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1.0 INTRODUCTION AND SUMMARY
1.1 Introduction

This Technical Report is a summary and discussion of studies in physical and
chemical oceanography commissioned by MRC in support of the biological studies.
It is written for technical readers, but not particularly for physical oceanographers,
so some discursive textbook material is included here to provide background for the
discussions of local conditions observed off San Onofre. The mathematical basis for

some of the topics discussed is given, as a highly condensed outline, in Appendix B.

This report is mainly concerned with physical effects of SONGS that are of
concern to MRC because they may produce or mediate changes in local marine
populations. Section 2 is a description of natural conditions and processes that
shape the marine ecosystems off San Onofre, and which are liable to be affected by
SONGS; the observed interactions of the SONGS cooling system with these
processes are considered in Section 3. Section 4 discusses particular potential
effects of SONGS whose expected importance guided MRC'’s projects at various
times. Section S is a summary and discussion of MRC’s statistical studies of the
effects of SONQS on underwater irradiance, which are described in detail in
Appendix A, and Section 6 describes the statistically observed effects of SONGS on

temperature and suspended particles.

Since this report does not set out to give an overview of all the physical and

chemical data collected in MRC'’s programs, the reader can turn to the following

references for discussions, statistical summaries, and plotted time-histories of




MRC’s physical and chemical oceanographic observations off San Onofre: ECO-M
1988a, 1987d, 1987b.

1.2 Summary of the Physical Effects of SONGS

1.2.1 Water flow

SONGS Units 2 and 3 together discharge 100 m3/sec of heated seawater
through diffuser lines with multiple jets pointed offshore with an upward tilt; these
jets entrain another 1000 m3/sec, more or less, of ambient seawater within 300 m of
the diffusers. The mixing of entrained water with the discharge dilutes the heat
added by SONGS, to meet California thermal standards, and also produces a large
seaward flow of discharged and entrained water, carrying about 1000 m3/sec some
700 m offshore (on the average, and very approximately) in the plume of SONGS.
This offshore flow is matched by an equal mhke-up flow toward SONGS from all
directions in the sea, which brings some water from offshore to the vicinity of
SONGS. The combination of plume and make-up flow amounts to a significant
alteration of the natural local pattern of flow, which alters the natural distributions

of suspended particles and other properties of the waters near San Onofre.
1.2.2. Suspended Particles and Underwater Light

Suspended particles in San Onofre waters are more concentrated near the
bottom and near the shore, so near-bottom and nearshore waters are less
transparent on the average than surface waters and midwaters further offshore.

Recruitment of new kelp plants in the San Onofre kelp bed depends on the amount
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of sunlight that reaches the bottom at 10 to 15 m depth, which depends on the
transparency of the water overhead. The plume of SONGS goes through the San
Onofre kelp bed much of the time, partly réplacing ambient water with more turbid
water originating closer to shore, which potentially reduces the average amount of

light available to small new kelp plants on the bottom.

We estimated the actual changes induced by SONGS in average available
light on the bottom by means of statistical BACIP tests comparing three stations in
the San Onofre kelp bed downcoast from the diffusers with a control station in the
San Mateo kelp bed 5 km upcoast, before and after Units 2 and 3 began operation.
On days when the San Onofre stations were downcurrent from the diffusers for a
- majority of the daylight hours, the test showed a definite decrease in average light
on the bottom at the San Onofre kelp bed stations, estimated at 26%. On days
when the San Onofre stations were upcurrent from the diffusers, there was a
statistically uncertain increase in light at the bottom which, on the balance of the
evidence, could range from nearly zero up to nearly as large as the decrease on

downcurrent days.

Downcurrent days outnumber upcurrent days by about 60 to 40, so the net
effect over all days is a reduction of average light in the kelp bed downcoast of the
diffusers, somewhere between 6% and 16% depending on the magnitude of the
uncertain increase on upcurrent days. We do not have data from the part of the San
Onofre kelp bed upcoast from the diffusers, but if everything except the current

were symmetrical, the calculated overall effect upcoast would lie somewhere

between a 12% reduction and a 6% increase.




We also made statistical comparisons between light on the bottom recorded
hourly at pairs of stations, one in the plume and one outside in ambient water, as
adjudged by a plume model based on the recent history of the current. Over two
years with SONGS in operation, light at the plume stations averaged about 20% less
than at the ambient stations in the same hour. This is not the same as the
reductions estimated by the BACIP tests, which are relative to what the light would

have been without SONGS, but the two kinds of estimate are in reasonable accord.

1.2.3. Temperature

SONGS is in compliance with the California thermal standard which
prohibits temperature rise at the ocean surface exceeding 4°F beyond 1000 feet
from the diffusers for more than half of any tidal cycle. We determined this by
comparing hourly temperatures recorded during 1985 at plume and ambient stations
1000 to 1200 feet from the diffusers, using the same plume model that we used for
light; plume temperature reached 4°F above ambient in only a single hour out of

972.
1.2.4. Nutrients

Much of the supply of nutrients to nearshore waters off San Onofre comes
from natural upwelling of colder and richer water from greater depths offshore.
SONGS may enhance this process by bringing in offshore water in the make-up flow
and by lifting water entrained in the jets. There is a close relation between nitrate
and temperature, so the actual effect of the make-up flow can be estimated from

temperature records. BACIP tests at stations in the San Onofre kelp bed show, no




evidence that SONGS has changed temperature or nutrients at the bottom in 10 to
15 m depth. The actual effect on surface nutrients due to the jets raising water from
these depths to the surface is unknown and cannot be tested by temperature, but in
principle it may increase the supply of nutrients to the surface canopy of the kelp at

times of natural upwelling.
1.2.5. Plankton mortality and changes in abundance

SONGS kills most or all of the plankton and fish larvae that are drawn into
the intakes, and may kill some other plankton and larvae by entraining them in the
turbulent jets or by carrying them offshore out of their normal habitat. The depth
and extent of depressions in abundances around SONGS due to these losses
depends on the local long term diffusivity, which determines the capacity of the
ocean to disperse new plankton to SONGS from unaffected waters. Other MRC
reports show that the actual changes in average abundances found by BACIP tests
on various planktonic organisms and groups are generally small, contrary to some
early predictions. Physical studies of the currents recorded off San Onofre over
periods of years have given approximate estimates of long term diffusivity which
indicate that only small reductions in abundances due to SONGS-induced mortality

are reasonably to be expected in the actual current regime.
1.2.6. Sedimentation

Reductions in water velocity across the diffusers and in the plume of SONGS

are likely to cause suspended grains to settle out of the water and to be trapped in

the vicinity of SONGS, perhaps to accumulate as sediments. The collection rates of




sediment traps give a rough measure of the concentration of suspended particles; a
BACIP test on collection rates just above the bottom showed a 48% increase due to
SONGS at a station in the San Onofre kelp bed 400 m downcoast from the diffusers,
relative to a station 1400 m downcoast. A plume model test on the extinction of
light near the bottom, which gives a different rough measure of particle
concentration, also showed a significant increase at stations under the plume
relative to ambient stations. Whether or not the operation of SONGS has actually
changed the local rate or pattern of net sediment accumulation is the subject of a -

separate MRC study, which is treated in Technical Report B.




2.0 THE NATURAL ENVIRONMENT;
PROCESSES AFFECTING LIFE IN COASTAL WATERS

This discussion of the physical environment off San Onofre concentrates on
particular physical and chemical conditions that influence the abundance or range of
local marine populations. The most fundamental conditions are those that affect
marine plants, since nearly all marine animals ultimately depend on the plants at the
bases of their food webs. The main physical problem of plant life in the sea,
common to drifting marine plants and anchored giant kelp, is to bring together light
from above and dissolved nutrients from below. At the surface of the sea, there is
usually plenty of light, but nutrients are mostly locked up in the biomass of the
existing plant populations. In deeper waters there is less light, but dissolved
nutrients become available from a reservoir at depth, formed from organic matter

that sank out of the light and decayed in darkness.

This section considers 1) how dissolved nutrients reach the shallow nearshore
waters off San Onofre from the deep offshore reservoir; 2) how the light in these
waters falls off with depth because of absorption by fine sediment particles
suspended in the water; 3) the character and sources of the bottom sediments
themselves, which are an important habitat in thexr own rlght and 4) the processes
of advection and turbulent dispersion in the sea, which brmg together the factors

required by marine life and play a large part in the response of a marine ecosystem

to a local disturbance such as SONGS.




2.1 Nutrients

MRCs studies of dissolved nutrients have concentrated on nitrogen species,
since these are generally considered to be the limiting nutrients in waters off
Southern California, and the ratios of major nutrients are fairly stable. Of the
nitrogen species, ammonia and nitrite are used by plants, and are also converted to
nitrate by bacteria that can live in the dark. Nitrate is used by plants but not by
aerobic bacteria, so it is taken up by phytoplankton in well-lit waters near the
surface, the so called photic zone, but accumulates in deeper water below. Over the |
long history of marine life the continu'al fallout of organic matter from the photic
zone has resulted in an enormous reservoir of nitrate in the deep sea, along with
phosphate and other oxidized nutrients that are the end products of bacterial

reactions.

In the shelf waters a few kilometers off San Onofre, the base of the photic
zone (see 2.2 below) is at an average depth of something like 20 m, where the
average temperature is something like 14°C. Within the photic zone there is
generally a low concentration of total nitrogen, about 1 micromole/liter or less;
below the photic zone is a zone called the nutricline, in which nitrate concentra.tion
rises steeply with increasing depth, to about 10 micromoles per liter at something
like 35 m depth (ECO-M 1988a, Fig. 4-6a). This increase with depth indicates that
nitrate is conducted upward from the deep-sea reservoir to the photic zone by

turbulent mixing (see 2.4 below).

Profiles of nitrate with depth can vary a good deal over periods of hours

because of internal waves, and over days, weeks and seasons because of other




processes discussed below. All these processes, though, have similar effects on
temperature profiles, and it turns out that the relation of nitrate to temperature off
San Onofre is fairly regular and stable. Figure 1 shows the results of all profiles of
nitrate and temperature off San Onofre from 1981 through 1986, in water 10 to 100
m deep. The curve through the data points is the nitratetemperature relation from
a simple physical model of upward turbulent dispersion within the nutricline and
immediate uptake in the photic zone, with fluctuations in the temperature at the
base of the photic zone (ECO-M 1987d). By this model, temperature accounts for

90% of the total variance of nitrate in this extensive data-set.

With this relation, we can say broadly that the availability of nutrients is
adequate or good in water colder than 14°C, uncertain and variable in water
between 14° and 16°C, and insufficient in water warmer than 16°C. It was not
practical to make routine measurements of nutrients more often than about once a
week, and this relation allows the history of nutrients to be followed in better detail

from continuous records of temperature.

The inshore waters shallower than 20 m off San Onofre may receive some
nutrients 'from runoff of streams and disturbance of bottom sediments, but the
principal supply of nutrients to the inner shelf comes from events called upwellings,
in which surface water near the shore is displaced by colder water from greater

depths.

In shelf waters off California deeper than 20 m or so, upwelling generally

results from winds blowing downcoast (that is, toward the southeast). In shallower

waters close to shore, upwelling may result from any downcoast current with vertical




shear, flowing faster at the top than at the bottom, by the following mechanism (see
Appendix B ). The rotation of the earth gives moving water in north latitudes an
acceleration proportional to its velbcity, directed 90° to the right of the velocity.
Acting on a vertically sheared downcoast current, this acceleration will be directed
to seaward, and will be strongér at the top than at the bottom. In stratified water,
with cold and dense water underlying hotter and lighter surface water, this seaward
acceleration decreasing with depth can be hydrostatically balanced at all depths by a
slope of the surface upward to seaward, together with an opposite slope of the
isotherms upward toward shore. The slope of the isotherms upward toward the
shore is the upwelling itself; the occasions when rearrangement of isotherms brings
water colder than 14°C up to depths of 15 m or less in the nearshore zone are the

times when this region receives most of its supply of nutrients.

The opposite process is downwelling, in which upcoast winds, or upcoast
currents falling off with depth, may lead to slopes of the isotherms downward toward
the shore. Downwellings that exclude water colder than 14° from the inner shelf are

the times of minimal or near-zero nutrient supply to nearshore waters.

Upwellings and downwellings may happen in any season, but the seasonal
changes of winds and thermal stratification combine to make nearshore upwellings
most evident in the spring and early summer, and downwellings most evident in late
summer and fall, as may be seen from the temperature records off San Onofre
(ECO-M 1987d, 3.3). Thermal stratification begins from the top in spring, and the
thin warm surface layer at that season is more easily displaced close to shore by an
upwelling. This is also the season when insolation is rising rapidly to its summer

peak, and enough light becomes available to allow the nutrients supplied by
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upwelling to be used for rapid growth and reproduction of plants. In late summer, a
thicker and warmer surface layer is established; upwellings may be confined to
depths beyond the inner shelf, but downwellings may involve filling the whole
nearshore water column to 20 m depth with water hotter than 16°, completely

cutting off the nutrient supply.

The complications of nearshore upwelling and downwelling are brought up
to make the point that these may have other causes besides longshore winds. Any
longshore current in shallow water that persists for more than a day or two will be
retarded by bottom friction and will tend toward a profile in which speed falls off
with depth, whether it is driven by wind-stress or by a surface slope related to
hydrographic conditions offshore. =~ The mechanism producing upwelling or

downwelling will work in about the same way whatever force drives the current.

The fluctuations of winds, currents, and subsurface temperatures in summer
off San Onofre tend to track one another, with lower temperatures associated with
downcoast winds' and currents, as expected. There are times, though, when these
relations break down badly; some of these times are occasions of intense upwellings
and downwellings which must be ascribed to unpredictable events occurring

offshore or elsewhere along the coast.
2.1.1. El Nino
At intervals of years, global events produce deep and persistent downwellings

on the eastern shore of the Pacific, called El Nino events. These occur, broadly

speaking, when the perennial easterly trade winds over the tropical Pacific slacken
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off for a time, and the belts of westerly winds in the temperate zones encroach on
the subtropics. Several consequences ensue: warm surface water piled up on the
west side of the tropical Pacific by the trade winds flows back to the east as an
internal wave on the main thermocline, producing massive downwelling on tropical
eastern shores which may spread into the subtropics; the movement of westerly
winds into lower latitudes also drives surface water to the east in lower mid-
latitudes, which is probably the most immediate and important cause of
downwelling off California during El Nino events; the appearance of westerly winds
in lower latitudes also brings extreme storms and rainfall to coasts where wet winds

from the ocean are normally rare.

Minor or moderate El Nino events recur at irregular intervals of about three
to seven years. Major El Nino events in this century came in 1914-15, 1941-42, and
1957-58 (Chelton 1981), followed by the most recent and perhaps the greatest,

which arrived in the fall of 1982 and remained through the summer of 1984.

Starting in August of 1982, the normal nearshoré water off San Onofre was
replaced in rapid stages by oceanic surface water from about five hundred
kilometers to the west-southwest, identifiable by its low salinity (ECO-M 1988a,
4.1.3; Lynn et al. 1982). For the next two years, temperature was abnormally high in
all seasons, and the nutricline was usually depressed to depths below 30 m, except
for brief remissions during strong upwellings (ECO-M 1988a, 4.1.3). The winter of
1982-83 was a time of intense storms in Southern California, with very high waves,
sometimes exceeding 3 m at San Onofre, and high runoff from streams in the region

comparable to that in 1979-80 or the two wet winters preceding (see 2.3 below).
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This El Nino event is an extreme example of the kind of natural change that
can confound a simple Before-After study of the effects of SONGS on local
population densities, making it necessary to use the more complex Before-After-
Control-Impact design which deals with differences of abundance between an
Impact location near SONGS and a Control location at distance (see Interim
Technical Report: 2. Sampling design and Analytical procedures). With such a
major event as the 1982-84 El Nino, nonuniformity of its impacts could masquerade
as an effect of SONGS, so it is important to examine whether El Nino had markedly

different physical effects at Impact and Control stations.

A high overall uniformity is shown by statistical comparisons of bottom
temperature between stations in the San Onofre kelp bed (SOK) near SONGS and
control stations in the San Mateo kelp (SMK) 5 km upcoast, and Barn kelp (BK) 10
km downcoast. In each of the three El Nino years 1982 through 1984, the
correlation coefficients of bottom temperature between SMK and any of four
stations in SOK ranged from 0.93 to 0.97, and those between BK and any of the
SOK stations or SMK ranged from 0.91 to 0.96 (ECO-M 1987d, Tables 3-3-4, 9, 13).
The changes in mean bottom temperature at SMK and at two SOK stations in the
same depth of 13.7 m were very similar over the course of El Nino, as shown by the
following table (from ECO-M 1988a, Table 4-1; the Barn kelp station is omitted

here because it was deeper).

SMK45 SOKU45 & SOKD45

(mean)
10/81-9/82 14.6°C 14.8°C
10/82-9/84 16.3°C 16.55°C
10/84 - 9/86 14.6°C 14.7°C
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2.2 Irradiance

The measure of light intensity used in MRC’s studies is called downward
planar irradiance and represents the downward flux of photons available for
photosynthetic reactions, in'units of Einsteins per square meter per hour or day
(E/m2-hr or E/m2-day; one Einstein is one mole of photons). The sunlight reaching
the sea surface off San Onofre ranges from about 50 E/m?-day in midsummer to 20
E/m?-day in winter. Below the surface, irradiance decreases by a fraction of itself
with each increment of depth, because of absorption by the wate; and by suspended
particles of all kinds, which come together under the general name of seston. The
fractional decrease per meter of depth is called the extinction coefficient K (m1);
the irradiance at depth z is given by the relation I = I.exp{-Kz}, L, being the
surface irradiance and K the mean extinction coefficient from the surface to z. At
the depth for which Kz = 4.6 the irradiance is 1% of the surface value, on the

order of a few tenths of one E/m2-day; this is the conventional lower boundary of

the photic zone in which marine plants can grow and reproduce actively.

In nearshore waters off San Onofre, extinction ranges widely from a little
above 0.1 m to nearly 1.0 m-l. The 1981-86 mean surface-to-bottom K at stations
in 13.7 m depth of water was 0.25 m! plus or minus 0.12 m! standard deviation.
The distribution is highly skewed, with few observed values below 0.12 m-l. In the
outer parts of the San Onofre kelp bed around 13.7 m depth, bottom irradiance
fluctuates above and below 1% of the surface value as the mean surface-to-bottom
extinction fluctuates below and above 0.34 m!; the history of extinction is likely to

be a critical factor for recruitment of new kelp plants on the bottom.
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Extinction is higher in the lowermost layer from the bottom to 2 m above,
averaging 0.46 m- at the same stations (ECO-M 1987d, 3.2). Near the coast,
average extinction generally falls off with distance from shore. Simultaneous
recordings in April through July of 1980 showed average midwater extinction
decreasing to seaward by about 0.10 m! per kilometer between 800 and 2800 m

from shore (Reitzel 1980).

Absorption by the water and dissolved pigments accounts for the first 0.1 to
0.2 m! of extinction in San Onofre waters. The rest is due to varying concentrations
of seston, which is made up of fine mineral grains, plus phytoplankton and organic
detritus, suspended in the water column. These relations are shown by the
regressions of extinction on seston characteristics from 82 samples taken off San

Onofre in the summer of 1980 (Reitzel 1981, Table 1). The regression lines are:
K =0.16 + 0.41 A, r2 = 0.81; and K = 0.19 + 0.060 W, r2 = 0.77,

in which A (m-) is the seston cross section (volume concentration divided by
diameter) measured by Coulter counter, and W (mg/liter) is the seston
concentration by dry weight. The linear relation to cross section shows that finer
particles produce more extinction for a given concentration.than coarser particles, in

inverse proportion to their diameters.

The immediate source of mineral seston is the sediments on the bottom,
which are suspended off the bottom by waves and then dispersed upward into the
water column by turbulence due to currents. This process is highly selective with

grain size: smaller grains with lower settling rates in water are dispersed higher into
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the water column by a given level of turbulence, and remain suspended longer if the
turbulence decreases. The observed relations between wave height and extinction
off San Onofre are complicated and difficult to quantify. The highest extinctions are
nearly always associated with high waves, but some episodes of high waves do not
produce high extinctions; a given wave-episode may produce high extinction at one
place but not at another. The most reasonable explanation is that the highest
extinctions are associated with finer-than-normal sediments that are sporadic both
in time and space. When suspended by one wave-episode, these sediments may be
carried to deeper water or dispersed thinly by currents so that they are not available

to cause high extinction in nearshore waters during the next wave-episode.

The ultimate sources of these fine grains are at the shoreline, either in runoff
from streams or erosion of coastal bluffs, as discussed in more detail in 2.3 below.
These grains make their way offshore in successive episodes of suspension by waves
together with upward and lateral dispersion in the water column, and ultimately
settle in water deep enough to prevent their further resuspension by waves. Any
process of dispersion from a source involves a gradient of concentration toward the
source (see 2.4), and a general increase of seston concentration toward the shoreline
and toward the bottom is inseparable from this transport across the shelf. This is
the general reason for the increase of average extinction with proximity to the shore

and to the bottom off San Onofre noted above.

Advection and dispersion of seston along the shelf is faster than it is across
the shelf, and extinction does not always come from local sources. The finest silt
grains can remain in suspension for many days and travel many tens of miles. For

some days after an episode of high waves, fine grains can sometimes remain in the
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lower part of the water column even in weak currents, forming a turbid layer at the

bottom that is often noted by divers off San Onofre.

The clearest mid-ocean water carries hardly any dissolved pigments or
suspended particles, and can have extinction below 0.05 ml, so that 1% of surface
light penetrates to 100 m or more. The massive influx of water to the shelf from
hundreds of kilometers offshore that occurred in the El Nino years 1982-84 resulted
in notably lower extinction and higher bottom irradiance off San Onofre in those

years.
2.3 Sediments

The sediments of the inner shelf off San Onofre, beyond the surf zone and
outside the localized cobble beds and reefs, are fine sands and silts, with median
grain diameter decreasing gradually from about 0.09 mm in 8 m depth of water (the
depth near the SONGS intakes) to about 0.06 mm in water of 18 m depth (the depth
a few hundred meters offshore from the outer end of the SONGS diffusers). They
are fairly well-sorted, with grain-size dispersion (the standard deviation of log
diameter to the base 2) of about 0.5, meaning that about two-thirds of the grains at
any .place differ in size by no more than a factor of two. This general statement
smooths over considerable variations between places, seasons, and years, which

arise because these sediments are slowly dispersed over the shelf from sources at the

shoreline that are highly localized and episodic.

The supply of fine sediments (silt and clay, with diameters of 0.06 mm or

less) from distinct sources over the eleven years 1974-84 has been estimated as
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follows (ECO-M 1988a, 4.6): creeks north of San Onofre up to Dana Point (San
Juan and tributaries, San Mateo, and San Onofre), about 1.5 million metric tons;
rivers south of San Onofre down to Oceanside (Santa Margarita and San Luis Rey),
about 4 million metric tons; small watersheds near San Onofre and erosion of

gullies and bluffs, about 1 million metric tons.

Over three-quarters of the total supply to this 50-kilometer stretch of coast
came from the five river mouths mentioned, and nearly all of this came during short
episodes of flooding in the winters 1977-78, 1978-79, 1979-80, and 1982-83. (San
Juan Creek, for instance, supplied nearly half a million tons in the winter 1977-78,
but only a few hundred tons in the driest winters.) The sources upcoast from San
Onofre are probably the most important for San Onofre, because the prevailing drift

is downcoast, both within and beyond the surf zone.

A ten-year history of sediment grain-size from quarterly samplings along the
8 m and 18 m isobaths from San Onofre to 10 km downcoast is shown in Figures 2
and 3, as contours of the percentage of silt and clay on plots whose axes are time
and distance downcoast from SONGS (ECO-M 1987c). The major events of the
history at 18 m depth are the rapid and localized increase from under 50% to over
70% silt and clay at about 1 km downcoast in early 1980, and the further increase to
over 90% at about 2 km downcoast in early 1983. The same events appear on the

history at 8 m depth as increases from about 20% to 40% silt and clay.

Changes of grain-size dispersion near SONGS indicate that the local
increases of silt-clay percentage in 1980 were due to an influx of fine sediments from

upcoast. Nearly all samples were well-sorted in November 1979; samples upcoast of
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SONGS were poorly-sorted in March 1980; nearly all samples were poorly sorted in
May 1980 (ECO-M 1987c). By far the most likely source of these sediments is the
runoff of the creeks upcoast from SONGS in the wet winters of 1977-78 through
1979-80 (which followed a ten-year dry cycle). Some sediment from these sources
may have appeared near SONGS in 1978 and 1979, but it is clearly minor compared
to the influx of 1980. At 8 m depth these new fine sediments dispersed during 1981,

but at 18 m depth they were still in place when more fine sediments arrived in 1983.

The delayed arrival at SONGS of sediment from the runoff of 1977-80, and
the persistence of this sediment at 18 m depth fof at least three years afterward,
shows that thie sediments of the inner shelf do not come to prompt equilibrium with
the local regime of waves and currents. Sooner or later, fine particles entering the
sea in runoff are carried across the inner shelf to settle out at depths beyond the
reach of wave action, but this process can evidently take several years off San

Onofre and can lead to irregular and changing distributions of fine sediments.

The increases of silt-clay percentage near SONGS in 1983 are most likely
due to the high runoff in the winter of 1982-83, the first winter of the 1982-84 El
Nino event. That winter had extreme high waves as well as high runoff, which may
well explain the more prompt arrival of fine sediments off San Onofre in the

following spring and summer.

MRC was concerned that the emplacement of the SONGS intakes and
diffusers in the seabed during 1977-80 might have local effects on the bottom
sediments that would die away during the period of MRC’s BACIP studies, causing

changes in bottom dwelling populations that might be confused with effects. of
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SONGS operation. In retrospect, we cannot distinguish construction effects from

local natural changes due to extreme runoff in the same period 1977-80.

Later on, MRC was concerned that excavated material released to the sea by
the removal of a sea wall from SONGS in the winter of 1984-85 might confound
BACI studies in the same way. This material amounted to about 170,000 m3,
including about 10,000 m3 of fine sand and 20,000 m3 of silt and clay. (The weight of
suspended silt and clay corresponding to this volume, with density of one or two
metric tons per m?, is much less than the natural sediment supply estimated for a
wet year, but much more than the natural supply for a dry year.) This released
material did not have effects on optical extinction large enough to stand out plainly
above the natural variations, but bottom samples did show some evidence of its
passage across the shelf. The silt-clay percentage at 18 m depth 1100 m and 1900 m
downcoast from SONGS dropped abruptly from over 75% to a minimum of 25% in
April 1985, and did not regain its original values until December. This was the most
sudden and deep change reliably observed in the ten-year histories in Figures 2 and
3, and cannot be taken as an ordinary natural variation. (The high isolated peaks at
58% in Fig. 2 and 61% in Fig. 3 are each from a single sample; if not doubtful, they

are certainly very local and ephemeral.)

From October of 1985 to the present, continuing or recurring deposits of
unusually cohesive sediments have been observed at places in the vicinity of SONGS
and the San Onofre kelp bed. MRC has undertaken a separate study of these
deposits; the results of this study are given in Technical Report B, and are not

reported here.
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2.4 Oceanic Dispersion

To look at the different ways in which things are transported by ocean
currents, it is useful to average the velocity in some way, dividing the total current
into the mean flow and the fluctuations about the mean. The mean flow is relatively
smooth and uniform, and carries any set of particles bodily downcurrent, in a
process called advection. The fluctuations are more or less random and average to
zero; they will not move a set of particles as a whole, but will scatter the particles
over an ever increasing area, in a process called turbulent dispersion. These
processes are important to the natural running of the local ecosystem and especially
to its response to the SONGS discharge, so they need some specialized discussion
here. The subject is complicated and the literature is large; a useful short account
may be found in Fischer e al. (1979, Ch. 2 & 3), and the mathematical basis for
some points discussed below is sketched briefly in Appendix B to this report. Here

we shall only discuss some results that will be useful in later sections (3.3 and 4.1).

Turbulent dispersion carries particles away from each other, so it generally
moves particles away from regions in which they are plentiful toward regions where
they are sparse. More formally, the flux of any substance due to turbulent
dispersion is directed down the gradient of concentration. This relation is so
universal that we can confidently infer an upward flux of dissolved nitrate from the
downward increase of nitrate concentration below the photic zone, as we did in 2.1

above.

The strength of dispersion is measured by a quantity called diffusivity,

denoted by K, which is half the rate of increase of the mean-square displacement
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0% of the particles in a dispersing mass: 2K = 302/3t (cm?/sec). In many situations
it is a useful and sufficiently accurate approximation to say that the relation between
turbulent flux and concentration gradient is linear. In this case, the constant of
proportionality between flux ahd gradient is -K. The linear relation of flux to
gradient gives an approximate basis for estimating turbulent flux and the dilution of
effluents from a source, if K can be measured or estimated from statistics of the
current regime. Accurate measurement of K requires a large set of observations of
dye-patches or groups of drifting objects, but very rough estimates can be obtained

from theoretical arguments and ordinary current measurements.

In turbulent dispersion, K is not ;1 property of the turbulent medium alone,
but also increases with the spatial scale ¢ or the age t of the dispersing mass in
question. The physical rationale for this is that the turbulence is made up of eddies
both small and large; particles which are closer together may be in different small
eddies, but are likelier to be moving together in the same large eddy; particles
farther apart are likelier to be in different large eddies also, which carry them faster
in different directions. In the limit of small scales or ages, it can be shown that K
increases linearly with scale or age: K = wo or K = w2, in which w2 is-the

variance of velocity of the particles in the dispersing mass.

For large values of the age or scale K ultimately levels off to a constant value
that dependé on w and on the time-lag for which the current fluctuations become
uncorrelated. In many cases, turbulent dispersion at intermediate scales or ages
may still be described approximately by a linear increase of K, replacing w by an

empirical w’.
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Both the numerical value and the physical meaning of turbulent diffusivity
will depend on the set of dispersing particles that is considered, which determines
how the total current is divided into mean flow and fluctuations. We will look at

two important cases, based on very different conceptual experiments.

If the particles in the set are all released at the same instant, as in the release
of a single dye-patch, the variance of particle-velocities w2 that appears in the
diffusivity only includes the differences of velocity between particles at the same
instant, and excludes the slowly varying velocity common to all the particles which
moves the patch as a whole. This kind of short-term or single-patch diffusivity is
appropriate for estimating the expected dilution rate of a single instantaneous
release into the sea (such as a toxic spill) without regard to where the dispersing
cloud actually goes. A large body of data from different places compiled by Okubo
(1974) shows patch-diffusivity in the sea behaving very regularly under a variety of
conditions. The growth of patch-diffusivity for ages from a few hours to a few days
can be fairly well represented by the linear approximation K = w’2t, with a

dispersion velocity w’ of about 1 cm/sec.

If, on the other hand, the particle-set comprises a large ensemble of dye-
patches released at random instants over a long span of time (with the age t :)f
each patch set to zero at the instant of release), the variance of particle velocities
w2 will include all the long-period variations of current which carry patches
launched at different times to different places. This kind of long-term or ensemble
diffusivity, with allowance for advection by the long-term mean flow, is the only
suitable kind for estimating the long-term mean distribution of effluents from a

continuous fixed source such as SONGS. As discussed below, it is likely to be a
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good deal larger than single-patch diffusivity in a current regime with large long-
period variations, as at San Onofre, so the uncritical use of short-term diffusivity can

seriously underestimate mean effluent concentrations from a continuous discharge.

If the current statistics are steady in time and spatially uniform, the variance
w2 in the small-age approximation K = w2t will be the same as the total variance
of velocity in a long current record from a fixed point. Off San Onofre, this long-
term variance is about 100 cm?/sec? for longshore currents and 25 cm?/sec? for
cross-shelf currents (ECO-M 1988a, Table 4-3). About 80% of the longshore
variance and 50% of the cross-shelf variance comes from current fluctuations with
periods longer than 30 hours (ECO-M 1988a, Table 4-6). For estimating long-term
mean dilution of SONGS effluents, as discussed in 3.3 below, an allowancé was
made for the levelling off of diffusivity with age, leading to the smaller values of 50
and 10 cm?/sec? for longshore and cross-shelf w’2 (see ECO-M 19871, pp. 8, 11).
For a given age, these numbers give ensemble diffusivities one to two orders of
magnitude higher than patch diffusivities, reflecting the great importance of long-

period fluctuations in the regime of dispersion off San Onofre.

From the relation K = w’c for diffusivity as a function of spatial scale,
patch-diffusivity with w’ of about 1 cm/sec will be about 10¢ cm2/sec on a scale of -
100 m, 10° cm?/sec on a scale of 1 km, and 106 cm2/sec for 10 km. Ensemble
diffusivities off San Onofre, with longshore and cross-shelf w’ of 7 and 3 cm/sec,

will correspondingly be 7 and 3 times larger at any scale.
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3.0 INTERACTIONS OF SONGS UNITS 2 AND 3
WITH NATURAL PROCESSES

The cooling system of SONGS Units 2 and 3 together is designed to
discharge 10* m3/sec of seawater, heated to 10.7°C above the intake temperature,
into the ocean without increasing the surface temperature by more than 2.20C
beyond 305 m from the discharge for more than half of any tidal cycle, as required
by California standards for thermal discharges. These requirements make it
necessary to dilute the discharge by a factor of at least five within 300 m, even at
times when currents are very weak. This objective is attained by discharging the
heated water through a line of jets directed offshore with an upward tilt; the
entrainment of ambient water in the jets is enough to produce more than the
necessary dilution within 300 m from the discharge ports (Fischer et al. 1979, 10.5.3).
The analysis of temperature records given in 6.1 below shows that actual operation

of SONGS does in fact meet the standard.

A consequence of this design, though, is that the cooling system adds a large
flux of seaward momentum to the local environment. The effect of this on the local
patterns of flow largely depends on the ratio of the SONGS-induced seaward
momentum flux (volume flow times velocity) to the natural longshore momentum
flux due to currents. The original offshore momentum flux of the discharge is 100
m3/sec times the initial jet velocity of 4 m/sec, or 400 m*/sec2. This is about equal
to the longshore momentum flux in a current of 14 cm/sec (0.14 m/sec) through a
cross section extending 2.5 km out from the shore to the end of the diffusers: the
cross section of 20,000 m2 times 0.14 m/sec gives a volume flow of 2800 m3/sec; this
times 0.14 m/scc gives 392 m*/sec2. In moderate currents of about 10 cm/sec, the

discharge will turn the total flow toward the offshore direction, and in weak currents
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the total flow near the diffusers will be almost directly offshore. This redirection of
the natural pattern of flow, involving a large and fairly rapid upward and seaward
transport of water, with whatever suspended particles and passive organisms it
contains, is the most obvious and probably the most important impact of SONGS on

the local physical environment.

This section starts by considering the flow near the SONGS intakes in 3.1,
and goes on in 3.2 to discuss the dilutions, depths, and velocities observed in the
discharge plume, and the velocity‘ in the make-up flow that replaces water carried
away from SONGS in the plume. The last subsection, 3.3, gives estimates of the

fnean dilution at long ranges where dilution is not directly observed.
3.1 Intake Hydrodynamics

SONGS Units 2 and 3 have separate intakes, about 950 m from shore and
200 m apart alongshore. Each intake is essentially a vertical pipe 15 m in diameter,
open at the top, but with a flat lid, the so-called velocity cap, mounted 2.1 m above
the end of the pipe (ECO-M 1988b, Table 1), so that water is drawn in more or less
horizontally through an opening that is a segment of a vertical cylinder 15 m in
diameter and 2.1 m high, centered at a level 4 m above the bottom in water depth H
= 10 m below mean sea level (mean sea level is about 1 m above Mean Lower Low
Water). The area of this opening is 99 m? (7 x 15 m x 2.1 m) and the pumping rate
Q of each unit is 52 m3/sec, so the average velocity at the entrance is 0.53 m/sec

(1.7 fps or 53 cm/sec).
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Continuity alone specifies that the vertically-averaged velocity due to each
intake by itself (in the absence of current) must be radially inward, given by V = -
Q/2nHR, so that the total flow of water into any region enclosing the intake is the
same as the intake rate Q. With mean H = 10 m, the average velocity toward the
intake falls off to less than 3 cm/sec at R = 30 m from the axis of the intake, and
less than 1 cm/sec at R = 100 m. With no current, a particle would take about eight
minutes on the average to reach the entrance from a distance R = 30 m and 100

minutes from R = 100 m.

The number of planktonic organisms drawn into each intake per second is
the product of the pumping rate Q and the local population density of the
organisms in question. MRC has sampled plankton throughout the water column in
the neighborhood of the intakes in order to estimate this number, and it is
important to consider in some detail whether water is withdrawn at equal rates from
equal intervals of depth and plankton samples from different depths have équal

weighting in the average.

We can in fact expect to a good approximation that withdrawal is the same at
all depths except for a thin boundary layer at the bottom. Water at a distance is
actuall); accelerated tbward the intake by a hydrostatic pressure-gradient due to a
drawdown of the surface toward the intake. The acceleration is horizontal and
uniform from top to bottom (see Appendix B, 3), and can be balanced at every point
by the advection of momentum in the steady vertically-uniform converging flow V =

-Q/27HR.
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This balance is possible because the momentum generated by the surface
slope is all carried into the intake. This situation is very different from an ordinary
slope-driven current in shallow water, which can only reach a steady state when all
the momentum generated throughout the water column by the slope is transferred
to the bottom by turbulence and shear, to be destroyed by bottom friction. Such a
current will accelerate until the necessary turbulence and shear are developed, and
will end with a characteristic profile of velocity decreasing toward the bottom.
Bottom friction is present also in the steady radial flow toward an intake, but here it
is incidental rather than controlling; turbulence generated at the bottom by
velocities exceeding a few cm/sec near the intake will itself be carried into the
intake before it can spread a significant amount of shear upward into the water

column.

In the presence of an ambient current of velocity U, the water entering the
intake will come from a restricted sector upstream, whose cross-sectional area A
perpendicular to the flow will approach the value Q/U at distance upstream (so
that UA = Q). In slow currents this upstream cross section will be a rectangle
encompassing the whole depth H of the water column over a width Q/UH. In
currents so fast that this width falls to a value approaching H, the cross section may
begin to rearrange itself so that the top and bottom of the water column are
underrepresented, finally becoming a circle of radius (Q/2nU)!/2 centered at the
entrance depth. In a current of 25 cm/sec, which is rarely exceeded off San Onofre,
the width for each SONGS intake will still be twice the water depih H = 10m, so

top and bottom water will hardly ever be excluded from the intakes.
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If the ambient current velocity falls off with depth, as is usual, the upstream
cross section is wider at the bottom than at the top. The wider bottom layers move
more slowly toward the intake, though, and equality of withdrawal with depth is

maintained.

In density-stratified waters, steady-state isotherms will not cross the
streamlines of flow to an intake. In the extreme case of two layers separated by a
sharp interface, an intake starting up in the upper layer will at first take water only
from this layer. The drawdown of the surface, though, will accelerate top and
bottom water equally toward the intake, and the interface will rise toward the intake
until it reaches an equilibrium level within the entrance and top and bottom water

enter with equal velocities.

3.2 Diffuser Hydrodynamics

SONGS Units 2 and 3 together discharge 104 m3/sec through staged
diffusers, which are assemblies of jets (126 in all) mounted on pipes in line offshore,
starting about 1 km from shore in water 10 m deep and ending about 2.5 km from
shore in water 15 m deep. The individual jets have an initial diameter of 0.5 m,
discharging 0.8 m3/sec each with an initial velocity of 4 m/sec; the ports are 2.2 m
above the bottom, and are aimed 20° upward and 25° to either side of the offshore
direcyion in alternation (Fischer et al. 1979, Table 10.8; ECO-M 1988b, Table 1).
The layout of the intakes and diffuser lines, relative to the shoreline and the regions

of cobble substrate that provide kelp habitat, is shown in Figure 4.
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In the course of designing the diffusers, a hydraulic scale-model of the whole
system was built to predict the dilutions and trajectories of the discharge plume in
various conditions of current (Koh et al. 1974; Fischer et al. 1979, 10.5.3). After the
actual system began operating, dilutions and trajectories in the ocean were observed
in some dye-studies, and many aerial photographs were taken of plumes made
visible by contrasts in color or turbidity. The field studies of the real plume (ECO-
M 1987a; 1987¢; 1988b) are the primary sources of data on its behavior, but the
model studies remain highly relevant because they are in good general accord with

the field studies and cover a wider range of currents.
3.2.1 Dilution

The most reliable field experiment with dye injected into the intake of Unit 3
(the unit with the inshore diffuser) showed the dilution (total flow divided by
discharge) rising from 8 at 50 m distance downcurrent from the diffuser, to 10 at 400
m, 18 at 650 m, and 24 at 1100 m downcurrent. During this experiment, Unit 3 was
pumping at 3/4 of its full rate, and the current outside the plume was about 7
cm/sec downcoast. On other occasions, minimum surface dilutions estimated very
approximately from local disturbances of surface temperature near the diffusers
were about 7 or 8 in three instances and about 14 in one instance, all at times when

the current speed was 10 cm/sec or less (ECO-M 1987a).

Mappings of temperature-rise in runs of the hydraulic model with a
longshore current of 2.5 cm/sec showed a minimum dilution a little less than 10
close to the inshore diffuser, and dilutions from 10 to 13 along the axis of the model

plume out to nearly 1.5 km beyond the end of the outer diffuser. In a modelled
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current of 5§ cm/sec, the minimum dilution was still a little less than 10, but dilutions
less than 13 did not occur beyond a few hundred meters from the diffusers. In a
current of 13 cm/sec, the minimum dilution was about 13, observed only at a single
point, and a large central region (about 1.5 km?) of the model plume showed
dilutions from 13 to 20; at 26 cm/sec, dilution over the whole model plume was
greater than 20 (Koh er al. 1974, Figs. 6.15-6.18). The increase of dilution with
current speed has not been quantitatively documented in the field by dye-studies in
strong currents, but since the model results for weak and moderate currents are well
confirmed in the field, the model results for strong currents can be used with fair

confidence.

As an overall result in round numbers, we can say that the diffusers entrain
something like 10 times the discharge within two or three hundred meters of the
ports in weak currents, and that the entrainment close to the diffusers can rise to
more than 20 times the discharge in strong currents. The relative prevalence of
weak and strong currents is shown by the long-term cumulative distribution of
longshore speeds: the hourly average speed is 5 cm/sec or less about 45% of the
time, 10 cm/sec or less about 75% of the time, and 20 cm/sec or less about 95% of
the time (ECO-M 19883, 4.3, Fig. 4-17). Near-field dilutions of about 10, then, are

representative of most of the time.
3.2.2 Plume Depth
The initial momentum and the upward tilt of each jet usually carry its

discharge to the surface, where "boils" from the individual jets are often to be seen.

At about this stage, the jets begin to run together into a plume, and the traces of
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individual jets soon merge. Depending on the temperature stratification and the
course of entrainment on the way, the newly-formed plume may or may not be
denser than the surrounding surface water. In weakly-stratified water, the plume
will spread at the surface; profiles of dye-concentration show surface plume
thicknesses of 3-5 m within 1 km of the diffusers. When temperature stratification is
unusually strong, the plume may reach the surface initially but then sink and spread
at middepth, or in extreme cases it may fail to reach the surface at all (ECO-M

1987a, 1987e).
3.2.3 Plume Configurations

Field observations and dye-trajectories in the hydraulic model both show that
the plume goes offshore along the diffusers in very weak longshore currents,
diverging at a small angle and tending to spread in a pool beyond the outer end of
the diffuser line. With increasing longshore current, the plume becomes wider
because it makes an increasing initial angle to the diffusers, and continues to bend
toward the longshore direction as it goes downcurrent. In longshore currents of 25
cm/sec or more, the plume makes only a small angle to the longshore direction, and
is about as wide as the diffusers are long. Figure 5 shows schematic plumes for
steady longshore currents at different speeds, drawn from photographs of the
hydraulic model operating with a dyed discharge (Koh et al. 1974, Figs. 6.4-6.7). To
indicate the prevalence of the different configurations we may note that the actual
current speed off San Onofre is 5 cm/sec or less about 45% of the time, 13 cm/sec

or less about 80% of the time, and 26 cm/sec or less over 97% of the time.
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Figure 6 illustrates an actual plume flowing through and around the San
Onofre kelp bed in an ambient current of speed varying between 8 and 12 cm/sec.
The solid lines in this Figure are the trajectories of dye-patches released near the

diffusers, marked by dots every half-hour (ECO-M 1987e).

There are some notable differences between actual plumes and model
plumes. Actual plumes sometimes show distinct whorls and meanders on scales of
several hundred meters or more, due to ambient turbulence on these scales that is
present in the actual current but not in the modelled flow. Actual plumes
sometimes show sharp fronts, either at the upéurrent and seaward boundary of a
warm surface plume where the colder ambient flow dives under the plume, or
occasionally downcurrent from the diffusers when an overdense plume, carried to
the surface by its initial upward momentum, sinks beneath the warmer ambient

surface water.

Perhaps the most important difference is that the actual plume, like the
ambient current, is retarded and partly diverted by the San Onofre kelp in the beds
on either side of the diffusers, as has been observed directly from trajectories of dye
injected in an intake or released in the plume (ECO-M 1987a, 1987¢). The dye-
patches 9 and 15 in Figure 6 illustrate the slowing and diversion of the plume at the
upcoast end of the kelp bed very clearly. In a‘different dye-study, a dyed plume was
seen to flow inshore of the south kelp bed, with little penetration of the kelp, but on
still another occasion the dyed plume flowed slowly through the kelp and more

swiftly around both ends of the bed.
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3.2.4 Offshore Velocity and Offshore Transport

Field observations and dye trajectories in the hydraulic model both show
offshore velocities in the plume on the order of 10 cm/sec, with a maximum of
about 20 cm/sec in weak longshore currents. If momentum were conserved, we
would expect about 40 cm/sec from a dilution of the initial velocity of 400 cm/sec by
a factor of 10. It is evident that some of the initial momentum is destroyed near the
diffusers, probably because the jets disturb the free surface, making hydrostatic
pressure-gradients that decelerate the flow. At later stages in the plume, buoyancy
forces may destroy or create offéhore momentum to an unknown and highly variable

extent.

The uncertainty about how much offshore momentum is lost from the plume
rather than exchanged with ambient water prevents any accurate prediction of
offshore transport in the plume beyond the seaward end of the diffusers (the
hydraulic model is limited by a seaward boundary about 4.8 km from shore, and
there are no dye-studies of actual dilutions at long ranges offshore). We do have
some useful field evidence on this point, though, from the joint distributions of
cross-shelf and longshore currents (that is, current roses) shown in Figure 7 (ECO-
M 1988b, 5). The distribution of currents at station 20, 500 m directly offshore from
the end of the diffusers, shows a distinct and unique lobe of offshore velocities, up to
20 cm/sec, which are recorded when the plume swings past the station during
current reversals. At station 02, 1.7 km beyond the end of the diffusers and 4.2 km
from shore, there is no evidence of unusual local offshore velocities, and it can be

taken that offshore transport of plume water beyond this distance is minor.
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The different question of how far offshore the water in the plume is moved
on the average cannot be answered accurately, but we can form a very rough
estimate from the plume configurations in Figures 5 and 6. The idealized plume
trajectory for a current of 13 cm/sec in Figure 5 moves somewhat more than 700 m
offshore before the plume loses its identity by mixing into the sea. The dye-patches
14 and 15 in Figure 6, launched near the inshore diffuser, also moved about 700 m
offshore, as did water at the plume front directly offshore from the outer diffuser.
Plume water will move further offshore at lower current speeds, and since the actual
current is 13 cm/sec or less for 80% of the time we can take 700 m or so as a rough

lower estimate for the average offshore displacement of plume water.
3.2.5 The Make-up Flow

The total volume flow of one or two tﬁousand cubic meters every second that
the plume carries out of a region surrounding the intakes and diffusers clearly has to
be matched by an equal influx to the region, or else the region would quickly run
dry. This make-up flow is driven by a drawdown of the surface toward SONGS, like
the flow to a single intake discussed in 3.1 above, and will be approximately uhiforrn

from top to bottom.

The configuration of the make-up flow can be approximately calculated by
potential theory (ECO-M 1988b, 3). Near the diffusers, the vertically averaged flow
will be toward the diffusers from either side, at about 3 cm/sec for a total flow Q in
the plume of 1000 m3/sec; at ranges beyond 3 km, the flow will be increasingly well
approximated by a velocity V = Q/2BR? radially inward toward the point on the

shoreline nearest the diffusers, R being the distance to that point and B the
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average slope of the sea bottom in radians; with Q = 1000 m3/sec and B = 0.006,
this gives V of about 1 cm/sec at 3 km from the shoreline point. Because the water
is shallower nearer shore, 70% of the transport in the make-up flow by itself comes

from the sector within 45° to either side of the offshore direction.

The instantaneous total velocity at any point is approximately the vector sum
of velocities in the current, the plume, and the make-up flow. In longshore currents
of more than a few cm/sec, water that is withdrawn or entrained by SONGS comes
immediately from upcurrent directions close to longshore. The shoreward
component of the make-up flow persists through the reversals of current, however,
so that all this water comes ultimately from some distance offshore. The extent to
which it retains propertiés of offshore water, such as transparency, depends on the
ratio of shoreward advection to turbulent dispersion, and cannot be closely

predicted.

The reality of the make-up flow toward SONGS is shown for particular times
by the shoreward movement of dye-patches upcurrent from the diffusers, and by
dye-patch 16 in Figure 6, which was released between the separate plumes of Units
2 and 3 and remained in the same place for over four hours (ECO-M 1987¢, 2.6). .
The long-term reality of the make-up flow is shown by the negative coefficient of
correlation r = -0.24 between cross-shelf velocities at stations 01 and 19 (see
Figure 7) on opposite sides of the diffusers (ECO-M 1988b, S, Table 2): when the
downcurrent station has an offshore velocity because of the plume, the upcurrent
station tends to have an onshore velocity due to the make-up flow. (The correlation

coefficient between stations 01 and 18, both upcoast of the diffusers, is +0.76.)
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3.3 Long-term Mean Dilution at Long Range

Somewhere about two or three kilometers from the diffusers the contrasts in
velocity and density between the plume and neighboring ambient waters fall to
values comparable to the natural fluctuations, and further dilution of the plume
becomes a matter of natural oceanic mixing and dispersion. Beyond this range we
have no guidance from the hydraulic model or from quantitative dye-studies to
estimate the dilution of the SONGS discharge; the only source for such an estimate
is some kind of model for the advection and dispersion produced by the observed

currents off San Onofre.

The question of dilution at a distance has been addressed by theoretical
calculations of dispersion in the wedge-shaped space between the surface and the
bottom of the sea, with longterm diffusivities (see 2.4 and Appendix B, 5) along and
across the shelf derived from the time-averaged autocovariances of current (ECO-M
1987f). The results are shown in Figure 8, as contours of the long-term mean of
relative concentration C/C, of a conservative tracer released at concentration Co
in a continuous discharge of 100 m3/sec of water at a point 2.5 km from shore (at
the outer end of the diffuser lines). The Figure shows a maximum relative
concentration of 1.5% on the shoreline at a point about 2 km downcoast from
SONGS, corresponding to a dilution of about 65; t.he concentration at the shore falls
off by a further factor of three at 9 km to either side of this maximum. The
displacement of the whole pattern downcoast from SONGS is a result of the long-
term mean current of 2.9 cm/sec downcoast; if the mean current were zero, the

pattern would be centered at SONGS but otherwise essentially the same.
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These estimates should be taken as order-of-magnitude results, in the sense
that they might well be wrong by a factor of three or four either way, but are
unlikely to be wrong by a factor of more than ten. The estimates are not reliable in
the region around the diffusers where the discharge seriously alters the ambient
flow, and they do not refer to instantaneous dilutions, so they cannot be neatly
connected to the direct observations of dilution within a kilometer or so of the
diffusers. Both approaches suggest long-term relative concentrations on the order
of 1% in the range of 2 or 3 km from the diffusers where neither approach appIies

very well, and there is no evident disagreement as to order of magnitude.

i
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4.0 POTENTIAL EFFECTS OF SONGS

MRC’s investigations have necessarily been guided by hypotheses about
potential effects of SONGS on marine life, simply because it is not possible to study

everything in equal detail.

This section recounts the most important hypothetical physical effects of

SONGS that were considered in designing MRC’s projects at various times.
4.1 Direct Mortality of Plankton

It is not disputed that large numbers of plankton are drawn into the intakes
of SONGS and that a large fraction of these are killed by heat and turbulence within
the power plant. Turbulent entrainment in the heated diffuser jets close to the exit
ports might also kill some fraction of the plankton in the entrained water, and still
more plankton might possibly be killed if the plume carried them to an inhospitable
habitat offshore. Testimony in the 1973-74 public hearings before the CCZCC
predicted that such plankton deaths would lead to serious impacts on nearshore
fauna (Minutes of October 18, 1973, p.13; see Annotated Interim Report of MRC,
April 18, 1988, 3.2).

It is not immediately obvious, though, what effect these deaths would have on
local population densities. The plume of water discharged and entrained by
SONGS will show some deficit in the density of living plankton, for any or all of the
reasons above; if this water did not mix at all with ambient water, it would form a

pool of depleted water expanding without limit around the diffusers; if it were
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scope of the model. This process gives entirely determinate fluctuations of current at
periods and scales longer than those of the observing array, instead of the random
long-term and large-scale fluctuations that make up a large part of the turbulent

diffusivity in the actual current-field, as discussed abové in 2.4.
4.2 Redistribution of Suspended Particles

The hydraulic model of SONGS showed that the distharge plume would
often carry water offshore over the region occupied by the San Onofre Kelp. Since
nearshore water generally carries a greater load of suspended particles and is less
transparent than water further offshore, MRC considered that the partial
replacement of ambient water in the kelp bed by plume water originating closer to
shore might reduce the irradiance near the bottom in the kelp bed, with adverse
effects on early lifestages of kelp plants. The field experiments of the Kelp Ecology
Project included observations of irradiance and the flux of suspended particles, to
assess the biological effects of these variables; eventually these observations were
also used in BACIP analyses of irradiance itself, described in 5.1 below, and of

seston flux, described in 6.3.

Experiments were carried out in 1980 to study the actual optical effects of
suspended particles in waters off San Onofre. These led to the linear relations of
extinction to seston given in 2.2, and showed that SONGS would redistribute
extinction in about the same way that it redistributed actual suspended particles
(Reitzel 1980, 2.0; Reitzel 1981). A numerical simulation of this redistribution was
carried out, based on current-records, plume-behavior inferred from the hydraulic

model, and the mean cross-shelf gradient of extinction observed in the summer of

42




1980 (Reitzel‘ 1980, 4.0-5.0). This model predicted that SONGS would reduce
average bottom irradiance in the outer part of the San Onofre Kelp by about half.
The uncertainties of the model were large, and the force of this prediction was only
to show that the potential reduction of irradiance by SONGS was a proper matter

for concern and continued study.

As Units 2 and 3 approached a state of normal operation, MRC decided to
keep up a running comparison of irradiance under the plume of SONGS (as defined
by a kinematic model based on current records) with irradiance in ambient water at
the same time; this was done by recording irradiance at pairs of stations on opposite
sides of the diffusers. The results of these Plume-Ambient comparisons over the

years 1985-86 are described below in 5.2.

A potential secondary effect of SONGS on irradiance comes from the make-
up flow of water toward the intakes and diffusers that is necessary to replace the
water withdrawn or entrained by SONGS and carried off in the plume (see 3.2).
Part of this flow comes from offshore directions, bringing relatively clear offshore
water to the vicinity of SONGS. The extent to which this influx may actually increase
average irradiance near SONGS is another complicated problem in oceanic

dispersion beyond the reach of accurate prediction.
4.3 Sedimentation

The water entrained by the diffuser jets is immediately supplied by a flow
toward the diffusers from either side whose speed near the diffusers is about 3

cm/sec (see 3.2). Added to an ambient longshore current faster than 3 ¢cm/sec, this
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flow produces a drop of about 6 cm/sec in the speed of water that crosses the
diffusers but escapes entrainment in the jets. The load of suspended material that a
current can carry falls off steeply with the speed of the current, and material will
tend to settle to the bottom at places where the speed is reduced. Material settling
out downcurrent from the diffusers may or may not be resuspended and carried
back across the diffusers when the current reverses, but in any case the drop in
speed across the diffusers will increase the deposition rate of suspended particles
near the diffusers and tend to trap particles in the vicinity. Suspended particles
withdrawn or entrained by SONGS will also tend to settle out of the plume as its
velocity falls off with distance, producing some deposition at places under the

plume.

Slowing of currents by a good deal more than 6 cm/sec occurs frequently all
over the region with the reversal of tidal currents. Since the nearshore shelf is not
accreting over the years, grains that settle out when currents slow naturally must be
removed by wave erosion, even if much of this happens episodically in winter
storms. Since the slowing across the diffusers and within the plume does not rise
above the natural background of changes in speed, it was expected that any resulting
deposits would also be removed by wave erosion from time to time, so that
continuous long-term accumulation of sediment due to SONGS was not to be

expected.

This view did not foresee the possibility of cohesive deposits with unusually
high resistance to erosion by waves. New deposition of cohesive sediment near the
margin of the San Onofre Kelp bed was first noted in late 1985 and has persisted or

recurred up to the present time. The nature and origin of this deposition, and
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whether or not SONGS is a contributing cause, are considered at length in

Technical Report B, and will not be dealt with here.
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5.0 SONGS’ EFFECTS ON IRRADIANCE

The effects of SONGS operation on underwater irradiance have been
studied statistically by two independent methods. Appendix A describes the
statistical designs and procedures in detail and gives a full tabulation of the results.
Here we describe the statistical studies very briefly, repeat the summaries of results
and the conclusions from Appendix A, and discuss the physical interpretation of the

_ results.

5.1 BACIP Analyses

The Before-After/Control-Impact Pairs or BACIP design is the same as has
been used for many of MRC’s biostatistical studies of SONGS effects on marine
populations. It examines time-series of meésured differences between Impact and
Control stations, to see whether the mean difference between Impact and Control in
the time After SONGS started up is different from the mean difference in the time
Before start-up. The main conditions for a valid BACIP result are that the Before
differences should have a stationary mean and should be additive (that is,
independent of the Before sums). When these conditions are met, it can be
presumed that the natural mean difference in the Before period will remain the
same after start-up, so that the difference of differences can be taken as the effect of

SONGS. If the conditions are not met, a BACIP result may be seriously misleading.
Independent BACIP tests were applied to irradiance at two levels, on the
bottom and at 2 m above. The Impact station was a composite of three stations in

the San Onofre kelp bed (SOKU45, SOKD45, and SOKD35) and the Control was
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station SMK45 in the San Mateo kelp bed, about 5 km upcoast from SONGS (see
Fig. A-1in Appendix A). Besides an overall test on the complete data-sets, separate
tests were made for different sets of days distinguished by whether the SOK stations
were downcurrent or upcurrent from the SONGS diffusers for a majority of the
daylight hours (5 or more out of 9), or for all daylight hours (9 out of 9). The sets of
downcurrent and upcurrent days for 5 or more out of 9 daylight hours together

include all days on which current direction was recorded.

Irradiance itself proved to be additive in most of the data-sets, but its
logarithm usually did not, so the BACIP results are properly expressed as absolute

rather than fractional changes in irradiance.

The table below, taken from Appendix A, shows the results of all the BACIP
. tests for which pa, the probability that the Before data-set was additive, roughly
speaking, was greater than 0.10. Results with pa less than 0.80 or so are more or
less unreliable and should be discounted, but are included here for comparison with
the clearly additive results. In this table, B is the SONGS effect, s.d. is its standard
deviation, and p is its level of significance, the probability that the result would

occur by chance in the absence of a real effect.
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Data-set Var. Hit. B s.d. p Pa
(I in E/m2-day) :

Downcurrent
9hr/9 I 0 -0.60 0.23 0.01 0.98
S+hr/9 I 0 -0.46 0.21 0.03 0.86
9hr/9 I 2 -0.39 0.32 0.22 0.50
S5+hr/9 I 2 -0.43 0.29 0.14 0.20
Upcurrent
9hr/9 1 0 +0.51 0.32 0.11 0.97
5+hr/9 I 0 +0.02 0.26 0.93 0.31
9hr/9 I 2 not additive
S+hr/9 I 2 +0.41 042 0.33 0.82
All Days I 0 not additive
I 2 -0.13 0.25 0.61 0.62

The significant and highly additive results for downcurrent days at level 0
compel the conclusion that average irradiance on the bottom at the SOK stations
was reduced by approximately 0.5 E/m2-day on downcurrent days by the power
plant (in the absence of demonstrated confounding effects). The whole body of

BACIP results makes it highly reasonable to conclude that the power plant generally
| reduced average irradiance at and near the bottom fn SOK by about 0.4 E/m?-day
on all downcurrent days, and probably increased irradiance by a comparablé but

smaller amount on upcurrent days.

There are more downcurrent days than upcurrent days in these data-sets, in
the ratio 59 to 41, so the net effect over all the days is a reduction of irradiance,
ranging from about 0.27 E/m2-day if the SONGS effect B for upcurrent days is
actually zero, to about 0.08 E/m2-day if the upcurrent value of B is equal and
opposite to the downcurrent value. This accords with the tolerably additive but non-

significant BACIP estimate of the net effect as B = -0.13 E/m2-day for all days at 2
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m above the bottom. We have no data from the San Onofre kelp bed upcoast from
the diffusers, but we can estimate that the asymmetry of the current would produce
a net SONGS effect at comparable stations upcoast from the diffusers ranging from

-0.19 to +0.08 E/m2-day.
5.2 Plume-Model and Upstream-Downstream Analyses

An entirely separate set of analyses was carried out to see if irradiance at a
station under the plume of Units 2 and 3 was different on the average from
irradiance at the same time at a counterpart station in ambient water on the
opposite side of the diffusers. A station was classified as in the plume (P) or
ambient (A) in a particular hour by a kinematic model which used current records

to backtrack water from the station to see if it had recently crossed the diffusers.

The SONGS effect found by this kind of analysis on pairs of stations is the
average difference between Plume irradiance and Ambient irradiance over all
hours, regardless of which station in the pair was (P) and which (A) in any given
hour. This procedure separates SONGS effects from any natural effects of current
direction that are uniform at both stations in a pair. It does not separate out any
natural current effects that are not the same at both stations, and these remain as

possible confounding effects.

The station-pairs analyzed were made up of four stations in the San Onofre
kelp bed and another station 2.5 km downcoast from SONGS, together with
counterpart stations upcoast from the diffusers (see Appendix A, Table A-2 and Fig.

A-1 for station names and locations). The data-set for any pair comprised all
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daylight hours in the years 1985 and 1986 for which irradiance was recorded at both

stations in the pair.

" For these analyses, there were no data-sets free of SONGS influence to be
tested for additivity. It turned out, though, that analyses of irradiance and its
logarithm gave concordant estimates of fractional changes in irradiance due to
SONGS, showing that errors due to non-additivity were not important.

. .
Here we summarize the results in terms of changes in absolute irradiance,

noting that the fractional changes reported in Appendix A are concordant and

equally valid.

Every Plume-Model analysis of irradiance showed a highly significant
reduction of irradiance in the model plume relative to ambient water at the same
time, with an average reduction of 0.056 E/m2-hour. Integrated over nine daylight
hours, this is equivalent to 0.50 E/m?day. For the pairs including the three SOK
stations analyzed by BACIP, the equivalent reduction was 0.54 E/m?-day. The
model classified the four SOK stations as in the plume (P) for percentages of all
recorded hours ranging from 17% to 28%; it classified the stations 2.5 km distant

from SONGS as (P) in only 6% or less of all hours.

The Plume-Model analyses used only the hours for which one station was (P)
and the other (A), dropping the remaining hours. The dropped hours added up to
about half the total; in all but a few of these the plume model classified both
stations as (A). These hours were analyzed with an Upstream-Downstream model

which simply classified a station and hour as (P) if the station was downcurrent from
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the diffusers in that hour, or as (A) if it was upcurrent, so that one station in a pair

would be (P) and the other (A) in every hour analyzed.

Every Upstream-Downstream analysis showed a significant reduction of
irradiance at the downstream station relative to the upstream station, with an
average reduction of 0.022 E/m?-hour, equivalent to 0.20 E/m?2-day (0.21 E/m2-day
for the three SOK stations analyzed by BACIP). The Upstream-Downstream model
classified the south station in a pair as (P) for a percentage of all analyzed hours

ranging from 46% to 69%.

The reductions for pairs of stations about 500 m downcoast and upcoast from
the diffusers (particularly the closest pair SOKU45-PL45) were somewhat smaller
than those for pairs of stations at greater distances, as is shown in Figures A-2 and
A-3 of Appendix A. The most plausible physical reason for such an effect is that the
actual plume may sometimes have been redirected away from closer stations by kelp
beds on both sides of the diffusers (see Fig. A-1), while the model plume was not. It
is also possible that part of the nominal SONGS effect is due to a natural current
effect that is not the same at both stations in a pair, as noted above. The difference
of a natural current effect between two stations should decrease with the separation
between the stations, falling off to zero when the stations are side-by-side.
Supposing there actually is such a nonuniform natural effect, we can subtract it out
by extrapolating the data on Figs. A-2 and A-3 inward to zero on the axis of
distance. Reasonable extrapolations indicate that the possible natural current effect

does not exceed about half the total.
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5.3 Interpretation and Comparison of Results

There are two principal mechanisms by which SONGS might potentially
affect irradiance. The most obvious mechanism for reducing irradiance in the
plume or downcurrent from SONGS is that naturally turbid water from near the
shore and near the bottom is carried upward and offshore in the plume, replacing
surface water further offshore that is naturally clearer. It is not disputed that this
process often takes place, and there is no good evidence for any other mechanism to

make the plume turbid.

There is another mechanism which potentially has the opposite effect of
making the water in the neighborhood of SONGS generally less turbid than it would
be without SONGS. This mechanism is the make-up flow toward SONGS (see 3.2)
which replaces the water carried away from SONGS in the plume. Some of this flow
is composed of offshore water that is naturally clearer than the normal nearshore
water around SONGS; if enough offshore water reaches the vicinity of SONGS by
this means, it could perceptibly reduce the average turbidity of water near SONGS
that is not in the plume. Here too there is good evidence that the make-up flow is
actually at work (see 3.2), and no good evidence for other mechanisms that might

reduce turbidity near SONGS.

The Plume-Model and Upstream-Downstream results are clear in showing
that the water that leaves the diffusers in the plume is more turbid on the average
than ambient water on the other side of the diffusers at the same 'time, resulting in a
reduction of irradiance under the plume relative to ambient by roughly 0.4 E/m?-

day (averaging over all the hours comprised in both kinds of analysis). The ambient
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water, however, may be less turbid than it would have been without SONGS,
because of the make-up flow, so these analyses by themselves do not prove a net

reduction of irradiance by SONGS relative to a purely natural state without

SONGS.

The BACIP analyses show a definite SONGS-induced decrease of average
irradiance at the SOK stations by 0.46 E/m?3-day for all days when the stations are
downcurrent from SONGS, with a smaller and much less certain increase of
irradiance for days when the stations are upcurrent from SONGS. Downcurrent
days outnumber upcurrent days, and the net effect found by the BACIP analyses is a
reduction of average irradiance over all days together by 0.08 to 0.27 E/m?-day,

relative to a natural state.

Speaking very broadly, the downcurrent BACIP decrease of irradiance by
about 0.4 E/m2-day can be attributed to the first mechanism discussed above, and
the uncertain upcurrent increase can be attributed to the second. In the same way,
the Plume-Ambient differences of about 0.4 E/m?-day given by Plume-Model and

Upstream-Downstream analyses can be attributed to the combined action of both.

The results of the different kinds of analysis rest on different bases and need
not agree closely, but it is worth noting that they can easily be brought to reasonable
agreement. For instance, an actual downcurrent decrease of 0.4 E/m?-day due to
the first effect and an upcurrent increase of zero due to the second effect would
together give the observed Plume-Ambient difference of 0.4 E/m2-day. This would
accord closely with the BACIP estimates at the bottom for all upcurrent and all

downcurrent days (5 or more out of 9 hours), but might unduly discount the
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evidence of an upcurrent increase from the 9/9 upcurrent days at 0 m and the 5+ /9
upcurrent days at 2 m above (see the table in 5.1). At the other extreme, a
downcurrent decrease of 0.25 E/m?-day and an upcurrent increase of 0.15 E/m2-day
would produce the same Plume-Ambient difference of 0.4 E/m?-day without

stretching any BACIP result by more than one standard deviation.
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6.0 EFFECTS OF SONGS ON TEMPERATURE
AND SUSPENDED PARTICLES

The analyses in this section are BACIP or Plume-Model analyses, whose
methods and terminology, except as noted, are the same as those for the analyses of

irradiance treated in Section 5 and Appendix A.
6.1 Compliance with Thermal Standards

The minimum dilutions of about 8 discussed in 3.2 above imply a maximum
temperature rise less than 2.5°F (1.4°C), indicating that SONGS is in compliance
with the California thermal standard which requires temperature rise at the surface
not to exceed 4°F (2.2°C) beyond 1000 feet (305 m) from the discharge for more
than half of any tidal cycle. To invesﬁgate compliance more thoroughly, with an
extended set of direct measurements of temperature rise, we applied the plume
model of 5.2 to the measurements of temperature at 3 m depth at stations UVTO01
and UVT19 during the year 1985. UVTO1 is upcoast of the diffusers, 310 m from
the nearest point on the Unit 2 diffuser; UVT19 is downcoast, 370 m from the
nearest point on the Unit 3 diffuser (see Figure 7). We formed the set of all hourly
temperature differences between these stations in hours when one station was
classified as Plume by the model and the other was classified as Ambient. The |
difference Plume-minus-Ambient reached 2.2°C in only one hour out of 972, and

exceeded 1.4°C (2.5°F) for only 34 hours out of 972 (3.5% of the time).

The shortest tidal cycle is 12.42 hours. The temperature rise definitely did
not exceed 4°F for more than six hours within any consecutive set of twelve, so the

temperature rise at either station was in full compliance. This data-set does not give
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a perfect test, since temperatures were not measured right at the surface, but it is
the best available set for the purpose. Since thermal stratification in the top 3 m
will generally be less in the plume than in-ambient water because the plume is
better mixed, a temperature rise of plume above ambient will generally be less af
the surface than at 3 m, so there is no reason to believe that the standard is
exceeded at the surface. The Plume-Ambient difference defines an instantaneous
temperature rise across the diffusers, rather than a rise relative to a hypothetical
state without SONGS, but this is the only kind of definition that can be applied to

any individual tidal cycle.

The California thermal standards also limit the temperature rise to 4°F at
any point on the bottom or the shoreline. We do not have data to test for
compliance on the bottom or the shore as we did at 3 m depth. However, we may
fully expect that shoreline or bottom differences will be much less than those at 3 m
depth at stations UVTO1 and UVT19. The inshore end of the Unit 3 diffuser is over
1 km from the shore, and the plume goes seaward from there. Observed surface
plumes are 5 m thick or less and do not reach the bottom, and subsurface plumes
spread at the equilibrium depth where the densities and temperatures of plume and

ambient water are the same.
6.2 SONGS-induced upwelling

Since the make-up flow discussed in 3.2 above brings some water to the
neighborhood of SONGS and the San Onofre kelp bed from greater depths
offshore, there is a possibility that this flow might act as an artificial upwelling to

supply nutrients to this neighborhood. Because of the close relation of dissolved
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nitrate to temperature (see 2.1 above), this potential effect can be studied by BACIP
tests on bottom temperature. We carried out these tests on four individual stations
in SOK with SMK45 as control, and found with one exception that the Before data-
sets were not additive either for temperature or its logarithm (pa of 0.07 or less).
The test on the single additive data-set (pa = 0.30), for temperature differences
between SOKD35 and SMK45, showed a SONGS-induced warming by 0.04°C, of no
statistical or physical significance (p = 0.83). These tests leave us with no evidence
that SONGS changed the bottom temperature at any place, and a positive though
weak indication that the average SONGS-induced change at SOKD35 was indeed
very small. Besides showing that there is no evidence for significant artificial
upwelling due to the make-up flow, these results also show no evidence that the data
given in 2.1 supporting the uniformity of El Nino are affected by temperature

changes due to SONGS.

Another form of artificial upwelling comes from the upward tilt and
buoyancy of the discharge jets, which lift some entrained water to the surface from
depths down to 10 or 15 m near the diffusers. In the data-set for the compliance test
discussed above, the plume water at 3 m was cooler than ambient 59% of the time,
and cooler by 0.5°C or more 26% of the time, as a result of entrainment of cooler
’ watér from below 3 m. T;le nitrate-temperature relatioil of 2.1 does not apply to
plume water, which has been heated by SONGS and abruptly mixed from different
depths and temperatures, so the actual enhancement of surface nitrate in the plume
cannot be estimated from temperature. On some occasions qf natural upwelling,
though, when bottom temperature near the diffusers falls to 14°C or below, the

SONGS jets may well lift some nutrients into the surface canopy of the San Onofre

kelp.
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6.3 Suspended Particles

As we noted, effects of SONGS on net sedimentation on the sea bottom are
considered in Technical Report B and not here. This is a suitable place, though, to
report statistical evidence of SONGS’ effect on the local concentration of suspended
-particles near the bottom, which indicates that a process of particle-trapping by
SONGS something like that outlined in 4.3 above is actually taking place, whether

or not it leads to long-term net deposition of bottom sediments.

The accumulation-rate of seston in open-tube traps is roughly equal to the
product of volume concentration and settling-rate for fast-settling coarse particles,
ﬁsing to roughly twice this product for the slowest-settling fine particles (ECO-M
1987h, 4.5.1), so this rate can be taken as a rough index of seston concentration if

the size-distribution does not vary greatly.

A BACIP test on the collection rates of traps close to the bottom at station
SOKU4S5, 400 m downcoast from the diffusers, with SOKD45, 1400 m downcoast
from the diffusers, as control, showed an increase in mean collection-rate by 48% at
SOKU4S5 relative to SOKDA45 after Units 2 and 3 began operating. The Before and
After mean rates at SOKD45 and the Before mean at SOKU4S5 were all close to 7.5
mm/day; the After mean at SOKU4S was close to 11.1 mm/day. The result is highly
significant (p = 0.0012) and the data-set of Before differences was reliably additive
(pa = 0.82). The result for log-transformed data (reported in Appendix A of
Technical Report K) is essentially the same, and the SONGS effect may equally well
be interpreted in terms of absolute or relative changes. Even though trap

collection-rates are only an approximate index of seston concentration, and not an
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accurate measure, this result is definite evidence of a significant SONGS-induced

increase of seston concentration close to the bottom.

Some corroboration comes from a statistical test of optical extinction near
the bottom, which can be taken as a rough index of seston concentration even
though the close relations of extinction to seston concentration given in 2.2 above
probably do not apply to seston just above the bottom. The effect of SONGS on
extinction over the interval from the bottom to 2 m above was tested with a kind of
Upstream-Downstream plume model (see 5.2) which classified a station as Plume
on a given day if the current ran from the diffusers to the station for 9 out of 9
daylight hours, and otherwise as Ambient. The stations used in this test were a
composite of SOKU4S, SOKD45, and SOKD35 for the station downcoast of the
diffusers, and a composite of P-N and PI-N for the station upcoast of the diffusers.
The mean Plume-minus-Ambient difference in extinction was +0.045 ml, withp =
0.003. (This test is also reported in Appendix A of Technical Report K.) This test
only applies to a special set of days, rather than all days, but the result kgives
independent evidence that seston concentration near the bottom is higher on the

downcurrent side of SONGS.
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APPENDIX A

STATISTICAL ANALYSES OF THE EFFECTS OF SONGS OPERATION
ON UNDERWATER IRRADIANCE

1.0 METHODS
1.1 BACIP Analysis

The first method we have used is a variant of the Before-After/Control-Impact
Pairs design, called BACIP for short. This design is treated at length by Stewart-Oaten
(1986), and will be discussed only briefly here. The BACIP design seeks to detect and
estimate a change in mean irradiance that occurred only near the power plant and only
after it started operating, separate from natural differences of irradiance between places
and times. This is done by setting up an Impact station near the power plant and a Control
station at distance, and measuring the instantaneous difference of irradiance Alp (Impact
minus Control) between these stations at many times in the Before period prior to start-up
of the power plant. By dealing with instantaneous differences, this paired-BACI design
subtracts out natural temporal variations that are common to both stations, eliminating a
large part of the natural variability. The time-series of Alg may be examined to see if its
mean <Alg> can be taken as a stationary process-mean. If it is stationary, <Alz>
represents a constant natural difference due to location alone, which may be presumed to

continue after the power plant starts up.

A similar series of measurements at the same stations in the After period gives a set
of differences Al,, similarly free from temporal variations common to both stations, whose
mean <AIn> represents the difference between the locations in the presence of the

operating power plant. If <Alg> was stationary, the difference of means
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AAl = <AlA> - <Alg>

represents a time-location interaction: that is, a change of mean irradiance occurring only

near the power plant and only after it started operation.

An important requirement to make this result valid is that the irradiance-differences
Alp respond linearly or additively to changes in natural conditions. If they do not, natural
changes can masquerade as power plant effects, as shown by the following example.
Underwater irradiance varies exponentially with the extinction coefficient K, which is
largely a property of the water, so natural changes in K will produce multiplicative rather
than additive changes in I. If average irradiance at the Impact station were twice that at
Control in the Before period, and if a uniform natural decrease in K doubled both values
in the After period, the resulting AAI would be equal to the original irradiance at Control,

without any effect of the power plant.

In this particular example, the difficulty could be avoided by dealing with Inl
instead of I as the primary variable. This would give the same Alnl both Before and
After (that is, the same ratio of Impact to Control), and AAlnl = 0 in the absence of any
real power plant effect. In general, we are not sure in advance what variable may be
additive; we try various transformations of the data, such as logarithms, powers, or roots,
and test the transformed Before data-sets for non-additivity, seeking a variable that is both
additive and physically interpretable. The Tukey test for non-additivity (Tukey 1949),
applied to some transformation F(I) of irradiance data from the Before period, looks for a
significant regression coefficient of the difference (Fi-Fc) on the sum (Fi+Fc). If the
coefficient is statistically significant, we know that the station-differences of F depend
systematically on the general level of F, and cannot be additive; if the level of significance

is low enough, we can maintain a null hypothesis of additivity.




A calculated time-location interaction AAF may still be an artifact of liﬁﬁted
sampling, due to the natural variability of AF. If the random fluctuations of AF both
Before and After were independent and normally-distributed, the significance would be
determined by a t-test on AAF. In these studies, the fluctuations of AF were a time-series
showing considerable autocorrelation, so that successive departures from the mean were
not independent. This situation was reduced to a situation with independent normal errors

by the ARIMA methods of Box and Jenkins (1976), as follows:

The analysis was cast in the form of a linear multiple regression, modelling the time-

series of station-differences F(t) = Y(t) as

Y'(t) = A+ BW(t) + e(t), with
e(t) = Cie(t-1) + Cee(t-2) +0... + €(t).

The indicator variable W(t) is a step-function taking the value 0 for all times in the
Before period and 1 for all times in the After period. The function e(t) models the
departures of Y’(t) from A + BW(t) as autocorrelated errors proportional to previous
departures of Y’ from A + BW, plus independent normally-distributed random errors
€(t); as many coefﬁciénts C are retained as may be needed to free the é(t) from
significant autocorrelation. The coefficients A, B, Cj, Ca,.... are found by an iterative
process tilat starts with the observed values Y(t) in the place of Y’(t). This process uses
the SAS .procedure PROC AUTOREG with the Maximum Likelihood option (SAS 1984),

employing the techniques of Savin and White (1978) to deal with missing values.

This form allows each coefficient to be separately determined and tested for its

significance relative to the random errors, in the presence of all the others. The

significance of the time-location interaction B found by this method may be considerably




lower than that found by a t-test on a model without autoregressive terms, even if an

approximate correction for first-order autocorrelation is applied to the t-statistic.

If the transformed data give an additive set of AFp and a stationary mean <AFg>,
and if AAF has an acceptably high level of significance, then the inference can be drawn
that AAF is either a real change actualiy caused by the power plant, or else it is a
confounding effect caused by some other localized agent acting at the same place as the
power plant and starting work at the same time. Evidence and argument about the
presence or absence of such confounding effects is a separate matter from the BACIP

analysis itself.
1.2 Plume-Model Analysis

Another method, which we call Plume-Model analysis, deals with the instantaneous -
differences of irradiance between two stations near the power plant, designated as north
(N) and south (S), lying symmetrically on opposite sides of the diffuser lines, averaged over
hours when a specified model for the behavior of the plume classifies one station as being
in the plume (P) and the other station as being out of the plume or ambient (A). The
plume-model is purely kinematic, with the classification of a time and place as (P) or (A)
depending on the recent history of the current and the location of the station relative to the
diffusers. The current-history may have a natural effect on irradiance, but the part of this
effect that is common ’to both stations is removed by taking the differences. This uniform
part of the current-effect is the analogue of the natural BeforeAfter difference in a BACIP
analysis; a constant natural location-difference is the same as in BACIP. The difference of

mean differences

AAl = <Inp-Isa> - <Ina-Isp> = <Inp+Isp> - <Ina+Isa>
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is twice the mean effect of the model plume minus any effect of the power plant on waters
classified as (A), averaged over the two stations, plus the mean of any nonuniform current

effect.

The regression-model is Y’(t) = A + BW(t) + e(t) as before, with the same
autoregressive e(t). The indicator variable W(t) takes the value 0 for any hour in which
the North station is classified as (P) by the plume-model and the South station is classified
as (A); it takes the value 1 for any hour in which the South station is classified as (P) and
the North station as (A). Hours for which the model classifies neither or both of the

stations as (P) are dropped from the analysis.

The coefficient B is the same AAl discussed above, so B/2 is the plume-minus-
ambient difference of irradiance due to the power plant, averaged over both stations, plus

half of any natural nonuniform current effect.

The statistical requirements for validity are the same as in BACIP analysis, but here
there is no data-set free of power plant influence that can be tested for non-additivity of
natural changes. In this instance, analyses with I and Inl gave generally consistent

estimates of fractional changes in irradiance, as described below in Section 2.2; these

changes were small enough to be approximately linear whether transformed or not.




2.0 Data-Sets and Results

2.1 BACIP Analyses of Irradiance off San Onofre

The original data for these BACIP analyses are the recordings of hourly-integrated
irradiance on the bottom and two meters above, at three Impact stations within the San
Onofre kelp bed (SOKU45, SOKD45, and SOKD35) 500 to 1300 m south of the diffuser
lines, and one Control station in the San Mateo kelp bed (SMK45) S km north of the
diffusers. The bottom depth is 13.7 m at stations labelled 45, and 10.7 m at stations
labelled 35. The locations of these stations are shown in Figure A-1. These stations were
kept clear of kelp canopy at all times; a fourth station in the San Onofre kelp bed
(SOKU35) was not used in BACIP analyses because its irradiance was affected by changes
in the density of kelp canopy from Before to After, making a large confounding effect. The
Before period includes data from mid-1981 through April 30, 1983; the After period
includes data from May 1, 1983 to the end of 1986.

At values of irradiance below 0.01 Einsteins/mihour, such as are often observed in
dawn or twilight hours, instrumental uncertainty may be a large part of the reading; in
analyses of Inl, dubious values on this order may have a large effect on the means and
variances. For this reason, we included only the nine daylight hours between 7am and 4pm
of each day in the analyses, plus any other hours with irradiance of 0.01 E/m?2-hr or more,
treating all other hours as missing values. The data-sets of hourly station-differences did
not generally turn out to be amenable to Box-Jenkins methods, so we dealt instead with the
daily means formed by adding hourly irradiances over the included hours, expressing the

result in E/m?2-day.




Separate analyses were carried out on these daily means for irradiance at the
bottom and at a height of two meters above the bottom, with the three stations in the San
Onofre kelp bed combined into one Impact station by averaging the daily mean irradiance
from any of the three (usually all three) that were operating on a given day. The set of
daily station differences at either height, then, was the set of combined SOK minus SMK45
for all days on which a daily mean was available from both. In general, the differences of
irradiance among the three SOK stations at either 0 or 2 m above bottom were much less
than the differences between the two levels at any station; we considered it suitable to
combine the SOK stations in order to simplify the analysis, but not to combine the two

levels.

The Tukey test for additivity was carried out on the Before data by a regression of
differences on sums incorporating.autocorrelated errors, like the model described in 1.1
above. The stationarity of irradiance-differences was verified by. regressions on time to test
for trends, and by inspection of successive three-day means and standard deviations,

plotted against time and against each other.

BACIP analyses using all the data did not show significant time-location
interactions, but the Plume-Model analyses of data within the After period (described in
2.2 below) did show, broadly speaking, that irradiance was on the average significantly less
on the downcurrent side of the diffusers than on the upcurrent side at the same time. We
suspected that much of the variation within the After period might be due to this
interaction of current with the diffusers, so we carried out separate BACIP analyses for the

sets of Before and After days when the Impact stations were downcurrent or upcurrent

from the diffusers, in order to remove this part of the variability.




Here we report five BACIP analyses: one analysis using all days; two separate

analyses using the subsets of days on which the hourly mean current was directed

downcoast (towards the south) or upcoast for nine out of nine daylight .hours; and two

separate analyses using the days on which the current ran downcoast or upcoast for five or

more out of nine daylight hours, so that every day fell into one analysis or the other. (The

total number of data-points in these last two analyses is less then that in the analysis for all

days because the current-direction was not recorded on every day.)

The results of the five BACIP analyses are shown in Table A-I. The successive

columns in this Table show:

1
2)
3)
4)
5)

6)
7)

8)

The primary variable, either I or Inl;

The height above the bottom, either 0 or 2 meters;

The number of Before days b; |

The number of After days a;

The power plant effect on the given data-set: that is, the coefficient B of the
Before-After indicator variable, in units of E/m?2-day for analyses of I;

The standard deviation of B;

The level of significance p of the power plant effect: that is, the probability
that B is wholly an artifact of sampling;

The level of significance pa for rejecting the null hypothesis that the Before
data-set is additive: that is, the probability that the dependence of Al on the sum
of I at the two stations is an artifact of sampling (high pa implies high likelihood

that the data-set is additive).

The first thing to look at in Table A-Iis pa, since a result from a non-additive data-

| set can be seriously misleading. Additivity varies widely among data-sets and variables, but

it is clear that Inl tends to be non-additive more often than I: six out of ten analyses of Inl




have pa of 0.1 or less, but only two out of ten have pa of 0.5 or more; it is the other way
around with I, for which only two out of ten analyses have pa of 0.1 or less but six out of

ten have pa of 0.5 or more.

This result is contrary to a physical expectation that extinction, and hence Inl, would
be additive, as in the hypothetical example given above in 2.1. We should note, though,
that any physical process that produces unequal variances for a variable at the two stations
will produce a non-zero regression coefficient of the differences on the sums of this
variable (the regression coefficient may be written as the difference of the station-variances
divided by the variance of the sum). There are many possible reasons, then, why irradiance
rather than its logarithm might be additive, and we do not attempt a physical interpretation
of this. Whatever the reason, the tendency of 1 to be more often additive than Inl is a
definite characteristic of the BACIP data-sets, so the BACIP estimates of power plant

effects B are better expressed as absolute rather than fractional changes in irradiance.

Many of the results in Table A-I are of doubtful additivity or low significance or
both (which does not invalidate those results that are both additive and significant). All the
results are shown in the Table because there is no set criterion for rejection, though we
should certainly mistrust those with very low pa. For a summary of the most reliable

results for the variable I, those with pa of 0.1 or more 2.1re listed below; the results with pPa

less than 0.1 are labelled NA for non-additive.




Data-set Var. Ht. B s.d. p pa
(Iin E/m?2-day)

Downcurrent
9hr/9 | 0 -0.60 0.23 0.01 0.98
Shr/9 I 0 -0.46 0.21 0.03 0.86
9hr/9 I 2 -0.39 0.32 0.22 0.50
Shr/9 I 2 -0.43 0.29 0.14 0.20
Upcurrent
9hr/9 I 0 +0.51 0.32 0.11 0.97
Shr/9 1 0 +0.02 0.26 0.93 0.31
9hr/9 I 2 NA
Shr/9 I 2 +041 042 0.33 0.82
All Days I 0 NA
I 2 -0.13 025 * 061 0.62

The significant and highly additive results for downcurrent days at level 0 compel
the conclusion that average irradiance on the bottom at the SOK stations was reduced by
approximately 0.5 E/m2-day on downcurrent days by the power plant (in the absence of
demonstrated confounding effects). The whole body of BACIP results makes it highly
feasonable to conclude that the power plant generally reduced irradiance at and near the
bottom in SOK by about 0.4 E/m2-day on all downcurrent days, and probably increased

irradiance by a comparable but somewhat smaller amount on upcurrent days.

(The reduction of about 0.4 E/m2-day for all downcurrent days corresponds to a
fractional reduction of about 25% at the bottom and 15% at 2 m above, relative to the
BACIP estimates of what mean After irradiance at SOK would have been without SONGS;
thatis, <Ijp> + (<Ica>-<Icg>). These numbers are not to be taken as BACIP estimates
of mean fractional reductions, which are unobtainable because Inl is not additive in these

data-sets.)

Table A-I shows, in reasonable agreement with the overall statistics of the current,

that there are more downcurrent days than upcurrent days in these data-sets, in the ratio 59
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to 41, so the net effect over all the days is a reduction of irradiance, ranging from about
0.24 E/m?-day if B for upcurrent days is actually zero, to about 0.08 E/m?-day if the
upcurrent value of B is equal and opposite to the downcurrent value. This accords with the
tolerably additive but non-significant BACIP estimate of the net effect as B = -0.13 E/m?*

day for all days at 2 m above the bottom.
2.2 Plume-Model Analyses of Irradiance off San Onofre

The first plume-model that we tried was very simple: it classified a station as in the
plume (P) in a given hour if the mean current in that hour ran from the diffusers toward
the station, and as ambient (A) if the current ran the othér way. This Upstream-
Downstream model has obvious deficiencies, and we developed a more elaborate model to
take account of the main characteristics of the actual plume, as well as they were known
from field observations and hydraulic modelling of the system (Fischer et al. 1979). The
essential operation of the model was to backtrack water at the station by means of the
currents recorded over preceding hours, with allowance for the initial seaward momentum
of the plume itself, and for dispersion from the boundaries of the plume. The backtracking
computation was continued until the backtrace of the water from the station crossed the
diffuser lines, or out to 25 hours. The number of hours, up to 25, from station to diffusers
was called the plume age; for all the stations, most of the computed plume ages were either
10 hours or less, or else undefined because the trace did not reach the diffusers within 25
hours; accordingly, we classified a station and hour as (P) if the plume age was 10 hours or

less, and otherwise classified the station and hour as (A).

The actual algorithm for plume age used the record of longshore current to find

whether the longshore coordinates of water discharged at the beginning and end of the

preceding hour bracketed the longshore coordinate of the station. If they did not, the




computation was repeated for the next preceding hour. If they did, say for the nth
preceding hour, cross-shelf coordinates of water discharged that hour from the inner and
outer ends of the diffuser line were computed from the cross-shelf current history, with two
additional kinds of cross-shelf motion: an added seaward velocity of 0.05 m/sec at both
ends representing the initial momentum of the plume; and, for the nt preceding hour, a
displacement of 10.8 n3/2 meters, seaward from the outer end and shoreward from the inner
end, representing the mean-square dispersion distance according to the relation of Okubo
(1974). If the cross-shelf coordinates of the water from the two ends did not bracket that of
the station, the whole computation was repeated for the next preceding hour; if they did, a
plume age of n hours was assigned to the station and time. The current-record used for
these computations was a composite of several stations some distance to either side of the
diffusers, to represent ambient current alone and avoid counting plume-induced velocities

twice.

It will be useful at this point to recall from Section 1.2 that the coefficient B found
in a Plume-Model analysis represents twice the mean difference of irradiance between (P)
and (A) hours, averaged over both stations in the pair, plus any nonuniform natural
current-effect. Accordingly, we will tabulate and discuss B/2 as the nominal power plant

effect.

The data for Plume-Model analyses are recordings of hourly-integrated irradiance,
in E/m2-hour, at 0 and 2 m above the bottom, at four stations south of the diffusers in SOK
and another station called PMRS about 2.5 km south of the diffusers, plus a set of stations
north of the diffusers to be paired with the south stations. The names of the paired stations
are listed in the tables of results, and the locations of all are shown in Figure A-1. The
data-sets of north-south station differences comprise all hours between 7am and 4pm in the

years 1985 and 1986 in which both stations of a given pair were operating, plus any other
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hours in which both stations had hourly irradiances of 0.01 E/m?2-hr or more. Units 2 and 3
of SONGS were in normal operation, though not wholly uniform or continuous operation,

throughout this period.

The statistical tests and procedures on the data-sets were the same as for the BACI
analyses, with one exception: Tukey tests for non-additivity were not done because there
were no subsets of the data uninfluenced by the power plant in which to test for non-
additivity of natural changes. Instead, we analyzed all the data both with I and with InI as
primary variables (dropping any zero irradiances from analyses of InI), and computed the
fractional change in irradiance, relative to the Ambient mean, as B/2<I,> from the
analysis with I, and as exp{B/2}-1 from the analysis with Inl. Since the two
computations substantially agreed, as shown by the results tabulated below, we concluded
that the changes were small enbugh to remain approximately linear under transformation,

and that errors from non-additivity were minor.

The results of the Plume-Model analyses are shown in Table A-II. The successive

columns in this Table list the following:

1) The station-pairs (south station first) and their mean distances from the
diffus;rs (half the separation);

2) The height above bottom, 0 or 2 m;

3) The fractions ps and pn of all hours, including those dropped from the
analysis because both stations were (A), classified as (P) for the south and north
stations; |

4) The power plant effect B/2 from analysis of I, here called &I;

5) The fractional change &I divided by mean Ambient I, 61/<I5>;

6) The power plant effect B/2 from analysis of Inl, here called 8lnl;

A-13




7) The fractional change 61/1 = exp{$Inl} - 1.

Every analysis of I showed a highly significant negative B/2 representing an
average reduction of irradiancé on the order of 0.05 E/m?-hour in the model plume
relative to ambient water at the same time, with an average fractional reduction of 24%.
Every analysis of Inl showed a highly significant negative B/2, with an average fractional
reduction of 28%. The model classified the SOK stations as in the plume (P) for
percentages of all hours ranging from 17% to 28%; it classified PMRS as (P) in only 3% of
all hours, and PMRN as (P) in 5 or 6% of all hours.

The fractional changes from Table A-II are plotted in Figure A-2 against the mean
distance from the diffuser line to the stations in a pair. In this Figure, the' symbol I
designates an analysis of irradiance and L designates an analysis of Inl, while 0 and 2 refer
to height above the bottom. It will be seen from this plot that the nominal power plant
effects are somewhat larger for the station-pairs including SOKD stations, at mean
distances of about 1000 m from the diffusers, than they are for the pairs including SOKU
~ stations, at mean distances of about 500 m. The effect for the pair PMRS-PMRN, each
about 2500 m from the diffusers, is about as large as the effect at 1000 m (though it occurs

much less often because the distant stations are rarely in the model plume).

The simplest explanation within the framework of the analysis itself is that there is
indeed a differential natural current-effect between the stations of a pair, which increases
with the separation between stations out to 2 km. This differential effect must vanish as
the separation goes to zero, so it can be eliminated by extrapolating the results toward the
diffusers. A rough linear extrapolation from 1100 m to zero on Fig. A-2 would give a mean
fractional reduction in the model plume relative to ambient water of something like 15%

close to the diffusers, due to the power plant alone. This need not be the true explanation,




of course; the actual plume and make-up flow are obstructed and diverted in a complicated
way by the kelp beds themselves, and this may be the cause of the increase of plume-minus-

ambient difference with distance.

2.2.1 Upstream-Downstream Analyses

The Plume-Model analyses excluded about half of all hours with recordings at pairs
including SOK stations, and 90% of all hours with recordings at PMRS-PMRN. Except for
a very few occasions when the model classified both stations in a pair as (P), the excluded
hours were times when the model classified both stations as (A). To investigate power
plant effects in the large fraction of the time when the plume-model was inapplicable, we
analyzed the excluded hours with the original Upstream-Downstream model, which simply
classifies a station downcurrent from the diffusers in a given hour as (P) and an upcurrent
station as (A). Applied to a pair of stations on opposite sides of the diffusers, this model
will always call one station (P) when the other is (A), and no data will be dropped. The
results of these Upstream-Downstream analyses are shown in Table A-IIl, which is
arranged like Table A-II. The fractions of hours called (P) are now the fractions of hours

analyzed by this method, rather than all recorded hours.

Every analysis of I resulted in a negative B/2 on the order of 0.025 E/m2-hour, for
a fractional reduction averaging 11%. Every analysis of Inl gave negative B/2, with an
average fractional reduction of 8%. The Upstream-Downstream model classified the south

station in a pair as (P) for a percentage of all analyzed hours ranging from 46% to 69%.

The fractional changes given by Upstream-Downstream analyses are plotted against
mean distance from the diffusers in Figure A-3, with the same notation as in Fig. A-2. Like

the Plume-Model results, the Upstream-Downstream results showed a tendency for the
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nominal power plant effect to increase with distance out to 1000 m or so from the diffusers.
Extrapolation of these results to zero separation would give the power plant effect close to
the diffusers as a fractional reduction in the neighborhood of 5%, applying to the hours

when both stations were classified as (A) by the plume model.

3.0 Comparison of BACIP and Plume-Model Results

BACIP analyses have demonstrated a power plant-induced change in irradiance at
Impact stations, relative to an estimate of what it would have been without the power plant,
derived from values at a distant Contrdl station and values at the Impact station before the
power plant began operating. Plume-Model analyses have demonstrated a power plant
induced difference of irradiance between plume water and ambient water, as defined by a
specified plume-model, and Upstream-Downstream analyses have done the same with a
different plume-model; neither of these two refers to a Control station or to a pre-
operational period. There is no way to make a strict comparison among theselresults, and

even the roughest comparison requires a chain of suppositions.

First we must suppose that the Plume-Model and Upstream-Downstream criteria
are more or less equivalent. Each is applied to about half the total of hours analyzed, so
we can then average their results to say that the average plume-minus-ambient difference
over all hours, which we may call <P-A> or <P>-<A>, is about -0.04 E/m2-hour, or very
approximately -0.4 E/m2-day accumulated over the daylight hours. This round number
comes from the averages at the three SOK stations used in the BACI analyses, with no

extrapolation to zero separation.
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To compare this with the BACI results, we have to suppose next that the mean
BACI power plant effect of about -0.4 E/m2-day on downcurrent days represents more or
less the same <P> as above, and that the uncertain BACI power plant effect on upcurrent
days represents more or less the same <A> as above. With <P> = -0.4 and <P>-<A>
= -04, we get <A> = 0. This is lower than the highly additive estimates of <A> in
Table A-I by about 1 to 1.6 standard errors, so this chain of suppositions brings us to
reasonable agreement between BACI and the combined Plume-Model and Upstream-
Downstream analyses. If we suppose that half the nominal <P>-<A> is due to a
differential current effect, and set <P>-<A> = -0.2, we get <A> = -0.2 instead of zero,
lower than the additive BACI estimates of <A> by about 1.5 to 2.2 standard errors, barely

at the edge of agreement.

There is no reason to believe that the quantities <P> and <A> actually mean just
the same thing in the three different kinds of analysis, but it is reassuring to find by this
comparison that the physical meanings of <P> and <A > in the different analyses are not

grossly different.
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TABLE A-1
RESULTS OF BACI ANALYSES

Var. Ht. b a B s.d. p Pa
(Iin E/m2-Day)
All Davs
I 0 377 1101 +0.15 0.17 0.37 0.06
I 2 249 861 -0.13 0.25 0.61 0.62
Inl 0 327 1066 -0.18 0.16 0.25 0.001
Inl 2 238 855 -0.14 0.12 0.27 0.15

Downcurrent Days, 9 hours out of 9

I 0 83 369 -0.60 0.23 0.01 0.98
I 2 85 295 -0.39 0.32 0.22 0.50

- Inl 0 83 369 -0.42 0.23 0.07 0.04
InI 2 85 295 -0.01 0.16 0.93 0.0001

Upcurrent Days, 9 hours out of 9

I 0 : 27 220 +0.51 0.32 0.11 097
I 2 16 170 +0.41 0.49 0.40 0.0001
InI 0 270 220 +0.38 0.28 0.17 0.96
Inl 2 16 170 -0.29 0.26 0.28 0.0001

Downcurrent Days. S or more hours out of 9

I 0 119 590 -0.46 0.21 0.03 0.86
I 2 111 484 -0.43 0.29 0.14 0.20
Inl 0 119 590 -0.31 0.20 0.13 0.34
Inl 2 111 484 -0.06 0.14 0.69 0.0001

Upcurrent Davs, 5 or more hours out of 9

I 0 59 465 +0.02 0.26 0.93 0.31
1 2 30 367 +0.41 0.42 0.33 0.82
InI 0 59 465 -0.14 0.22 0.53 0.56
InI 2 30 367 -0.05 0.23 0.82 0.01




Pair

SOKU45
(PLAS)
600 m

SOKU35
(PN)
500 m

SOKD45
(PLAS)
1100 m

SOKD35
(PN)
900 m

PMRS
(PMRN)
2600 m

Ht.

TABLE A-II

RESULTS OF PLUME-MODEL ANALYSES 1985-86

Ps

0.22
0.17

0.27
0.28

0.22
0.21

0.23
0.26

0.03
0.03

PN

0.37
0.39

0.23
0.27

0.29
0.30

0.24
0.23

0.05
0.06

§1
(E/m2-hr)

-0.028
-0.042

-0.037
-0.072

-0.054
-0.073

-0.054
-0.108

-0.037
-0.051

5I/<IA>

-0.216
-0.174

-0.225
-0.237

-0.317
-0.257

-0.253
-0.288

-0.231
-0.253

lnl

-0.231
-0.282

-0.323
-0.338

-0.428
-0.341

-0.356
-0.378*

-0.321
-0.364

§1/1

-0.206
-0.246

-0.276
-0.287

-0.348
-0.289

-0.300
-0.315

-0.275
-0.305

The significance levels of all 61 and §lnl are less than p = 0.0002, except for *, whicllx is

0.004.
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TABLE A-IIl1

RESULTS OF UPSTREAM-DOWNSTREAM ANALYSES 1985-86

Pair Ht. Ps DN §1 §I/<In>  élnl 81/1
(E/mz-hr)

SOKU45 0 0.59 041  -0.014  -0.109  -0.042*  -0.041
(PLAS)
600 m 2 0.57 0.43 20.017  -0.075  -0.034**  -0.033
(s}géguss 0 0.46 0.54  -0016  -0.105  -0.129  -0.121
500 m 2 0.51 0.49 .0.021  -0.088  -0.056  -0.054
SOKD45 0 0.68 0.32 20.020 -0.139  -0.097  -0.092
(PLAS)
1100 m 2 0.69 0.31 20.033  -0.132  -0.080  -0.077
?191\%1)35 0 0.55 0.45 20.025  -0.135  -0.104  -0.099
900 m 2 0.60 0.40 20.032  -0.106  -0.077
0.075
PMRS - 0 0.58 0.42 .0.015  -0.114  -0.091  -0.087
(PMRM)

2600 m 2 0.62 0.38 .0.026  -0.135  -0.105  -0.099

The significance levels of all §I and §Inl are p = 0.04 or less (usually much less), except
for *, which is 0.12, and **, which is 0.10.
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APPENDIX B
Topics In Mathematical Oceanography
1. Notation

Any vector A has components A, with the index i = 1, 2, 3. The sum
convention is used, by which any term containing a repeated index stands for the
sum of such terms over all values of the repeated index. For example, the scalar

product

A*B = AiBi = A1B] + Ang + A3B3.

2. Governing Equations

Consider any quantity S whose concentration (amount per unit volume) in a
fluid medium is C and which is produced at a rate q per unit volume. If the local
velocity of the medium is V, the flux of S is CV, and the net outflow of S from a
volume element of unit vblume is the divergence of the flux V*(CV) = 3(CV,)/dxi.

The budget of S for a unit volume element is then given by:

{1} q = 8C/at + 3(CV;)/dxi.

When the quantity S is mass, the concentration is the density p; with constant

density and no production of mass, the budget equation for mass is the continuity

equation:




2} VXV = aV,/dx; = 0.

When the quantity S is any component of momentum, the concentration is pV;,
and by Newton’s second law the production rate is F;, the corresponding component
of the resultant applied force on a unit volume element fixed in space. With

constant density, the budget equation for a momentum component is the force

equation:
{3} ( F, = paVi/at + pa(ViVj)/an.
This form of the force equation holds in an unaccelerated frame of reference. For

velocities relative to the surface of the earth, which rotates with angular velocity w,

the force equation becomes:
{4} Fi/p = aV;/at + Z(QX M), + a(ViVj)/an.

The new term 2(w x V) is called the Coriolis or geostrophic acceleration, and is

directed 90° to the right of the velocity in the northern hemisphere.

The applied force components F; are given by:

{5} F; = pgi - dp/dx; + 97;;/0x;.

Here g is the earth’s gravity, which is taken to include the centrifugal force of the
earth’s rotation and tidal forces; p is fluid pressure and dp/dx; is a component of
the pressure gradient ¥p; 7y are shear stresses, with i # j. The shear stresses due

to molecular viscosity within the body of the water column can be neglected, but the




stresses imposed by wind at the surface and friction at the bottom may be important.
From {4} and {5} together, we have the force equations, with @ = 1/p:

{6} aVi/at + 2(@){ V)i + a(ViVj)/axJ' = gi- aap/axi + QaTij/an.
3. Hydrostatic Pressure

The positive axis of x3 or z is taken downward in the direction of g; the
level z = 0 is set at a reference level near the sea surface, so that the height of the
actual surface above z = 0 is a small quantity 7. Except when the vertical
acceleration 8V3/dt is large, as in the case of gravity waves, the vertical force
equation is reduced, for practical purposes of oceanography, to the hydrostatic
equation (dp/dz) = g, because all the terms involving velocities and shear stresses
are much smaller than g, about 10003 cm/sec2. With a uniform density p,, this
equation integrates to p = pog(n + z), and the pressure-gradient terms in the

horizontal force equations become:

{7} adp/dx; = gdn/ox.

It is important to note that this pressure-gradient force due to a slope dn/dx; of the-
sea surface is independent of depth z, so that when this force is dominant the
resulting flow will be approximately uniform from top to bottom of the water

column.

Stratification of density due to variable temperature and salinity also affects

the hydrostatic pressure. Here we need only consider temperature, whose effect on

density is roughly given by (p - po)/po = - ¥(T-T,), with the thermal expansion v




about 2x10- per degree C. Integrating the hydrostatic equation with this variable

density gives a more complete expression for the horizontal pressure-gradient force:

. r 4
(8} adp/dx; = gon/ax; - gval/ax, with I=f(T-To)dz'.
-]

4. Coastal Currents And Upwelling

Taking x = x; alongshore, y = x; across the shelf, and z = x; downward,
consider a nearshore current with an average velocity directed alongshore, steady in
time and horizontally uniform. Taking a time-average of equation {6} and

expressing the average product <V;V;> as the sum of <V;><V;> and the average

product of turbulent fluctuations <v;’v;’ >, we find that all the left-hand terms in

{6} drop out except d<vy’vs’> / 3x;, With no longshore variation of density, {6}

and {8}, with i = 1, give the longshore force equation:
{9} I<v'v,' > /3z = gan/ax + adT1y/dz.
Integrating this equation from the surface near z = 0 to the bottom at z = H, with

v;' vanishing at top and bottom, gives a longshore balance of forces on the whole

water column:

{10} Tox = pgHIN/9X + Tun.

Here 7ox and 7.« are the bottom-stress and wind-stress. This balance applies to

shallow nearshore waters for which the average current is constrained by the coast




to flow alongshore and the bottom-stress can rise with the current velocity to

balance any forces imposed by slopes or winds.

The velocity profile can be calculated on the supposition that the turbulent
vertical flux of x-momentum <v,’v,’> is proportional to the mean gradient
d<V,>/08z and to J7u,, and also increases linearly with the height above the
bottom D = H-z (see Section 5 on turbulent dispersion below). That is:
<V > = -K 8<V,>/dz, with K = ku*(D+a), in which k = 0.4 is von Karman'’s
constant, u*? = 71,,/p, and a is a characteristic roughness length for the bottom.

Substituting this in {9} and integrating leads to the profiles:

{11} Vi = (u*/k){In(1+D/a)-D/H] when 7ux = 0

for a slope-driven current, and
{12} Vi = (u*/k)In(1+D/a) when an/dx = 0

for a wind-driven current. The logarithmic form of velocity profile agrees so well

with experience that the supposed form for <v,’v,’ > is generally justified.

For the same longshore current, the force equation for the component in the
cross-shelf direction y, from {6} and {8] with i = 2, in the absence of cross-shelf

velocities and stresses, is:

{13} -2(wx V), = 2wsinLVy = g an/dy - gyl/ay,




in which L is the latitude, positive in the northern hemisphere. Differentiating by

the vertical coordinate z, we have the relation:

{14} 2wsinL 8V, /dz = -gyaT/dy

which gives the cross-shelf temperature gradient corresponding to a given vertical

shear in a longshore current.

With 2wsinL about 8x10-5 sec'! in 33 N. Latitude, g about 103 cm/sec?, and
Y about 2x10# °C, a steady longshore current flowing downcoast off Southern
California with velocity falling from 10 cm/sec at the surface to zero on the bottom
at 10 m depth would correspond to a seaward increase of temperature of about

0.4°C per kilometer.

If there is no stratification of temperature, the cross-shelf forces cannot be
balanced at every depth by {13}, and the same downcoast current will produce both
a surface slope, upward to seaward, and a cross-shelf circulation cell, seaward at the

top and shoreward at the bottom.
5. Turbulent Dispersion

In one dimension, consider a set of particles of total mass M released at
x=0, t=0, into a fluid medium with spatially-uniform turbulence. If the

displacements of particles always keep a normal distribution, so that

C/M = (2n0;)12exp{(x-1i)?/20:2},




then the particle-concentration C obeys the advection-dispersion equation

aC/ot = -<V>9C/ax + Ka2C/ax2,

with <V> = 3u/6t and 2K = 4(02)/dt. More generally, a joint normal
distribution in three dimensions is a solution of the equation
aC/at = -V*[C<V> - KVC], with K a scalar or tensor. This is a version of the
budget equation {1} above (with q = 0), in which C<V> represents the particle-
flux due to the mean flow and -KVC represents the turbulent particle-flux due to
correlated fluctuations of C and V. The postulate of a normal distribution for
C/M  corresponds then to a postulate that the turbulent flux is linearly related to
the gradient of concentration, like the flux in a molecular diffusion process. Either
postulate must be taken in a statistical sense, as applicable to a large ensemble of

mass-releases rather than to any single release.

A fundamental difference between this postulated process and the process of
molecular diffusion is that any diffusivity K; = (1/2)3(0:2)/8t may vary with the age
t of the dispersing mass. The variation of K with t can be expressed in terms of
particle-velocity statistics as follows: For any direction x, 6> = <x'2>, averaged
over an ensemble of particles, and 802/dt = 2<x’v’>. But x'(t) = _f (1yd =

J ‘(t- 7)d7, so we can interchange the order of _averaging and 1ntegratlon to get

t

(1/2) 802/t = £<v’(t)V’(t-1)>dr = <v'2> £R(1)d1,

in which i\{('r) is the autocorrelation function of particle-velocity formed by

averaging over the ensemble of particles. This will be the same as the

autocorrelation function of velocity recorded over time at a fixed point only if the




c A
turbulence is both homogeneous and stationary; in general, the statistic R of a

velocity-field can only be derived from observations of drifting objects.

The form K; = <v;"2> ‘Lﬁ(r)dr is very useful, though, to show limiting
forms of K for small and large ages t. Since R is less than 1 and approaches 1 as
t goes to zero, Ki = <v;"2>t is a useful approximation for small t and an upper
limit for any t. For large t, ﬁ('r)d'r will approach a limit T, and the diffusivity
will approach a constant value K; = <v;’2>T. Since both K and o, the scale of the
dispersing mass, are functions of age t, the age-dependence of K can also be
viewed as a dependence on scale. The approximation for small age leads to the

expression K; = <v;"2>172g as an approximation for small o.




APPENDIX C

AN APPROXIMATE MODEL FOR SONGS’ EFFECTS
ON PLANKTON POPULATIONS

(This is Appendix C to ECO-M’s Final Report on Contract MRC 85-
86, May 31, 1986, reprinted with minor corrections.)
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AN APPROXIMATE MODEL FOR SONGS’ EFFECTS ON PLANKTON POPULATIONS

The <central idea of this model is to set up budgets for
plankton in a nearshore region and an adjacent offshore region,
involving net reproduction rates, net fluxes of plankton into
or out of the regions due to advection and turbulent dispersion,
and net losses or gains in the regions from mortality and trans-
location caused by SONGS. The fluxes due to turbulent dispersion
are specified by diffusivities K , using the basic definition
of diffusivity as the negative ratio of flux to concentration-
gradient. If a population has something like a Gaussian distrib-
ution of density with distance from shore y , with the inflec-
tion point at y = W the concentration-gradient near W
is roughly -C/¥W ~ (C Dbeing the mean density inshore of W),
and the seaward turbulent flux of plankton is KC/W . This
approximation will serve for order-of-magnitude calculations
for any reasonable distribution of density.

The regions whose budgets are considered are shown in
Figure 1. There is an inshore box of dimensions H (the mean
water depth), W  (the cross-shelf width of the main habitat
for a nearshore species), and L (the longshore extent of
any change in population density caused by SONGS). .Beside
it is an offshore box of depth H , with width W’ and length

L’ that are not specified but are taken to be of the same
order as W and L . In a natural steady state, the population
density is Co offshore from y = W and Ci inshore. 1In
a new steady state with SONGS in continuous operation, the
densities become Cz inside the inshore box and Ca inside
the offshore box, but keep their original values of C: and

Co in the nearshore and offshore zones outside the boxes.

All these densities and other quantities are to be taken as
means over the regions and over times of months at least.

In the natural steady state, the net of births and deaths
in the inshore box is given by riCiLHW , ri being the net
reproductive rate (fecundity minus mortality) in the nearshore
habitat. The net transfer of individuals to and from the box
is all outward through the seaward wall and is given by

~(LHKy /W)(C1-Co) . These two terms must add up to zero to
keep a steady state, which gives the relation

ri = (Ky/W2)(1 - Co/C1)
for the net reproduction rate in the nearshore zone.
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A similar balance for the offshore box gives
ro = —(Ky/WW’)(C1/Co - 1)
for the net reproduction rate offshore.
For a truly passive planktonic population that is only
viable inshore of W (that is, with Co << C: ) the nearshore

relation shows that a very high net reproductive rate may be
needed to make up losses due to seaward dispersion from a narrow

nearshore habitat. For example, Ky = 1 km2/day (105 cm? /sec),

W = 4 km, and Co/Ci = .5 requires ri to be about 3%
per day, but the still plausible value Ky = 10 km2/day calls
for r: close to 30% per day. This argument suggests that

strongly zoned nearshore plankton may hold their ground by
some kind of behavior, such as seeking the bottom, which greatly
reduces the effective cross-shelf diffusivity Ky for the
organisms, as compared to that for a passive substance, so
that a reasonable reproductive rate can suffice to make up
the losses by dispersion.

In the new steady state with SONGS in continuous operation,
new balances can be set up in the same way, with new values
~for r and C in the two boxes, and new terms to take account
both of the 1longshore density-gradients that now exist, and
of the effects of SONGS, which are modelled in the following
ways for the inshore and offshore boxes. . The offshore-directed
discharge of SONGS drives water out of the inshore box into
the offshore box at a rate Q (about 1000 m3/sec or 0.1 km3/day,
representing both the water discharged at the ports and the
water entrained in the near-field), removing plankton from
the inner box at the rate QC2 . In a steady state, water
must flow back into the inshore box at the same rate; a fraction
o« of this makeup flow is taken to come through the end-walls
of the box, with the original nearshore population-density
C: , and the remaining fraction (1-= comes through the
seaward wall with the new outer density Ca , so the net rate
at which plankton leave the inshore box because of SONGS is
given by QC2z -=¢QC: - (1-%9QCa . Some of the plankton driven
from the inner to the outer box are killed by ingestion or
entrainment. The fraction surviving is ~called B , and the
rate at which plankton enter the outer box in the discharged
and entrained water is BQCz . Water must also leave the outer
box at the rate Q@ , with population-density Ca, so the net
rate at which plankton enter the outer box because of SONGS
is B8QC2 - QCa

C-3




A mean longshore current in either direction with speed
S will bring plankton into the inner box at a rate HWSC:
and take plankton out of the box at a rate HWSC2 , so the
net transfer of plankton into the inner box due to the current
is HWS (C1-Cz2) i similarly, the net transfer into the outer
box due to the current is HW’S(Co-Ca)

With new terms added for the effects of SONGS and mean
current, and with dispersion terms specified in the same way

as before, the new balance for the inshore box is:

r2C2LHW - (LHKy/W)(Cz-Ca) + HW(4Kx/L + S)(Ci1~Cz2)

- Q[Cz-=C1-(1-=)Ca] = 0

For the outer box, the new balance is:
raCaLHW’ + (LHKy/W)(C2-Ca)
= (4HW’Kx /L’ + HW’S + HL’Ky/W')(Ca-Co)

+ Q(BC2-Ca) = 0 .

From these two new budget equations, we can estimate the
new densities Cz inshore and Ca offshore in terms of the
dimensions, diffusivities, and original densities, for different
cases corresponding to different ecological hypotheses about
the new net reproductive rates rz and ra . There are three
tractable cases that fairly well cover the range of likely
situations: V

1) Behavior-zoned plankton; this is the situation in which
both the <cross-shelf diffusivity Ky for organisms and the
original net reproductive rates ri and ro are small because
the plankton actually resist cross-shelf movement by some kind
of behavior. In the extreme, we set Ky and all the r’s
to zero, leaving only the terms involving Kx , S , and Q.

2) Net reproduction rates independent of density; in this
case, it 1is supposed that rz2 =r1 and ra = ro , so that
the new r’s are given by the original budget equations without
SONGS. This is an extreme case in which no losses or gains

of individuals are compensated to any degree by changes in

7 birthrate or mortality.
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3) Net reproduction rates inversely proportional to density;
this gives a constant net number of births and deaths in a

region per unit of time, regardless of changes in density.
This case is not strictly an extreme of compensation, since
r could formally change enough to keep density constant no
matter what else happened, but we can take it as a practical
near-extreme. (One set of runs of the shadow-effects model

used this hypothesis for birthrate alone, not for the net repro-
ductive rate.) Here we apply the hypothesis only to the inshore
box, setting r2C2 = riC: . For a nearshore species with
negative ro offshore dominated by mortality, it is not reasonable
to expect the mortality-rate to rise as density decreases,
so we keep the relation ra = rg in the offshore box.

With any of these hypotheses, it is a matter of straight-
forward algebra to substitute r’'s from the original budget
equations in the new budget equations and to reduce the new
equations to pairs of simultaneous equations in the unknown
ratios C1/Cz2 and Ca/Cz . Before setting out the results,
we will introduce some convenient notation:

Say Co/C1 =Y » an index of the degree to which a species
' is zoned across the shelf;

Ci/Cz = f , so the relative depression in nearshore
population density is given by

(C1-C2)/C1 =& =1 - 1/f ; say also

Ca/Cz = g , so the relative increase in offshore
density is given by

(Ca-Co)/Co = g/¥f - 1 ; recall also that

L is the fraction of the makeup flow to the inshore

box that comes from the nearshore zone through
the ends of the box, and

8 is the fraction of plankton transferred by the
discharge from the inner to the outer box that
survive the process.
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With this notation, and some simplifying assumptions,
we can write the pairs of simultaneous equations for the three

cases compactly as follows, with the equation for the inshore
box given first:

1) Behavior-zoning; all

r’s and Ky are zero; also assume
W= W

» approximately: then,

(T+9f + (1-°9g

T+1 , and

-¥Tf + (T+1)g = B s wWith

T=D+A , D= (4W/L)(HKx/Q) , A = WHS/Q

; raz = r. and ra = ro ; also

2) Density-independent r’'s
=W , and Kx = Ky , all approx-

assume L’/2 = L/2 = W?
imately: then,

(D’+A+<9f + (D’+1-s)g = D’(1+%) + A + 1 , and
=(2D’+A)¥f + {(2+1/%¥)D’+A+1l}g = B + D’ , with
D’= 2HKx/Q and A = WHS/Q .

3) Nearshore compensation; raCz = riCi and ra = ro ; also
assume L'/2 = L/2 = W’ =W, and Kx = Ky , all approx-
imately: then,

{D’(2-%¥)+A+e¢f + (D’+1l-=<)g = 2D’ + A + 1 , and
-(2D’+A)¥f + {(2+1/%)D’+A+1l}g = B + D’ , with

D’ and A as above.




The ratios of new densities with SONGS to original densities
that can be calculated from these pairs of equations are in
terms of the parameters o » B, and ¥ defined above, and
the new parameters D or D’ and A , which express the ratios
of dispersive and advective transports of water to the trans-
port Q resulting from discharge and entrainment by the SONGS
diffusers. The first case, behavior-zoning, 1is the simplest
to deal with, the least restricted by simplifying assumptions,
and probably the most realistic for strongly zoned nearshore
plankton. Before going into this case, though, we note some
common features of all three cases.

In the extreme of very large diffusivity, so that D or
D’ is very much greater than A ,%¥ , and 1 , all three cases
lead to the same result that f =1 and g =¥ ; that is,
Ca2 = C1 , Ca = Co , and all is as it was without SONGS.

In the other extreme of very small diffusivity and advec-
tion, so that D or D’ and A go to zero, all three cases
reduce to g = B and =xf+(l-=)g = 1 , with the result that
the relative decrease of nearshore density is

§ = (C1-C2)/Ci = (1-o9(1-B)/{1-(1-)8}
The result € = B means that the outer box ultimately fills

with discharged and entrained water with population density
BCz of plankton surviving the shocks of ingestion or entrain-

ment. The depression of density in the inner box depends first
on ot » the fraction of the makeup flow that enters the box
from the nearshore =zone with the original density C; . If
= = 1 , then & = 0 for any value of B ; if <= 0 , then
&= 1 » meaning that the wultimate inshore density Cz is

zero and no plankton survive in either box. The only excep-
tion .is if no plankton at all are killed by SONGS (B = 1),
in which case $ = o0 for any value of o ., For a single
intermediate example, take o = .3 and B = .75 , a value
corresponding to 100% ingestion mortality and 20% entrainment
mortality with an entrainment ratio of about 10 to 1 . These
values give S = .37 » showing that a moderate fraction of
makeup flow from alongshore can fairly well offset a high mor-
tality due to SONGS even in the complete absence of natural
dispersion. It is to be noted that the original zoning specified
by ¥ does not enter any of these extreme results.




To see what happens bat intermediate ratios of natural
transports to the SONGS-induced transport, we next consider

the first case of behavior-zoning in more detail. Solving
the two equations (T+9f + (1-o9g = T+1 and
-T¥f + (T+l)g = 8 for this case, as given by 1) above,

leads to the expression for the inshore depression of density
$=1-1/f as

§ = (1~ {(1-¥)T+(1-8)}/{(T+1)2(1-9 B}

This is hard to portray completely as a function of o,

B, ¥ , and T , so we will bracket the situation by plotting
results for B8 = 0 (all ingested and entrained plankton killed)
and for B8 = 1 (no plankton killed).

With B = 0 , we have

§/(1-59 = {1+(1-¥)T}/(T+1)2 ;
with B = 1, we have

§/(1-%) = (1-sT/{(T+1)2-(1-%)}

Figure 2 gives plots of these, showing for 8 = 0 the regions
on a log~log plot of T and ¥ in which & exceeds 0.3 for

various values of &« , and for B8 = 1 the regions on a semi-log
Plot of T and o in which & exceeds 0.3 for various values
of ¥ . In the worst case B = 0 , we see for strongly-zoned

nearshore plankton (¥ << 1) that depressions of density greater
than .3 will only occur when the transport-ratio T is less
than about 2 for the smallest values of o< , and only when
T 1is 1less than about 0.3 for values of o\ exceeding 0.6
For weakly-zoned plankton ( ¥ near 1) somewhat smaller values
of T are required for a given ot , but for strongly-zoned
offshore plankton (¥ >> 1) increases of inshore density (negative
§’'s) exceeding 0.3 can occur over a range of T around 2 ,
whose width increases with ¥ and decreases as o rises from
0 to 1

The plot with B8 =1 shows the effects of translocation
due to SONGS in the absence of any direct mortality from SONGS.
Here we see that ) exceeds 0.3 only when T is less than
1.5 and o< is less than 0.2 for any value of ¥ , and only
for T less than 0.3 and o 1less than 0.05 if <X exceeds
0.3. For unzoned species with ¥ =1, & is always zero,but
as % rises to several times 1 for strongly-zoned offshore
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species, relative increases of nearshore density (-&) of 0.3
or more become possible for increasingly wide ranges of T
and o<

Next we consider the situation with B8 = .75 (100% inges-—
tion mortality, 20% entrainment mortality, about 10 to 1 entrain-
ment), which approaches a realistic estimate from the low side.
Figure 3 shows contours of 3 on semi-log plots of T and
o , with B = .75 and ¥ taking the values 0 , 1 , and
3 . For strongly-zoned nearshore species, we find that things
do . not change much from the case with B = 0 : with ¥ = 0
it still requires T < 1.5 for the smallest &< and T < 0.3
for © > 0.33 to produce inshore depressions of density exceeding
0.3 . For weakly-zoned species, the survival of 75% of trans-
located plankton, rather than none, makes a good deal of diff-
erence: with ¥ = 1 é exceeds 0.3 only if T < 0.3 and
< < 0.2 . Offshore plankton with ¥ = 3 show increases in
nearshore density (-8) greater than 0.3 over the range of
T from 0.3 to 3 for any o less than about 0.33

For a quick 1look at changes in density in the outer box,
we examine the single case of T =1, B8 = .75 y <=0, and
tabulate the relative decrease inshore & and the relative
increase offshore (Ca-Co)/Co for a range of ¥

¥ 0.1 0.3 1.0 3.0 10.0
s .35 .29 .08 -.54 —2.7
(Ca=Co)/Co 2.8 .39 -.15 -.31 -.36

’

This table shows that the relative changes inshore and offshore
are comparable except when zonation is very strong either way.
With very strong zonation, the 1lower density is relatively
much increased by admixture of water from the other box.

Before summing up this mass of algebra, we must do something
wit@ the neglected cases 2) and 3) above, in'which the plankton
are taken to be passive and to be zoned because of different

net reproductive rates r in the inner and outer boxes. Case
2), we recall, was for no compensation through density-dependence
of r , and Case 3) was for strong compensation in the inshore
box but none in the outer box, where mortality was not expected
to rise as density fell. Since we have seen that the three
cases are the same in the one extreme of very high D or
D’ and in the other extreme of vanishing A and D or D?,

and since we have also seen that small values of o and ¥
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are wusually necessary to produce large 5-’5, it will be enough
for our purpose to compare the three cases with middling values
of the transport-ratios and the fixed values B = .75 ,

=0, and ¥ = 0

The order of magnitude of the advection-ratio A = WHS/Q
can be estimated, so A need not be left as a wandering para-

meter. With W about 2500m » H about 20m , S about

.03 m/sec (supposing that variations about the long-term mean

flow are taken into D or D’ ), and Q about 1000 m3/sec,
A comes out as 1.5, on the order of unity. By itself,

A is near the top of the range of T (the sum of D and

A ) for which deep depressions in nearshore density can occur
under any of the conditions we have looked at, so we now consider
only the ‘values 0 and 1 for D or D’.

With D or D’ set at 0 , A = 1 , and other conditions
as above, the equations for all three cases reduce to

f + g = 2 and 2g = .75 , giving & = .38 . With D or
D’ set at 1, the &°'s are .27 for Case 1), .10 for Case
2), and .04 for Case 3). Recalling that D = (4W/L) (HKx/Q)
and D’ = 2HKx/Q , we note that D’ is larger than D for
any given Kx if L 1is more than 2W , and is unlikely to
be smaller than D . This makes Case 1) the worst case in

the sense of producing the deepest depression of density for
a given Kx , other things being equal.

Now at long 1last, the conclusions to be drawn from this
model can be summarized in a short space, as a set of necessary
conditions for producing relative depressions of nearshore
density greater than 0.3

For weakly-zoned species, with Y not very far from 1 ,
D+A must be less than 1 in any circumstances. Over a plaus-
ible range for the survival-fraction .75 < 8 <1,

D+A must be less than 0.3 and the fraction of makeup flow

from the nearshore zone must be less than 0.2 .

For strongly-zoned nearshore species, with ¥ small relative
to 1 D+A must be less than 2 in any circumstances.
In the range .75 < B <1, D+A must be less than 1.5 and
o must be less than 0.4




It was noted above ‘that the advection-ratio A = WHS/Q
is on the order of 1 for a mean longshore drift current of

3 cm/sec, when all variations about this mean are taken into

D . Estimating A from the long-term mean current in this
way gives the smallest possible value, so A cannot fall an
order of magnitude below 1 except in a season for which the
mean drift is less than 1 cm/sec. With A not much less
than 1 , the conditions above mean that D must be much less
than 1 to depress the nearshore density of a weakly-zoned

species by 0.3 , and must be no more than 1 to do the same
for a strongly-zoned nearshore species.

We recall that D = (4W/L)(HKx/Q) . With Q about 1000
m3/sec, H about 20 m » and keeping our assumption that L
is about 2W , we come out with Kx about 25D m2/sec, or a

few times D x 105 cm2/sec, or a few times D km2 /day. In
terms of Kx , the condition for a depression deeper than 0.3
is that Kx must be less than 105 cm2/sec or 1 km2/day for

a weakly-zoned species and less than a few times this for a
strongly-zoned nearshore species.

Offshore species with very strong zoning can show relative
increases ,0f nearshore density of 0.3 or more over a wide range

of D+A centered around l . For moderately strong zoning
(¥ = 3), D+A must be less than 5 , and o must be less than
0.5

This is an order-of-magnitude model full of approximations,
so it is right to consider the force of these conclusions.
If D+A is estimated to be two orders of magnitude above the
largest value with which the model can explain a statistic-
ally-established depression of density, there is definite dis-
agreement giving strong reason to question the estimate of

D+A or the statistical basis of the depression in density
(or to look for serious omissions or misconceptions in the
model). If the estimated D+A is one order of magnitude too

high, there is marginal disagreement, suggesting that the data
and analyses should be checked and prerhaps that more precise
modelling should be considered. If estimated D+A 1is only
a few times too high, the discrepancy can reasonably be ascribed
to the imprecision of the model, without bringing the other
data or analyses into question.

C-11




Lapoy xog-om) T-D aunbiy




*S}0jd 4nojuo)n 2-) 9unby 4

13

C

o) s &

d

T [ " L : ] (o )

:.E...,.
- o=
) = m\ Yo ...x.mml. 40 G UNOYNOD




G/* = ¢ 404 ¢ O sanojuoy €7D aanb | 4

_ ! A\
B BN ‘ N
= Ly | .ﬂ./,

- o
L'y)
(a3
«

St




APPENDIX D

FINAL REPORT OF THE
SHADOW EFFECTS SIMULATION PROJECT

Prepared by:

Daniel Goodman :
Scripps Institution of Oceanography
la Jolla, Californmia 92093

For:

MARINE REVIEW COMMITTEE
533 Stevens Avenue, Suite E-36
Solana Beach, California 92075

December 28, 1981

MRC Doc. 81-06




TABLE OF CONTENTS

SUMMARY OF REPORT ON SHADOW EFFECTS SIMULATION PROJECT......... 1
INTRODUCTION.......

STATEMENT OF THE PROBLEM..... et c ettt ettt ;..........f;.9
STRUCTURE OF THE SHADOW EFFECTS MODEL...... Cetecnseneenceaanan 12
INTERFACE OF, THE SHADOW MODEL AND ,THE WATERFLOW SIMULATOR..... 22
SUMMARY OF PROCESSES AS REPRESENTEDllN THE SHADOW MODEL....... 29
INSTRUCTIONS FOR OPERATION OF THE SHADOW EFFECTS MODEL........ 35
STRUCTURE OF THE MORTALITY CALIBRATION PROGRAM.........0...... 42
INSTRUCTIONS FOR OPERATION OF THE CALIBRATION PROGRAM........ .51

LISTING CF THE SHADOW EFFECTS SIMULATION PROGRAM......Appendix 1

LISTING OF THE MORTALITY CALIBRATION PROGRAM..........Appendix 2




SUMMARY OF REPORT ON SHADOW EFFECTS SIMULATION MODELING PROJECT

**'k***********k************************************************

OBJECTIVE 1l: SIMULATE DEVELOPMENT OF DEPRESSIONS IN ZOOPLANKTON

POPULATIONS OWING TO OPERATION OF SAN ONOFRE NUCLEAR
GENERATING STATION COOLING SYSTEM

Three imposed mortality sources in addition to natural
mortality: intake primary entrainment mortality,, discharge

secondary entrainment shear mortality, and dislocation
mortality.

* Model simulates development of depressions over space
and time.

APPROACH:

* Three dimensional spatial grid.

* Passive horizontal transport by currents and power plant
field.

* Age stratified population model.
Age and position specific natural mortality rates.

Birth rates constant (complete compensation, or proporticnal
to population size (density independent).

* Active vertical migration of organisms.

* Natural mortality rates adjusted to reproduce observed
population distribution and structure under ambient
conditions.

* Waterflow components due to currents and due to power
plant field supplied by Marine Review Committee waterflow
simulator.

ACCOMPLISHMENTS:

* Construction, debugging and validation of basic simulation
model. '

* Construction, debugging and validation of mortality rate
calibration program.

* Formal interfacing of the Marine Review Commit:e waterflow
simulator and the Shadow Effects model.
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REPORTING:

*

Natural mortality rates calibrated for Metamysidoposis

elongata ages 29-99 days, and Seriphus politus, ages 1-60
days.

Model indicates rapid development of population depressions
on order of 30 to 60% within a few kilometers of the power
plant, owing to both sources of entrainment mortality, and
with pefect compensation of the birth rate, but without
incorporation of the effects of dislocation mortality.

Depressions on order of 10 to 20% indicated for much grzater
distances under the same conditions.

July 15, 1980. Report to the Marine Review Committee:
Shadow effects model, program deveslopment and implementation.

***************‘*******************************************************

CBJECTIVE

*

APPROACH:

*

2: CROSS CHECK EQUIVALENT FISH LOSS CALCULATION

Need to modify Shadow Model and mortality calibration for
special runs intended to previde calculation of equivalent
fish loss that could be compared with same quantity
calculated in a differ=nt manner, using Encounter Model,
by Marine Ecological consultants.

Encounter model, developed in separate program of Marine
Review Committee, computes fish loss in units of equivalent
adults. This age range is beyond data availabilityvy for
calibration of natural mortality rates as done in the version
of Shadow Model employed for Objective 1.

Equivalent fish loss calculation returns number for total
loss rather than a spatial distribution of loss.

Extrapolate natural mortality rates calibrated for age
classes 1-60 to age classes 91-105.

Adjust extrapolated natural mortality rate schedule so as

to conform to an empirical survivorship curve based on a
modified negative Gompertz curve previously obtained from
analysis of age distributions without correcting for water
motions

(Barnett, et al., Apr 1980. Predicted larval fish losses *~
SONGS units 1, 2 and 3 and preliminary estimates in terms of
equivalent forage fish. Report to Marine Review Committee)
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* Integrate losses over total area, and over ar=sa enclosed
within the 15% depression contour:; and computs instantaneous
rates of kill at the power plant structures.

ACCCOMPI.ISEMENTS:

* Mortality rate extrapolation routines constructed, debugged
and validated.

Shadow Mcéel modifications incorporated, debugged and
validated.

RESULTS:

Model indicates rapid development of population depressions
on order of 25% for age classes 91-105 days within a few

kilometers of the power plant, owing to the primary entrainment
mortality alone.

Population depression on order of 15% indicated for much

greater area, extending several tens of kilimeters longshore
under the same conditions.

Total kill compared to the equivalent fish losses as computad
by Marine Ecological Consultants.

REPORTING:

* Dec 14, 1980. Memo: Shadow Effects Plankton Model used to
estimate loss of fish adult equivalents.

********************************************************************:k***

OBJECTIVE 3: SENSITIVITY ANALYSIS OF SHADOW EFFECTS MODEL
* Needed to demonstrate that results reported were robust to
modest changes in currents and mixing rates.

APPROACH:
* Artifically modify current velocities and mixing rates in
test sequsences of transition matrices.
* Input modified current and mixing regimes to test runs of
the Shadow Effects Model.
ACCOMPLISHMENTS:

* Programs for operator specified modification of current

velocities and mixing rates were constructed, debugged and
validated.
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RESULTS:

REPORTING:

* Population depression owing to primary intake mortality or

Secondary discharge intrainment mortality was not sensitive
to changes in currents and mixing rates.

* Aug 15, 1980. Interim report on plankton population

depressions predicted by the Shadow Effects Model.

*************************************************************************

OBJECTIVE 4: EVALUATE ALTERNATIVE GENERATION OF ALTERNATIVE

APPROACH:

RESULTS:

* -

TRANSITICN MATRICES DIRECTLY FROM CURRENT METER RECORDS

Mixing rates obtained from the Marine Review Committee
waterflow simulator output were initially too high, so these
were adjusted downward in the transition matrices employed

in running the Shadow Model for Objectives 1 and 2, but
this adjustment was ad hoc.

Long wavelength coherency implied by repetition of water
flow pattern over many tens of kilometers of coastline
in the Shadow Model came under question.

Simulate ambient waterflow transitions in Shadow Model
grid system directly from current meter data. '

Compute power plant flow field using Marine Review Committee
waterflow simulator with zero current

Create new transition matrices by adding power plant flow
field to ambient flow field.

No direct correction for continuity.
No imposition of theoretically calculated diffusion.

Compare results of simulation runs using new transition
matrices in Shadow Model with runs obtained under the
transition matrices employed in Objectives 1 and 2.

Directly computed transition matrices obtained in this
manner proved inferior to the transition matrices
employed for Objective 1 and 2.

Review Committee waterflow simulator.
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* Simulated cross-shelf mixing rates excessive.
* Continuity problems worse than before.

REPORTING:

* Oct 13, 1980. Memo: Technical details of generation
of the new transition matrices.




[ — [ T——

[g—— |

INTRODUCTION

Pursuant to a work statement agreed upon by the Marine
Review Committe and Dr. Daniel Goodman of Scripps Institution of
Oceancgrapny, a model was produced that will simulate formation

of depressions of plankton populations as a conseguence of

operation of unit 1 or of units 1, 2 and 3 of the San Onofre

Nuclear Generating Station.

Three types of information went into the model, and these
were received from differen: sources. The data concerning abundances
of various size classes and age classes of the organisms of interest
were provided by Marine Ecological Consultants. A set of numbers
representing a time sequence of water movements off San Onofre
was provided by the Marine Review Committee, as an output of their
waterflow simulator. The demographic model simulating population
growth, death, and movement, was constructed by Drs. Goodman and
Gerrodette. Finally, all three components were incoporated into
the Shadow Effects Simulation Model by Drs. Goodman and Gerodette.

Three biological populations were modeled. These were larval
queenfish (Seriphus politus), juvenile queenfish} and days 29-99
in the life cycle of a mysid shrimp (Metamysidopsis elongata). The
current regime employed was computed from current meter records for
a two week period of fast currents (often exceeding 12 cm/sec) in
April 1979. Two approaches were taken modeling water motion on the

basis of these current meter data.
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The results indicated the rapid formation of population'
depressions the intensity of which, in terms of a per cent
reduction from the normal population ‘density, for a radius of
a few kilometers around the power plant, was 50% for late larval
(60 day) Seriphus and 60% for adult Mysids. Lesser effects (but
exceeding 20% reduction) extended for tens of kilometers downcurrent
from the plant. These predicted reductions, if correct, are
significant to the productivity of the coastai ecosystem, but owing
to the inherent variability of planktonic sampling, this depression
may not be statistically detectable under certain imaginable

monitoring programs.

These results are based on model runs where only two out
of three sources of mortality were operating (ingestion and
shear, but not dislocation), so, to this extent, the predicted

population depression is a conservative underestimate.

The original data tapes, and the original Fortran code for
the Shadqow Effects Model are on file with the Marine Review
Committee. In this report, we discuss the background to the
problem, describe the operation and validation of the Shadow
Effects Simulation itself, and briefly present the major results.
More detailed descriptions of the results of the various subprojects
are to be found in the four reports and memos associated with
the four principal project objectives, as listed in the outline at
the beginning of the present document. The purpose of the present

report is to provide an overview of the entire project, and to
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explain thoroughly the actual functioning of the Shadow Model.

The four

July 15, 1980.

Aug

Oct

Dec

‘15,

13,

14,

1980.

1980.

1980.

reports and memos are

Report to the Marine Review Committee: Shadow

Effects Model, program development and implementation.
Interim report on plankton population depressions
predicted by the Shadow Effects Model.

Technical details of generation of the new transition

matrices.

Shadow Effects Model used to estimate loss of fish

adult equivalents.
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STATEMENT OF THE PROBLEM

Concommitant with the operation of the once-through cooling
system of the new units of the San Onofre Nuclear Generating
Station, we expect three direct forms of increased mortality to
operate at the population level on affected plantonic organisms.
The three sources are (l) intake entrainment, wherein we assume
that all ingested organisms are killed, (2) discharge entrainment
shear mortality, wherein we assume that a fraction of the organisms
secondarily entrained in the dischargeijets suffer mechanical
injury, and (3).dislocation mértality, wherein we assume that the
discharge plume will carry some inshore organisms to offshore
locations where their natural mortality rate is higher than it

would be in their normal inshore habitat.

Obviously, the dislocation mortality (3) can only be assessed
in a spatially structured model. The two forms of entrainment model
could be treated in a very rudimentary way in a model that did not
involve explicit spatial effects, but this would only represent the

first transient kills, and not the equilibrium kill.

Given assumptions about the correct fraction for discharge
entrainment mortality (i.e., what fraction of the éecondarily
entrained organisms are actually killed in the process), the initial
rate at which the power plant will kill organisms via mechanisms
(1) and (2) involves only a simple book-keeping calculation of

the volume of water entrained per unit time. Ultimately, however,
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the population at risk will itself be reduced due to the prior
imposed mortality, and so theAnumber of individuals killed per
unit time in this re-entrained water will be a lesser number.

The same mixing processes which control re-entrainment will also
govern the geometry of the population depression, for the sﬁadow
creatad in the wake of the entrainment mortality will be
distributed over a considerable area, at the pefiphery of which
the population is replenished by diffusion-like mixing from areas

beyond the reach of the power plant.

Therefore, in order to predict the ultimate rate at which
entrainment will be killing planktonic organisms, or to predict
the extent and intensity of the éhsuing population depression,
or to gain some insight into the possible process of dislocation
mortality, it became necessary to construct a relatively
complicated spatially structured model, which keeps track of the
population density at each position, and moves organisms from
position to position, as well as representing birth and death
processes at each position. To this end, we developed the Shadow

Effects Simulation model as a three dimensional compartment model.

The lateral movements of plankton in the model are governed by
an input generated by the Marine Review Committee's Waterflow
simulator. The position specific natural mortality rates which
establish the potential for a dislocation mortality effect, were
obtained from a special calibration program which iteratively

fits mortality rates that will reproduce, as closely as possible,‘
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the‘observed distribution of the various age classes in the
population along an on-offshore gradient, when used in simulations
employing the same waterflow regime as drives the Shadow Model
itself. The observed distribution of overall abundances, and the
relative abundances of age classes, used in the calibration, as
well as for initializing the populations in the Shadow Effects

simulation, were provided by Marine Ecological Consultants.
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STRUCTURE OF THE SHADOW EFFECTS MODEL

Space

The model treats the region as a three dimensional volume,
divided into cubical compartments or cells. Each cell has its
own positiog in terms of depth, offshors position and longshore
position. There are processes in the model, such as birth and
death, which take place within cells. With respect to these
processes, each cell is treated as if it contained its own
isolated population. Within the cell, the model does not recognize
any spatial structure, so it is as if each cell represents are
perfectly mixed tank. Transport processes in the model take
place between cells. It is this combination of procésses restricted
to particular positions, and processes moving organisms from
one position to the next, that gives the model its spatial
structure. Thus some of the mortality rates, for example, may
be position specific: the cells which correspond in position to
places where there are diffusers or intakes have mortality rates

which of course include the effects of the fraction of that

- cell's volume which will be entrained in a unit time; and

the inshore and offshore cells can have different natural mortaltiy
rates also, in order to represent habitat differences which are

reflected in observed distributional patterns.
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The basic spatial unit, in the horizontal, is a cell which
is one kilometer in the offshore and two kilometers in longshore
span. The water column is subdivided vertically into three depths
which correspond to the positioning of the Marine Review Committee's
current meters: 0-6m, 6-15m, and l15m-bottom. Thus, the volume
enclosed within a particular cell depends on its depth, and for
the bottom layer of cells, the volume increases with distance
offshore, for the water depth incrsases by about 10m with each
km offshore. The inshore most row of cells consists only of the
0-6m layer. The next row offshore, corresponding to 1-2km offshore,
consists of the top layer and the 6-15m middle layer. At the third
row offshore, corresponding to 2-3 km offshore, the bottom layer of

cells is added, representing at this position the 15-25m depth.

The cells are organized into mecdules, each of which forms a
grid 20 km longshore (10 cells lbng) and 10 km offshore (10 cells
wide); and consists in the vertical of a stack of three layers.
Thus each module requires a computer array of 300 elements for
each category of its contents. For example, if there are 5 age
classes in the model, the module must store 1,500 elementé. The
modules formed the basic uﬁit of storage in computer memory, with
entire modules being read off disk, and written back to disk, as

needed.

Grid modules may be strung together in the longshore
dimension, in order to vary the longshore size of the simulated

area. Thus, a simulation involving 5 modules represents a
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100 km stretch of coast. The linking transport from cells in
cne module to the next was accomplished with an internal temporary
buffer that stored the contents of the extreme longhsore columns

of cells, to preserve continuity as that module was read into or

out of memory.

Continuity at the offshore boundary of the grid was maintained
via a permanent offshore buffer, which operated as an infinite
source-sink. Thus the offshore off-grid regiop always contained a
population whose vertical distribution and age distribution and
abundances exactly matched the initial reference population.
Diffusion or advection from this region always brought in water
containing populations with this composition, whereas diffusion or
advection into this region did not influmence the composition of
its contents. At the upshore and downshore extremes of the sequence
of modules, permananent buffers of this same nature also'serve as
infinite source-sinks, preserving vertical, on-offshore, age and
abundance distributions of the initial reference population..The
rate of transfer in and out of these off-grid regions is governed
by the same waterflow mechanisms as operate inside the grid,
with continuity constraints on waterflow that will be described

in the fdllowing section.
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Motion

Two forces move organisms within the grid. Lateral motion,
representing advection and eddy diffusivity, is determined by a
sequence of matrices of position and direction’specific transition
probabilities, that will be desribed in the next section. Vertical
motion is determined by a reference vector thch stipulates the
fraction of the population that should be found at each of the

three depths at that on-offshore position.

It was assumed that plankton are subject to totally passive
transport in the horizontal. This assumption could be varied, and
indeed there is some evidence suggesting reasonable ranges of
assumptions that might be made for Mysids, which exhibit some
ﬁendency to maintain their position in the face of slow currents,

but which are swept along by rapid currents.

Time

There are four time scales relevant to the workings of the
model. The shortest is the simulation's time step. This corresponds
to the interval for calculation of lateral motion, vertical
redistributioh, natural age and position specific mortality, and
direct entrainent mortality. Thus, the shortest temporal loop in
the Fortran code accomplishes all of those processes once per pass

through the loop. In the runs presented in this report, this time

step represents 2 2/3 real hours.
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The second shortest time scale was a daily cycle. This éycle
determined whether it was day or night in the model. On every
transition from day to night dr night to day, the vertical
distribution vector was rasvised accordingly for those oréanisms

which had different vertical distributions for day and night.

The second longest time scale was the age interval. The age
intervals used were 15 days for Seriphus and 14 days for the
Mysids. At the end of each segment of time corresponding to an
age interval, all organisms "alive" in the model were advanced one
age class. Then the individuals became subject to the natural

mortality rates and vertical distribution vectors for their new

~age classes for the duration of the age interval, at the end of

which time the survivors would again advance one age class.

The longest time scale was simply the span of the record of
transition matrices used to accomplish motion from cell to cell in
the grid. The length of this sequence was determined by a budgetary
decison based on the quitzs substantial cost of running the Marine
Review Committee waterflow simulator. For Shadow Effects
simulations of longer duration than the sequence of transition
matrices, the sequence of transition matrices was simply repeated
(i,e., "wrapped around"), in the same order as before, as many

times as needed.

The runs presented here went for 14 days of physical

corfespondence beween time in the Shadow Effects Model and time in
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the sequence of transition maﬁrices. It was thought that a 14;day
segment of the tidal cycle was appropriate to minimize distortion

in the frequency distribution of types of motion, owing to wrap
around of the sequence of transition matrices. However, no empirical
examination was made of the possible bias attendant upon limiting

the sample of advective events to a 14 day span.

The current data were drawn from the period of noon on
April 12 to noon on April 27, 1979. This was a time of fast

currents--often exceeding 12 cm/sec.
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Mortality Rates

There were two sorts of entrainment mortality. The primary
entrainment was due to ingestion in the intake water. We took it
for granted that all ingested organisms were killed in the
process. There was less certainty regarding mortality in the
secondarily en;rained water that was entrained at the discharge
Jets. A number of values were used, ranging from 20% to zero. Even
larger values, for example 50% mortality, were suggested to us as
plausible figures for the shear mortality associated with
secondary entrainment. In the absence of consensus in this matter,

all we could do was present the results obtained with a spectrum

of wvalues.

" Natural mortality rates were not varied in a direct,
deliberate way. Instead, pcsition specific values for natural
mortality were arrived at on the basis of a calculation which
depended upon the transition matrices supplied by the Marine
Review Committee, the age class and abundahce distribution data
supplied by Marine Ecologiqal Consultants, and on the assumption
of passive transport of the plankton. The calculation itself will

be described in a later section.
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Density Dependence

We built into the Shadow Effects Model two options
controling the birth rate. One was for the population (absolute)
birth rate to be a constant that did not deéend on the pooulation
size or composition. The other was for the population birth rate
to be proportional to the adult population size at that position.
0ddly enough, it is the former that corresponds to what is
technically termed density dependence in population biology,

whereas the latter corresponds to density independence.

We can understand this in the following way. If the absolute
birth rate does not depend in any wéy on the population size, then
the per capita birth rate must be inversely porporticnal to the
adult population density, for we would have a constant numerator
(the absolute birth rate) and a denominator tbat was itself the
deﬁsity measure. The density dependence function would»describe a
hyperbola; and since the population birth rate remains constant,
what we are actually dealing with would be a case of perfect
compensation., Perfect compensation cannot be reélistic, as the
births have to come from somewhere, so to this extent simulations
which use the constant birth rate option must underestimate the
actual ﬁopulation depression, since ﬁhey will overestimate.the

per capita birth rate in places where the population is reduced.

The option of having the absolute number of births

proportional to the adult population size results in the

-
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per capita birth rate being constant. In this situation the

numerator is proportional to the denominator, so the ratio does

not change.

On reflection, the constant birth rate option seems ﬁhe
best starting point for simulations with Seriphus, since it was
thought that the action of the powar plant cooling system would
not immediately affect the adult Queenfish population density,
and since the adult population from a considerable distance away
could plausibly contribute to a relatively constant "rain" of
eggs, regardlgss of local conditions. The constant birth rate
option seemed less realistic for the Mysids, the populations of

which are probably more local in character.

In the actual event, we never implemented the genuinely
density independent option in simulation runs requested by the
Marine Review Committee, fcr we were directed to concentrate on
the Queenfish. The population data on Mysids, supplied by Marine
Ecological Consultants, did not allow us to model directly the
mortality rates of the youngest age classes. These smallest
individuals apparently live, near the bottom, so near shore that
they are beyond the reach of the sampling gear.'Accordingly, our
preliminary model for Mysids begins with age 29 days, and so
rather than a birth rate, we were dealing with a rate of
appearence of an intermediate age class. Even so, the constant
rate of appearance of this age class still must be an

overestimate, so it would be well to keep in mind for future work
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that there is another option to be explored in the model for

Mysids.
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INTERFACE OF SHADOW MODEL AND THE WATERFLOW SIMULATOR

The transition matrices used for driving horizontal
transport in the Shadow Effects Model were generated by the
Marine Review Committee's waterflow simulator. We did not
investigate the workings of the waterflow simulator itself.
Rather, our requirements for transition matrices were simply
presented to the Marine Review Committee and ﬁhe matrices were
calculated as per our directions. Later, when some questions did
arise concerning the functioning of the waterflow simulator we

did a parallel study, which is described in a following section

of this report.

The transition matrices desired for use in the Shadow
Effects Model consist of tabulations of the fraction of the water
in a given cell that moves into each adjoining cell. This number
would have to be recorded for each cell in the grid at every time
step in the simulation. Accordingly, a grid corresponding to the
geometry of the grid of the Shadow Effects Model was incorporated
into a spatial representation in the coordinate system of the
Marine Review Committee's waterflow simulator. Then, at each

time step, a large number of "particles" were initiated at

" random positions in the grid. The trajectory of each particle

was followed over the course of a time span corresponding to one
time step of the Shadow Effects Model. At the end of this time
step, each cell in the grid was evaluated, as a source and as a

sink, by racording what fraction of the particles which originatead
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in it had moved to each adjoining cell.These fractions then
became the respective transition probabilities, for that time
step. The duration of a time step was short enough,that hardly

any trajectories crossed more than one cell.

Clearly, proper behavior of the transition matrices would
depend both on proper behavior of the waterflow simulator and on
using a sufficient number of particles for adequate sampling in
the process of generating the matrices in the above described

Monte Carlo simulation. Some necessary properties could be

enforced after the fact.

Since each cell in the grid has in general -eight
neighbors (including null cells to represent the shore line),
there are nine transitions per cell, counting the fraction that
remains behind. By construction, all nine of these transition
probabilities summed to one, imposing a conservation constraint
on the amount of water leaving a cell or staying behind. But this
- did not-constrain the sum of the amount of water entering a given
cell from all of its neighbors. For that, we simply relied upon
the continuity properties of the Marine Review Committes's
waterflow simulator, which in fact was not equal to the task, and
SO some eccentricities in behavior ensued, with water piling up
unreasonably in some places, and running away from other places.
This problem was detected early in the project, but it was
decided that the modifications to the Marine Review Committee's

waterflow simulator that would be necessary to rectify the
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continuity failures were too extensive to be undertaken
simultaneously. A proposal for that modification is on file with
the Marine Review Committee ("A method for generating a

seasonal nearshore San Onofre current regime." Hans Kaspar.

5/23/81).

For purposes o% the Shadow Effscts project, the faulty
transition matrices had to be used, so modifications were made to
the Shadow Effects Model to cancel out the effects of continuity
failures, wherever possible. These modifications were successful
as regards simulation of the geometry of the population
depression caused by primary and secondary entrainment mortality.
However, no satisfactory way was found to assess dislocation
mortality effects with the faulty transition matrices. Since the
capability for modeling dislocation mortality effects has been
built into the Shadow Model, that too should be investigated in
some future study, either by correcting the waterflow simular
for its continuity’properties or by §ost—processing of the
output of the waterflow simulator to enforce continuity in the
transition matrices. The latter approach will require some

consensus as to what the resulting mixing rates should be.

Without representation of the effects of disiocation mortality,
our predictions regarding population depressions are necessarily
biased downward. That is to say, under the present set of
modifications, we argue that the Shadow Model reliably represents

the effects of primary and secondary entrainment mortality, whereas
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dislocation mortality is omitted altogether, so the results are
necessarily conservative in the dirsction of underestimating the

severity of the population depression.

The theory of the modification to the Shadow Model for
cancelling the effects of continuiiy failure is as follows.
Transition matrices.wefe generated with the watsrflow simulator
set to ambient conditions (corresponding to power plant off)
and with the power plant unit 1 only, and with all 3 units on.
The o;iginal intention in the Shadow Model (and the correct
way to proceed) was to compare plant off simulations (ambient)
with simulations with 1 or 3 units on. The population depression
would then be measured as the difference between the population
maps at the end of the two respective simulations. However, the
continuity problems caused the resultant maps to be excessively
"lumpy,"” which made interpretation very difficult. That is,
there were large local peaks and valleys in the population that
were due entirely to properties of the waterflow simulator, and
that had nothing to do with power plant induced mortality

(though there was an overall depreésion produced in any case).

In order to remove these spurious peaks and valleys, a
simulation with the power plant on, but with the entrainment
mortality rates set to zero, was substituted for the plant-off
simulation in the above comparison. Since both sets of
simulations would now be utilizing exactly the same set of

transition matrices, the discontinuities then cancel exactly, and
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the only thing contributing to the observed map of differences is
the mortality attributable +o primary and secondary discharge

entrainment. Since the redistributional effects of the plume are

'present in both simulations, the effects of dislocation cancel

also, so we must stress that the results presented herein are an
underastimate of the population depression. They represent only
primary and secondary entrainment mortality, and do not include
dislocation mortality. Our best understandihg is thag no other

error was introduced by this modification.

Some of the problems encountered with the transition
matrices computed with the Marine Review Committee's waterflow
simulator were the results of sampling phenomena, as the
waterflow simulator treats the trajectories of discrete
"particles," ana the cost of operation of the waterflow simulator
restricted the number of trajectories which could be included
in the statistics. Some of the problems ofiginated in the
failure of the waterflow simulator itself to incorporate
continuity constraints. Those problems which resulted in known
quantities having the wrong values were readily corrected,
after the fact, by post-processing of the transition matrices

before we used them in the Shadow Effects Simulator.

Post-processing of the transition matrices adjusted the
volume of intake entrainment and discharge entrainment per unit.
time, until these matched the correct values supplied

independently by the Marine Review Committee. Identification of
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the discharge plume was made éossible by subtracting plant-off
from plant-on transition matrices, but this often was confounded
by the "lumpy" topography resulting from the continuity failures,
so no attempts were made to adjust the far field properties of

the plume to any specific geometry or velocity.

Post-processing of the transition matrices also enforced
certain constraints at the boundaries of the grid. The Shadow
Effects Model itself exactly balanced the amount of water locally
entering the offshore buffer with an amount locally returned to
the grid from the offshore buffer. The overall continuity at the
longshore extremes was accomplished via a wrap around. Water (but
not organisms) leaving at one longshore extreme of the grid was
exactly balanced by the amount entering at the same depth and
offshore position at the cpposite longshore extreme of the grid.
These constraints at the boundaries ressulted in the total amount
of water in the grid remaining constant, even thouéh this obvious

continuity property was violated by individual cells.

One final post-processing step before use of the transition
matrices as received from fhe Marine Review Committee was an
adjustment of the on-offshore mixing rate. This rate was
unrealistically inflated by the same discontinuity problems which
caused water to pile up in peaks and retreat from holes. Since
the mixing rate was important to the geometry of the population
depression, and since it played a role in the calibration of

natural mortality rates (to be explained in a later section), we
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elected to reduce all the on-offshore transitions proportionatealy
by the application of a simple scale factor, until the mixing
rate seemed right, as judged from the rate of spread of a
simulated dye patch in the Shadow Model. The longshore transition

components were not tampered with in this adjustment.

The value for the scale factor which gave rise to a
satisfactory effective mixing rate was 0.l1. This resultad in a patch,
initiated in one grid cell, spreading to an extent that after 2 days
the 10% concentration contour spanned 2 Xm cross-shelf, the 1%

contour spanned 3.5 km, and the 0.1% contour spanned 5 km.

Sensitivity studies showed that the population depressions
owing to intake and discharge mortality were nof much affected
by differences of less than an order of magnitude in the scale
factor. Over an eight-fold range of on-offshore mixiné, the deepest
point of the depression varied over a range of plus or minus 12% of
the central value, with or without recalibration of the mortality
rates, in test runs evaluating mortality due only to primary and
secondary entrainment. We concluded, therefore; that precise
adjustment of the on-offshore mixing rate was not critical to the
results obtained from the modified version of the Shadow Effects Model.
Doubtless this adjustment would have been of greater import to the
dislocation mortality, but this was, in any case cancelled out of the
runs repofted here (in the course of the modifications which we found
necessary for smoothing out the peaks and valleys caused by failures

of continuity in the Marine Review Committee's waterflow simulator).
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SUMMARY OF PROCESSES AS RERPESENTED IN THE SHADOW EFFECTS MODEL

The model computes all quantities separately for each
cell. The actual shadow, or population depression, is a
pattern that emerges in the relative abundances in the entire
array of cells. The mathematical representations of the

various processes themselves are very simple.

Advective andvdiffusive transport move a fraction of the
cbntgnts of one cell to another, with the fractions being
determined by the time and position specific numbers stored in
the transition matrices. The advective and diffusive transport is
all horizontal. Vertical transport is merely a vertical
redistribution of the individuals ir each column consisting of
the three cells (in a vertical stack) at any one longshore-

cffshore position, so that the appropriate fraction is then at

each depth.

Naturai mortality removes from each cell a fraction
of the individuals.in each age class, with the fraction being
age and position specific, but not time specific. The entrainment
mortality imposed by the power plant removes a fraction of the
individuals in each cell containing an intake or discharge
structure, with the fraction removed being proportional to
the fraction of the volume of the cell that is ingested or
secondarily entrained per unit time step, and the proportionality

constant is the intake mortality (100%) or shear mortality

-
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(values between 0 and 20% were used), respectively. Removing
the individuals at the intake is equivalent to having the
appropriate amount of water, with organisms, enter the intake,

and then having the same amount of water reappear, only without

organisms, at the discharge.

Ageing is accomplished by moving individuals from one age
class to the next; and births (with perfect compensation) are
represented simply by adding a constant number of individuals in

age class one, with the number depending on the distance offshore

and the depth.

The algebraic representations, given in Fortran notation so
that the equal sign is a replacement operator and not a statement
of equivalence, are as follows:

A, Start of short time scale iteration

Horizontal transport

~Move organisms out of cell, with the water movement
N=N-E

where N is the number of individuals in the cell,
and E is the number of emigrants owing to advection

and diffusion. E is given by
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where F is the fraction of the cell's volume transported
in that direction, as given by the entry in the

transition matrix for that position, direction, and

time.

-Move organisms into the cell, with the water movement

N=N+I

where I is the number of immigrants owing to advection
and diffusion. I is calculated as the sum of the
emigrants from all 8 surrounding cells which were

moved in directions corresponding to entering this

cell.
Vertical transport

-In each horizontal (x,y) position, redistribute organisms over
the three depths so that the distribution conforms to a specified

patterh appropriate for that species, at that distance offshore,

at that time of day.

N(1)=P(1l)*N
N(2)=P(2)*N

N(3)=P(3)*N
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where N(i) is the number of individuals at depth 1i;
P(i) is the proportion that should appear at depth i;

and N is the total number of individuals summed over

all depths in the stack of 3 cells at that position

(longshore and offshore).

Natural mortality

~Remove a specified fraction of the individuals in each cell,

witn the fraction removed being determined by species, age, and

. position offshore.
N(3)=N(F)*[1-M(3j,k)]

where M(j,k) is the natural mortality for age class j
at offshore distance k; and N(j) is the number of

individuals of age j in that cell.

Entrainment mortality

=In those cells which include an intake or discharge structure,
remove a fraction of the individuals in proportion to the fraction
of the volume of the cell that is ingested or entrained. For
ingestion, the proportion is one; for secondary entrainment

mortality, the proportion is an externally specified shear

mortality rate.




N=N*(1-R)

N=N*(1-5*Q)

whers N is the number of individuals of that age class

.in the cell, R is the fraction of the cell's volume

that gets ingested in one time step, Q is the fraction

of the cell's volume that gets secondarily entrained

in one time step, and S is the shear mortality rate.

This marks the end of cne short time scale iteration.

Start of long %time scale iterationr

When the model has completed a number of short
iterations egquivalent to cne age interval, the

are added before resuming the short time scale
. ®
Ageing

—advance the age of each individual by one age

N(§+1)=N(3)

time scale
following steps

iterations:

class.

were N(j) is the number of individuals in age class j

in that cell.
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Births

-add a position specific number of new individuals to age class one
N(1)=B(i,k)

where N(1l) is the number of individuals in age
class one in that cell, and B(i,k) is the birth rate

, associated with depth i and offshore distance k.

This marks the end of the long time scale iteration. Here the model

returns to the short time scale iterations.




INSTRUCTIONS FOR THE OPERATION OF THE SHADOW EFFECTS MODEL

General description

The shadow effects model is a compartment model designed
to simulate the reduction in marine planktonic populations due to
the operation of the San Onofre Nuclear Generating Station. It
combines data on natural distribution and mortality rates of
planktonic populations with information on water movement, both
in the vicinity of the power plant and far frém.its influence. The
output of the model is a map showing the percentage reduction in

planktonic populations within each compartment.

Each compartment or cell is 2 km in the longshore
direction and 1 km in the offshore direction. There are 3 depth
layers: 0-6 m, 6-15 m, and 15 m to the bottom. In order to use the
computer efficiently, the coastline is broken up into several
modules, each module being 10 x 10 cells (i.e., 20 km in the
longshore direction). In order to compute the percentage reduction
of planktonic populations, two loops of the main program are run.
On the first loop, no entrainment mortality occurs, though the
plant is modeled as "on" and does move water around. On the
Second loop, the primary and secondary entrainment mortality
rates are set to the desired values so these mortalities are
added to those of the prior loop. The resulting abundances are

compared cell by cell to the first run, and the percentage
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reductions are computed and printed. In this fashion, the
population reduction owing to primary and secondary entrainment
can be mapped, but dislocation mortality is factored out. The
reasons for this approach are explained in the section on

Interface of the Shadow Model and the Waterflow Simulator.

The Shadow Effects Model is archived on a tape with the

Marine Review Committe. The file containing the program itself is

named SHADOW.

User's guide to the shadow effects model ( SHADOW)

A) Input
The shadow effects model requires, as input, a file
describing water movement and a file which specifies the input

parameters and options which control the program. Each of these

will be described below.

(1) Description of water movement - files TR1, TR2, and TR3.

Files TR1l, TR2, and TR3 should be called to the local area
before SHADOW is run. These files, one for each of the three depth
layers, contain the fractions of water which move from one cell

to another during any time step. Each time step constitutes one

record.




(2) Input file TAPEL.

A file named TAPEl, containing input parameters and
options, should be in the local area when SHADOW is run. TAPEl has

one record, named INPUT, which contains the following variables:

TAPE30 The file name of the reference population of organisms,
which file lists abundance per meter squared in an
on-offshore "flux plane," by depth layer, position
cffshore, and age class.

NTAPE32 The file name of the associated survival rates per
time step in the flux plane.

NTAPE34 The file name of the birth plane, the number of
newborn which appear in the £lux plane at the
beginning of each age interval.

NM The number of modules (i.e., repeated 20 x 10 km grids)
to be included in the run.

IP The position of the module containing SONGS, counted
from the upcoast end. 1If IP=0, there are no
power plant effects (ambient conditions). The power
plant intake and discharges are located at the
longshore center of module IP.

ND The number of days the simulation is to run. Usually
this will be some multiple of IC.

NK | The number of time steps per day, currently 9.

NC The number of age classes in the reference population.
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IC The length of an age interval (the number of days
individuals remain in a given age class). IC=15 for
queenfish; IC=14 for mysids.

MAXT The maximum number of time steps (records) in TR1, TR2,
and TR3; cﬁrrently 126. After MAXT time steps, the
file resumes reading from the first record.

NAD The number of days already elapsed in the current age
interval when the ‘simulation beQins, normally set to 0. .

PXKV - A vector giving fractional intake mortalities on each
loop, normally set to 0 on first loop.

SKV A vector giving fractional discharge mortalities on
each loop, normally set to 0 on first loop.

KVRT Control parameter for vertical redistribution of
organisms at each time step:

~l=no vertical redistribution
O=redistribute vertically according to proportions in
reference population, as with queenfish
+l=alternating day and night vertical distribution
patterns, as with mysids

KBRT Control parameter for birth process:

| O=local absolute birth rate constant
(perfect compensation)
l=local percapita birth rate constant

(actual density independence; no compensation)

NL Number of loops (1l or 2) of main program, normally set
equal to 2.
IPLV Vector of SONGS plume control: 0=off,+=on. Normally on.
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IPRV Vector controlling priﬁting of results after each loop:
O=no printing of interim run
l=print results (abundance maps) of run.
Normally set to 0,0 and then only the maps of percen-
tage reduction are printed.
ISM Parameter to control smoothing of results:
-l=print results, smooth, then print smoothed results
‘O=print without smoothing (normal setting)
+l=smooth results, then print
KPACK Control parameter for output format:
O=normal, full output
l=compressed output; results are collapsed to a singie
depth and the matrix of abundances is printed as a map
corresponding to the actual topology of the coast

(otherwise the matrix appears as a mirror image).

The user may consult files IN or BOOTIN as guides in forming

this input file.

B) Output

The output of the shadow effects model is written on file
TAPE2.The heading echoes back many of the parameters in TAPEl and
lists the reference population, the survival rates, and the birth
plane. The maps of abundance follow, if specified by IPRV, listed

by X-Y position, depth and age class. The maps of percentage
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reductions between loop 1 (ambient) and loop 2 (with power plant)
are listed next.The percentage reductions themselves are saved on

TAPE1Q0, TAPEll, and TAPEl2, for depths 1, 2, anéd 3,

respectively.

C. Submitting the job

Because of the large number of computations involved in a
normal run, SEADOW has been written to operate in a batch mode.
To submit a batch job, a submit file must be created. After the

accounting information, the important steps are:
1. Reset the field length +o 100000.
2. Reset the time limit. Production runs in the past have
used from a few minutes to nearly an hour of CPU time. Set

limits accordingly (in seconds).

3. Get files TAPEl, TR1l, TR2, TR3, and SHADOW from

permanent storage.
4. Compile and execute.
5. Save the output file TAPE2.

6. Request that the output file be printed and delivered.
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D)} Comments on the survival rates in NTAPE32.

The survival rates in file NTAPE32 are used as an input to
the shadow effects model.These may simply be specified by the
user or they may be computed from some other data.Our approach
was to estimate the survival rates by a "calibration" program,
CLBRT. The calibration program (described in a following section
of this report) involves a search for the set of survival rates
which, when used to project the population, gives a population
which most closely matches the reference population.The actual
operation of the calibration procedure is not automatic, however,
and requires judgments and some mathematical understanding by the
operator. The survival rates must have been calculated with‘the

same files describing water movement as will be used in SHADOW.
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STRUCTURE OF THE MORTALITY CALIBRATION PROGRAM

The mortality calibration program provides a means for
estimating appropriats natural mortality rates. It does this by

iteratively fitting mortality rates to a simulation, until the

}—

simulation duplicates, as nearly as possible, the age
distributions and pattarns of abundance with distance from shore

and with depth that have been observed in the region of£f San

Onofre for the organisms in question.

The mortality calibration program duplicates all‘the
processes of the Shadow Model, but on a reduced dimensionality.
Since we are concerned here only with the con-offshors-depth
pattern, we way dispense with the longshore. Accordingly, the
transition matrices were averageé over the longshors for
cn-offshore transport, and these matrices were storad as records
of transport in the on-offshore dimension only, for later use in
calibration runs. In the calibration runs, these matrices were
applied to a model of a population representing an on-offshore

transect, to simulate the average on-offshore passive movements.

Two mortality regimes were posited for each age class of
€ach organism. An inshore mortality and an offshore mortality.
The positions in space corresponding to the demarcations between
the places where the inshore mortality rates operate and the
Places where the offshore mortality rates operate, w=re

determined by inspection of plots of the abundances of each age
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class, by distance offshors and depth. The demarcation for a given
age class was placed just inshore of the transition from high to
low abundance of that age class relative to the next younger age
class, or just inshore of the transition from high to low
abundancy for that age class, whichever transition was more

marked. In the actual event, these transition points were guite

obvious,

Then the mortality rates applying in the two regions were
estimated, age class by age class, through a non-linear least
squares fitting algorithm that searched for a minimum in the

residual obtained from comparing the reference population's age

distribution and pattern of abundance, over depth and distance

offshore, with a population projectad using those mortality rates.
The projection-was calculated by starting with the reference
population (initial) and running it through the reduced dimension
Shadow Model simulation using the reduced dimension transition
matrices, described above, and using the same processes (except
without a power plant) as described for the Shadow Model itself.
A perfect fit would be obtained if the projected population, at
the end of the simulation, was an exact duplicate of the starting
population, for this would be indicative of a perfect ability of
the model to reproduce the ambient conditions with those

parameters.
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Some mathematical insight into the calibration process
may be gained from comparing it with the more familiar
computation of mortality rates from a population's age
distribution. That operation presumes that the observed age
distribution is an equilibrium age distribution (called the
stable age distribution) which corrasponds to the dominant
eigenvector of the projecticn matrix (called a Leslie matrix)
associated with the pdpulation's-life history. This information,
in conjunction with knowledge of the population's overall
growth rate (which is the dominant eigenvalue of the projection
matrix, and which is usually assumed to have the value one,
corresponding to a stationary population), is sufficient for
calculation of the mortality schedule. When this mortality
schedule is applied to any arbitrary starting population, the
projected population age distribution will converge ultimately
to the equilibrium age aistribution from which the mortality
rates were calculated. When this mortality schedule is applied
to a population which is already in equilibrium age

distribution, the age distribution will remain constant.

Three properties distinguish the population dynamics in
the Shadow Model from the linear mathematics employed above in
computing mortélity fates from an eigenvector. (1) We have no
assurance that the observed population distribution we used as
a reference population realiy is an equilibrium, so this
Particular population composition may not be exactly feasible

as an eigenvector, though it hay well be approximatable.

L d
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(2) The effective projection matrix we apply to the population
includes currents ésvwell as age specific dynamics, and the
currents are time dependent, so there does not in general
exist a single matrix, which if raised to the appropriate
power, will correctly project the starting population to the
corresponding time, and so we cannot exactly refer to the
eigenvector of this non-existent matrix. (3) The density.
dependent birth rate model we employed (perfect compensation)
cannot be represented simply by the application of a matrix to
the population vector, for the time constant birth rate is a

ncn-linear feature.

Peculiarities (2) and (3) are desalt with in our calibration
process by applying a time dependent transition matrix to the
population vector at each time step and by explicitly building
a non-linear birth rate into the projection; The,simulation
does what we want, but owing to the non-linearities the mortalities
cannot be calculated analytically (as they could for the simple
population dynamics problem) and must be ﬁit by trial and error.
As regards peculiarity (l); we simply assume that the average
population distribution computed from the-data provided by
Marine Ecological Consultants is an egquilibrium, but we are
still left with the question of how we wish to allocate the error

in the event that this distribution really cannot be duplicated

exactly by the constrained projection process.
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The essence of this latter question has to do with the time
horizon for which we would like the discrepancy between the
reference population and the projection population to be minimal.
Had the reference population been an actual eigenvector, this
quesﬁion would not arise, because the discrepancy would go to
zero with the first application of the matrix, and it would
stay at zero therszafter. But with our problem, w2 need to
consider the time course of the'disérepancy: if. we minimize
the error after say one application of the matrix, and that
error is not zero, we would then expect, from the multiplicative
nature of the projection process, that the error will increase
with successive applications of the matrix using rates £it
in this manner. In fact this was the case only up to a point--
the discrepancy did not continue to grow exponentially. The
reason for this is that the birth rates, under the perfect
compensation model, were unaffected by the mortality
calibration and so the spatial distribution of births, and
their quantity per unit time, was always "correct" in the
projection. For this reason, the projected error rapidly
stabilized, and so, in practice, calibration for a time

horizon of one generation was quite adequate.

Since our actual simulations with ﬁhe Shadow Model .
were themselve of a duration on the order of a generation
or so, and since the greatest influence of mortality rates
was on dislocation mortality, which we were forced to cancel

out in any case, the time horizon of the mortality calibration
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was not critical to the outcome. If, at some time in the
future, the Marine Review Committee's waterflow simulator is
corrected to the extent that evaluation of dislocation
mortality becomes a possibility, then it will be more important
to calibrate mortality rates precisely to the time horizon

corresponding to the Shadow Effects simulation.

The non-linear least squares fitting algorithm employed
in the mortality calibration was a variant of Marquardt's
algorithm modified to so as to estimate partial derivatives
implicitly by infinitesimélly incrementing the free variables
(rather than explicitly calculating derivatives, which of course
would in practise be impossible in this complex simulation). This
version of the Marguardt algorithm was obtained from the IMSL
subroutine package. In actual use, the algorithm proved sensitive
to initial estimates, sometimes blowing up, or at otﬁer times
converging on physically impossible values (e.g., mortality rates

greater than 100% or less than zero).

There were two possible sources of the difficulty, one
being actual inconsistencies in the fixed parameters of the
simulation, the other being discontiuities in the parameter space
through which the fit was searching. Inconsistencies in the fixed
parameters would have generated conditions of simulation such
that the model literally could not reproduce the desired pattern:
with physically real mortality rates. One example of this was

detected when the on-offshore mixing rate input to the simulation

>
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was much too high. Under these conditions, the mixing would smear
out the spatial structure in the simulated population regardless
of how great the difference between the inshgre and offshore
mortality rates (within the aforementioned physical limits) so
the algorithm could not arrive at a parameter set that would
reasonably reproduce the observed pattern of high inshore
abundance and low offshore abundance. This problem was relieved
by reducing the on-offshore mixing rate, as described with_

reference to post-processing of the transition matrices.

The second source of difficulty was encourtered wheh
either the correct value of the free parameter, or a trial value
of that parameter, was too near to a boundary bevond which
physical interpretability was lost, or where the model itself
exhibited discontinuous behavior. Two approaches were employed to
ease this difficulty. One was mathematically to transform the
free variable in the calculations so as to bound it away from
forbidden values (e.g., the absolute value transform to keep it
from geoing negative, or the relation P=X/(A+X), where P is one
minus the mortality rate, X is the free variable acted upon by
the fitting algorithm, and A is a positive parameter which then
keeps the raﬁio P smaller than one, regardless'of how high a

positive value X takes on).

The second approach was simply to begin the sesarch with a
trial value close enough to the correct value that the search

never enters the troublesome portions of the parameter space.
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This was accomplished by building up solutions in an incremental
strategy. The first step was to start with very short age
intervals in a calibration for one.age class , andéd then raising
the result to the appropriate power to find the starting value
for the free parameter with a longer age interval, until the age
interval used in the actual Shadow Model was reached. Finally
when solutions had been obtained for each age class

separately, the calibration was carried out on the entire set

of age classes simultaneously.

In this manner, we arrived at sets of natural mortality
rates which would allow runs of the Shadow Model to reproduce a
fair similitude of the known reference distribution of age
classes and abundances over depth and distance offshore with the
power plant off (ambient). It must be noted, however, that this
calibration procedure was not fully automatic,‘since it required
some judgement and intervention of the operator whenver the
algorithms stopped converging. This does not lessen the
objectivity of the result, for when convergence did occur it
would be unmistakable; but it does lessen the ease with which
the entire procedure can carfied out. Finally, we must point
out that, with the non-linearities in the system, we are not
in a position to be absolutely certain that any given sclution
for the mortality rates is unique. In the actual event, we
felt confident that the incremental strategy of fitting rates

first for one age class at a time, and then using these as
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starting values for a complete calibration, did keep the
system in the correct domain of attraction, but here too the
operator's judgement must be involved in exploring the

convergence behavior in some reasonable sample of the parameter

space.

D-52




INSTRUCTIONS FOR OPERATION OF THE MORTALITY CALIBRATION PROGRAM

General description

The mortality calibration programs are designed to compute
a set of mortality rates which will 5est account for the observed -
spatial distribution and age structure of a planktonic population.
This is accomplished by using Marquardt's algorithm to search for
a set of survival rate schedules which, when used to project a
starting population under a specified current regime, will lead to
a final population structure which matches the initial population
as closely as possible. The programs fit survival rate schedules
that are position specific, one applying to the inshore positions,
the other applying offshore. The boundary between the inshore and
offshore regions is user specified for each age class. Births are
added at each age step acccrding to a specified pattern that is
not dependent on the present population (in effect, with perfect
density compensation in the birth rates). The final output of the

program, on a successful run, is the best fit set of survival rate

schedules.

The population is modeled in spatial and age class
compartments. The number of age classes depends on the population
in guestion. The spatial subdivision is into cells 1 km offshore,
2 km longshore, and with three depths, corresponding to 0-6m,

6-15m, and 15m to bottom. The system consists of just one flux
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plane of such cells (no repetition longshore), out to 10km

offshore, per age class.

There is no longshore motion. Cross-shelf motion is governed
by a set of time varying transition matrices which represent mean
on-offshore motions for that time period and position in the flux
plane, with the average being taken over all longshore positions.
Organisms migrate vertically according to species specific
patterns. The horizontal motion of organisms is presumed to be

strictly passive.

User's guide
A) Inputs and parameter specification for program operation

The mortality calibration programs require a reference
population to which the survival rates will be fit, a time
sequence of transition matrices describing mean on-offshore water
movement, and six additional control parameters. In the 1980 runs
of the Shadow Effects Model, thé sequence of cross-shelf
transitions was calculated by averaging longshore in the full
transition matrices (time step by time step) as modified by us
after receipt as output of the waterflow simulator of the Marine
Review Committee. This sequence was stored as file OFBAR, and was

called from permanent tape storage to file 7 at the beginning of

each run.




The mortality calibration programs are written to be used
interactively. The computer will display the current values of the -

input parameters, and query the operator to set any new values

as desired. The input parameters are:

NC The number of age classes in the simulation.

IC The length of the age interval in days (we
used 15 for queenfish and 14 for mysids).

NK The number of time steps per day (determined by
the resolution of the segquence of transition
matrices--this was 9 steps per day in our
reported runs).

NCD The duration of the run in age interval units.

NTI The number of time steps already elapsed at the
beginning of the run, relative to noon=0.'(This
is to maintain phase for the day and night
distributions in mysids--it is irrelevant for
queenfish):

NF Control parameter to permit option of fitting
rates for one age class at a time. For non-xero NF,
the value of NF is the age class for which the rates
are to be fit..For NF=0, all age classes are fit

simultaneously.
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After specifying these parameters, the computer will query
the operator for the file name of the reference populaton (which
serves both as a starting population for the projections and as a
reference to which the simulations are. fit by adjusting mortality
rates). This file does not have to be in the local area before
being called, as the program can bring it there. At present, there

are two reference populations. in storage: SERIFUS for queenfish, and

MYSID for the mYsids.

Next the computer will query the operator to supply the
initial guesses at the inshore and offshore survival rate
schedules, arrays PIN and POUT, respectively, where the number

of elements corresponds to the number of age classes. The fitting

algorithm may be sensitive to these initial guesses, and fail to
converge unless the initial guess is close to the correct value.
A variety of initial gquesses should be tried, in order to explore

the behavior of the program in each situation.

The boundary between inshore and offshore mortality regimes
is specified by the array IYPCUT, where the i'th element gives the
position of the boundary for the i'th age class. In the case of
mysids, there is an additional survival rate, POFF, which applies
beyond 5 km offshore (in order to adjust for the fact that no
mysids of this species are expected beyond S5 km). When POFF is
specified, it remgins fixed for the duration of the run; only

PIN and POUT are adjusted by the algorithm.
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The computer will echo the values of the input parameters,
and query the operator whether it should proceed or abort. During
the fitting procedure, the current values of the survival rates
are displayed on the terminal, so that execution can be terminated
if it becomes clear that the computation is entering a
biologically unreasonable region of parameter space, or if it
appears that the computations are blowing up. There are several
convergence criteria which must be satisfied before the program
will exit normally from the fitting loop. The run will abort
autormatically after MAX iterations if convergence has not yet

been achieved.

C) .Output

The main output is written to file 2. This output consists
of an echo of the input parameters, the initial guesses at the
survival rates, the distribution of the reference population, the
number of births added to each compartment at each age step, and, o
in the case of diurnal migrators, tyg nighttime vertical
distribution (where the daytime distribution is already given by
the reference population). The convergence criteria employed
are displayed, and the manner in which the run terminated will
be indicated. If the convergence criteria were met, the best
fit survival rates will be printed, as will the final population
resulting from projection with these rates. If the procedure

has worked well, the final population will look recognizably like
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the reference population in age and spatial distribution. If
convergence was not achieved, a diagnostic message will be

printed.

In the event of a successful run, the fitted survival
rates are also written to file 32, in a form in which they can

be used as input for program SHADOW.

C) Submitting the program

There were a number versions of the calibrate program
stored, all with names beginning with the letters CLBRT. The
version described here, which is the most flexible, is CLBRTMX.
A simpler version, CLBRTX, could be used where diurnal vertical
migration is not involved. As the program is interactive,
there is little formal set up regquired. The program calls
subroutine 2XSSQ of the IMSL package, which must be linked

to the program before execution.




APPENDIX E
Dispersion and Settling of Organic Detritus from SONGS

The water discharged from SONGS contains organic detritus (from the
plankton killed during their passage through the plant) that settles out from the
plume. The consequent enrichment of the bottom is one possible mechanism
explaining the increased abundance of bottom fish and soft benthos near SONGS.
This Appendix presents some rough calculations of (1) the distance and direction
the organic detritus is likely to travel before settling to the bottom and (2) the
fallout rate. In particular, we are interested in whether the organic detritus from
SONGS could settle to the bottom as far as 6 km downcoast and 1.7 km offshore of
the diffusers, where BACIP analyses have shown increased abundance of soft

benthic organisms.

We can get an order-of-magnitude estimate of how far detritus will spread,
starting from the estimates of long-term mean concentrations of effluent from
SONGS in ECO-M’s Final Report (Vol. II-2,§ 10/15/87). Getting detritus out to 6
km downcoast or 1.7 km offshore from the diffusers will mainly be done by natural
dispersion, since the plume momentum is largely diluted or lost at these ranges. A
simplified version of the dispersion model used for effluent concentrations
represents the distribution of an instantaneous release as a normal distribution in
two dimensions, with the standard deviations of x and y given as o, = v,t for offshore
distance from SONGS, where t is the time since release. The dispersion velocities

used in the effluent calculations were v, = 7.2 cm/sec and v, = 2.8 cm/sec.
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A set of particles with settling-rate s released a height D above the bottom
would sink to the bottom in a time t = D/s, and the normal distribution with this
value of t would give the distribution of these particles on the bottom. A
continuous or intermittent release of similar particles would accumulate similar
distributions, without changing the shape. The center of the distribution will be
displaced a distance Vt downcoast from SONGS, V being the long-term mean
velocity of 2.9 cm/sec. Most of the particles will reach the bottom within two

standard deviations in any direction from this center.

For a round number, let us take the initial height D as 7 m; even if the jets
initially carry detritus from SONGS to the surface at 10 - 15 m above the bottom,
the particles will mix back downward to some extent as they disperse. This gives

0x ~ 1/2s and 0’y ~ 1/Ss, in centimeters when s is given in cm/sec.

This would be the place to put in any observed values of actual settling-rates
for dead plankton and detritus of various sizes and shapes. Lacking these, the next
best is to go by Stokes’ Law; taking the density contrast as 0.1 for another round
number, this will give s ~ 500d? for the settling-rate in cm/sec of a particle with
diameter d in centimeters. The table below shows the displacement Vt, o, and gy,

all in kilometers, for particle diameters in microns (10 m).

D Vit Ox oy

10 50 km 100 km 40 km

30n Skm 10 km 4 km
100 p 0.5 km 1km 0.4 km
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A set of particles with settling-rate s released a height D above the bottom
would sink to the bottom in a time t = D/s, and the normal distribution with this
value of t would give the distribution of these particles on the bottom. A
continuous or intermittent release of similar particles would accumulate similar
distributions, without changing the shape. The center of the distribution will be
displaced a distance Vt downcoast from SONGS, V being the long-term mean
velocity of 2.9 cm/sec. Most of the particles will reach the bottom within two

standard deviations in any direction from this center.

For a round number, let us take the initial height D as 7 m; even if the jets
initially carry detritus from SONGS to the surface at 10 - 15 m above the bottom,
the particles will mix back downward to some extent as they disperse. This gives

Ox~ 1/2sand 0’y ~ 1/Ss, in centimeters when s is given in cm/sec.

This would be the place to put in any observed values of actual settling-rates
for dead plankton and detritus of various sizes and shapes. Lacking these, the next
best is to go by Stokes’ Law; taking the density contrast as 0.1 for another round
number, this will give s ~ 500d? for the settling-rate in cm/sec of a particle with
diameter d in centimeters. The table below shows the displacement Vt, o, and oy,

all in kilometers, for particle diameters in microns (10 m).

D Vit Ox oy

10p 50 km 100 km 40 km

30p S5km 10 km 4 km
100 p 0.5 km 1km 0.4 km




The oversimplification of these estimates is large and obvious, but it doesn’t
take away the main conclusion that organic particles can go many kilometers before
they first settle, if they are small enough. The result does suggest that most of the
zooplankton killed by SONGS reach the bottom before they get 6 km downcoast or
1.7 km offshore from the diffusers. The mass of phytoplankton killed by SONGS is
most probably several times greater than that of zooplankton, though, from the
usual food-chain arguments. If a good fraction of these dead phytoplankton are
about 30 p or less in diameter, they provide a reasonable source for long-range

effects of SONGS on benthic organisms and bottom-feeding fish.

The same line of argument also supplies equally rough order-of-magnitude
estimates of the fallout rate r for given ranges of x and y, given the rate q at which

SONGS produces organic detritus. This fallout rate will be the normal distribution

I = (q/2 0\0y)exp{-(x-Vt)?/20,2}exp{-y*/20,%}

For an example, suppose SONGS produced 1000 tons dry weight per year of dead
phytoplankton about 30 microns in diameter. At 6 km directly downcoast (y = 0), r
is on the order of 40 kg per hectare per year. At 1.7 km directly offshore (x = 0), r
is also on the order of 40 kg per hectare per year. If the particles were 100 microns
in diameter, the fallout rate would be on the order of 2 kg/Ha-yr at 6 km downcoast

but would still be on the order of 40 kg/Ha-yr at 1.7 km directly offshore.

Besides being crude by nature, this model also takes no account of the kelp

bed, which will certainly affect natural dispersion as well as the plume in the region




we are talking about. So "on the order of" means what is says: the confidence limits

on a result are something like a factor of 10 either way.

Note that these rates have no relation to the relative concentration of a non-
settling tracer given in the ECO-M report cited above. The only feature in common
is that both are calculated with the same dispersion velocities v, and v,. Mean
tracer concentration from a continuous source can reach a steady state because the
tracer is dispersing into an ocean that is practically infinite compared to the strength
of the source. But particles continually settle out on a finite region of the bottom,
and will accumulate except as they are dispersed by high waves or eaten by

organisms.




APPENDIX F
FLOW CHARTS OF DATA ANALYSIS




5.0 SONGS EFFECTS ON IRRADIANCE

5.1 BACIP ANAIYSES

A. Results for I and ln I downcurrent and upcurrent days, Appendix

A, Table 1.

DBUVTAVG.YR81HR1
DBUVTAVG. YR82HR1
DBUVTAVG.YR83HR1

SIGN8183 SAS

SIGN.V8183

DBUVTAVG.YR84HR1 DBILOG.YR81
DBUVTAVG.YR85HR1 DBILOG.YR82
DBUVTAVG.YR86HR1 DBILOG.YR83

SIGN8486 SAS DBIRR EXE
DBIRR SAS

SIGN.VB486

DBILOG.YR84
DBILOG. YR85
DBILOG.YR86

IRRT8586 EXE
LIRRZ SASM
MRGIRRZ SASM

BACTUDA SAS

Results for I and 1lnIl
downcurrent and upcurrent
days, Appendix A, Table 1.




B. Results for I all days, Appendix A, Table 1.

DILOG.YR81—-86
BACII SAS

Results of I all
days, Appendix A,
Table 1.

DILOG.YR81—86

C. Results for I all days, Appendix A, Table 1.
BACILI SAS
l

Results of I all
days, Appendix A,
Table 1.




5.2 Plume—model and Upstream—bownstream Analyses.

A. Creating PLUMEAGE.YR8486 data base

DBSONG.YR84
DBSONG. YR85
DBSONG.YR86

MPOW8586 SAS

DZ.PZ

l

PLUME DAT

l

DBUVTAVG.YR84HR1
DBUVTAVG. YR85HR1
DBUVTAVG. YR86HR1

MV8486Z SAS

TB.V8486

|

PLUME SASM

PLUMEAGE.YR8486



B.

Results of Plume model, Appendix A, Table 2.

IRR.YR8486
IRR.YR8586
PLUMEAGE.YR8486

RSPLIT SAS LPLUME SAS
Results for I Results of 1In I
Appendix A, Appendix A,
Table 2. Table 2.

Results of UPstream—Downstream analyses, Appendix A, Table 3.

IRR.YR8486
IRR.YR8586
PLUMEAGE.YR8486
TB.V8486
f ]
RSPLITUD SAS LPLUMEUD SAS
Results for I Results of 1n I
Appendix A, Appendix A,
Table 3. Table 3.




6.0 EFFECTS OF SONGS ON TEMPERATURE AND SUSPENDED PARTICLES.

6.1 Compliance with Thermal Standards

A. Plume model analyses of temperature at 3m depth for four
stations UVTO1, UVT17, UVT18 AND UVT19.

DZ.PZ PLUME DAT | TB.V8486

r y Y

PLUME SASM

PLUME. YR85
PLUME.YR86

B. Creating temperature data bases in format suitable for program
Trsplit SAS :

UVTAVG. YR85HR1
UVTAVG. YR85HR1

T8586 SAS

TMP.YR85
TMP.YR8B6



C. Plume model results on temperature.

PLUME.YR85
PLUME. YR86
TMP.YR85
TMP.YR86

TRSPLIT SAS

Results of plume
model on temperature
for years 1985—86.

D. Descriptive statistical results on temperature difference.

TMP. YR85
TMP.YR86
I ]

STAT FPRG INCR SAS
Cumulative frequency Statistics of
of temperature temperature
difference difference above

2.2%.




6.2 SONGS-induced Upwelling, BACIP analyses of bottom temperature

A. Creating T.YR8183 and T.YR8486
DBTLOG.YR84-86

DBTEMP SASM
DBTEMP81 SAS
DBTPOOL SAS

T.YR8183

T.YR8486

B. BACIP results of bottom temperature

T.YR8183
T.YR8486
SIGN.V8183
SIGN.V8486

BACITUDA SAS

Results, 6.2




6.3 Suspended Particles

A. Results for untransformed data, 6.3.

analyses of seston flux that reported, with

Technical Report K.

DBSED.YRxXX

GMSED SAS

DBG.SEDDAY

GMEND SAS

DBG.PROD

SEDDATA SAS

DBG.SESFLUX

BACSEST4 SAS

Results for
untransformed
data, 6.3.

flow charts,

This is one of several

in







