afternoons of sunny days. This
parallels the situation for the outfall lagoon~ as might be expected.

Successive stations, starting at the outfall lagoon and proceeding
di~ectly dO'Wllstreamto the mouth of Piti Channel and beyond, usually have
sUccessively lower temperatures; but occasionally a given station has the
same t~rature as the preceding upstream station. The temperature
change between Stations 3 and 4 ranged from 0 to 2.4°c(0 to 4.3°F); between
~ations 4 and 6, from 0 to l.2°C (0 to 2.2°F)i and between Stations 6 and
~t tram 0 to 3.0oc (0 to 5.4°F).

The diurnal pattern that emerges is one of consistently higher
traitefn,oontemperatures than morning ter:lperatures. This was confirmed by
.,~. 'ly observations taken with the telethermometer for a duration of 24
f'ho'l#8 on 24-25 August 1972. Temperatures peaked at 35.2° in midafternoon

and reach~d a low point of 3l.8°c (89.2°F) after midnight. We consider
this diurnal pattern to be typical for the area, but this was the only
occasion when we ever observed temperatures in excess of 35°C (95°F)
associated with the plant outfall.

THe isotherm plots discussed above are sufficient to give an ideaefc the t~rature range and usual conditi~n7 for the channels and tidal
taats. It i~not necessary to present add1t10nal isotherm plots here,
utl10liSh we have the data to do so. Further data are presented in Table
3 ihfch shows observed temperatures for selected stations (see Fig. 9)
6~ ili~terentdates. Table 3 provides the basis for the following
ails~sioo.

Observed temperatures in the outfall lagoon ranged from 29.8°C to
35.20C (65.6 to 95.4°F). The lowest value occurred on a cloudy day in
March~ ':;1.972, when on.lyone plant outfall (tbe one above water level) was
~rating. Intake water temperature vas approximately 27.5°C (81.5°F).
Q:1:?se:r.ved 1tiemperE'.turesin the outfall lagoon generally run 4-5°C (7.2-
:s;I.O~)~bove observed temperatures in the intake channel and canal, but
occasional!ly exceed a 5° rise. The maximum temperature in the outfall
~~oon was observed on several occasions during the afternoons of bright
,s~ days-. Temperatures greater than 32°C (89.6°F) are the rule in the
.outfall. ~oon, and values higher than 33°C (91.4°F) are common.

6)but vere about 2°C higher than for an overcast morning
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Extensive observations have been made on the reef flats to see hov
theSe areas are affected by solar heating. Temperatures on Reef Flats A
and B range from 29 to 33.4°c (84.2 to 92.l0F). Lower temperatures occur
in the mornings and on cloudy days; higher values tend to occur in the
ilf'ternoonsof sunny days. An isolated corner of Tidal Flat B (See TAble 3,
atation 12) often had lover temperatures than the remainder of that tidal
nat. There have been occasions when it vas possible to see an obvious
.~umeof warmer water from the power plant moving onto these reef flats at
times of higher tides, as noted in the previous discussion of isotherm
plots. This could only be seen on cloudy days when reef flat vaters
BUrrounding the plume exhibited lover temperatures. On sunny days it has
not been possible to detect an obvious plume from the plant since solar
~ating raised water temperatures throughout the tidal flats. Water from
. ,h~power plant is probably not raising reef flat temperatures to higher
~~vels than they would be raised by solar heating alone.

Less extensive temperature observations have been made in the secondary
~hannel and the connecting cha...'lIlel(Stations 8 and 9~ Table 3 and Figure
9). Temperatures in these channels usually are within 1°C (1.8°F) of each
other and of the tempenatures at th; OORCO pipeline (Station 6 J Table 3)
-.ndappear to have a similar pattern of temporal variation. The secondary
~~el usually has a fairly even temperature distribution throughout its
~h but may occasionally have higher or lower temperatures at its
eastern end (values not shown in the table). The connecting channel may
~ve ID even temperature distribution throughout its length but often is
as much as 1°C (1.8°F) warmer at its northern end where it adjoins Piti
Cliannel. The southern cul..:de-sacof the connecting channel is relatively
~per and wider than the rest of this small channel and is partially shaded
~ adjacent terrestrial veg~tation. Hence, this end is often cooler than
the rest of the channel.

Temperatures within 1°C (l.80F) of the outfall temperature ~re
'confinedto the outfall Lagoon for a.bout 1/2 our observations and extended
u far as Sta.tion 4 (see Fig. 9) for about 1/2 the tioe. The temperature
drop trom the outfall to the mouth of the channel ranged from 0 to 5.3°C
(0to 9.5°F) • The observation of no temperature drop came 00 a cloudy
ali (1 March 72) vhen the outfall temperature was only 29.8°C (85.6°F)
aiid is thus oo~ surprising (see Fig. 8). Ho.rever, a drop of only .1oC
U2°F) occurred on the morning of 9 August 1912 on a falling tide 1·,nenthe
,ou~i'e.lltemperature vas 32.2oC (90.00F). The day vas sunny, and there vere
',no "unusual conditions vhich might explain the lack of a temperature drop.
This condition was not found under similar.situation. on other days. The
.b'arlmum observed drop occurred on a rainy da.y (4 August 72) vhen the outfall
t~Eature vas 32.7°e (90.9°F). The outfall vater 1~S confined to Piti
Clianneland did not spread onto the adjacent reef flats. The thermal plume
extended into lower Piti Channel but did not reach the mouth of the channel.
~e temperature drop betnreen the outfall and the mouth of the channel
~y exceeds 2°C (3.6°F) and often exceeds 3°e (5.4°F). Temperatures
at the mouth of the channef, vere sometimes the some as ambient harbor
t~erature, 28°c (82.4°F) or lower, indicating that thermal effects from
the pOlTerplant do not always extend to this location. This usually occurred
01 rising tides, as might be expected. (See the previous discussion of data
~ the current meter placed in the mouth of the channel.)
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1 The conti.nuously recording Hinicorders have been maintained at three
. OCations: the outfall lagoon (Station 3) ~ Station 4, and the mouth of
E1~iChannel (Station 7) see Fig. 9 for station locations. s~ple ~
..recordaare show in Figs. 10 and ll. The pattern typically observed or
tbe outtall location (Fig. 10) shows a daily cycle with a single broadth
Halt and a single broad dip. With a few exceptions the peak comes in e

Uo clear-cut seasonality trends are apparent in our data, a.lthoggh
it is possible that we could be missing subtle trends. Weather and time­
°dif~ ditferences are clearly greater than possible seasonality

tterences.

At the mouth of Piti Channel, thermal stratification sometimes
occurs for part of the tidal cycle but not for all of it. Table 4
=illustratesthis point with data taken on 26 October 1972 ~ During a
rising and high tide (first three columns of Table 4) and the succeeding
falling and low tide (next two columns) the temperature~was relatively
constant from top to bottom, although it was higher on the falling and
low tide than on the preceding rising and high tide. Approximately an
hour after low tide there was a difference of 4.4°c (7.9°F) between the
surface temperature and the temperature at 2 m, as inflowing harbor ,.rater
~ed under the warmer surface water 1/i.th the rising tide. Vertical
stratification was observed on other occasions near the time of 10vt
;tides.

The telethermometer has been used on numerous occasions to take
temperatures at 30 and 50 em belo,,,.the surface as well as at I-yo.
intervals below the surface. Observations throughout the outfall lagoon
end upper Piti Channel indicate that temperatures at the surface and
!L't depth are the same and that the "ater is well mixed vertically.
Vertical stratification sometimes occurs in the moat after a rain: when
cooler but less saline water forms a layer on top of the warmer but more
saline vater below.

Extensive observations have not been made on Tidal Flat C, but
it is shallower,than Reef Flat D and is influenced at least as much by
solar heating as is Reef Flat D.

Further information about the effect of solar heating on reef flat
te;nperatures comes i'ro.:lobservations on Reef Flat D. There is little
if any movement of lm.ter from the power plant onto this reef flat.
Hence, it serves as a natural control area for examining ho~ high reef
flat temperatures can be raised by solar heating alone. Observed
temperatures on Reef Flat D have ranged from 27.6°c (81.7°F) on cloudy
days to 34.7°C (94.5°F) on sunny days. At a given time temperatures on
this reef flat may range from 2°oeIow to 2°h .(3.6°F) ab~e the teaperature
in Lower Piti Channel. A comparison of Figs. 5 and 6 shows the extent
of solar heating between morning and afternoon of the same day and
indicates that temperatures may rise by as much as 5°C (9~F). Examina­
tion of Figs. 6 and 8 shows that temperatures on Reef Flat D may differ
betvTeenthe afternoons of cloudy and sunny days by as much as 5.5°C
(9.goF). More often than not, Tidal Flat D has 10'.Tertemperatures than
Tidal Flat B.
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Table 4. Temperatures (OC) at various times and depths at the
mouth of Piti Channel on 26 October 1972. The tides
were as ~o11ows: -2.1 ft at 0418 hours, 1.1 at 1130,
0.1 at 1612, 1.2 at 2118.

Depth (m~ Time
0720 .Q2Qi. 1010 1500 1623 1736

,, 0 28.8 28.6 28.8 33.7 33.7 33.1

.5 28.8 28.6 28.8 33.8 33.8 33.1

1 28.4 28.6 28.6 33.8 33.8 31.6

2 28.4 28.5 28.5 33.8 33.6 28.7
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~ .T~rature observations were made in Apra Harbor to determine the
I)'at~ of' thermal influence there. Observations vere concentra.ted on a grid
~~~ in the berthing area for the CommercialPort (see Fig. 9), but
'~ in the outer part of the harbor were established to serve as controls.

The continuous temperature recordings for the mouthot Piti Channel
(fig. 11) usually shoYtwo daily peaks and two daily dips. These peaks and
tillS seemto correlate roughly vith lov and hig.'l tides, respectively,
although the correlation is not as clear-cut as might be expected. The
't~ature peaks tor this location generally comelnthin 1°C (l.8°F) of the
~ature at Station 4, but the dips maydrop as low as 4.~.5°C (7.2-8.l0F)
.~ than the Station 4 temperature. This indicates that the thermal.
:iDta~nceot the power plant is muchgreater at 10" tides than at high tides
G:t~ mouthof Piti Channel, as might be expected. ./\gain, the continuously
recorded data showapproximately the samerange as the telethermometer data,
¥~ we regard the telethermometer data as more precLse and accurate. The
~~8 records also indicate that temperatures at the mouth of Piti
~l drop to ambient harbor temperature on almost every rising tide.

it is clear from this discussion of temperatures in Piti Channel and
On ~acent tidal flats that the Piti Plant has a. minima.lthermal impact on
~t~dal flats and possibly on Piti Channel itself~ except tor the outfall
~ ~ediately adjacent to the plant. Higher temperatures than might
ot~se be expected can be attributed to the plant only on cloudy days when
IDle heating is not significant but whenvater from the plant outfalls
~s temperatures a.bove30°C t86°F) in Piti Channel and someportion of

nat B. (Tidal Flat A has nowbeen filled for cODstJ:Uctionof the new
=tiilg taci1i ty. ) The diurnal pattern of tempera.tures caused by the
1be '~els and reinforces the diurnal pattern caused by solar heating.
t.e~or alteration caused by the plant is proba.bly the higher nighttime

ture in Piti Channel than would be expected without the plant.

For Station 4 the continuous temperature recordings showthe same
pattern as for the outfall location, with a single broad daily peak in the
late afternoon and a single broad dip after midnight. A given recording
US1fall.1 parallels the outtall recording for the same time interval. The
temperature at Station 4 usually ranges from 0 to 1°C (0 to 1. 8°F) lower than
ibe 6b.ti'all tempera.ture.

late afternoon and early evening hours and the dip comesafter ~dnight and
"ill the early morning hours. The broad peak. seems to correlate well with the
~ of highest intake temperatures (and therefore highest outfall temper­
atures) reinforced by peak.plant loading. The broad dip likewise correlates
vith the ti!lle of lowest intake temperatures in TepunganCbannel and minimal
pl8Dtloading. The daily pattern is in agreement ~d.th the 24-hour telethermo··
.ter series for 24-25 August 1912. The range of temperatures recorded by
~ Mlnicorder is approximately the same as that reported above for the
teletbermometer dats) with somepeaks above 34°C (93.2°F) and somedips below
3000 (86°F). .
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~ Table 3 shows temperatures observed at a series of stations in the
Of~ area and in the outer harbor on several different days. Influence
~ vater from the power plant clearly extends as far westward as the
Gee 1IlOoring(Station 16)) 'I1hereincreases of up to 1DC occurred on SOI!le

I.8ions.

Low-tide surface temperatures in the Comcercial Port area are affected
~ lieatedwater flowing off the tidal tlats as well as by plant effluent
~ down Piti Channel, but we cannot separate these t,ro heat sources.

berthing area usually appeared to be ~.,ellmixed laterally, so that
::ti:ons on the southern side (which probably received i·mter directly from

~eef flats rather than from Piti Channel) had. temperatures which closely=eled those on the north side of the berthing area. (iThichwere more
ly influenced by ,·raterflowing out Piti Channel). Thus, temperatures::athe south side vere always within 1°C (1.8°p) of those on the north side

~re neither conSistently higher nor lower. It did appear that
~tures on the north side could eh30ge more quickly than these on the

h's1de on some occasions.

Figure 16 shovs the situation when there was a low mo:z:ningtide and a
Jitgh tide in the afternoon; only representative stations are graphed. On
this- date, as the tide rose in the afternoon, ambient harbor temperature
nentually prevailed throughout the area. Again, no daily fluctuation was
aeen in the control stations in the outer harbor. It is clear that tbe
ther.mal influence of the power plant in the harbor comes at low tides and
18 not related to the time of day. Similar results ".Iereobtained on other
~~ not presented here.

Figures 14 and 15 show the vertical profiles for representative
nations at successive times throughout the day. It can be seen that the
~surge of plant effluent .rater from Piti Channel was confined primarily
Ito the upper 1m of the vater column. SiIililarpatterns were found for the
~ stations. Water deeper than 2 m remained at ambient harbor temperature
IIiil was not influenced by the thermal. plume. It seems clear that heating in
~·harbor was confined to the surface of the water and did not influence
,tba greater depths. As shown in Table 4, there was also thermal stratification
.at ~ mouth of Piti Channel an hour after the afternoon lev tide.

Repetitive observations vere carried out over thacourse of several
~vidual days and tidal cycles. nepresentati ve results arc presented in
liFes U-16.

Figures 12 and 13 shallthe daily pattern observed. on 26 October 1972
i.ben ~e saw the maximum temperature fluctuations in the berthing area of the
eammercial Port. It can be-.aeen fr(T.!lthe figures that as long as there ~ras

. arising tide in the morning, temperatures at all stations (includin~ the
.mouth of Piti Channel) remained at ambient harbor te..'!l.perature.As high tide
.iU.reached and then the tide began to fall, temperatures at all stations in
the COImIlercialPort increased and then stabilized shortly before dead 10\'1
tide. Stations closer to the mouth of Piti Channel shoved the greo.test
~eases, but thermal influence from the power plant was evident all the

.... VB1 out to the tanker mooring at Station 16. Figure 16 shows plotted
isotherms for temperatures taken between 1500 and 1604 hours) the time of
Cost extensive thermal influence in the harbor.
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Filure 14. Temperature-depth profile for Station 14 (Fig. 9) for various
times of day on 26 October 1972.

I!

3231 333029

T E M PER A T UR E J °C

10

5

2

e • 0723
A 0907..

1013:a:: c.... - 1505
D.. o· 1626
1&.1

17400 4 x

28

o ~--*-~~---+--~--~r---+---cr



....

Figure 15. Temperature-depth profile for Station 17 (Figure 9) for various
times of day on 26 October 1972 .
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OntilO occasions pH determinations vere made for scattered stations
~Piti Channel and on the reef flats. Values ranged fro:n 7.90 to 8.15, a
~ range for seawater.

Dissolved oxygen values were determined at the surface, midwater. and
~tom for three stations in the CommercialPort area on 27 I~ch 1973.
Waterat all stations and depths was saturated or supersaturated "i th oxygen.
~B is probably representative of harbor ila.ters generally and suggests
~imaJ. conditions inth respect to dissolved oxygen.

Dissolved oxygen values lTere also deteI'!llined on four occasions for
·sca.ttered locations by the \1inkler technique. Moreoften than not, values
werebetween 6.0 and 7.0 og/l, but values between 7.0 and 8.0 were cammon.
Do one occasion a single value of 9.74 was o~servej in the secondary channel.

, ialues as 10'7as 5.64 were found at the site of the sewer outfall. Except
itor the sel'Teroutfall, all values ver e near saturation or exceeded saturation.
It appears tha.t the povar plant effluent has no adverse effect on daytine
~gen levels in the outfall area.

A 24-~hourcycle of observations was conducted on 24-25 August 1972
tor three stations: TepunganChannel (Sta. 2), the outfall location (Sta. 3),
~d a deep (approx. 3m) hole on Tidal Flat A (Sta. 26; see Fig 9). Results
ue shownin Table 5. For the intake station and the hole on Tidal Flat A,
diurnal values fluctuated ',ridely above and belorTsaturation with high points
'iii the middle of the day and 10" points at dawn, This probably reflected
~ime oxygen production by planktonic and benethic photosynthesizing
organismsand nightime respiration by the entire biological co~ity.
Values were muchless variable at the plant outfall. This is probably due
to turbulence (as a result of pumpingVTaterthrough the plant) causing
rapid oxygen diffusion out of and into the vater during daytime and nightime~~-~wr6) respectively, thus maintaining dissolved 0XY3enin the outfall water
~oser to saturation values than in the int~~e water. It is clear that the
~ant has no adverse effects on levels of dissolved oxygen in the effluent
COOlingwater.

Salinity determinations vere made on four occasions for scattered
'!Locationsin the study area by using e. hand~·heldrefracto~eter. Almost all
'v81uesfell in the range 35.0 -, 35.1 ppt. LOiTervalues of 34.4 ppt i'rere

, sometimesfound' at the point trher-e a sever CClutfallfrom th~ power pl!l.J."1t
e:npties fresh H 0 onto the outfall lagoon. Values as 10,,' as 33.9 ppt were .
. found after hea~.f rains at the dead end of the moat and in isolated; shallow
co~ers of the tidal flats subjected to terr~strial runoff. One such
location had a value of 28.3 ppt on one occasion. A high value of 37.1 ppt
~ found on one occ~sion in TepunganChannel. Salinity fluctuations are
slight in the study area and art! not affected by oper.ation of th0 pover
'plants, except for the influence of the sewer.

other Observations-
39



40
TeI!lperatures(OC) and dissolved oxygen (mg/l) at three
locations during a 24-hour period, 24-25 August 1912.
Dissolved oxygen values are the means of two titrations
each from two DO bottles (total of four titrations).
See Fig. 9 for station locations.

Tidal Flat A
2) OUtfall (Sta. 3) Hol.e(Sta..26)

DO Temp. Time DO Temp. Time DO Temp.--
1.26 28.8 1000 6.91 33.8 1012 6.52 32.2

10.16 29.8 1200 1.49 34.6

9.81 30.0 1400 1.28 35.6 1410 8.03 32.1

9.19 29.6 1600 6.96 :34.8

1.31 28.6 1755 7.47 34.4 .1805 a.16 32.1

8,10 28.8 2000 6.81 33.6

6·.67· 28.0 2155 1.16 33.5 220~· 1.81 32.'

6.55 27.6 2400 6.99 33.5

6.05 27.2 0155 7.41 32.8 0205 6.91 31.0

4.88 27.2 0400 6.69 33.0

4.69 27.0 0555 8.20 32.6 0605 5.20 30.4

6.63 27.4 0755 6.01 32.0 ...
8.32 28.8 1005 7.15 32.5 1015 6.44 31.2



Our general procedure for calculations is given here.

a (1) We firs~ ca.lcuate the tidal volume of water moving from the
bannels and tidal flats into the Commercial Port area on a falling tide with

We have attempted some rough prOjections of temperature patterns to be
expected in the harbor after the Cabras Island units now under construction
~~into operation. vnlile these prOjections are not very refined, we do

Uk they are infor.mative. Our assumptions are such that the prOjections
~!e the maximum area that might be affected by water temperatures more than
• C (.50F) above ambient; it is likely that a. smaller area will be affected
~st ot the time.

PROJECTIONS

A pyrheliograph has been maintained on the roof of tbe usa building
near the study area to record the amount of solar radiation striking a
horizontal surface. This gives an upper limit on the amount of solar energy
that can be e.beorbe.liby water st¥lding on the shallow tideJ. flats. For
comparative purposes, a pYrheliograph has also been maintained on the roof
ot the University of Guam Science Building in Mangilao. Results are sholm
in Figure 17. There appears to be a slight seo.sonal trend in soler input.
~th lower values occurring from July through llarch and hisher va.lues
oC!curring i'rolll'lprilthrough June. HO"i,ever.variation from week to veek can
be as great as the apparent general trend in seasonal variation~ and
variation between the two recording localities is also rather high. It
clOes not show in our figure, but day."to-day variation can also be as high
as seasonal variation. This pattern of rather high variation from week to
~ek, day to day. and place to place results from rainy or overcast vs.
8~ ~reather conditions and indicates that short-term changes are more
significant than seasonal patterns with regard to solar heating of water
On the tidal flats. This reinforces the similar observation that has already
been made from actual temperature measurements on the tidal flats.

Fish kills have occasionally been noticed. The: most extensive one
,occurred on 19 July 1972 when at least 10 species and more than 40 individuals
of dead fish were found in the vicinity of the outfall. It is likely that
more dead fish could have been found with a careful search. l-lehave seen
smaller fish kills on other occasions and scattered individual dead fish
'onnumerous occasions. \Ie suspect that the fish kills may be caused by
\uuorine trom the plant but·have not detected chlorine in the vater at the
times of observed fish kills. The kills could bave been due to chlorine
Yhich rapidly dispersed and thus wa6~ot detectable when we saw dead fish
at some later time. ~

I

On 6 July 1972 we noticed a strong chlorine smell while snorkeling
in the outfall lagoon. T~sts made "lith a field kit indicated chlorine
ievels greater ~han 5 ppm. TIns was the only occasion ,.,henwe ever
detected any chlorine with the test kit, although a strong smell was
noticeable several other times when the water was not tested. The s~e11
usually disappeared wi thin a feltminutes.
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Figure 13 showsthe maximumextent of above-ambient temperatures in the
_bor under present conditions. The total area with temperatures detectable
as .3°e higher than ambient temperature is approximately 42l,000 m2• If this
lena of ''later is 1 m deep, then the total water volumewith above··ambient
~r&ture 1s 421,000 m3, or 85%of the calculated input into the harbor
=ing the falling-tide period. This percentage figure will be used in the
'u.:n ca.].culation.

If we assume a future plant output of 212,000 m3per 6-br tidal cycle
(~Uivalent to 200,000 gpm from the existing and future generating facilities)

tauilC a tidal outflow of 385,000 m3per tid8.l ,~ycle . 'corrected', trOIilthe above
1~e of 409,000 m3because of the filling of Tidal Flat A), then the
total flow into the CommercialPort area is 651,000 m3 for a falling tide.
~85% of this represents the water volume of above-aobient.temperature in

harbor, and if it occupies a surface lens 1 m thick I then the maximum
l'Oaaible surface area of the harbor with teaperatures just barely detectable
~ ·3°Chigber than ambient is 558,000 m2.. This is an increase of 32%over
~ area presently affected by warmer tidal flat and plant outfall waters.
la ~um area likely to be affected under such new conditions is plotted

4".a.BUre 19.

Tabla 6 shows the calculated tidal volume leaving the channels and
tidal flats on a falling tide with a l-m fluctuation. For the channels this
simply represents a layer of water 1 m thick overlying a deeper water column.
For the tidal flats the approximate depths at high spring tides are given.
andwe assumethat these flats have no water at low spring tides, although
a little water is actU3.ll.yretained in depressions. The total tidal volume
of Water leaving the study area and entering the harbor was approximately
~09,000m3before the filling of Tidal Flat A by construction activities.
WithTidal Flat A filled the total volumenowis approximately 385,000 m3.
Outtlowtrom the Piti PowerPlant is approximately 4 m3/sec (64~000gpm),
~ about l4~300 m3/hr. The total plant outflow for a 6-hr falling-tide
period would therefore be about 86,000 m3) the assumption of a time interval
this long certainly maximizes the calculation of plant effects in the harbor.
The sumof plant output and tidal volume is 495,000 m3.

a l-m range (we assume that this vTaterhas the same temperature as plant
effluent because of solar heating) ana add to this the volume of water
presently pumpedthrough the Piti PowerPlant during a falling tide interval
(assumedto be 6 hours). (2) He assume that this water occupies a lens
1 m thick in the CommercialPort (Figures 14 and 15) and a horizontal area
equivalent to l!hat seen in our most extreme observation (Fig. J.8'). (3) This
volumeof warmer-tha.n-a.!:lbientuater in the harbor (Step 2) is then taken as
a percentage of the calculated volumeof water entering the harbor because
of plant output and tidal outfl011 (Step 1). The former volume (Step 2) is
smaller than the latter volUI!l.e(Step 1) because the heated water (solar and
powerplant heating) loses part of its heat through mixing with cooler water
and loss to the atmosphere. (4) The percentage found above is then applied
to calculate the volUI:leof warmer-than-ambient water in the harbor as a
result of calculated future p.lant output plus tidal exchange. (5) Tbe
future volume of warmer-then-ambient water is assumedto occupy a lens 1 m
deep and the total area it occupies is then calculated. Actual calculations
tollow.
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408,000Overa.11.'total, channel tracts + tidal flats

tidal Flat A 31,400 .75 23,600

ilw. Flat B 70,600 .75 53,000

TrClel Flat C 126,000 .50 63,000

Tidal Flat D 126,900 1.0 126,900

Total, Tidal Flats 266,500

Tract Area. (m2) Depth (m) Tidal Volume (m3)...__

~r Piti Channel 14,300 1 74,300

Lower Piti Channel 31,900 1 31,900

Secondary and Conn~cting
Channels 26,200 1 26,200

M;lat 10,000 1 10,000

Total, Channel tracts 142,400

Table 6. Areas (det~r-.cinedby planimetry), depths, and calculated
volume of tidal exchange i'ora l-m range bet~'7eenhigh
and low tide.. Indicated depths of the channel tracts
are not the actual surface-to-bottam depths but represent
instead the tidal fluctuation. Indicated depths of the

. tidal flat tracts are the surface-to-bottom depths at
high tide. See Fig. 1 for location of the various tracts.
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Figure 18. Isotherm plot for the Comnercf al Port area between 150.0 and
1600 hours, 26 October 1972.



Figure 19. Approximate westernmost limits of temperatures at least .3°e
(.5°F) above ambient under most extreme conditions. See the
text for further discussion. The dashed line represents the
.observed pattern for present power plant operations (refer
to Figure 16). The dashed-dotted line represents the
projected pattern for a future plant output of 12.6 m3/sec
(approx. 200,000 gpm); and the solid line represents the
projected pattern for'25.2 m3/sec (approx. 400,000 gpm).
The circled numbers indicate the locations of signal buoys.
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- We do not have sufficient knowledge at this time to predict the
~ological effects in the harbor caused by the expected new temperature
l'J.gilne.However, we note that warmer water will continue to form a lens
Oft the surface and will not extend to the deeper vaters of the harbor
1lO! directly affect benthic organisms. Hence, it is only surface planktonic
cQgm1nities that are likely to be affected. We further note the inherent
~iability in such communities and believe that we must be extremely
L8.l'et'ul in ascribing future changes in them to plant effects without a great
- -al. more knowledge than is currently available.

Most areas of the tidal flats, as well as the mouth of Piti Channel,
PrObably drop to ambient temperature levels at least once a day. In the
case of the tidal flats this occurs at night, since raised temperatures are
~ed primarily by solar heating rather than plant effluent. The mouth
ot Piti Channel and the eastern portion of the dredged area of Commercial
Port drop to ambient harbor temperatures during periods of rising and high
:tideswhen tidal :mfloy overcomes outflow from Piti Power Plant. After
the Cabras Island installation goes into operation we expect the mouth of
~ti Channel and the adjacent area at Commercial Port to have a permanent
~rature regime higher than ambient harbor temperature. We cannot
~tity this projected effect at this time, and our Judgement is strictly
quautative.

In these calculations we have not separated thermal effects in the
Harbor due to the ~tflow of plant effluent from effects due to the outflow
ot tidal-flat water heated by the sun. We believe that such effects cannot
be separated, since the two types of water are well mixed in the harbor.
However, outflow of water from the tidal. flats during a falling tide
greatly exceeds plant output at the present time. Hence, for a falling tide
on the afternoon of a sunny day, solar heating may have more of an indirect
effect on the harbor than heating from the power plants. On a cloudy day
t1dal flat water dilutes the heating effect of plant effluent in the
CcIiIDercialPort area. If the eventual output from existing and future
~erating facilities reaches 25.2 m3/sec (400,000 gpm), then plant effluent
~d represent a greater source of input into the harbor than tidal
~hange for a 6-hr falling-tide period when there are spring tides (544,000
• plant output vs. 385,000 m3 tidal outflow). Under such conditions a large
proportion of water flooding Tidal Flats C and D on a rising tide would
probably come from the pl~t outfalls rather than from the Commercial Port
area.

We must empbasize again that our calculations are very crude, and we
hOpe to be able to refine them. However, because we have assumed the worst
possible case, we think that our projections of harbor areas likely to be
affected b.Y the thermal plume are maximal and likely to be observed only
-,mder extreme conditiona. Much smaller areas are likely to be affected b.Y
the thermal plume under more usual conditions.

A similar calculation has been carried out using the assumption that
tuture plant outfall volume will be 544,000 m3 per 6-hr tidal cycle
(equivalent to approximately 400,000 gpm). The maximum surface area of the
barber likely to be affected under such conditions is 790,000 m2, or an
increase of 88% over the ma.xi.mum area.presently affected. Asain the maximum
area likely to.be aff~cted is plotted in Figure 19.
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Water quality standards for Guam are presently being reviewed and
updated, and we do not know what new standards will apply to outer Apra
Harbor. It is possible, but not probable, that future plant operations
could cause a violation of temperature standards as they presently apply
to the outer harbor. The existing standards specify that temperature in
that area should not differ from'natural conditions by more than l.5°F
(.8°e). We cannot make exact predictions; but if there is a potential
violation, it is likely to affect a relatively small area of the outer
harbor (see Fig. 19) and to occur only during a pDrtion of the tidal
cycle. This matter will have to be re-examined after the new vater quality
standards are established. Nd temperature criteria are in effect for Piti
-Channel and the Commercial Port area under existing water quality standards,
nor do the present standards contain any criteria other than temperature
which are likely to be violated by power plant operations. We do not
know whether the new standards will include criteria for metallic ions,
but such ions may leach from pipes and condensers and lead to a potential
problem.

Dissolved oxygen levels in the harbor are presently at saturation
levels from surface to bottom, at least in the daytime, although we need
to do further sampling. This is fortunate and suggests that the area is
presently subjected to no major biological stresses. Tidal and wind­
driven circulation also appears to be good and probably enhances vertical
mixing. The..new power plant should cause no major change in this condition,
assuming that its thermal effect is confined to a surface layer of water.
However, it must be rem~bered that if additional biological stresses are
imposed on the area in the future there is a possibility of synergistic
effects. The thermal load may not be an excessive stress in itself, but
in combination \dth other factors it could contribute to extremely
undersirable effects. This would be particularly true if organic material
were discharged into the harbor, thereby creating an increased oxygen
demand at the same time that higher temperatures were causing lower oxygen
solubilities.

48



The Commercial Port area presently serves as a cooling lagoon for
part ot the tidal cycle but also drops to ambient temperatures for a
Portion of each tidal cycle. With additional fUture effluent from plant

The present tidal flow of water into the harbor from Piti Channel
and adjacent flats is approximately fourttimes as great as the flow from
the power plant during a falling-tide period. These two types of water
are mixed in the Commercial Port area and are indistinquishable there.
It is likely that there would be thermal effects in the harbor because
of'tidal outflow even if there were no plant operations. If total plant
output increases to 25 m3/sec (about 400,000 gpm) in the fUture, then
plant output on a falling tide will be approxtmately equal to outflow
trom the tidal flats.

The maximum current velocity in Lower Piti Channel is likely to
increase from approximately .6 m/sec (2 ft/sec) at present to about
.85m/sec (2.8 ft/sec) after Cabras Island Units 1 and 2 go into operation.
There may be no reversal of current direction (i.e., an easterly flow)
on rising tides in Lower Piti Channel after the new units go into
operation. Piti Channel, in effect, will simply become more of a conduit
tor conducting effluent water from the plant o«tf'alls to the Commercial
,Port area.

Effluent from the Piti Power Plant sometimes causes fish kills in
Piti Channel. These may be due to chlorine. Chemical effluent from the
plant is probably of greater ecological concern than the thermal effects.
It is likely that an increased humber of fish kills can be expected in
Piti Channel after the new Cabras Island Plant goes into operation.

The major influence on temperature fluctuations in Upper Piti
Channel and adjacent tidal flats is the daily solar cycle, but this is
reinforced by the daily cycle of plant loading. This may be modified by
weather. Highest temperatures usually occur in late afternoon and lowest
temperatures occur between midnight and dawn. At the mouth of Piti
Channel and in the Commercial Port area, highest temperatures occur on
a falling and low tide and lowest temperatures on a rising tide. Most
of the study area is thus a fluctuating-temperature system, with t~pera­
tures dropping to wmbient levels for a portion of each day. Daily
temperature patterns, as modified by weather, mask any possible seasonal
patterns.

Adverse thermal effects of the Piti Power Plant ere minimal in Piti
Channel and adjacent tidal flats. The shallow tidal flats are strongly
affected by solar heating, and in the afternoons of sunny days they may
have higher temperatures than the effluent cooling water from the power
plant. It is doubt:f'ul.that the present power plant is responsible for
heating the water in the general study area to higher temperatures than
wo~d be the case because of solar heating alone.

Ct)IlCLUSIONS



Although we have studied only th~ marine environment, we believe
that the most serious environmental problec associated with future
operations of the Cebrns Island ~owerPlant is likely to be air pollution
rather than oarine pollution.

outfalls, the area will have ambient harbor temperatures for a sborter
portion of ~ach tidal cycle but will probably still retain its fluctuatins­
t~perature pattern. Warm~r water forms a layer approximately 1 D thick
on top of the cooler harbor water and thus loses heat to the atmosphere.
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7. FutlU'e storage of fuel and chemicals both inside and outside
tbe plant should be carefully planned, conducted, and monitored so as to
flvoid spillage and leakage of toxic substances into the environment.

6. Keep up-to-date on Federal and local water quality standards,
and maintain communication with the U. S. and Guam Environmental Protection
AgenCies to insure that all environmental protection laws are understood
and met.

5. Carefully evaluate the use of any chemicals in the plant which
will a.ppear in the effluent water. This especially applies to chlorine.
Do not use any chemicals in plant operations without a compelling reason
for doing so, and then use them only in the minimwa amounts necessary and
only when necessary. There should be continual eValuation and re­
examination b.Y competent chemists, biologists and engineers ot the
routine use ot chemicals in plant operations. Operations personnCollshould
keep up-tohdate on new d~velop:lents. Guam Power Authority should be
prepared to modit'y its operations in the future as nel' developments come
about, even though this may involve some change-over expenses.

4. Guam Power Authority should be prepared to make any changes
necessary atter plant operations begin to insure that heated water
entering the dredged area at Commercial Port spreads as a l~er on the
surface and is not mixed into the deeper part of the water column. The
objective should be to maximize contact with the atmosphere and to avoid
USing the deeper portions of the water column for permanent heat storage.
To the extent practical, it is also desirable to maintain a thermal
stratification in Lower Piti Channel rather than having complete vertical
mixing.

3. Guam Power Authority should be prepared to modify the existing
Piti Channel after plant operations begin if current velocities in the
lower stretches of the channel create a safety hazard for fishe~en or
boaters.

1. Construct the cooling water outfalls for the new power plant
in such a way as to maximize turbulence in the ~ediate outfall locality
and prevent effluent water from being forced directly downstream in Piti
Channel. This will allow some heat exchange with the atmosphere before
the direct downstream flow begins. It may be necessary to construct a
series of baffles or artificial shoals at the outfall location or to
enlarge the outfa.ll lagoon adjacent to the power plant. In any case,
Gu~ Power Authority should be prepared to modify the outfall structures
if this proves necessary after operation of the new plant begins.

2. Alterations on the tidal flats, exeept in the immediate
viCinity of the construction site, should be avoided. Effluent water
should be directed into Piti Channel rather than onto the tidal tlats.

RECOMMENDATIONS
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