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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 5 is a summary and discussion of MRC's statistical studies of the

effects of SONGS 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 pafticles.

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

chemical data collected in MRC's prograrns, 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

12.1 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 oftshore flow is matched by an equal make-up flow toward SONGS from all

directions in the se4 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.

122. 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.

Recmitment of new kelp plants in the San Onofre kelp bed depends on the amount



of sunlight that reaches the bottom at 10 to 15 m depth, which depends on the

transparenry of the water overhead. The plume of SONGS goes through the San

Onofre kelp bed much of the time, partly replacing ambient water with more turbid

water originating closer to shore, which potentially reduces the average amount of

light availabie 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 upcoasl 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 26Vo. On days

when the San Onofre stations were upcurrent from the difftrsers, 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 davs.

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 6Vo and 1.6Vo depending on the magnitude of the

unceftain 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 sylnmetrical, the calculated overall effect upcoast would lie somewhere

benryeen al2Vo reduction and a 6Voincrease.



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 nvo

years with SONGS in operation, light at the plume stations averaged about 20Vo 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 4oF 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 4oF above ambient in only a single hour out of

972.

12.4. Nutrients

Much of the supply of nutriens 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.

12.5. 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 planlctonic 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 moftality

are reasonably to be expecteO in ttre actual current regime.

L2.6. 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 48Vo 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 pafticle

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 ENIWRONMENT:
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 iife in the sea,

contmon 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 their own right; and 4) the processes

of advection and turbulent dispersion in the sea, which Uring 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

MRC's 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 bacteri4 so it is taken up by phytoplankton in well-lit waters near the

surface, the so called photic ,oni, but acanmulates in deeper water below. Over the

long history of marine life the continual fallout of organic matter from the photic

zone has resulted in an enonnous 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 14oC. 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 zanecalled the nutricline, in which nitrate concentration

rises steeply with increasing depth, to about 10 micromoles per liter at something

like 35 m depth (ECO-M 1988a, Fig. a-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
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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

90Vo 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 14oC, uncertain and variable in water

between 14o and 16oC, and insufficient in water warrner than 16oC. 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 rhav receive some

nutrients from runoff of streams and disturbance of bottom ,"di*"ntr, Uut ttre

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



sheat, 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 velocity, directed 90o to the right of the velocity.

Acting on a vertically sheared downcoast current, this acceleration will be directed

to seaward, and will be stronger 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 14oC 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 14o 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 1.987d, 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 surlmer

peah and enough light becomes available to allow the nutrients supplied by

10



upwelling to be used for rapid growth and reproduction of plants. In late surlmer, a

thicker and warmer surface layer is established; upwellings may be confined to

depths beyond the inner shell but downwellings may involve filling the whole

nearshore water column to 20 m depth with water hotter than 16o, 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.L.1. El Nino

. At intenals of years, global events produce deep and persistent downwellings

on the eastern shore of the Pacific, called El Nino events. These ocsur, 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: warrn 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 i; 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 nonnally 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, L947-42, 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 nearshore 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 stonns 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 nvo 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 1.988a, Table 4-1; the Barn kelp station is omitted

here because it was deeper).

10/81 - e/82

10/82 - e/84

70/84 - e/86

SMK45

14.6"C

16.30C

14.60C

soKU45 & SOKD45
(mean)

14.9"C

16.55oC

14.7oC

13



2.2 lrradiance

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/mz-hr or E/mz-day; one Einstein is one mole of photons). The sunlight reaching

the sea surface off San Onofre ranges from about 50 E/mz-day in midsummer to Z0

E/tfr'day in winter. Below the surface, irradiance decreases by.a fraction of itself

with each increment of depth, b".urrc of absorption by the water 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 (ma;.

the irradiance at depth z is given by the relation I = Ioexp{ -y\z}, Io 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 LVo 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-l to nearly 1.0 m-r. The 1981-86 mean surface-to-bottom K at stations

in 13.7 m depth of water was 0.25 m-l plus or minus 0.12 m{ standard deviation.

The distribution is highly skewed, with few observed values below 0.12 m{. In the

outer parts of the San Onofre kelp bed around 13.7 m depth, bottom irradiance

fluctuates above and below LVo of. the surface value as the mean surface-to-bottom

extinction fluctuates below and above 0.34 m-r; the history of extinction is likely to

be a critical factor for recruitment of new kelp plants on the bottom.

14



Extinction is higher in the lowermost layer from the bottom to 2 m above,

averaging 0.46 m{ at the same stations (ECO-M 1.987d, 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 benveen 800 and 2800 m

from shore (Reitzel 1980).

Absorption by the water and dissolved pigments accounts for the first 0.1 to

0.2 ma 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 + 0.41d12 = 0.81; and K = 0.19 + 0.060W,rz = 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

15



the water column by a given level of turbulence, and remain suspended longer if the

turbulence decreases. The observed relatio.ns between wave height and extinction

off San Onofre are complicated and difficult to quanti$. 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 streans 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

16



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 mi, so that lVo 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 7982-84 resulted

in notably lower extinction and higher bottom irradiance off San Onofre in those

years.

23 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 nvo-thirds of the grains at
a .

any place differ in size by no more than a factor of nvo. 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

less) from distinct sources over the eleven years 1974-84 has been estimated

or

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, L978-79, 1979-80, and 1982-83. (San

Juan Creeh 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 impoftant 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 50Vo to over

70Vo silt and clay at about 1 km downcoast in early 1.980, and the further increase to

over 90Vo at about 2 km downcoast in early 1983. The same events appear on the

history at 8 m depth as increases from about 20Vo to 40Vo 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 influ 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 7977-78 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 inllux of 1980. At 8 m depth these new fine sediments dispersed during 1.98L,

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 for at least three years afterward,

shows that the 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.

I-ater 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 m3, 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 extifiction 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 75Vo to a minimum of 25Vo 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

58Vo inFig.2 and 6lVo 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 particies

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 et 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 pafticles 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 I! which is half the rate of increase of the mean-square displacement
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o2 of. the particles in a dispersing mass: 2K = \ozl|t (cm2/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 and gradient is -IC The linear relation of flux to

gradient gives an approximate basis for estimating turbulent flux and the dilution of

effluents from a sourc'e, 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 a property of the turbulent medium alone,

but also increases with the spatial scale o 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 = w2t, in which wz 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 depends 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 pafticles at the same

instant, and excludes the slowly varying velocity colnmon 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'21, with a

dispersionvelocity w' of about 1cm/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 3f

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-terrn mean distribution of effluents from a

continuous fixed source such as SONGS. As discussed below. it is likelv 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 difftrsivity 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 abbut 100 cm2/sec2 for longshore currents and 25 cm2/sec2 for

cross-shelf currents (ECO-M 1988a, Table 4-3). About 80Vo of the longshore

variance and, 50Vo 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 allowance was

made for the levelling off of diffusivity with age, leading to the smaller values of 50

and 10 gmzf ssc2 for longshore and cross-shelf w'2 (see ECO-M 1987f, pp. 8, 11).

For a grven 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'o for diffusivity as a function of spatial scale,

patch-diffusivity with w' of about L cm/sec will be about lF crn2/sec on a scale of

100 rn, 1S cm2/sec on a scale of 1 km, and lff cmz/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.

24



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 104 m3/sec of seawater, heated to 10.7oC above the intake temperature,

into the ocean without increasing the surface temperature by more than 2.2"C

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 poru (Fischer et a\.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 natpral 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 ma./secz. 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 ttOO -r/sec; this

times 0.14 m/sec gives 392 mafsec2. 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

trimspoft 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

mean 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 1.5 m in diameter,

open at the top, but with a flat lid, the so-called velocity cap, mounted2.1. 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 and2.7 m high, centered at a level4 m above the bottom in water depth H

= 10 m below mean sea level (mean sea level is about 1 m above Mean l-ower [-ow

Water). The area of this opening is 99 m2 (r x 15 mx2.1m) and the pumping rate

Q of each unit is 52 m3f 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/2rHR, so that the total flow of water into any region enclosing the intake is the

same ils 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 a,xis of the intake, and

less than 1 cm/sec &t 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 a 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 equal

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

actualty accelerated toward 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/2rHR.
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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 a/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 O/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/zrU)t/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 nrice the water depth H = 1.0 m, 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 trvo 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 witl 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 1O4 m3/sec through staged

diffusers, which are assemblies of jets (126 in all) mounted on pipes in line offshore,

stafting 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 m:/sec each with an initial velocity of 4 mf sec the ports are 2.2 m

above the bottom, and are aimed 20o upward and 25" to either side of the offshore

direction in alternation (Fischer et aI. 7979, 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 er al. 7974; Fischer et al. L979, 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; 1987e; 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.

32.1 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 L0 at 400

rn, 18 at 650 m, and 24 at 7100 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

on/sec downcoast. On other occasions, minimum surface dilutions estimated very

approximately from local disturbances of surface temperature near the diffusers

were aboutT 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 a,xis 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 oniy at a single

point, and a large central region (about 1.5 km2) of the model plume showed

dilutions from L3 to 20; at 26 cm/sec, dilution over the whole model plume was

greater than 20 (Koh er aI. 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 surrents, 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 crn/sec or less about 45Vo of. the

time, 10 crn/sec or less about 75Vo of the time, and 20 cm/sec or less about 95Vo of

the time (ECO-M 1.988a, 4.3, Fig. 4-77). Near-field dilutions of about 10, then, are

representative of most of the time.

322 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

7987a,1987e).

323 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 cutrent, 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.a-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 45Vo of. the time, 13 cm/sec

or less about 80Vo of the time, and26 cm/sec or less over 97Vo 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 L2 cmf sec.

The soiid lines in this Figure are the trajectories of dye-patches released near the

diffusers, marked by dots every half-hour (ECO-M L987e).

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 upcurrent and seaward boundary of a

warn 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,1987e). 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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32.4 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 marcimum 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 offshore 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 1.988b, 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/seg which are recorded when the plume swings past the station during

current reversals. At station 02, L.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 1,3 cm/sec or less f.or 80Vo of the time we can take 700 m or so as a rough

lower estimate for the average offshore displacement of plume water.

32.5 The Make-up Flow

The total volume flow of one or two thousand 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 uniform

from top to bottom.

The configuration of the make-up flow can be approximately calculated by

Potential theory @CO-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 velociry Y = Q/28R2 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 siope of the sea bottom in radians; with e = 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, 70Vo of the transport in the make-up flow by itself comes

from the sector within 45o 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 propefties 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 benveen the separate plumes of Units

2 and 3 and remained in the same place for over four hours (ECO-M 1987e,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, 5, 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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33 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/Q of a conservative tracer rileased at concentration q

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 L.SVo on the shoreline at a point apout 2 km downcoast Jrom

SONGS, corresponding to a dilution of about 65; the concentration at the shore falls

off by a further factor of three at 9 km to either side of this ma:rimum. 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'Vo in the range of. 2 or 3 km from the diffusers where neither approach applies

very well, and there is no evident disagreement as to order of magnitude.
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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.L Direct Mortalitv 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 Lg73-74 public hearings before the CCZCC

predicted that such plankton deaths would lead to serious impacts on nearshore

fauna (Minutes of october 78, 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

diffusiviw in the actual current-field, as discussed above ;6 2'4'

4.2 Redistribution of Suspended Particles

The hydraulic model of SONGS showed that the discharge 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 Ecolory

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 BAGIP analyses of irradiance itself, described in 5.1 below, and of

seston flrx, described in 6.3.

Experiments were carried out in 1980 to study the actual oPdcal 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
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1980 (Reitzel 1980, 4.0-5.0). This model predicted. that SONGS would reduce

avetage 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 matrer

for concern and continued studv.

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 thd vicinity of SONGS. The extent to which this influx may actually increase

average irradiance near SONGS is another complicated problem in sgsanic

dispersion beyond the reach of accurate prediction

43 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

diffrrsers 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 diffirsers 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

stonns. 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 nvo 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 Analvses

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 measured 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-1 in 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

dayiight 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 pe 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

Downcurrent
thr/9
5+hr /9

thr/9
5+hr /9

Upcurrent
thr/9
5+hr /9

thr/9
5+hr /9

All Days

Var. Ht. B
(I in E/mz-day)

s.d. p pa

I
I

I
I

0
0

2
2

-0.60 0.23
-0.46 0.21

-0.39 0.32
-0.43 0.29

+0.51 0.32
+0.02 0.26

not additive
+0.41 0.42

not additive
-0.13 0.25

0.01
0.03

0.22
0.14

0.93

0.61

0.98
0.86

0.50
0.20

0.82

0.62

0.11 0.97
0.93 0.31

0
0

)
)

0
2

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/mz-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 in SOK by about 0.4 E/mz-day

on all downcurrent days, and probably increased irradiance by a comparable 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/mz-day if the SONGS effect B for upcurrent days is

actually zero, to about 0.08 E/mz-Oay 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-Dounstream 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 recentlv 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 effecs.

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

noting that the

equally valid.

summarize the results in terms of changes in absolute irradiance,

fractional changes reported in Appendix A are concordant and

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/mz-hour. Integrated over nine daylight

hours, this is equivalent to 0.50 E/mzday. For the pairs including the three SOK

stations analyzed by BACIP, the equivalent reduction was 0.54 E/m2-day. The

model classified the four SOK stations as in the plume (P) for percentages of all

recorded hours ranging from 17Vo to 28Vo; it classified the stations 2.5 km distant

from SONGS as (P) in oriy 6Vo 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 ftom
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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/mz-hour, equivalent to 0.20 E/mz-day (0.27 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 46Vo to 69Vo.

The reductions for pairs of stations about 500 m downcoast and upcoast from

the diffusers (panicularly the closest pair SOKU45-PIJ[5) 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 betrveen 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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53 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/mz-

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/mz-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 Efmz-day,

relative to a natural state.

Speaking very broadly, the downcurrent BACIP decrease of irradiance by

about 0.4 E/mz-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/mz-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/mz-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/mz-day. This would

accord closely with the BACIP estimates at the bottom for all upcurrent and all

downcurrent days (5 or more out of t hours), but might unduly discount the
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evidence of an uPcurrent increase from the 9/9 upcurrent days ar 0 m and the 5 + /9

upcunent days at 2 m above (see the table in 5.1). At the other extreme, a

downcurrent decrease of 0.25 E/mz-day and an upcurrent increase of 0.15 E/mz-day

would produce the same Plume-Ambient difference of 0.4 E/mz-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 2.5oF (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 investigate 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 UVT01

and UVT19 during the year 1985. UW01 is upcoast of the diffusers, 310 m from

the nearest point on the Unit 2 diffuser; UW19 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 2.2oC in only one hour out of 972, and

exceeded 1.4oC (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 4oF 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 instanraneous

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 4oF 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 UW01 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 (pe of 0.07 or less).

The test on the single additive data-set (po = 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 L0 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 59Vo of the time,

and cooler by 0.5oC or more 26Vo of the time, as a result of entrainment of cooler

water from below 3 m. Ti, oitrute-temperature relation of 2.ldoes 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 of natural upwelling,

though, when bottom temperature near the diffusers falls to 14oC or below, the

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

kelp.
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63 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

rePon 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,

rising to roughly nvice 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

SOKU45, 400 m downcoast from the diffusers, with SOKD45, 1400 m downcoast

from the diffusers, as control, showed an increase in mean collection-rate by 48Vo at

SOKU45 relative to SOKD45 after Units 2 and 3 began operating. The Before and

After mean rates at SOKD45 and the Before mean at SOKU45 were all close to7.5

mm/day; the After mean at SOKU45 was close to 11.1 mm/day. The result is highly

significant (p = 0.00t2) and the data-set of Before differences was reliably additive

(p^ = 0.82). The result for log-transformed data (reported in Appendix A of

Technical Repoft 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 bottonr" 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 SOKU45, SOKD45, and SOKD35 for the station downcoast of the

diffusers, and a composite of P-N and PI-N for the station upcoilst of the diffusers.

The mean Plume-minus-Ambient difference in extinction was +0.045 m-1, with p =

0.003. (This test is also reported in Appendix A of Technical Report tri) This test

only applies to a special set of days, rather than all days, but the result gives

independent evidence that seston concentration near the bottom is higher on the

downcurrent side of SONGS.
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APPENDIX A

STATISTICAL ANAL]SES OF TIIE EFFECTS OF SONGS OPERATION
ON UNDERWATER IRRADIANCE

1.0 METHODS

1.1 BACIP Analvsis

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 berween 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 AIs (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-BACl design

subtracts out natural temporal variations that are common to both stations, eliminating a

large part of the natural variability. The time-series of AIs ma! be examined to see if its

rnean <AIe> can be taken as a stationary process-mean. If it is stationary, <AIs>

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 AIa, similarly free from temporal variations common to both stations, whose

mean <AIa> represents the difference between the locations in the presence of the

operating power plant. If <AIs> was stationary, the difference of means
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AAI=<AIe>-<AIs>

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

AIs respond linearly or additively to changes in natural conditions. If they do not, natural

changes can masquerade as power plant effects, :ls shown by the following example.

Underwater irradiance varies exponentially with the extinction coefficient I! 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 lnI

instead of I as the primary variable. This would give the same AlnI both Before and

After (that is, the same ratio of Impact to Control), and AAInI = 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 L949),

applied to some transformation F(I) of irradiance data from the Before period, looks for a

significant regression coefficient of the difference (FrFc) on the sum (Fr+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 additiviry.
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A calculated time-location interaction AAF may still be an artifact of limited

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 (L976), 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(| + e(t), with

e(t) = Cre(t-l) + C2e(t-2) +0... + e(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

e(t); as many coefficients C are retained as may be needed to free the €(t) from

significant autocorrelation. The coefficients A B, Cr, C2,.... are found by an iterative

process that starts with the observed values Y(t) in the place of Y'(t). This process uses

the SAS procedure PROC AUTOREG with the Ma:rimum Likelihood option (SAS 1984),

employing the techniques of Savin and White (1973) 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 timelocation interaction B found by this method may be considerably

A-3



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 AFs and a stationary mean <AFs>,

and if AAF has an acceptably high level of significance, then the inference can be drawn

that AAF is either a real change actually 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 Analvsis

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 curent and the location of the station relative to the

difhrsers. 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

AAI = <Ir.rp-Isa> - <Ina-Isp> = (Iup*Isp> - <Ipa*Isq>
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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 AAI 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 lnl 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.
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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 diftuser

lines, and one Control station in the San Mateo kelp bed (SMK45) 5 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/mz-hour, such as are often observed in

dawn or nvilight hours, instrumental uncertainty may be a large part of the reading; in

analyses of lnl, 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 0.07 E/mz-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/m2-day.
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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 daiiy 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

leveis.

The Tukey test for additivity was carried out on the Before data by a regression of

differences on sulns 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.
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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 dayiight.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

totai 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 analvses are shown in Table A-I. The successive

columns in this Table show:

1) The primary variable, either I or lnl;

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

3) The number of Before days b;

4) The number of After days a;

5) The power plant effect on the given data-set: that is, the coefficient B of the

Before-After indicator variable, in units of E/mz-day for analyses of I;

6) The standard deviation of B;

7) The level of significance p of the power plant effect: that is, the probability

that B is wholly an artifact of sampling;

8) 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 AI on the sum

of I at the two stations is an artifact of sampling (high pe implies high likelihood

that the data-set is additive).

The first thing to look at in Table A-I is pe, 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 lnl tends to be non-additive more often than I: six out of ten analyses of lnl
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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 pe 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 lnl, 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 I to be more often additive than lnl 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 sunrmary of the most reliable

results for the variable I, those with pa of 0.1 or more ire listed below; the results wiih pa

less than 0.1 are labelled NA for non-additive.
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Data-set

Downcurrent
thr/9
Shr/9

thr/9
Shr/9

Upcurrent
thr/9
5hr/9
thr/9
Shr/9

All Days

Var. Ht.

0
0

2
2

B
(I in E/m2-day)

-0.60
-0.46

-0.39
-0.43

s.d.

0.23
0.21,

0.32
0.29

I
I

I
I

0.32
0.26

0.42

p

0.01
0.03

0.22
0.14

0.11
0.93

0.33

0.98
0.86

0.50
0.20

0.97
0.31

0.82

0.62

Pa

0 +0.51
0 +0.02
2NA
2 +0.41

ONA
2 -0.13 0.25 0.61

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/mz-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 irradiance at and near the

bottom in SOK by about 0.4 E/mz-day on all downcurrent days, ild probably increased

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

(The reduction of about 0.4 E/mz-day for all downcurrent days corresponds to a

fractional reduction of about 25Vo at the bottom and 15Vo at 2 m above, relative to the

BACIP estimates of what mean After irradiance at SOK would have been without SONGS;

that is, <IB> + (<Ica>-<Ics>). These numbers are not to be taken as BACIP estimates

of mean fractional reductions, which are unobtainable because lnl is not additive in these

data-sets.)

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

that there are more downcurrent days than upcurrent days in these data-sets, in the ratio 59
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to 47, so the net effect over all the days is a reduction of irradiance, ranging from about

0-24 E/mz-day if B for upcurrent days is actually zero, to about 0.08 E/mu-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/mz-
dav 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 cqrrent ran the othdr 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 itsell 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 ciassified 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

A-11



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 nth preceding hour, a

displacement of 10.8 n3l2 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 crbss-shelf cobrdinates of the water from the nvo ends did not bracket that of

the statiorl 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

r*rice.

It will be useful at this point to recall from Section L.2 that the coefficient B found

in a Plume-Model analysis represents nvice the mean difference of irradiance benreen (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/mz-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

nofth 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/mz-hr or more. Units 2 and 3

of SONGS were in normal operation, though not wholly uniform or continuous operation,

throughout this pei-iod.

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 lnl as

primary variables (dropping any zero irradiances from analyses of lnl), 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/z}-l from the analysis with lnl. Since the trvo

computations substantially agreed, as shown by the results tabulated below, we concluded

that the changes were small enough to remain approximately linear under transformation,

and that errors from non-additiviw 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

difftrsers (half the separation);

The height above bottom, 0 or 2 m;

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;

The power plant effect B/2 from analysis of I, here called 6I;

The fractional change 5I divided by mean Ambient I,6I/<Ie> ;

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

z)
3)

4)

s)
6)
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7) The fractional change 6l/l = exp{dlnl} - 1.

Every analysis of I showed a highly significant negative B/2 representing an

average reduction of irradiance on the order of 0.05 E/mz-hour in the model plume

relative to ambient water at the same time,.with an average fractional reduction of.24Vo.

Every analysis of lnl showed a highly significant negative B/2,wth an average fractional

reduction of 28Vo. The model classified the SOK stations as in the plume (P) for

percentages of all hours ranging from LTVo to 28Vo; it classified PMRS as (P) in only 3Vo of

all hours, and PMRN as (P) in 5 or 6Vo ofall 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 lnl, while 0 and 2 ref.er

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 15Vo

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

inciuding SOK stations, and 90Vo 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 simpty

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-III, 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 1.1,Va. Every analysis of lnl gave negative B/2, vith an

average fractional reduction of 8Vo. The Upstream-Downstream model classified the south

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

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. Uke

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 SVo, applytng 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 Control 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 these results, 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 -0.04B/mz-hour, or very

approximately -0.4 E/mz-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 ro suppose nen that the mean

BACI power plant effect of about -0.4 E/mz-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 qpy = -0.4 and <p>-<A>

= -0.4, we get <A> = Q. 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> - -}.Z,we get q{2 = -0.2 instead of zero,

lower than the additive BACI estimates of <A> bv about 1..5 to 2.2 standard errors. barelv

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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Var. Ht.

377 1101
249 861
327 1066
238 855

Downcurrent Days. t hours out of 9

Upcurrent Days. t hours out of 9

Upcurrent Days. 5 or more hours out of 9

TABLE A.I

RESULTS OF BACI ANALYSES

B s.d.
(I in E/mz-Day)

b Pa

All Da),s

IO
t2
lnl 0
lnl 2

+ 0.15
-0.13
-0.18
-0.14

-0.60
-0.39
-0.42
-0.01

0.r7
0.25
0.16
a.r2

0.21
0.29
0.20
0.r4

0.06
0.62
0.001
0.15

0.37
0.61
0.25
0.27

I
I
lnI
lnI

I
I
lnI
lnI

I
I
lnI
lnI

I
I
lnI
lnI

27
L6

270
16

0 119 590
2 111 484
0 1r9 590
2 111 494

465
367
465
367

59
30
59
30

83
85
83
85

0
2
0
2

0.23
0.32
0.23
0.16

0.32
0.49
0.28
0.26

369
295
369
?q5

220
170
220
170

+ 0.51
+ 0.41
+0.38
-0.29

0.11
0.40
0.17
0.28

0.01
0.22
0.07
0.93

0.93
0.33
0.53
0.82

0.98
0.50
0.04

0.0001

0.97
0.0001
0.96

0.0001

0.86
0.20
0.34

0.0001

0
2
0
)

0
2
0
2

-0.46
-0.43
-0.31
-0.06

0.03
0.14
0.13
0.69

+0.02
+0.41
-0.14
-0.05

0.26
0.42
0.22
0.23

0.31
0.82
0.56
0.01
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TABLE A-II

RESULTS OF PLUME.MODEL ANALYSES 1985-86

Pair

SOKU45
(Pr/s)
600 m

SOKU35
(PN)
500 m

SOKD45
(PIr+s)
1100 m

SOKD35
(PN)
900 m

PMRS
(PMRN)
2600 m

6I
(E/mz-hr)

-0.028

-0.042

-0.037

-0.072

-0.054

-0.073

-0.054

-0.108

-0.037

-0.051

Ht.

o
2

0

)

0

2

0

2

0

2

PN

0.37

0.39

0.23

0.27

0.29

0.30

0.24

0.23

0.05

0.06

Ps

0.22

0.17

0.27

0.28

0.22

0.21

0.23

0.26

0.03

0.03

6l/<l^> 6lnl 6I/I

-0.216 -0.231, -0.206

-0.174 -0.282 -0.246

-0.225 -0.323 -0.276

-0.237 -0.338 -0.287

-0.317 -0.428 -0.348

-0.257 -0.341 -0.289

-0.253 -0.356 -0.300

-0.288 -0.378* -0.315

-0.231 -0.321. -0.275

-0.253 -0.364 -0.305

The significance levels of all 6I and dlnl are less than p = 0.0002, except for ., which is
0.004.
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TABLE A.III

RESULTS OF UPSTREAM-DOWNSTREAM ANALYSES 1 985 -86

Pair

SOKU45
(PIr$s)
600 m

SOKU35
(PN)
500 m

SOKD45
(Prls)
1100 m

SOKD35
(PN)
900 m
-0.075

PMRS
(PMRM)
2600 m

5I
(E/mz-hr)

-0.014

-0.017

-0.016

-0.021

-0.020

-0.033

-0.025

0.40

Ht.

0

2

0

2

0

)

0

Ps

0.59

0.57

0.46

0.51

0.68

0.69

0.55

)

PN

0.41

0.43

0.54

0.49

0.32

0.31

0.45

0.60

5Il < Ia > SinI 6I/I

-0.109 -0.M2* -0.041

-0.075 -0.034** -0.033

-0.105 -0.129 -0.121

-0.088 -0.056 -0.054

-0.139 -0.097 -0.092

-0.132 -0.080 -0.077

-0.135 -0.1M -0.099

-0.032 -0.106 -0.077

-0.114

-0.135

-0.091 -0.087

-0.105 -0.099

0

2

0.58

0.62

0.42

0.38

-0.015

-0.026

The significance levels of all 6I and 6lnl are
for ', which is 0.1.2, and '*, which is 0.10.

p = 0.04 or less (usually much less), except
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APPENDIX B

Topics In Mathematical Oceanography

1. Notation

Any vector A has components Ai, with the index i = I,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

proOuct

A*B = AtBi = ArBt + AzBz + A.3Bs.

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 Cy, and the net outflow of S from a

volume element of unit volume is the divergence of the flux V.(Cy) = a(CV )/bxi.

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

{u q= AC/At + d(CVi)/dxi.

When the quantity S is mass, the

density and no production of mass,

equation:

concentration is the density p; with constant

the budget equation for mass is the continuiry
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V*Y = ]Yif |xi = Q.

When the quantity S is any component of momentum, the concentration is gYi,

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

eouation:

{2)

{3}

t4)

{s}

Fi = pdYifOt + pE(ViY)/lxi.

This form of the force equation holds in an lnaccelerated frame of reference. For

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

the force equation becomes:

Fi/p = lYi/0t + Z(s.x V); + a(V1V1)/ax;.

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

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

The applied force components Fi are given by:

Fi = Pgi - 0p/0xt + |riif lxi.

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 0p/0xi is a component of

the pressure gradient Ip; r1i 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
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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 o = I/p:

t6) 0Yi/0t + Z(sx V)1 + O(Yg)/lxj = gi - a|p/lxi + a|r1if lxi.

3. Hydrostatic Pressure

The positive axis of x: 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 ?. Except when the vertical

acceleration 0Y3/0t is large, as in the case of gravity waves, the vertical force

equation is reduced, for practical purposes of oceanography, to the hydrostatic

equation aQp/Ez) = g, because all the terms involving velocities and shear stresses

are much smaller than g, about 1000 cm/secz. with a uniform density p* this

equation integrates to p = po1(4 * ,), and the pressure-gradient terms in the

horizontal force equations become:

{7} a|p/lxi = g|qf lxi.

It is important to note that this pressure-gradient force due to a slope 0q/0xi 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)lp. = - -f(T-To), with the thermal expansion "f
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about 2x7C/ per degree C. Integrating the hydrostatic equation with this variable

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

t8)

4. .Coastal Currents And Upwelling

Taking x = xl alongshore, y = X2 across the shelf, and z = x3 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 < ViVj > as the sum of ( Vi > < Vj > and the average

product of turbulent fluctuations <vi'vj' ), w€ find that all the left-hand terms in

{6} drop out except 0 <v1'v3' > / lxt. with no longshore variation of density, {6}

and {8}, with i = 1, give the longshore force equation:

?z
a7p/lxi = g|qf lxi- g10lf lxi, with I = l(T-T.)dz'.

./o

{e}

{10}

0<vr'v. '> f dz = g0a/0x + o|rof 02.

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:

T61a = pgHd4f 0x + r**.

Here rb, and ze,x are the bottom-stress and wind-stress. This balance applies to

shallow nearshore waters for which the average current is constrained by the coast
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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 {vx'Vz') is proportional to the mean gradient

0<Y,>f0z and to Fu*, and also increases linearly with the height above the

bottom D = H-z (see Section 5 on turbulent dispersion below). That is:

1v* 'vz '  I  =  - (d<Vr>/ |z ,wi th  K = ku*(D+a) , inwhichk = 0.4 isvonKarman,s

constant, u*2 = t6rf p, and a is a characteristic roughness length for the bottom.

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

{1U y* = (u./k)[n(l +D/a)-D/H] when r,,a = 0

for a slope'driven current, and

Y* = (u./k)ln(l+D/a) when o4/ox = 0

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

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

' 
,o, the same longshore .urr.nr, 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:

{12}

{13} -Z(sx V)y = 2osihlV* = g0n/0y - gtl/0y,
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in which L is the latitude, positive in the northern hemisphere. Differentiating by

the vertical coordinate z. we have the relation:

{14} 2atsinl- 0Y./0z = -g10TI0y

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

shear in a longshore current.

with 2osinl about 8x105 sec'r in 33o N. I-atitude, g about 1F cm/sec2, and
'f about zxlF oQ-l, o steady longshore current flowing downcoast off Southern

California with velocity falling from L0 cm/sec at the surface to zero on the bottom

at 1.0 m depth would correspond to a seaward increase of temperature of about

0.4oC 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 = (2trot1'r tz"*p {(x- p)z /2o iz),
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then the particle-concentration C obeys the advection-dispersion equation

AC/at = -(V >|C/dx + K0zC/0x2,

with <v> = ap/Ot and 2K = 0(ol)/0t. More generally, a joint normal

distribution in three dimensions is a solution of the equation

)C/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-

flr:x 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 diffusiviry Ki = (t/\a@iz)/Ot 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, 02 = <x'2>, averaged

over an ensemble of particles, and 6oz/0t = Z<x,v,>. But x,(t) = (T,(r)O =
fl 

uo

f u'(u r)dr, so we can interchange the order of.averaging and integration to ger
-o

r ta
(L /2 )  0o2/0 t  =  l cv ' ( t )v ' ( t -  r )>dr  =  <v '2>  f  R lz ;Oz,

6 t

in which fl(t) it 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
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turbulence is both homogeneous and stationary; in general, the statistic ft of a

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

-t
The form Ki = (v;/2v 

fRlryor is very useful, though, to show limiting

forms of K for small and large u$, ,. Since fi. i, l"r, than 1 and approaches 1 as

t goes to zeto, K1 = <v,/211 is a useful approximation for small t and an upper

limit for any t. For large t, fi.1r)Or will approach a limit I and the diffusivity

vrill approach a constant value K; = (v; ,z>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 Fi.i = < vi'2 > l2o as an approximation for small o.
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APPENDIX C

AN APPROXIMATE MODEL FOR SONGS'EFFECTS
ON PIANKTON POPUI,ATIONS

(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 MODEI  T 'OR SONGS'  EFFECTS ON PTANKTON POPUTATIONS

The  cen t ra r  i dea  o f  t h i s  node r  i s  t o  se t  up  budge ts  f o r
p l ank ton  i n  a  nea rsho re  reg ion  and  an  ad jacen t  o f f sho re  reg ion ,
i nvo rv i ng  ne t  r ep roduc t i on  ra tes ,  ne t  f l uxes  o f  p rank ton  i n to
o r  ou t  o f  t he  reg ions  due  t o  advec t i on  and  t u rbu len t  d i spe rs i on ,
and  ne t  l osses  o r  ga ins  i n  t he  reg ions  f r on  no r t a r i t y  and  t r ans -
l oca t i on  caused  by  soNGS.  The  f l uxes  due  t o  t u rbu len t  d i spe rs i on
a re  spec i f i ed  by  d i f f us i v i t i e s  K  ,  us i ng  t he  bas i c  de f i n i t i on
o f  d i f f us i v i t y  as  t he  nega t i ve  ra t i o  o f  f l u x  t o  concen t ra t i on -
g rad ien t .  I f  a  popu la t i on  has  sone th i ng  I i ke  a  Gauss ian  d i s t r i b -
u t i on  o f  dens i t y  w i t h  d i s t ance  f r on  sho re  y  ,  w i t h  t he  i n f l ec -
t i on  po in t  a t  y  -  t l  ,  t he  concen t ra t i on -g rad ien t  nea r  l {
i s  r ough l y  - c /w  ( c  be ing  t he  nean  dens i t y  i nsho re  o f  tV ) ,
and  t he  seaward  t u rbu len t  f l ux  o f  p l ank ton  i s  Kc l l i  r h i s
app rox ina t i on  w i l l  se r ve  f o r  o rde r -o f - nagn i t ude  ca l cu la t i ons
fo r  any  reasonab le  d i s t r i bu t i on  o f  dens i t y .

The  reg ions  whose  budge ts  a re  cons ide red  a re  shown  in
F igu re  l .  The re  i s  an  i nsho re  box  o f  d i nens ions  H  ( t he  nean
wa te r  dep th ) ,  t {  ( t he  c ross -she l f  w id th  o f  t he  na in  hab i t a t
f o r  a  nea rsho re  spec ies ) ,  and t  ( t he  l ongsho re  ex ten t  o f
any  change  i n  popu la t i on  dens i t y  caused  by  soNcs ) .  .  Bes ide
i t  i s  an  o f f sho re  box  o f  dep th  H  ,  w i t h  w id th  t f ,  and  reng th
L '  t ha t  a re  no t  spec i f i ed  bu t  a re  t aken  t o  be  o f  t he  sane

o rde r  as  l {  and  t  .  r n  a  na tu ra r  s t eady  s ta te ,  t he  popu la t i on
dens i t y  i s  Co  o f f sho re  f rom y  =  W and  Cr  i nsho re .  I n
a  new  s teady  s ta te  w i t h  soNcs  i n  con t i nuous  ope ra t i on ,  t he
dens i t i es  become  cz  i ns i de  t he  i nsho re  box  and  ce  i ns i de
the  o f f sho re  box ,  bu t  keep  t he i r  o r i g i na l  va l ues  o f  c r  and
co  i n  t he  nea rsho re  and  o f f sho re  zones  ou t s i de  t he  boxes .

A l r  t hese  dens i t i es  and  o the r  quan t i t i e s  a re  t o  be  t aken  as
neans  ove r  t he  reg ions  and  ove r  t i ues  o f  non ths  a t  l eas t .

I n  t he  na tu ra l  s t eady  s ta te ,  t he  ne t  o f  b i r t hs  and  dea ths
in  the  i nsho re  box  i s  g i ven  by  r r  c r  L f , | {  r  F r  be ing  the  ne t
rep roduc t i ve  ra te  ( f ecund i t y  n i nus  no r t a l i t y )  i n  t he  nea rsho re
hab i t a t .  The  ne t  t r ans fe r  o f  i nd i v i dua l s  t o  and  f r ou  t he  box
i s  a l r  ou t r ca rd  t h rough  t he  seaward  wa l l  and  i s  g i ven  by- (LHKy  /W) (C t -Co )  .  These  two  t e rms  mus t  add  up  t o  ze ro  t o
keep  a  s teady  s ta te ,  wh ieh  g i ves  t he  re l a t i on

1 1  =  ( K y / w 2 ) ( l  -  C o / C t )

f o r  t h e  n e t  r e p r o d u c t i o n  r a t e  i n  t h e  n e a r s h o r e  z o n e .
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A  s i n i l a r  b a l a n c e  f o r  t h e  o f f s h o r e  b o x  g i v e s

r o  =  - ( K v / V I W ' ) ( C t / C o  I )

f o r  t h e  n e t  r e p r o d u c t i o n  r a t e  o f f s h o r e .

F o r  a  t r u r y  p a s s i v e  p l a n k t o n i c  p o p u l a t i o n  t h a t  i s  o n l y
v i a b l e  i n s h o r e  o f  t f  ( t h a t  i s ,  w i t h  C o
r e l a t i o n  s h o w s  t h a t  a  v e r y  h i g h  n e t  r e p r o d u c t i v e  r a t e  n a y  b e
n e e d e d  t o  n a k e  u p  l o s s e s  d u e  t o  s e a w a r d  d i s p e r s i o n  f r o n  a  n a r r o w
n e a r s h o r e  h a b i t a t .  F o r  e x a m p r e ,  K y  =  |  k n z / d a y  ( l O s  c m 2 / s e c ) , .

w  =  Q  k n ,  a n d  c o / c r  =  . s  r e q u i r e s  1 1  t o  b e  a b o u t  g z
P e r  d a y ,  b u t  t h e  s t i l r  p l a u s i b t e  v a r u e  K v  =  l 0  k u a l d a y  c a l l s
f o r  r r  c l o s e  t o  3 0 2  p e r  d a y .  T h i s  a r g u n e n t  s u g g e s t s  t h a t
s t r o n g r y  z o n e d  n e a r s h o r e  p l a n k t o n  n a y  h o r d  t h e i r  g r o u n d  b y
s o n e  k i n d  o f  b e h a v i o r ,  s u c h  a s  s e e k i n g  t h e  b o t t o n ,  w h i c h  g r e a t l y
r educes  t he  e f f ec t i ve  c ross -she r f  d i f f us i v i t y K y  f o r  t h e
o rgan i sns r  BS  conpa red  t o  t ha t  f o r  a  pass i ve  subs tance ,  so
tha t  a  reasonab le  rep roduc t i ve  ra te  can  su f f i ce  to  nake  up
the  I osses  by  d i spe rs i on .

f n  t he  new  s teady  s ta te  w i t h  SONGS in  con t i nuous  ope ra t i on ,
neh t  ba rances  can  be  se t  up  i n  t he  sane  way ,  w i t h  new  va lues
f o r r  and  c  i n  t he  two  boxes ,  and  new te rms  to  take  accoun t
bo th  o f  t he  rongsho re  dens i t y -g rad ien t s  t ha t  now  ex i s t ,  and
o f  t he  e f f ec t s  o f  SoNCs ,  wh i ch  a re  node l l ed  i n  t he  f o l l ow ing
ways  f o r  t he  i nsho re  and  o f f sho re  boxes .  The  o f f sho re -d i r ec ted
d ischa rge  o f  SoNGs d r i ves  wa te r  ou t  o f  t he  i nsho re  box  i n to
the  o f f sho re  box  a t  a  r a te  a  ( abou t  l o0o  n3 l sec  o r  0 .1  kne /day ,
rep resen t i ng  bo th  t he  wa te r  d i scha rged  a t  t he  po r t s  and  t he
wa te r  en t ra i ned  i n  t he  nea r - f i e rd ) ,  r enov ing  p l ank ton  f r on
the  i nne r  box  a t  t he  ra te  eCz  .  I n  a  s teady  s ta te ,  wa te r
nus t  f l ow  back  i n to  t he  i nsho re  box  a t  t he  sane  ra te ;  a  f r t c t i on
o r -  o f  t h i s  nakeup  f l ow  i s  t aken  to  come th rough  the  end -wa l l s

o f  t he  box ,  w i t h  t he  o r i g i na l  nea rsho re  popu la t i on -dens i t y
C r  ,  a n d  t h e  r e n a i n i n g  f r a c t i o n ( l - o )  c o D e s  t h r o u g h  t h e

s e a w a r d  w a r l  w i t h  t h e  n e w  o u t e r  d e n s i t y  c e  ,  s o  t h e  n e t  r a t e
a t  w h i c h  p l a n k t o n  l e a v e  t h e  i n s b o r e  b o x  b e c a u s e  o f  S O N G S  i s
g i v e n  b y  Q C a  - o r Q C r  -  ( r - o < ) Q C a  .  s o n e  o f  t h e  p r a n k t o n  d r i v e n
f r o m  t h e  i n n e r  t o  t h e  o u t e r  b o x  a r e  k i l l e d  b y  i n g e s t i o n  o r
e n t r a i n n e n t .  T h e  f r a c t i o n  s u r v i v i n g  i s  c a r l e d  B  ,  a n d  t h e
r a t e  a t  w h i c h  p l a n k t o n  e n t e r  t h e  o u t e r  b o x  i n  t h e  d i s c h a r g e d
a n d  e n t r a i n e d  w a t e r  i s  B Q C z  .  W a t e r  n u s t  a l s o  l e a v e  t h e  o u t e r
b o x  a t  t h e  r a t e  o  ,  w i t h  p o p u l a t i o n - d e n s i t y  c e ,  s o  t h e  n e t
r a t e  a t  w h i c h  p l a n k t o n  e n t e r  t h e  o u t e r  b o x  b e c a u s e  o f  S O N G S
i s  B Q C z  Q C a
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A  n e a n  I o n g s h o r e  c u r r e n t  i n  e i t h e r  d i r e c t i o n  w i t h  s p e e d
s  w i l l  b r i n g  p r a n k t o n  i n t o  t h e  i n n e r  b o x  a t  a  r a t e  H W S C I
a n d  t a k e  p r a n k t o n  o u t  o f  t h e  b o x  a t  a  r a t e  H W S C z  ,  s o  t h e
n e t  t r a n s f e r  o f  p l a n k t o n  i n t o  t h e  i n n e r  b o x  d u e  t o  t h e  c u r r e n t
i s  H l f s ( c r - c z )  ;  s i n i l a r l y ,  t h e  n e t  t r a n s f e r  i n t o  t h e  o u t e r
b o x  d u e  t o  t h e  c u r r e n t  i s  H W ' S ( C o - C a )

W i t h  n e l r  t e r n s  a d d e d  f o r  t h e  e f f e c t s  o f  S O N G S  a n d  n e a n
c u r r e n t r  o D d  w i t h  d i s p e r s i o n  t e r m s  s p e c i f i e d  i n  t h e  s a m e  w a y
a s  b e f o r e ,  t h e  n e w  b a l a n c e  f o r  t h e  i n s h o r e  b o x  i s :

r z  C z  L H W  -  (  t H K y  / W )  ( C z  - C e  )  + H W ( 4 K x / L  +  S ) ( C r - C z )

Q I  Cz -orCr -  (  1-"<) Ca ]

F o r  t h e  o u t e r  b o x ,  t h e  n e w  b a l a n c e  i s :

r e C e  L H W '  +  ( l H K y  / W )  ( C z - C e  )

( 4 H W ' , K x / L '  +  H W ' S  +  t r I ' K v / W ' ) ( C a - C o )

+  Q ( B C z - C a )  =  0

F r o m  t h e s e  t w o  D e w  b u d g e t  e q u a t i o n s ,  w e  c a n  e s t i n a t e  t h e
t r e w  d e n s i t i e s Cz insho re  and  Cr  o f f sho re  i n  t e rns  o f  t he
d inens ions ,  d i f f us i v i t i e s ,  and  o r i g i na l  dens i t i es ,  f o r  d i f f e ren t
cases  co r resPond ing  t o  d i f f e ren t  eco log i ca l  hypo theses  abou t
the  new ne t  rep roduc t i ve  ra tes  ?z  and  rA  .  The re  a re  th ree
t rac tab le  cases  t ha t  f a i r l y  we l l  cove r  t he  range  o f  r i ke r y
s i t ua t i ons :

r) B e h a v i o r - z o n e d  p l a n k t o n ; t h i s  i s  t he  s i t ua t i on  i n  wh i ch
Ky  fo r  o rgan isns  and  tbebo th  t he  c ross -she l f  d i f f us i v i t y

o r i g i n a l  n e t  r e p r o d u c t i v e  r a t e s  r r  a n d  r o  a r e  s m a l l  b e c a u s e
t h e  p l a n k t o n  a c t u a l l y  r e s i s t  c r o s s - s b e l f  n o v e n e n t  b y  s o n e  k i n d
o f  b e h a v i o r .  I n  t h e  e x t r e n e ,  w €  s e t  K y  a n d  a l l  t h e  r ' s
t o  z e t o ,  I e a v i n g  o n l y  t h e  t e r m s  i n v o l v i n g  K x  ,  S  ,  a n d  a .

2) N e t  r e p r o d u c t i o n  r a t e s  i n d e p e n d e n t  o f  d e n s i t y ;  i n  t h i s
c a s e ,  i  t  i s  s u p p o s e d  t h a t 1 2  =  r l  a n d  r A  =  r o  ,  s o  t h a t
t h e  D e w  r ' s  a r e  g i v e n  b y  t h e  o r i g i n a l  b u d g e t  e q u a t i o n s  w i t h o u t
s o N c s .  T h i s  i s  a n  e x t r e n e  c a s e  i n  w b i c h  n o  r o s s e s  o r  g a i n s
o f  i n d i v i d u a l s  a r e  c o n p e n s a t e d  t o  a n y  d e g r e e  b y  c h a n g e s  i n
b i r t h r a t e  o r  n o r t a l i t y .
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3 )  N e t  r e p r o d u c t i o n  r a t e s  i n v e r s e l y  p r o p o r t i o n a l  t o  d e n s i t y ;
t h i s  g i v e s  a  c o n s t a n t  n e t  n u n b e r  o f  b i r t h s  a n d  d e a t h s  i n  a
r e g i o n  p e r  u n i t  o f  t i u e ,  r e g a r d r e s s  o f  c h a n g e s  i n  d e n s i t y .
T h i s  c a s e  i s  n o t  s t r i c t r y  a n  e x t r e n e  o f  c o n p e n s a t i o n ,  s i n c e

r  c o u r d  f o r n a l l y  c h a n g e  e n o u g h  t o  k e e p  d e n s i t y  c o n s t a n t  n o
n a t t e r  w h a t  e l s e  h a p p e n e d ,  b u t  w e  c a n  t a k e  i t  a s  a  p r a g t i c a l
n e a r - e x t r e m e .  ( O n e  s e t  o f  r u n s  o f  t h e  s h a d o w - e f f e c t s  n o d e l
u s e d  t h i s  h y p o t h e s i s  f o r  b i r t h r a t e  a I o n e ,  n o t  f o r  t h e  n e t  r e p r o -
d u c t i v e  r a t e - )  H e r e  w e  a p p l y  t h e  h y p o t h e s i s  o n l y  t o  t h e  i n s h o r e
b o x ,  s e t t i n g t zoz  =  r r  C : . .  F o r  a  n e a r s h o r e  s p e c i e s  w i t h
n e g a t i v e  r o  o f f s h o r e  d o n i n a t e d  b y  n o r t a l i t y ,  i t  i s  n o t  r e a s o n a b l e
t o  e x p e c t  t h e  m o r t a l i t y - r a t e  t o  r i s e  a s  d e n s i t y  d e c r e a s e s ,
s o  w e  k e e p  t h e  r e l a t i o n  r A  =  r o  i n  t h e  o f f s h o r e  b o x .

l f i t h  a n y  o f  t h e s e  h y p o t h e s e s ,  i t  i s  a  n a t t e r  o f  s t r a i g h t :
f o r w a r d  a r g e b r a  t o  s u b s t i t u t e  r ' s  f r o u  t h e  o r i g i n a r  b u d g e t
e q u a t i o n s  i n  t h e  n e w  b u d g e t  e q u a t i o n s  a n d  t o  r e d u c e  t b e  n e w
e q u a t i o n s  t o  P a i r s  o f  s i n u l t a n e o u s  e q u a t i o n s  i n  t h e  u n k n o w n
r a t i o s  c t / Q z  a n d  c a / c z  .  B e f o r e  s e t t i n g  o u t  t h e  r e s u r t s ,
w e  w i l l  i n t r o d u c e  s o D e  c o n v e n i e n t  n o t a t i o n :

S a y  C o  / C r  =  Y

C r / C z  =  f

C a / C z  =  g

( C a - C o  )  / C o

so  t he  re l a t
dens i t y  i s

I ' v e  t ' n c r e a s e
g i v e n  b y

r e c a l l  a l s o

i n  o f f sho re

tha t

t r a n s f e r r e d  b y  t h e
t o  t h e  o u t e r  b o x  t h a t

,  e D  i n d e x  o f  t h e  d e g r e e  t o  w h i c h  a  s p e c i e s
i s  z o n e d  a c r o s s  t h e  s h e l f ;

s o  t h e  r e l a t i v e  d e p r e s s i o n  i n  n e a r s h o r e
p o p u l a t i o n  d e n s i t y  i s  g i v e n  b y

s a y  a l s o

= g / t f - l

i s  t h e  f r a c t i o n  o f  t h e  n a k e u p  f l o w  t o  t h e  i n s h o r e
b o x  t h a t  c o n e s  f r o n  t h e  n e a r s h o r e  z o D e  t h r o u g h
t h e  e n d s  o f  t h e  b o x ,  a n d

i s  t h e  f r a c t i o n  o f  p l a n k t o n
d i s c h a r g e  f r o n  t h e  i n n e r
s u r v i v e  t h e  p r o c e s s .
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W i t h  t h i s  n o t a t i o n ,  a n d  s o m e  s i n p l i f y i n g  a s s u n p t i o n s ,
w e  c a n  w r i t e  t h e  p a i r s  o f  s i n u l t a n e o u s  e g u a t i o n s  f o r  t h e  t h r e e
c a s e s  c o n p a c t l y  a s  f o l l o w s ,  w i t h  t h e  e q u a t i o n  f o r  t h e  i n s h o r e
b o x  g i v e n  f i r s t :

1 ) B e h a v i  o r - z o n  i n g ; a l l  r ' s  a n d K v  a r e  z e r o ;  a l s o  a s s u D e

,  a n d

,  w i t h

W ' =  W ,  a p p r o x i n a t e l y :  t h e n ,

( r+91

_xTf

T= !+A

( 1 - o < ) g  =  T + I

( T + 1 ) g  =  g

D = ( iwt t ) (Hf ,x /e)  ,  A  =  r {HS, /e

2) Dens i t y - i ndependen t  r ' s
assuDe  L ' / 2  =  L /2  =  W,  =  g f
i na te l y :  t hen ,

r z=
and Kx

1 1  a n d
= K y  t

r A  =  r o ;  a l s o
a I I  a p p r o x -

,  a n d

,  w i t h

=  r o ;  a l s o
a l l  a p p r o x -

,  a n d

,  w i t h

( D ' + A + 9 f  +  ( D ' + l - o < ) g  =  D ' ( t + I )  +  A  +  I

-Qn '+A) t r f  +  { t z+ t1 f , )D ,+A+ l }g  =  B  +  D ,

D'= 288*/Q and A = Wf,S/e

3 ) N e a r s h o r e  c o m p e n s a t i o n ; rzCz =  r : .  Cr .  and
W ' = g f , a n d K x = K yassume L ' / 2  =  L /2  =

i na te l y :  t hen ,

rA

t

{D ' ( z - t s )+A+o<} f  +  (D ,+ } - . . . yg  =  ZD ,  +  A  +  }

- ( 20 '+A )x f  +  { (Z+L / I )D '+A+1 }g  =  S  +  D '

D '  a n d  A  a s  a b o v e .
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T h e  r a t i o s  o f  n e w  d e n s i t i e s  w i t h  s O N G s  t o  o r i g i n a l  d e n s i t i e s
t h a t  c a n  b e  c a l c u l a t e d  f r o n  t h e s e  p a i r s  o f  e g u a t i o n s  a r e  i n
t e r n s  o f  t h e  p a r a n e t e r s  c (  ,  B  ,  a n d  v  d e f i n e d  a b o v e ,  a n d
t h e  n e w  p a r a n e t e r s  D  o r  D '  a n d  A  ,  w h i c h  e x p r e s s  t h e  r a t i o s
o f  d i s p e r s i v e  a n d  a d v e c t i v e  t r a n s p o r t s  o f  w a t e r  t o  t h e  t r a n s -
p o r t  O  r e s u l t i n g  f r o n  d i s c h a r g e  a n d  e n t r a i n n e n t  b y  t h e  S O N G S
d i f f u s e r s .  T h e  f i r s t  c a s e ,  b e h a v i o r - z o n i n g ,  i s  t h e  s i n p r e s t
t o  d e a l  w i t h ,  t h e  l e a s t  r e s t r i c t e d  b y  s i n p l i f y i n g  a s s u n p t i o n s ,
a n d  l r o b a b l y  t h e  n o s t  r e a l i s t i c  f o r  s t r o n g l y  z o n e d  n e a r s h o r e
p l a n k t o n .  B e f o r e  g o i n g  i n t o  t h i s  c a s e ,  t h o u g h ,  w e  n o t e  s o n e
c o m u o n  f e a t u r e s  o f  a l l  t h r e e  c a s e s .

f n
D '  i s
I e a d  t o
C z = C r

I n  t h e  o t h e r
t  i o n  r  S o  t h a t  D
r e d u c e  t o  g  =  S ,  a n d
t h e  r e l a t i v e  d e c r e a s e

t h e  e x t r e n e  o f  v e r y  l a r g e  d i f f u s i v i
v e r y  n u c h  g r e a t e r  t h a n  A  ,  {  ,  a n d  I

t h e  s a n e  r e s u l t  t h a t  f  =  f  a n d
,  C a  =  C o  ,  a n d  a l l  i s  a s  i t  w a s  w i t h o u t

t y ,  s o  t h a t  D  o r
,  a l l  t h r e e  c a s e s

e  = {  ;  t h a t  i s ,
S O N G S .

e x t r e n e  o f  v e r y  s m a l l  d i f f u s i v i t y  a n d  a d v e c _
o r  D '  a n d  A  g o  t o  z e r o ,  a l l  t h r e e  c a s e s

e t f + ( 1 - o ) g  =  |  ,  w i t h  t h e  r e s u l t  t h a t
o f  n e a r s b o r e  d e n s i t y  i s

5  =  ( c t - C z ) / C t  =  ( l - o g ( l - B ) / { t - ( t - . O B }

T h e  r e s u l t  g  -  I  m e a D s  t h a t  t b e  o u t e r  b o x  u r t i n a t e r y  f i r l s
w i t h  d i s c h a r g e d  a n d  e n t r a i n e d  w a t e r  w i t h  p o p u r a t i o n  d e n s i t y
B C a  o f  p l a n k t o n  s u r v i v i n g  t h e  s h o c k s  o f  i n g e s t i o n  o r  e n t r a i n -

n e n t '  T h e  d e p r e s s i o n  o f  d e n s i t y  i n  t h e  i n n e r  b o x  d e p e n d s  f i r s t
o n  o (  '  t h e  f r a c t i o n  o f  t h e  n a k e u p  f l o w  t h a t  e n t e r s  t h e  b o x
f r o m  t h e  n e a r s h o r e  z o n e  w i t h  t h e  o r i g i n a r  d e n s i t y  c r  r f
<  =  I  ,  t h e n  5  =  Q  f o r  a n y  v a l u e  o f  B  i  i f  o c =  0  ,  t h e n5  =  I  ,  n e a n i n g  t h a t  t h e  u r t i n a t e  i n s h o r e  d e n s i t y  c z  i s

z e r o  a n d  D o  p l a n k t o n  s u r v i v e  i n  e i t h e r  b o x .  T h e  o n l y  e x c e p -
t i o n  . i s  i f  n o  p l a n k t o n  a t  a r l  a r e  k i r l e d  b y  s o N G S  ( B  =  r ) ,
i n  w h i c h  c a s e  5  =  Q  f o r  a n y  v a l u e  o f  o <  ,  F o r  a  s i n g l e
i n t e r n e d i a t e  e x a n p l e ,  t a k e  o L  =  . !  a n d  B  =  . ? S  r  8  v a l u e
c o r r e s P o n d i n g  t o  I 0 0 Z  i n g e s t i o n  u o r t a l i t y  a n d  2 0 1 4  e n t r a i n n e n t
n o r t a l i t y  w i t h  a n  e n t r a i n n e n t  r a t i o  o f  a b o u t  l 0  t o  I  T h e s e
v a l u e s  g i v e  5  =  . 3 ?  ,  s h o w i n g  t h a t  a  n o d e r a t e  f r a c t i o n  o f
n a k e u p  f l o w  f r o n  a l o n g s h o r e  c a n  f a i r l y  w e l r  o f f s e t  a  h i g h  n o r -
t a l i t y  d u e  t o  S o N G s  e v e n  i n  t h e  c o n p l e t e  a b s e n c e  o f  n a t u r a l
d i s p e r s i o n .  I t  i s  t o  b e  n o t e d  t h a t  t h e  o r i g i n a l  z o n i n g  s p e c i f i e d
b y  6  d o e s  n o t  e n t e r  a D y  o f  t h e s e  e x t r e m e  r e s u l t s .
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T o  s e e  w h a t  h a p p e n s  a t  i n t e r n e d i a t e  r a t i o s  o f
t r a n s p o r t s  t o  t h e  S O N G S - i n d u c e d  t r a n s p o r t ,  w e  n e x t
t h e  f i r s t  c a s e  o f  b e h a v i o r - z o n i n g  i n  n o r e  d e t a i ] '
t h e  t w o  e g u a t i o n s  ( t + o Q 1 '  *  ( I - o ) g  =  T + l  a n d- T r f  +  ( T + 1 ; *  -  B  f o r  t h i s  c a s e ,  a s  g i v e n  b y  I )
l e a d s  t o  t h e  e x p r e s s i o n  f o r  t h e  i n s h o r e  d e p r e s s i o n  o f5 =  L - t / t  as

5  =  ( l - o4  { ( l - t )T+ ( l -B  ) }  /  { (T+ r ; z - ( l - o< )B }

n a t u r a l
c o n s  i  d e r
S o l v i n g

a b o v e ,
d e n s  i  t y

T h i s  i s  h a r d  t o  p o r t r a y  c o r n p l e t e l y  a s  a
B ,  X  r  ? n d  T ,  s o  w e  w i l l  b r a c k e t
r e s u l t s  f o r  B  =  Q  ( a l l  i n g e s t e d  a n d
a n d  f o r  B  =  f  ( n o  p l a n k t o n  k i l l e d ) .

f u n c t i o n  o ' f  d  ,
t h e  s i t u a t i o n  b y  p l o t t i n g

e n t r a i n e d  p l a n k t o n  k i l l e d )

t { i  t h B=$ w e  h a v e

/ ( l - s c y  =  { t + ( f - y y T } / ( r + 1 ; z

w i t h  B  =  I ,  w e  h a v e

E / (v t )  =  (1 - " . )T / t ( r+ t )2 - (1 -o ) ]

F igu re  2  g i ves  p l o t s  o f  t hese ,  show ing  f o r  B  =  Q  the  reg ions
on  a  l og - rog  p l o t  o f  T  and  v  i n  wh i ch  s  exceeds  0 .3  f o r
va r i ous  va rues  o f  o (  ,  and  f o r  B  =  !  t he  reg ions  on  a  sen i - r og
p lo t  o f  T  and
o f  v  .  r n  t he  wo rs t  case  B  =  g  r  w€  see  f o r  s t r ong ry - zoned
nea rsho re  p l ank ton  (Y  <<  r )  t ha t  dep ress ions  o f  dens i t y  g rea te r
t han  . 3  w i l l  on l y  occu r  when  t he  t r anspo r t - r a t i o  T  i s  r ess
than  abou t  2  fo r  t he  smar res t  va lues  o f  *  ,  and  on ry  when

T  i s  r ess  t han  abou t  0 .3  f o r  va lues  o f  d .  exceed iug  0 .6
Fo r  weak l y - zoned  p lank ton  (  x  nea r  1 )  somewha t  sna l l e r  va lues
o f  T  a re  requ i red  f o r  a  g i ven  o (  ,  bu t  f o r  s t r ong ry - zoned
o f f sho re  p l ank ton  ( t r>>  r )  i nc reases  o f  i nsho re  dens i t y  ( nega t i ve
5 ' s )  exceed ing  0 .3  can  occu r  ove r  a  r ange  o f  T  a round  2  ,
whose  w id th  i nc reases  w i th  t  and  dec reases  as  G(  r i ses  f rom
0  to  I

The  p l o t  w i t h  B  =  ]  shows  t he  e f f ec t s  o f  t r ans loca t i on
due  t o  SONGS in  t he  absence  o f  any  d i r ec t  no r t a l i t y  f r on  SONGS.
I l e re  we  see  t ha t  5  exceeds  0 .3  on l y  when  T  i s  l ess  t han
l  '  5  and  o .  i s  l ess  t han  o . z  f o r  any  va rue  o f  t  ,  and  on ry
fo r  T  l ess  t han  0 .3  and  o (  l ess  t han  0 .0s  i f  t  exceeds
0 .3 .  Fo r  unzoned  spec ies  w i t h  y  =  I  ,  5  i s  a lways  ze ro ,bu t
as  X  r i ses  t o  seve ra l  t i nes  I  f o r  s t r ong l y - zoned  o f f sho re
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s p e c i e s  '  r e r a t i v e  i n c r e a s e s  o f  n e a r s h o r e  d e n s i t y  ( - g )  o f  0 . 3
o r  n o r e  b e c o n e  p o s s i b l e  f o r  i n c r e a s i n g r y  w i d e  r a n g e s  o f  T
and o(

N e x t  w e  c o n s i d e r  t h e  s i t u a t i o n  w i t h  g  =  . T b  ( 1 0 0 2  i n g e s -
t i o n  n o r t a l i t y ,  2 0 2  e n t r a i n n e n t  n o r t a l i t y ,  a b o u t  r 0  t o  I  e n t r a i n -
n e n t ) ,  w h i c h  a p p r o a c h e s  a  r e a l i s t i c  e s t i n a t e  f r o u  t h e  l o w  s i d e .
F i g u r e  3  s h o w s  c o n t o u r s  o f  E  o n  s e n i - r o g  p l o t s  o f  T  a n d
o<-  ,  w i th B  =  . 7 5  a n d  f f  t a k i n g  t h e  v a l u e s  0  ,  I  ,  a n d

3
do  no t
i t  s t i
for o(
0 .3

F o r  a  q u i c k  l o o k
w e  e x a m i n e  t h e  s i n g l e
t a b u l a t e  t h e  r e l a t  i v e
i n c r e a s e  o f f s h o r e  ( C a - C o

a t  c h a n g e s  i n  d e n s i t y
c a s e o f T = l , B =

d e c r e a s e  i n s h o r e  5
)  / C o  f o r  a  r a n g e  o f  d

i n  t he  ou te r  box ,
. 75  ,  o (=  0  ,  and

and  t he  re l a t i ve

I0 .0

- z . l

- .  36

F o r  s t r o n g l y - z o n e d  n e a r s h o r e  s p e c i e s ,  w e  f i n d  t h a t  t h i n g s
c h a n g e  m u c h  f r o n  t b e  c a s e  w i t h  B  =  Q  :  w i t h  {  =  0

t t  r e g u i r e s  T  <  l . S  f o r  t h e  s n a l l e s t  o (  a n d  T  <  0 . 3
>  0 . 3 3  t o  p r o d u c e  i n s h o r e  d e p r e s s i o n s  o f  d e n s i t y  e x c e e d i n g

F o r  w e a k l y - z o n e d  s p e c i e s ,  t h e  s u r v i v a l  o f  7 5 %  o f  t r a n s -
I o c a t e d  p l a n k t o n ,  r a t h e r  t h a n  n o n e ,  m a k e s  a  g o o d  d e a l  o f  d i f f -
e r e n c e :  w i t h 6  =  f  ,  5  exceeds0 .3on l y i f  T<0 .3and
o ' '  <  0 -2  o f f sho re  p l ank ton  w i t h  {  =  3  show  i nc reases  i n
nea rsho re  dens i t y  r - 51  g rea te r  t han  0 .3  ove r  t he  range  o f
T  f r on  0 .3  t o  3  f o r  any  o<_  l ess  t han  abou t  0 .33

Y 0. t

.35

2 .8

0 .3

.29

.39

r .0

.08

- .  15

3 .0

- .54

- .  3 l

5

( C a - C o  ) / C o

T h i s  t a b l e  s h o w s  t h a t  t h e  r e l a t i v e  c h a n g e s  i n s h o r e  a n d  o f f s h o r e
a r e  c o n p a r a b r e  e x c e p t  w h e n  z o n a t i o n  i s  v e r y  s t r o n g  e i t h e r  w a y .
l { i t h  v e r y  s t r o n g  z o n a t i o n ,  t h e  r o w e r  d e n s i t y  i s  r e l a t i v e l y
n u c h  i n c r e a s e d  b y  a d n i x t u r e  o f  w a t e r  f r o u  t h e  o t h e r  b o x .

B e f o r e  s u n n i n g  u p  t h i s  D a s s  o f  a l g e b r a ,  w e  D u s t  d o  s o u e t h i n g
w i t h  t h e  n e g l e c t e d  c a s e s  2 )  a n d  3 )  a b o v e ,  i n  w h i c h  t h e  p l a n k t o n
a r e  t a k e n  t o  b e  p a s s i v e  a n d  t o  b e  z o n e d  b e c a u s e  o f  d i f f e r e n t
n e t  r e p r o d u c t i v e  r a t e s  r  i n  t h e  i n n e r  a n d  o u t e r  b o x e s .  c a s e
2 ) ,  v t e  r e c a l l ,  w a s  f o r  n o  c o m p e n s a t i o n  t h r o u g h  d e n s i t y - d e p e n d e n c e
o f  r  ,  a n d  C a s e  3 )  I d a s  f o r  s t r o n g  c o n p e n s a t i o n  i n  t h e  i n s h o r e
b o x  b u t  n o n e  i n  t h e  o u t e r  b o x ,  w h e r e  m o r t a l i t y  w a s  n o t  e x p e c t e d
t o  r i s e  a s  d e n s i t y  f e l l .  s i n c e  w e  h a v e  s e e n  t h a t  t h e  t h r e e
c a s e s  a r e  t h e  s a n e  i n  t h e  o n e  e x t r e m e  o f  v e r y  h i g h  D  o r
D '  a n d  i n  t h e  o t h e r  e x t r e n e  o f  v a n i s h i n g  A  a n d  D  o r  D ,  ,
a n d  s i n c e  w e  h a v e  a l s o  s e e n  t h a t  s m a r l  v a l u e s  o f  o . -  a n d  y
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a r e  u s u a l l y  D e c e s s a r y  t o  p r o d u c e  l a r g e  5  ,
f o r  o u r  p u r p o s e  t o  c o n p a r e  t h e  t h r e e  c a s e s
o f  t h e  t r a n s p o r t - r a t i o s  a n d  t h e  f i x e d  v a l u e s
o ( =  0  ,  a n d  Y  =  0

s r  1
w i  t h

B =

t  w i l l  b e  e n o u g h
n i d d l i n g  v a l u e s
.  / c  t

T h e  o r d e r  o f  n a g n i t u d e  o f  t h e  a d v e c t i o n - r a t i o  A  =  i l H S / e
c a n  b e  e s t i n a t e d ,  s o  A  n e e d  n o t  b e  r e f t  a s  a  w a n d e r i n g  p a r a -
u e t e r .  t { i t h  W  a b o u t  2 S 0 0 n  ,  H  a b o u t  2 0 n  ,  S  a b o u t
' 0 3  n / s e c  ( s u p p o s i n g  t h a t  v a r i a t i o n s  a b o u t  t h e  l o n g - t e r r  n e a n
f  l o w  a r e  t a k e n  i n t o  D  o r  D  '  )  ,  a n d  o  a b o u t  1 0 0 0  m 3 , / s e c ,

A  c o n e s  o u t  a s  I . S ,  o n  t h e  o r d e r  o f  u n i t y .  B y  i t s e l f ,
a  i s  n e a r  t h e  t o p  o f  t h e  r a n g e  o f  T  ( t h e  s u t n  o f  D  a n d

A  )  f o r  w h i c h  d e e p  d e p r e s s i o n s  i n  n e a r s h o r e  d e n s i t y  c a n  o c c u r
u n d e r  a n y  o f  t h e  c o n d i t i o n s  w e  h a v e  l o o k e d  6 t ,  s o  w e  n o w  c o n s i d e r
o n l y  t h e ' v a l u e s  0  a n d  I  f o r  D  o r  D , .

t { i t h  D  o r  D '  se t  a t  0 ,  A  =  } ,  and  o the r  cond i t i ons
as  above ,  t he  equa t ions  fo r  a l l  t h ree  cases  reduce  to
f  +  g  =  I  and  _2g ,= .75 ,  g i v i ng  5= .gg  t { i t h  D  o r
D '  se t  a t  l ,  t he  5  ,  

"  
a re  . 27  f o r  Case  I )  ,  .  I 0  f o r  Case

2 ) ,  and  . 04  f o r  Case  3 ) .  Reca l l i ng  t ha t  D  =  (4vJ /L )  (HKx /a )
and  D '  =  ZHKx /Q  r  w€  no te  t ha t  D ,  i s  l a rge r  t han  D  f o r
any  g i ven  Kx  i f  t  i s  mo re  t han  zw  ,  and  i s  un r i ke l y  t o
be  sna l l e r  t han  D  Th i s  nakes  Case  f )  t he  wo rs t  case  i n
the  sense  o f  p roduc ing  t he  deepes t  dep ress ion  o f  dens i t y  f o r
a  g i ven  Kx  ,  o the r  t h i ngs  be ing  equa l .

Now a t  l ong  l as t ,  t he  conc rus ions  to  be  d rawn
node l  can  be  suuua r i zed  i n  a  sho r t  space ,  as  a  se t  o f
cond i t i ons  f o r  p roduc ing  re ra t i ve  dep ress ions  o f
dens i t y  g rea te r  t han  0 .3

Fo r  weak l y - zoned  spec ies ,  w i t h  {  no t  ve ry
D+A  nus t  be  l ess  t ban  I  i n  any  c i r cuns tances .
i b l e  r ange  f o r  t he  su rv i va l - f r ac t i on  . 75  <  B  <  I  ,

D+A  mus t  be  l ess  t han  0 .3  and  t he  f r ac t i on
f rou  the  nea rsho re  zone

f rom th i s
necessa ry
nea rsho re

fa r  f ron  1  ,
O v e r  a  p l a u s -

o f  n a k e u p  f l o w

For  s t r ong l y - zoned  nea rsho re  spec ies ,  w i t h  t  sna l I  r e l a t i ve
to  r  ,  D+A  nus t  be  l ess  t han  2  i n  any  c i r cuns tances .
I n  t he  range  . ?S  <  B  <  I  ,  D+A  nus t  be  l ess  t han  I .S  and
o (  nus t  be  l ess  t han  0 .4
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r t  w a s  n o t e d  a b o v e  t h a t  t h e  a d v e c t i o n - r a t i o  A  =  w H S / e
i s  o n  t h e  o r d e r  o f  I  f o r  a  D e a n  l o n g s h o r e  d r i f t  c u r r e n t  o f
3  c m l s e c ,  w h e n  a l l  v a r i a t i o n s  a b o u t  t h i s  D e a n  a r e  t a k e n  i n t o

D  E s t i n a t i n g  A  f r o n  t h e  l o n g - t e r n  n e a n  c u r r e n t  i n  t h i s
w a y  g i v e s  t h e  s n a r l e s t  p o s s i b l e  v a r u e ,  s o  A  c a n n o t  f a r l  a n
o r d e r  o f  D a g n i t u d e  b e l o w  I  e x c e p t  i n  a  s e a s o n  f o r  w h i c h  t h e
m e a n  d r i f t  i s  l e s s  t h a n  I  c r n l s e c .  w i t h  A  n o t  n u c h  r e s s
t h a n  1  ,  t h e  c o n d i t i o n s  a b o v e  n e a n  t h a t  D  u u s t  b e  m u c h  l e s s
t h a n  1  t o  d e p r e s s  t h e  n e a r s h o r e  d e n s i t y  o f  a  w e a k r . y - z o n e d
s p e c i e s  b y  0 . 3  ,  a n d  n u s t  b e  n o  n o r e  t h a n  I  t o  d o  t h e  s a n e
f o r  a  s t r o n g l y - z o n e d  n e a r s h o r e  s p e c i e s .

t { e  r e c a l l  t h a t  !  =  ( a w 7 1 )  ( H K x / o )  t { i t h  o  a b o u t  1 0 0 0
n 3 l s e c ,  H  a b o u t  z o  D  ,  a n d  k e e p i n g  o u r  a s s u n p t i o n  t h a t  L
i s  a b o u t  2 W  r  w €  c o ' e  o u t  w i t h  K x  a b o u t  Z l D  m z l s e c ,  o r  a
f e w  t i n e s  D  x  I O s  c n z l s e c r  o F  a  f e w  t i n e s  D  k n z  / d a y .  f n
t e r n s  o f  K x  ,  t h e  c o n d i t i o n  f o r  a  d e p r e s s i o n  d e e p e r  t h a n  0 . 3
i s  t h a t  f , x  m u s t  b e  l e s s  t h a n  l O s  c m 2 / s e c  o r  I  k n z l d a y  f o r
a  w e a k l y - z o n e d  s p e c i e s  a n d  l e s s  t h a n  a  f e w  t i n e s  t h i s  f o r  a
s t r o n g l y - z o n e d  n e a r s h o r e  s p e c i e s .

O f f s h o r e  s p e c i e s  w i t h  v e r y  s t r o n g  z o n i n g  c a n
i n c r e a s e s  , o f  n e a r s h o r e  d e n s i t y  o f  0 . 3  o r  m o r e  o v e r
o f  D + A  c e n t e r e d  a r o u n d  I  F o r  n o d e r a t e l y
(  V  =  3 ) ,  D + A  n u s t  b e  l e s s  t h a n  S  ,  a n d  o <  m u s t

0.5

s h o w  r e l a t i v e
a  w i d e  r a n g e

s t r o n g  z o n i n g
b e  l e s s  t h a n

T h i s  i s  a n  o r d e r - o f - n a g n i t u d e  n o d e l  f u l l  o f  a p p r o x i m a t i o n s ,
s o  i t  i s  r i g h t  t o  c o n s i d e r  t h e  f o r c e  o f  t h e s e  c o n c l u s i o n s .
I f  D + A  i s  e s t i n a t e d  t o  b e  t w o  o r d e r s  o f  n a g n i t u d e  a b o v e  t h e
l a r g e s t  v a l u e  w i t h  w h i c h  t h e  n o d e l  c a n  e x p r a i n  a  s t a t i s t i c -
a l l y - e s t a b l i s h e d  d e p r e s s i o n  o f  d e n s i t y ,  t h e r e  i s  d e f i n i t e  d i s -
a g r e e n e n t  g i v i n g  s t r o n g  r e a s o n  t o  q u e s t t o n  t h e  e s t i n a t e  o f
D + A  o r  t h e  s t a t i s t i c a l  b a s i s  o f  t h e  d e p r e s s i o n  i n  d e n s i t y

( o r  t o  l o o k  f o r  s e r i o u s  o u i s s i o n s  o r  n i s c o n c e p t i o n s  i n  t h e
n o d e l ) .  I f  t h e  e s t i n a t e d  D + A  i s  o n e  o r d e r  o f  n a g n i t u d e  t o o
h i g h ,  t h e r e  i s  n a r g i n a l  d i s a g r e e n e n t ,  - s u g g e s t i n g  t h a t  t h e  d a t a
a n d  a n a r y s e s  s h o u l d  b e  c h e c k e d  a n d  p e r h a p s  t h a t  D o r e  p r e c i s e
n o d e l l i n g  s h o u l d  b e  c o n s i d e r e d .  I f  e s t i n a t e d  D + A  i s  o n l y
a  f e w  t i n e s  t o o  h i g h ,  t h e  d i s c r e p a n c y  c a n  r e a s o n a b l y  b e  a s c r i b e d
t o  t h e  i m p r e c i s i o n  o f  t h e  n o d e l ,  w i t h o u t  b r i n g i n g  t h e  o t h e r
d a t a  o r  a n a l y s e s  i n t o  q u e s t i o n .
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SUMI4A?.Y OF REPORT ON SHADO[.7 EFFECTS STMUI,ATION I\,IODELING PROJECT

*  *  *  *  *  *  *  *  *  *  *  *  *  *  t *  *  *  * *  * *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  * * * *  *  *  *  *  *  *  *  : t  * *  *  *  *  *  *

A F  ? F A f r ' T ' C  IoirJl jL:r 'rvE r: srMUrATg DEVELoPMENT oF DEPRESSToNS rN zoopLANK?oN
POPUI,ATIONS OWING TO OPERATION OF SAN ONOFRE NUCLEAR
GENERATING STATION COOLING SYSTEM

* Three imposeC morta! - i ty  sources in  add. i t ion to  natura l
mor ia l i t y :  i n take  p r i rna ry  en t ra inmen t  mor ta l i t y ,  d i scha rge
secondary  en t ra inmenE shear  rno r ta l i t y ,  and  d i s ioca t i on
mor ta l i t y .

*  l " lodel  s imulates development  of  depress ions over  space
and t ime.

APPROACH:

Three  d inens iona l  spa t i a l  g r iC

Pass i ve  hc r i zon ta l  t r anspor t  by  cu r ren ts  and  power  p ran t
f i e I d .

*  Age  s t ra t i f i ed  popu la t i on  mode l .

*  Age  and  pos i t i on  spec i r i c  na iu ra l  mor ta r i t y  ra tes .

*  B i r t h  ra tes  cons tan t  ( comp le t .e  compensa t ion ,  o r  p ropo r t i ona l
to  popu la t i on  s i ze  (dens i t y  i ndepanden t ) .

*  Ac t i ve  ve r t i ca l  m ig ra t i on  o f  o rgan isms .

*  Natura l .mor ta l i ty  ra tes aC just ,ed to  reproduce observed
populat ion d, is t r ibut ion and st ructure under  ambient
cond i t i ons .

* waterf lgw,gomponents due to currents and due to power
plant f ield supplied by Marine Review Comnnittee waterf low
s imu la to r .

ACCOMPLI SHMENTS :

*  cons t ruc t i on ,  debugg ing  and  va r ida t i on  o f  bas i c  s imura t i on
mode1 .

Cons t ruc t i on ,  debugg ing  and  va l i da t i on
ca l i b ra t i on  p rog ram.

Formal  in ter fac ing of  the l tar ine Review
simulator  and the Shadow Ef fects  model .

o f  morba l i t y  ra te

Cornmitte waterf low
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I

Natura l  mor ta l i ty  ra tes car ibrated,  for  i , re tanrys idoposis
e longa ta  ages  29 -99  d .ays ,  and  se r ip r rus  fo l i t i s ,  . g . " - f _eo
days

Model  ind icates rapid deveropment  of  popurat ion depress ions
on order  of  30 to  60t  wi th in  a few k i iometers of  the posrer
P.l:1.:_?*i le io both sources of enrrainm;; i- ; . ; I . i l ;y;  andwlEn  pe iec t  compensa t ion  o f  t he  b i r t h  ra te ,  bu r_  w i th6u t
i nco rpo ra t i on  o i  t he  e f fec i s  o f  d . i s roca t i on  *o r ta r i i v .

Depress ions  on  o rde r  o f  10  to  20?  i nd i ca tec  f c r  nuch  g raa te r
d. is tances under  the same cond. i t ions.

REPORTII iG:

*  JuI1-  15,  1980.  Repor t  to  the Mar ine Re, . r iew Cornni i tee:
Shadow ef fects  model '  progi ram develop*=r i  

"na 
implernenE,at ion.

* * * * * ; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * x * t * * * * * * * * * * * * * * * r?

OBJEC?TVE

*

APPROACiI:

- 2 -

2: CROSS CHECK EQUIVALENT FISH IOSS CALCULATION

Need.  to  modi fy  shadcw l lodel  and r :or ta l i ty  ca l ibra i ion for
specia l  runs 

- inrend,ed 
to  p iav id. ; ; i ; " iJ t ion of  equivarenr

f ish loss that  could be cornpared wi th  same guant i iy
ca rcu ra tad  i n  a  d i i f e r :n t  manner ,  us ing  Encoun te r  Moder ,
by l lar ine Ecologica l  consul tants .

Encounter  modeI ,  developed in  separate program of  Mar ine
Review commit tee,  compules f ish ioss in-uni ts  of  equiva lent
adul ts-  This  ?ge range is  beyond data avai lab i r i t lz 'eor
cal ibrat ion of  naturar  moreal i ty  ra tes as done in  the vers ion
of Shadow t{odel employed for Objective 1.

Equiva lent  f ish loss ca lcu lat ion returns number for  to ta l
l oss  ra the r  t han  a  spa i i a l  d i s t r i bu t i on  o f  l oss .

Extrapolate natura l  mor tar i ty  ra tes car ibrated for  age
c lasses  1 -50  to  age  c lasses  9 l -105 .

Adjust  ext rapolated naturar  mortar i ty  ra te schedule so as
to conform to an empir ica l  surv ivorship curve based on a
modi f ied negat ive Gomperez curve prev iousry obta ined f rom
analys is  of  age d is t r ibut ions wi thout  correct ing ior  water
mot ions
(Ba rne t t ,  € t  d l . ,  Ap r  1980 .  p red i c ted  l a r va r  f i sh  l osses  t c
soNcs uni ts  l ,  2  and 3 and prer iminary est imates in  terms of
eguiva lent  forage f ish.  Repor t ,  to  Mar ine Review commit tee)
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*  I n teg r ra te  l osses  ove r  t o ta l  a rea ,  and  ove r  a rea  enc lose6
w i th in  the  15?  Cepress ion  con tou r ;  and  compu le  i ns tan t ,aneous
ra tes  o f  k i l L  a t  t he  power  p lan t  s t ruc tu res .

ACCOMPI..ISHIVIEN?S :

Morta l i ty  ra te ext rapolat ion rout ines constructed, ,  debugged
and .  va l i da ted .

shadow !4ocel  rnodi f  icat ions incorporated,  debugged and
va l i da . .ed .

r ( I -DU !J.  D :

OBJECTIVE 3: SENSITIVfTY AI{ALYSIS OF

* Needeil to demonstrate that
odest  changes in  currents

APPROACH:

*  Model  ind icates rapid development  of  populat ion depress ions
on  o rde r  o f  ?5 t  f o r  age  c las les  91 -10s  ? iays  w i t . h in ' a  few
ki lometers of  the power p lant ,  owing to  t i re  pr imary enl ra inment
rnor ia l i ty  a lone.

*  Pogulat ion depress ion on order  of  15t
greater  arear  extend, ing severa l  tens
under  the  same cond ie ions .

ind icat ,ed for  much
of  k i l imeters longshore

SIIADOW EFFECTS MODEL

results reported \rrere robust to
and mix ing raLes.

*  ?ota l  k i lL  compared_ Lo the equiva leni  f ish losses as computed
by  t4a r ine  Eco log i ca l  Consu l : Jn rs .

REPORTING:

*  Dec L4,  1980.  l ' leno:  Shadow Ef fect ,s  Piankton Model  used to
est imate loss of  f ish ad.u l t  equiva lents .

* * * * * * * ; r r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * - * * * * * * * * * * * * * * * * * * * * . t * * * * * * * * * * *

*  Ar t i f ica l ly  r rod i fy  current  ve loc i t ies and mix inq rates in
tes t  seguences  o f  t rans i t i on  ma t r i ces .

*  Input  modi f ied,  current  and mix ing regimes to lest  rLrns of
the Shadow Ef fects  Mode1.

ACCO}lPLISHMEN?S :

*  Programs for  operator  speci f  ied nrrcd i f  icat ion of  current
ve loc i t i es  and  m ix ing  ra tes  were  cons t ruc ted ,  debugged  and
va l i da ted .
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i  Pcpulat ion _depress ion owing to  pr imary in take rnor ta i i ty  or
secondary  d i scha rge  i n t ra inmen t  mor ta i i t y  

" ras  
no t  sens i t i ve

to changes in  currents  and mix ino . r -a t .  cs -

REPORTING:

*  
} ' , t g  15 ,  1980-  rn te r im  repo r t  on  p rank ton  popur -a t i on
depress ions predic ted by the shadow Ef fec- ts- i , rcd,e l .

* x * * * * * * * * * * * * * * * * * * * * * * * * i * * * * * * * * x * * * * * * * * * * * * * * * * * * * * * * * * * * * * * r ? * * * * * r r *

P F q T T T - T q .

r}tr .T'OnrnirTF
v e g g v - 4 Y !

APPROACH:

- j -

4: EVALUATE ALTERNATIVE GENERATION oF ALTERNATIVE
TR.ANSITION MATRICES DIRECTLY FROM CURRENT METER RECORDS

Mix ing rates obta ined,  f rom the t {ar ine Review conmit tee
water f low s i rnu lator  ou iput  were in i t ia l ly  too h ighr  so these
were ad,justed downward :-n the iransit ion rnatricei employed
in . runn ing  the  shadcw i4oder  fo r  ob jec t i ves  1  and -2 ,  E " t
th is  ad justment  '$ras ad hoc.

!g"g wavelength coherency impl ied by repet i t ion of  water
f low pat tern over  many tens of  k i lomete is  of  coast r ine
in the Shadow ltodel came under question.

s imulate ambient  water f row t rans i t ions in  shadow l tode1
gr id  system d, i rect ly  f rom current  meter  data

compu!e power plant f low f ield using Marine Review committee
waterf low simulator with zero current

Create new transit ion matrices by adding pohrer plant f low
f ie ld  to  ambient  f low f ie ld .

No  d i rec t  co r rec t i on  fo r  con t i nu i t y .

No imposi t ion of  theoret ica l ly  carcurated d i f fus ion.

compare resul t ,s  o f  s imulat ion runs us ing new t rans i t ion
matr ices in  Shadow Model  wi th  runs obta ined,  under  the
t rans i t ion matr ices employed in  Object ives I  and 2.

Di rect ly  computed t rans i t ion maer ices obta ined,  in  th is
manner  proved in fer ior  to  the t rans i t ion matr ices
employed for  Object ive I  and 2.
Review Commit tee water f low s imulator .

R E S U L T S :
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*  S imu la ted  c ross -she l f  m ix ing  ra tes  excess i ve .

*  Con t inu i t v  p rob lems  worse  than  be fo re .

REPORTiNG:

*  Oc t  13 ,  1990 .  I v l emo:  Techn ica l  de ta i l s  o f  genera t i on
o f  t he  new t rans i t i on  ma t r i ces .
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INTRODUCTION

Pursuant  to  a work s tateraent  agreed upon by t i :e  Mar ine

Review Ccmmit te  and Dr .  Danie l  Good.nran of  Scr ipps Inst i tu t ion of .

oceancgraphy,  a  :nodeI  was prod,uced,  that  wi l l  s imulate fornat ion

of  d 'epress ions of  p lankton popurat ions as a conseguence of

ope ra t i on  o f  un i t  I  o r  o f  ua i t s  I ,  2  and  3  o f  t he  San  ono f re

Nuc lea r  Genera t i ng  S ta t i on .

Three types of  in format ion went  in to the mod.e l ,  and these

btere received f ron d. i f feren ' -  sources.  The data concern i .ng abund,ances

o f  va r i ous  s i ze  c lasses  and  age  c lasses  c f  t he  o rgan isms  o f  i n te res t

were prov ided by l lar ine Ecologica l  Consul iants .  A set  c f  numbers

represent ing a t ime seguence or '  water  movenents of f  San Onofre

was prov ided by the l {ar ine Review Ccnmit tee,  as an output  o f  Ehei r

water f low s imulator .  The d.emographic  model  s imulat ing pogulat , ion

growth,  d ,eath,  and movement ,  was constructed by Drs.  Goodman and

Gerrodet te.  F ina l lyr  a l l  three components $rere incoporated in to

the Shad,ow Effects Simulation Model by Drs. Goodman and GerodeLte.

Three b io log ica l  populaLions rdere nodeled.  These hrere larva l

queen f i sh  ( se r iphus  po l i t us ) ,  j uven i l e  queen f i sh ,  and  days  zg -gg

in the l i fe  cyc le of  a  mysid.  shr imp (Metamysid,ops is  e longata) .  The

current ,  reg ime employed was computed,  f rom current  met ,er  records for

a  two  week  pe r iod  o f  f as t  cu r renEs  (oE ten  exceed ing  L2  cm, / sec )  i n

Apr i t  1979.  Two approaches were taken model ing water  mot ion on the

bas i s  o f  t hese  cu r ren t  me te r  da ta .

I

I

a

a

a
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The resur ts  ind icated the rapid format ion of  popurat ion

cepress ions  the  i n tens i t y  o f  wh ich ,  i n  t e rms  o f  a  pe r  cen t

reduc t i on  f rom the  no rma l  pcpu la t i on 'dens i t y ,  f o r  a  rad ius  o f

a few k i lometers around the porder  p1ant ,  was 50t  for  la te 1arva1

(60  day )  Se r iphus  and ,  50 t  f o r  adu l t  l t ys id , s .  Lesse r  e f  f ec t s  (bu t

exceeding 208 red.uct ion)  extended,  for  tens of  k i lometers downcurrenc

f rom the p lant .  These pred. ic ted reduct ions,  i f  correct ,  are

s igni f icant  to  tbe prcd,uct iv i ty  o f  the coasta l  ecosystem, but  owing

to the inherent  var iab i l i ty  o f  p lanktonic  sampl ing,  th is  depress ion

may noE be stat j .s t ica l ly  detectable under  cer ta in  imaginable

moni tcr ing programs.

These results are based. on moder runs where only two out,

o f  three sources of  morta l i ty  were operat i .ng (  ingest ion and

shear ,  bu t  no t  d . i s roca t i on ) ,  so r  t o  th i s  ex ten t ,  t he  p red i c ted

populat ion d.epress ion is  a  ccnservat ive underest imate.

The or ig inar  dat ,a  tapes,  and the or ig inar  For t ran code for

the shadgw Effects l lodel ere on f i le with the ! ' tarine Review

Committee. In this reportr we discuss the background to the

problem, descr ibe the operat ion and va l idat ion of  the Shadow

Ef fec ts  S imu la t i on  i t se l f ,  and  b r i e f l y  p resen t  t he  ma jo r  resu l t s .

I " lore deta i led descr ip t ions of  the resul ts  of  the var ious subpro jects

are to be founcl in the four reports and memos associated with

the  fou r  p r i nc ipa l  p ro jec t  ob jec t i ves ,  as  l i s ted  i n  t he  ou t l i ne  a t

the beginning of  the present  document .  The purpose of  the pres int ,

repor t  is  to  prov ide an overv iew of  the ent . i re  pro ject ,  and to
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expla in thoroughly  the actual  funct ion ing of  the Shadow Model .

The four

Ju l y  15 ,  1980 .

Aug  ' 15 ,  1980 .

Oc t  13 ,  1980 .

Dec  L4 ,  1980 .

reports and menos are

Report to the t larine Review Comsrittee:

Ef f ects Model, progranr d,evelopment and

Inter i rn  repor t  on p lankton populat ion

predic ted by the Shadow Ef fects  l todel .

Technica l  deta i ls  o f  generat ion of  the

matr ices

Shadow Ef fects  ModeL used to est imat ,e

adul r -  equiva lents .

Shadow

implementat ion.

dep ress ions

new t rans i t , ion

l oss  o f  f i sh
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STATEIVIENT OF THE PRoBLE|4

Concommitant  wi th  the operat ion of  the once- through cool ing

system of  the new uni ts  of  the san onofre Nuclear  Generat ing

stat ionr  w€ expect  three d i rect  forms of  increased nror ta l i ty  to

operate at  tbe poPulat ion level  on af fected,  p lan ionic  organisms.

The three sources are (1)  in take entra inment ,  where in we assume

f .hat  a l l  ingested organisms are k i l leC r  (2)  d ischarge entra inment

shear  morta l i ty ,  where in s te assume that  a  f ract ion of  the organisms

secondar i ly  ent ra ined in  the d, ischarge je ts  suf fer  mechanica l

i n  j u ry '  and  (3 ) .d i s loca t i on  mor ta l i t y ,  where in  ' *e  assume tha t  t he

d ' ischarge p lume wi l r  carry  some inshore organisms to of fshore

locat ions where the i r  naturar  morta l i ty  ra te is  h igher  than i t

would be in  the i r  normal  inshore habi ta t .

obv ious l y ,  t he  d i s loca t i on  no r ta l i t y  (3 )  can  on l y  be  assessed

in a spatial ly structured rnodel. The two forms of entrainment model

could be treated in a very rudimentary way in a model that did not

involve expl ic i t  spat ia l  e f fects ,  but  th is  would only  represent  the

f i r s t  t r ans ien t  k i l l - s ,  and  no t  t he  egu i r i b r i un  k i11 .

Given assumpt ions about  the correct  f ract ion for  d ischarge

en t ra inmen t  mor ta l i t y  ( i . e . ,  wha t  f rac t i on  o f  t he  secondar i l y

en t ra ined  o rgan isms  a re  ac tua l l y  k iL red  i n  t he  p rocess ) ,  t he  i n i t i a l

ra te at  which the power p lant  wi l l  k i l l  organisms v ia  mechanisms

(1 )  and  (2 )  i nvo rves  on l y  a  s imp le  book -keep ing  ca l cu ra t i on  o f

the vo lume of  water  ent ra ined per  un i t  t ime.  Ul t imate ly ,  however ,
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the populat j .on at  r isk  wi r l  i tser f  be reduced,  due tc  the pr ior

imposed mortar i ty ,  and so the number of  ind iv iduals  k i l led per

uni t  t ime in  th is  re-entra ined,  water  wi l l  be a lesser  number.

The same n ix iag processes which contro l  re-entra inment  wi l l  a lso

govern the geometry  of  the populat ion depress ion,  for  the shadow

creat=d in  the wake of  the entra inment  morta l i ty  wi l r  be

dis t r ibuted over  a considerable area,  d t  the per iphery of  which

the 'popu la t i on  i s  rep len i shed  by  d i f f us ion - l i ke  m ix ing  f rom a reas

beyond the reach of  the power p lant .

Therefore,  in  order  to  pred. ic t  the u l t ' imate ra le  at  which

entra inment  wi l l  be k i l l ing prankionic  organisms r  or  to  pred, ic t

the extent  and in tens i ty  of  the ensuing popurat ion d,epress ion,

or  to  gain some ins ight  in t .o  the poss ib le  process of  d is locat ion

mor ia l i ty ,  i t  became necessary !o  construct  a  re la t ive ly

complicated spatial ly structured nodel, which keeps track of the

Populat ion densi ty  at  each posi t ionr  and Rcves organ. i .sms f rom

posi t ion to  pos i t ion,  as wel l  as represent ing b i r th  and death

Processes at each posit ion. 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  genera led by the Mar ine Review Commit tee 's  Water f low

s imu la to r .  The  pos i t i on  spec i f i c  na tu ra l  mor ta l i t y  ra tes  wh ich

es tab l i sh  the  po ten t i a l  f o r  a  d i s loca t i on  mor ta l i t y  e f fec t ,  we re

obta ined f rom a specia l  ca l ibrat ion program which i terat ive ly

f i t s  mor ta l i t y  ra tes  tha t  w i l l  r ep roduce ,  as  c lose l y  as  poss ib le ,
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the observed d is t r ibut ion of  the var ious age c lasses in  the

populat ion a long an on-of fshore gradiene,  when used in  s imulat ions

employing the same waterf low regime as drives the Shadow |4ode1

i tse l f .  ?he observed d is t r ibut ion of  overa l l  abundances,  and the

re l -at ive abundances of  age c lasses,  used in  the ca l - ibrat ion,  as

we l - l  as  fo r  i n i t i a l i z i ng  the  popu la t i ons  i n  t he  Shadow E f fec ts

s imu la t i on ,  were  p rov ideC by  Mar ine  Eco log i ca l  Consu l tan ts .
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S?RUCTURE OF ?!18 SHADOW EFFECTS MODEL

Space

The model  t reats  the region as a three d imensional  vo lume,

d iv iced in to cubica l  compartments or  cer ls .  Each ce l l  has i ts

ovrn posi t ion in  terms of  depth,  o f fshore posi t ion and longshore

pos i t i on -  The re  a re  p rocesses  i n  t he  moder ,  such  as  b i r t h  and

dea th ,  wh ich  take  p lace  w i th in  ceL ls .  w i th  respec t  t o  t hese

processes '  each ce l l  is  t reated as i f  i t  conta ined,  i ts  own

iso la ted  poPu la t i on -  w i th in  the  ce I l ,  t he  mode l  does  no t  recogn ize

any spat , ia l  s t ructure,  so i t  is  as i f  each ce l l  represents are

per fect ly  mixed.  tank.  Transpor i  processes in  the mod,e l  take

p lace  be tween  ce l l s  -  r t  i s  t h i s  comb ina t i on  o f  p rocesses  res t r i c ted

to par t icu lar  pos i t ions,  and processes moving organisms f rom

one posi t ion to  the next ,  that  g ives the model  i ts  spat ia l

s t ructure.  Thus some of  the morta l i ty  ra tes,  for  example,  may

be posi t ion speci f ic :  the ce l ls  which correspond in  pos i t ion to

p laces where there are d, i f fusers or  in takes have morta l i ty  ra t ,es

which of  course inc lud,e the ef fects  of  the f ract ion of  that

ce l l ' s  vo lume wh ich  w i l l  be  en t ra ined  i n  a  un i t  t ime ;  and .

the inshore and of fshore ce l ls  can have d i f ferent  natura l  mor ta l t iy

rates a lso,  in  order  to  represent  habi ta t  d . i f ferences which are

re f l ec ted  i n  obse rved  d i s t r i bu t i ona l  pa t , t e rns .

I
I

a

' I

I
I

I

I

I
a

-'l

I

a

I

I

a
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The  bas i c  spa t i a l  un i t ,  i n  t i : e  ho r i zon ta l ,  i s  a  ce l l  wh ich

is  one k i lometer  in  the of fshor-e and t i . ro  k i lomet ,ers  in  longshore

span.  The water  co lumn is  subdiv ided ver t ica l ly  in to three depths

which correspond to the posi t ion ing of  the Mar ine Review Commit tee 's

current  meters:  0-5m, 5-15m, and l5m-bot tom. Thus,  the vo lume

enclosed wi th in  a par t icu lar  ce l l  depends on i t .s  depth,  and for

the bot tom layer  of  ce l1s,  the vo lume increases wi th  d is tance

of fshore,  for  the water  depih increases by about  10m wi th each

krn of fshore.  The inshore most  row of  ce lLs consis ts  on ly  of  the

0-6n layer .  The nex- ,  row of fshore,  corresponding to  1-2km of fshore,

consis ts  of  the top layer  and the 5- I5nr  n idd, le  layer .  At  the th i rd

row of fshore,  correspond, ing to  2-3 km of fshore,  t ,he bot tom layer  of

ce l l s  i s  aCded ,  rep resen t . i ng  a t  t h i s  pos i t i on  the  15 -25m dep th .

The cel ls  are organized in to n 'odu1es,  each of  which forms a

g r id  20  km longshore  (10  ce l l s  l ong )  and  10  km o f f sho re  (10  ce ' l l s

wid.e) ;  and consis ts  in  the ver t ica l  o f  a  s tack of  three layers.

Thus each npdule requires a cornputer array of 300 elements fpr

each category of i ts contents. For example, i f  there are 5 age

classes in  the model ,  the module rnust  s tore 11500 e lenents.  The

modules formed the basic unit of storage in computer memory, with

ent i re  modules being read of f  d isk,  and wr i t ten back to  d isk,  as

needed .

Gr id modules may be st rung together  in  the longshore

d imens ion ,  i n  o rde r  t o  va ry  the  l ongshore  s i ze  o f  t he  s imu la ted

a rea .  Thus ,  a  s imu la t i on  i nvo l v ing  5  modu les  rep resen ts  a
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100  km s t re t ch  o f  coas t .  The  r i nk ing  t ranspor t  f r om ce l l s  i n

one module to the next etas accornplished with an internal temporary

buf fer  that  s tored the contents  of  the ext reme longhsore co lumns

of  ceI ls ,  to  preserve cont inu i ty  as that ,  module vras read in to or

ou. '  o f  memory.

Cont inu i ty  at  the of fshore boundary of  the gr id  was mainta ined

via a perF.anent  of fshore buf fer ,  which operated,  as an in f in i te

source-s ink.  Thus the of fshore of f -gr id  reg ion a lways conta ined,  a

Populat ion whose ver t ica l  d . is t r ibut ion and,  age d is t r ibut ion and,

abund,ances exact ly  matched the in i t ia l  re ference populat ion.

Di f fus ion or  ad.vect ion f rom th is  reg ion a iways brought  in  water

con ta in ing  popu la t i ons  w i th  th i s  compos i t i on ,  whereas  d i f f us ion  o r

ad 'vect ion in to th is  reg ion d. id  not  in f luence the composi t ion of

i ts  contents .  At  the upshore and do '*nshore ext remes of  the seg:ence

of modules, permananent buffers of this same nature also serve as

inf in i te  source-s inks,  preserv ing ver t ica l ,  on-of fshore,  d9€ and

abund.ance d is t r ibut ions of  the in i t ia l  re ference populat ion. .  The

rate of  t ransfer  in .  and out  o f  these of f -gr id  reg ions is  governed

by the same water f low mechanisms as operate ins ide the gr id ,

wi th  cont inu i ty  constra in ts  on water f low that  wi l l  be descr ibed

in the fo l lowinq sect ion.
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t ' lot ion

Two forces move organisms wi th in  the gr id .  Latera l  mot ion,

represent ing ad.vect ion and eddy d i f fus iv i ty ,  is  determined by a

sequence  o f  ma t r i ces  o f  pos i t i on  and  d . i rec t i on  spec i f i c  t rans i t i on

p robab i l l t i es ,  t ha t  w i l l  be  des r ibed  i n  the  nex t  sec t i on .  Ve r t i ca l

mcLion is  Cetermined by a reference vector  which s t ipu lates the

f ract ion of  the popurat ion that  shourd be found at  each of  the

t .hree depths at  that  on-of fshore posi t ion.

I t  was assumed that  p lankton are subject  to  to ta l ly  pass ive

t ranspor t  i n  t he  hc r i zon ta l .  Th i s  assumpt ion  cou ld  be  va r ied ,  and

indeed there is  sc lne ev idence suggest ing reasonable ranges of

assumpt ions that  n ight  be made for  Mysid.s ,  which exhib i i  some

tendency  to  ma in ta in  the i r  pos i t i on  j n  t he  face  o f  s low  cu r ren ts ,

but  whlch are swept  a long by rapid.  currents .

r J. LlE:

There are four  t ime scales re levant  to  the work ings of  the

mode i .  The  sho r tes t  i s  t he  s imu la t i on rs  t ime  s tep .  Th i s  co r responds

to the in terva l  for  ca lcu lat ion of  la tera l  mot ion,  ver t ica l

red . i s t r i bu t i on ,  na tu ra l  age  and  pos i t i on  spec i f i c  mor ta l i t y r  and

d i rec t  en t ra inen t  mor ta l i t y .  Thus ,  t he  sho r tes t  t empora l  l oop  i n

the For t ran code accompl ishes a l l  o f  those processes once per  pass

through the loop.  In  the runs presented in  th is  repor t ,  th is  t ime

sEep  rep resen ts  2  2 /3  rea l  hou rs .
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The second shor test  t ime scale was a dai ly  cyc le.  This  cyc le

d,eterminec whet ,her  i t  $ras day or  n ight  in  the moder .  on every

t rans i t i on  f rom day  to  n igh t  o r  n igh t  t o  day ,  t he  ve r t i ca r

d ' is t r ibut ion vector  was rev ised accord ingty  for  those organisms

wh ich  had  d i f f e ren t  ve r t i ca l  d i s t r i bu t i ons  fo r  day  and  n igh t .

The second rongest  t ime scale was the age in tervar .  The age

intervars used \,rere 15 day.s for seriphus and 14 days for t lre

l ' lysics. At the end, of each segmeni of t ime corresponding to an

age in terva l ,  a l l  organisms "a l ive"  in  the mod,e l  were ad,vanced one

age c lass.  Then the ind iv iduals  became subject  to  the natura l

morta l i ty  ra tes and,  ver t ica l  d , is t r ibut ion vecE,ors for  the i r  new

age c lasses for  the durat , ion of  the age in terva l ,  Bt  the end of

which t ime the surv ivors would again advance one age c lass.

The longest t ime scale was simpry the span of the record of

t rans i t ion matr ices used to accom.pLish mot ion f rom cel l  to  ce l l  in

the grid. The length of this sequence rras determined, by a budgetary

decison baseC on the gui te  substant ia l  cost  o f  running the Mar ine

Review Committee waterf low simulator. For Shad,ow Effects

s imulat ions of  longer  durat ion than the sequence of  t rans i t ion

matr ices,  the seguence of  t rans i t ion matr ices was s imply  repeated

( i re . ,  "w rapped  a round" ) ,  i n  t he  sa ine  o rde r  as  be fo re ,  as  nany

t imes as needed.

The runs presented here went  for  14 days of  phys ica l

correspondence beween t ime in the Shadow Effect.s rt4odel and t ime in
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t he  seguence  o f  t rans i t i on  ma t r i ces .  I t  was  though t  t ha t  a  14 -day

segment  of  the t ida l  cyc le was appropr ia te to  min i .mize d is tor t ion

in the f requency d is t r ibut ion of  types of  mot ion,  owing to  wrap

around of  the sequence of  t rans i t ion matr ices.  However ,  no empir ica l

exaninat ion was nade of  the poss ib le  b ias at tendant  upon l in i t ing

the sample of  ad.vect . ive event ,s  to  a 14 day span.

The current data r.rere drawn from the period of noon on

Apr i l  L2 to  noon on Apr i l  27,  L979.  This  was a t ime of  fast

cu r ren ts - -o f  t en  exceed ing  L2  cm, / sec .
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Mor ta l i t y  Ra tes

There were lwo sor ts  of  ent ra inment  morta l i ty .  The pr imiry

entra inment  was d 'ue to  ingest ion in  the in take l ra ter .  we took i t

for  granted that  a l l  ingested organisms were k i l led in  the

process.  There was less cer ta in ty  regard ing rnor ta l i t ,y  in  the

secondar i ly  ent ra ined water  that  was entra ined at  the d ischarge

jets .  A number of  va lues r rere used,  ranging f rom 20ea to zero.  Even

larger  va lues,  for  exarnpre 501 rnor tar i ty ,  $rere suggested to  us as

prausib le  f igures for  t ,he shear  morta l i ty  associated wi th

secondary entra inment .  In  the absence of  consensus in  th is  mat ter ,

a l l  we could do was present  the resul ts  obta ined wi th  a sDectruxr

o f  va lues .

'Na tu ra l  mor ta r i t y  ra tes  v re re  no t  va r i ed  i n  a  d i rec t ,

de l iberate way.  rnstead,  pcs i t icn speci f ic  va lues for  natura l

mortal i ty were arrived a! on the basis of a calculation which

depend,ed upon the transit ion matrices supplied by the !4arine

Review Commit tee,  the age c lass and abundance d is t r ibut ion data

suppl ied by t ' lar ine Ecologica l  consul tants ,  and on the assumpt ion

of  pass ive t ranspor t  o f  the p lankton.  The ca lcu lat ion i tse l f  wi l l

be  desc r ibed  i n  a  l a te r  sec t i on .
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Densi ty  Depend.ence

We bui l t  in to  the Shadow Ef fects  Model  two opt ions

contro l ing the b i r th  rate.  One was for  the populat ion (absolute)

b i r th  rat 'e  to  be a constant  that  d id  not  depend on the populat ion

s ize or  composi t ion.  The other  was for  the populat ion b i r th  rate

to be propor t ional  to  the aduI t ,  populat ion s ize at  that  pos i t ion. .

oddly  enough,  i t  is  the former that  corresponds to  what  is

technica l ly  termec densi ty  dependence in  poputat ion b io logy,

whereas the la t , ter  correspond.s tc  densi t lz  independence.

We can underst .and th is  in  the fo l lowing way.  I f  the absolute

bi r th  rate does not  depend in  any way on the populat ion s ize,  then

the per  capi ta  b i r th  rate must  be inversely  .porpor t ional  to  the

adul t  populat ion densi ty ,  for  we would have a ccnstant  nurnerator

( the absolute b i r th  rate)  and a denoninator  that  was i tse l f  the

densi ty  measure.  The densi ty  depenCence funct ion would descr ibe a

hyperbola;  and s ince the populat ion b i r th  rate remains constant ,

what we are actually i leal ing with would be a case of gerfect

compensat ion.  Per fect ,  compensat ion cannot  be real is t ic ,  as the

bi r ths have to  come f rom somewhere,  so to  th is  extent  s imulat ions

which use the constant  b i r th  rate opt ion must  underest imate the

actual  populat ion depress ion,  s ince they wi l l  overest imate the

per  capi ta  b i r th  rate in  p laces rvhere the populat ion is  rec luced.

having the absolute number of  b i r ths

adul t  populat ion s ize resul ts  in  the

-
D -21
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per  cap i ta  b i r t h  ra te  be ing  cons tan t .  rn  th i s  s i t ua t i on  the

numerator  is  prcpor t ional  io  the d.enominator  r  so the rat io  d,oes

no t  change .

on ref lect ion,  the constant  b i r th  rate opt ion seems the

bes t  s ta r t i ng  po in t  f o r  s imu la t i ons  w i th  se r iphus ,  s ince  i i  was

thought  that  the act ion of  the povrer  p lant  cool ing system would

not  i r ,nrec iate ly  a i fect  the adul t  Oueenf ish populat ion densi ty ,

and s ince the adul t  populat ion f rom a consid,erable d is tance away

ccurd p laus ib ly  coni r ibute to  a re la t iveJ-y constant  ' , ra in , ,  o f

e99s '  regard less of  local  cond, i t ions.  The constant  b i r th  rate

op t i on  seemed  less  rea l i s t i c  f o r  t he  Mys ids ,  t he  popu la t i ons  o f

which are probably  more local  in  character .

rn the actuaL eventr w€ never impremenied. the genuinery

densi ty  independ,ent  opt ion in  s imulat ion,  runs requested by the

l ' larine Review Committee, fcr we rrere directed to concentrate on

the Queenf ish.  The populat ion data on Mysids,  suppl ied by Mar ine

Ecologica l  consul iants ,  d id  not  ar lord us to  model  d i rect ly  the

mortar i ty  ra tes of  the youngest  age c lasses.  These smal lest

ind iv iduals  apparent ly  l ive,  near  the bot tom, so near  shore that

they are beyond the reach of  the sampl ing gear .  Accord inglyr  or r r

pre l iminary moder  for  Mysids begins wi th  age 29 days,  and so

rather  than a b i r th  rater  w€ were deal ing wi th  a rate of

appearence of  an in termediat ,e  age c lass.  Even so,  the constant

rate of  appearance of  th is  age c lass s t i l l  must  be an

overest imate,  so i t  would be wel l  to  keep in  mind for  fu ture work
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is  another  opt ion to be bxplored in  the nodel  ior
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INTERFACE OF SEADOW MODEL AND THE WATERFLOW SIMUI,ATOR

The t rans i t ion matr ices used for  d , r iv ing hor izonta l

transport in the shadow Effects Moder were generated by the

l ' lar ine Review coruni t tee 's  water f  low s imulator-  we d id not

invest igate the wor l< ings of  the water f low s imulat ,or  i tser f  .

Ratherr  o t r !  regr : i renents for  t rans i t ion matr ices r r rere s imply

presented to t 'he Marine Review Cornmittee and the matrices were

calcu lated as per  our  d i rect ions.  Later ,  when some Erest ions d id

ar ise concern ing the funct ion ing of  the water f low s imulator  we

dic  a para l ler  s tud.y ,  which is  descr ibed in  a for lowing sect j .on

o f  t h i s  repo r t .

The t rans i t ion matr ices desi red for  use in  the shadow

Effects  l todel  consis t  o f  tabulat ions of  the f ract ion of  the water

in  a g iven ce l l  that  moves in to each adjo in ing ce l l .  Th is  number

would have to be recorded for each ceII in the grid at every t ime

step in the simulation. Accord,ingly, a grid corresponding to the

geometry of the grid of th.e Shad,ow Effects Model was incorporated

into a spat ia l  representat ion in  the coord inate system of  the

Mar iae Review conmit tee 's  water f row s imurator .  Then,  at  each

t ime step,  a  large number of  "par t ic les"  vrere in i t ia ted,  a t

random posi t ions in  the gr id .  The t ra jectory of  each par t ic re

Lras fol lowed over the course of a t ime span eorresponding to one

t ime step of  the shad,ow Ef fects  Model .  At  the end of  th is  t ime

step,  each ce l l  in  the gr id  was evaluated,  as a source and as a

s ink ,  by  raco rd ing  wha t  f rac t i on  o f  t he  pa r t i c l es  wh ich  o r i g ina ted
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i n  i t  had  mor red  t c  each  ad jo in ing  ce l r .These  f rac t i ons  then

became the  respec t i ve  t rans i t i on  p robab i r i t i es ,  f o r  t ha t  t ime

s tep -  The  du ra t i on  o f  a  t ime  s tep  was  sho r t  enough , tha t  ha rd l y

any  t ra jec to r i es  c rossed  no re  than  one  ce I I .

C lea r l y ,  p rope r  behav io r  o f  t he

depend both on proper  behavior  o f  the

us ing  a  su f f i c i en t  number  o f  ga r t i c l es

the process of  generat ing the matr ices

Monte Car lo  s imulat ion.  Some neeessary

enforced af ter  the fact .

t rans i t i on  ma t r i ces  wcu ld

water f low s imulator  and on

for  adeguate sampl ing in

in the above described

proper t ies could be

s ince each cer- l  in  the gr id  has in  generar  e ight

ne ighbors  ( i nc rud , i ng  nu r l  ce l r s  t o  rep resen t  t he  sho re  r i ne ) ,

t he re  a re  n ine  t rans i t i ons  pe r  ce l l ,  coun t i ng  the  f rac t i on  tha t

rema ins  beh ind .  By  ccns t ruc t i on ,  a l l  n ine  o f  t hese  t rans i t i on

probabi l i t ies sunned to one,  imposing a conservat ion constra in t

on the amount  of  water  leav ing a ce l I  or  s tay ing behind.  But  th is

did not'constrain the sum of the a.nount of water entering a given

cel I  f rom al l  o f  i ts  ne ighbors.  For  thate w€ s imply  re l ied upon

the cont inu i ty  proper t ies of  the t ' lar ine Review cornmi t tee 's

water f low s imulator ,  which in  fact  was not  equal  to  the task,  and

so some eccentr ic i t ies in  behavior  ensued,  wi th  water  p i l ing up

unreasonably  in  some p laces,  and running away f rom other  p laces.

This  problem was detected ear ly  in  the pro ject ,  but  i t  was

decided that  the modi f  icat ions to  the t ' lar ine Review Commit tee I  s

water f low s imurator  that  wourd be necessary to  rect i fy  the
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cont inu i ty  fa i lures were too extensive to  be under taken

s imu l taneous ly .  A  p roposa l  f o r  t haL  rnod i f i ca t i on  i s  on  f i l e  w i th

the i" larine R,eview Committee ( "A method for generating a

seasonal  nearshore San Onofre current  reg ime.  "  Hans Kaspar .

5 /23 /8L ) .

For  purposes of  the Shadow Ef facts  pro jec! ,  the fau l ty

t rans i t ion mat , r ices had to  be used,  so mod, i f icat ions were mad,e to

the Shadow Ef fects  l lodel  to  cancel  out  the ef fects  of  cont inu i ty

fa i l u res ,  whereve r  poss ib le .  These  mcd . i f i ca t i ons  were  success fu l

as regard,s  s imulat , ion of  the geonetry  of  the gopulat ion

depress ion caused by pr imary and secondary entra inment  morta l i ty .

Howe,rer  r  Do sat is factory hray was f  ound to assess d is locat ion

mor ta l i t y  e f fec ts  w i th  the  fau l t y  t rans i t i on  ma t r i ces .  S ince  the

capabi l i ty  for  model ing d, is locat ion morta l i ty  e f fects  has been

bui l t  in to  the Shadow ! {odel ,  that  tco should be invest igated in

some future s tudyr  e i ther  by correct ing the water f low s inu lar

for  i ts  cont inu i ty  proper t ies or  by g lost -processing of  the

output of the waterf low simulator to enforce continuity in the

t rans i t ion matr ices.  The la t ter  approach wi l l  requi re some

consensus as to  what  the resul t ing mix ing rates should be.

Wi thou t  rep resen ta t i on  o f  t he  e f fec ts  oE  d i s loca t i on  mor ta l i t y ,

ou r  p red i c t i ons  rega rd ing  popu la t i on  dep ress ions  a re  necessa r i l y

b iaseC downward.  That  is  to  sa l r  under  the present  set  o f

mod, i f  icat ions,  w€ argue that  the Shad,ow Model  re l iab ly  represents

the  e f€ec ts  oE  p r imary  and  secondary  en t ra inmen t  mor ta l i t y ,  where i s
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d is loca t i on  mor ta l i t y  i s  om i t t ed  a l t oge the r ,  so  the  resu l t s  a re

necessa r i l y  conse rva t i ve  i n  t he  d i rec t i on  o f  underes t ima t ing  the

seve r i t y  o f  t he  popu la t , i on  dep ress ion .

The theory of the modlf ication to the Shadow Model for

cance l l i ng  the  e f fec ts  o f  con t i nu i t . y  f a i l u re  i s  as  fo11ows .

Transi t ion matr ices $rere generated wi th  the water f low s imulator

set  to  annbient  condi t ions (corresponding to  pov/er  p lant  o f f  )

and wi th  the por .Tet  p lant  un i t ,  l  on}y,  and wi th  a l l  3  un i ts  on.

The cr ig ina l  in tent ion in  the Shadow Model  (  and the correct

way to  proceed)  was to  compare p lant  o f f  s imulat ions (ambient)

w i th  s imu la t i ons  w i th  1  o r  3  un i t s  on .  The  popu la t i on  dep ress ion

would then be measured as the d i f ference between the populat ion

maps at the end, of the two respective simulations. However, the

cont inu i ty  problems caused the resul tant  maps to  be excessive ly

" l umpyr '  wh ich  made  in te rp re ta t i on  ve ry  d i f f i cu l t .  Tha t  i s ,

there were large local  Peaks and va l leys in  the populat ion ' that

were due entirely to propert ies of the waterf low simulator, and

that had nothing to do with Power plant induced mortal i ty

( though there was an overa l l  depress icn produced in  any case) '

In order to remove these spurious peaks and vaIl€YS ' a

.s imulat ion wi th  the power p lant  on,  but  wi th  the entra inment

morta l i ty  ra tes set '  to  zero,  was subst i tu ted for  the p lant -of f

s imulat ion in  the above comPar ison.  S ince bot 'h  sets  oE

s imu la t i ons  wou ld  now be  u t i l i z i ng  exacL ly  the  same se t  o f

t rans i t i on  ma t r i ces ,  t he  d i scone inu i t i es  then  cance l  exac t l y '  anC
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the only  th ing coni r ibut ing to  E,he observed rnap of  d , i f ferences is

the mcr tar i ty  a t t r ibutable t ,o  pr imary and,  secondar l r  d ischarge

entra inment-  S ince the red. is t r ibut ional  e f fects  of  the p lume are

Presen t  i n  bo th  s imu la t i ons ,  t he  e f fec ts  o f  d i s loca t i on  cance l

a lso,  so rde must  s t ress that  the resul ts  presented here in are an

und'erest inate of  the pcpulat ion d,epress ion.  They represent  on ly

pr i rnary and secondary entra inment  mortar i ty ,  and do not  inc lud.e

c is locat ion morta l i ty .  our  bes!  understanding is  thaot  no other

e r ro r  was  i n t roduced  by  th i s  mod i f i ca t i on .

some of  the probrens encountered wi th  the t rans i t ion

matr ices computeC wi t .h  the Mar ine Review Cornrn i t tee 's  water f low

simulator  were the resurr -s  of  sanrp l ing phenomena,  as the

wa te r f l ow  s imu laEor  t rea ts  the  t ra jecE .o r ies  o f  d i sc re te

"pa r t i c l €s , "  and  the  cos t  o f  ope ra t i on  o f  t he  wa te r f l ow  s i .mu laco r

rest r ic ted the number of  t ra jector ies which could be inc luded

in the s t ,a t is t ics .  some of  the problems or ig inated in  the

fa i lure of  the water f row s imulator  i tse l f  to  incorporate

conLinui ty  constra in ts .  Those problerns which resul ted in  known

quantit ies having the wrong varues grere read,i ly correcled,

af ter  the fact ,  by post -processing of  t ,he t rans i t ion matr ices

before we used them in the shadow Ef fects  s imulator .

Post-processing of  the t rans i t ion matr ices adjusted,  Ehe

volume oE in take entra inment  and.  d ischarge entra inment  per  un i t '

t i rne,  unt i l  these natched the correct  va lues suppr ied,

independent ly  by the l , lar ine Review Cornrn i t t ,ee.  Ident i f icat ion of
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t he  d i scha rge  pLune  was  made  poss ib le  by  sub t rac t i ng  p lan t -o f f

f  rom plant -on t rans i t ion matr ices,  but  th is  of  ten h 'as confound.ed

by the " lumpy" topography resul t ing f rom the cont inu i ty  fa i lures,

so no at tempts were made to adjust  the far  f ierd proper t ies of

the p lurne to  any speci f ic  Aeometry  or  ve loc i ty .

Pos t -p rocess ing  o f  t he  t rans i t i on  ma t r i ces  a l so  en fo rced

cer ta in  constra in ts  at  the bound,ar ies of  the gr id .  The shadow

Effects  Model  i tse l f  exact ly  ba lanced the anoun!  of  water  local ly

ent 'er ing the of fshore buf fer  wi th  an amount  local Iy  re turned to

the  g r i d  f rom the  o f f sho re  bu f fe r .  The  ove ra l l  con t i nu i t y  a t  t he

longshore ext renes was accompl ished v ia  a wrap around.  Water  (but

not  organisms )  Ieav ing at  one longrshore ext reme of  the gr id  was

exactry  baranced by the amount  en ier ing at  the sane depth and

of fshore posi i , ion at  the opposi te  longshore ext reme of  the gr id .

These constra in ts  3 i -  the boundar ies resul ted in  the to ta l  amount

of  water  in  the gr id  remain ing constant ,  even Ehough th is  obv ious

cont inu i ty  proper ty  was v io la ted by ind iv id ,ual  cer ls .

On" f ina l  pcst -processing s tep before use of  the t rans i t ion

ma'.r ices as received from the Marine Review corunittee was an

adjustment  of  the on-of fshore mix ing rate.  This  rate was

unrea l i s t i ca l l y  i n f l a ted  by  the  same d i scon t i nu i t y  p rob lems  wh ich

causec ' . ra ter  to  p i le  up in  peaks and ret reat  f rom holes.  S ince

the mix ing rate was impor tant  to  the geometry  of  the populat ion

depress ion ,  and  s ince  i t  p layed  a  ro le  i n  t he  ca l i b ra t i on  o f

na t ' u ra r  mor ta l i t y  ra tes  ( to  be  exp la ined ,  i n  a  1a te r  sec t i on ) ,  r , r e
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e iec ted  eo  reduce  a l l  t he  on -o f f sho re  t rans i t i ons  p ropo r i i ona te l y

by  the  app l i ca t i on  o f  a  s imp le  sca le  fac to r ,  un t i l  t he  m ix ing

rate seemed r ight ,  as judged f rom the rate of  spread of  a

s imulated dye patch in  the Shadow Model .  The longshore t rans i t ion

components were not  tampered wi th  in  th is  ad justment .

The va lue for  ihe scale factor  which gave r ise to  a

saL is fac to ry  e f fec t i ve  m ix ing  ra te  was  0 .1 .  Th i s  resu l ted  i n  a  pa tch ,

in i t ia ted,  in  one gr id  ce l l ,  spreading to  an extent  that  a f ter  2  d,ays

the 101 concentrat ion contour  spanned,  2 km cross-shel f ,  the l t

con tou r  spanned  3 .5  kn ,  and  the  O .L t  con lou r  spanned ,5  k rn .

Sensi t iv i ty  s tud ies showed.  that  the populat ion depress ions

owing to  in take and d ischarge morta l i ty  were not  much af fected

by d i f ferences of  less than an order  c f  magni tude in  the scale

fact ,or .  Over  an e ight - fo ld  range of  on-of fshore mix ing,  the deepest

point  o f  the depress ion var ied over  a range of  p lus or  minus t2 t  o f

t ,he centra l  va lue,  wi th  or  wi thout  recal ibrat ion of  the rpr ta l i ty

rates, in test runs evaluating mortal i ty due only to primary and,

second,ary enErainment .  We concluded,  therefore,  that  prec ise

adjustment  of  the on-of fshore mix ing rate was not  cr i t ica l  to  the

resul ts  obta ined f rom the modi f ied vers ion of  the Shadow Ef fects  Mod,e l .

Doubtless this ad,justrnent would have been of greater import to the

d is loca t i on  morE ,a l i t y ,  bu t  t h i s  was ,  i n  any  case  cance l l ed  ou t  o f  t , he

runs repor ted here (  in  the course of  the modi f icabions which we found

necessary for  smooth ing out  the peaks and va l leys caused by fa i lures

o f  con t i nu i t y  i n  t he  Mar ine  Rev iew  Comrn i t t ee rs  wa te r f l ow  s imu la to r ) .
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SUMMAP.Y OF PROCESSES AS RERPESENTED IN THE SHADOW EFFECTS MODEL

The model  computes arr  gr :ant i t ies separate ly  for  each

ce l l .  The  ac tua l  shadow,  o r  popu la t i on  dep ress ion ,  i s  a

pat tern that  emerges in  the re la t ive abundances in  the ent i re

array of  ceI ls  -  The mathemat icar-  representat ions of  the

var ious processes thernselves are very s imple.

Advect ive and d i f fus ive t ranspor t  move a f ract ion of  the

con tgn ts  o f  one  ce l l  t o  ano the r ,  w i th  the  f racL ions  be ing

detern ined by the t ine and posi t ion speci f ic  numbers s tored in

the t rans i t ion matr ices.  The advect ive and d i f fus ive t ranspor t  is

a r1  ho r i zon ta l .  Ve r t , i ca i  t r anspor t  i s  rne re l y  a  ve r t i ca l

red is t r ibut ion of  the ind, iv iduals  in  each co lumn consis t ing of

the  th ree  ce l r s  ( i n  a  ve r t i ca l  s tack )  a t  any  one  l ongshore -

o f f sho re  pos i t i on r  SC tha t  t he  app rop r ia te  f rac t i on  i s  t hen  a t

each  dep th .

Natural mortal i ty removes f,rom each cerl a fract. ion

of  the ind iv id ,uars.  in  each age crass,  wi th  the f ract ion being

age and posi t ion speci f ic ,  but  not  t ime speci f ic .  The entra inrnent

morial i ty imposed by the po\.rer plant removes a fraction of the

indiv iduals  in  each cer l  conta in ing an in take or  d ischarge

structure,  wi th  the f ract ion removed being propor t ional  to

the f ract ion of  the vo lume of  the ce l r  that  is  ingrested or

secondar i l y  en t ra ined  pe r  un i t  t ime  s tep ,  and  the  p ropo r t i ona r i t y

cons tan t  i s  t he  i n t , ake  mor ia r i t y  (100 t )  o r  shea r  mor ta l i t y
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( va lues  be tween  0  and  20 t  r r / e re  used ) ,  respec t i ve ry .  Remov ing

the ind iv id ,uars at  the in take is  equivarent  to  hav ing the

appropr ia te amount  of  water ,  wi th  organisms,  enter  the in take,

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

organisms,  at  the d, ischarge.

Ageing is  accompl ished by moving ind iv id ,uals  f rom one age
c lass  to  the  nex t ;  and  b i r t hs  (w i th  pe r fec t  compensa t ion )  a re
represented s imply  by adding a ccnstant  number of  ind, iv iduars in
age c lass one '  wi th  the number depending on the d is tance of fshore
and the depth.

The a lgebra ic  representat ions,  g iven in  For t ran notat ion so
that  the eguar  s ign is  a  rep lacenent  operator  and not  a  s tatement

of  equiva lence,  are as fo l lows:

A.  S iar t  o f  shor t  t ime scale i terat ion

Hor izonta l  t ranspor t

-Move organisms out  o f ce l l ,  w i th  the water  movement

N=N-E

where N is  the number of  ind iv iduals  in  the ce l l ,

and E is the number of emigrants owing to ad,vection

and  d , i f f us ion .  E  i s  q i ven  bv
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E=N*F

where F is  the f ract ion of

i n  t ha t  d i rec t i on ,  as  g i ven

t rans i t i on  ma t r i x  f o r  t ha t

{ . i r n a

the ce l1 's  vo lume t ransPorted

by the entrY in the

pos i t i on ,  d i r ec t i on ,  and

- ! , {ove organisms in to the ce1! ,  wi th  the water  movement

l i=N+I

where I is the number of immigrants owing to advect' ion

and d. i f fus ion.  I  is  ca lcu lated as the sum of  the

enigrants  f rom al l  I  gurrcund. ing ce l ls  which were

moved in  d i rect icns corresponding to  enter ing th is

ce I l .

Vert ical  t ransPort '

- I n  each  ho r i zon ta l  (

the three dePths so

pat tern aPProPr ia te

at  that  t ime of  day-

x , y )  pos i t i on ,  red i s t r i bu te  o rgan isms  ove r

that ,  the d is t r ibut ion conforms to a speci f ied

fo r  t ha t  spec ies ,  ? t  t ha t  d i s tance  o f f sho re '

N (1 )=P(1 ) *N

N(2 )=P(2 ) *N

N(3 )=P(3 ) *N
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nhere  N( i )  i s  t he  number  o f  i nd , i v i dua ls  a t  dep th  i ;

P ( i )  i s  t he  p ropo r t i on  tha t  shou ld  appear  a t  dep th  i i

and N is the total number of individuars summed, over

a l l  depths in  the s t ,ack of  3  cerrs  at  that  pos i t ion

( l ongshore  and  o f f sho re )  .

Natura l  mor ta l i ty

-R.enove a speci f ied f ract ion of  the ind iv iduals  in  each ce1I ,

with the fracti .on rernoved, bein-o deterinined by speciesr Er9€, and

.  pos i t i on  o f f sho re .

N (  j  ) =N(  j  ) *  t l -M (  j , k )  l

where  M( j , k )  i s  t he  na tu ra l  mor ta l i t y  f o r  age  c lass  j

a t  o f f sho re  d i s tance  k ;  and  N( j )  i s  t he  number  o f

ind, iv iduals  of  age j  in  that  ce l l .

Entrainment mortaLi ty

- In  those ce l ls  which inc lude an in take or  d ischarge st ructure,

remove a f ract ion of  the ind, iv iduals  in  propor t ion to  the f ract ion

of  the vo lume of  the cer l  that  is  ingested or  ent ra ined.  For

ingest ion,  the propor t ion is  one;  for  seconcary enE,ra inment

morta l i ty ,  the propor t ion is  an externar ly  speci f ied she3r

mor ta l i t y  ra te .

D-34



N=N* (  l -R)

N = N *  (  I - S * Q  )

whera N is the number

in  the  ce l l ,  R  i s  t he

Lhat  gets  ingested in

o f  t he  ce l l ' s  vo lume

in one t ime step,  and

of  ind iv iduals  of  that  age c lass

f rac t i on  o f  t he  ce11 ' s  vo lume

one t ime stepr  Q is  the f ract ion

that  gets  secondar i ly  ent ra ined,

S is  the shear  morta l i ty  ra te.

This  marks the end of  cne shor t  t ime scale i terat ion.

B .  S ta r t  o f  l ong  i ime  sca le  i t e ra t i on

i ' lhen the model has completed a nunber of short t ime scale

i terat ions equivaLent  to  one age in terva l ,  the for rowing s teps

are added before resuming the shor t  t ime scale i terat ions:
a .

Age ing

-advance the age of  each ind iv idual  by one age c lass

N(  j + l )=N(  j  )

were N(  j  )  is  the number of  ind iv iduals  in  age c lass

in  tha t  ce I l .
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B i r t hs

-add a posi t ion speci f ic  number of  new ind iv iduals to age c lass one

N(1 )=B( i , k )

whe re  N (1 )

c l ass  one

asscc ia ted

is the number of individ.uals in age

in  t ha t  ce l l r  and  B ( i , k )  i s  t he  b i r t h  r a te

w i th  dep th  i  and  o f f sno re  d i s tance  k .

This  marks

r a f  r r  r n  e  + A

the

l . h a

enC of  the long t ime scale i terat ion.  Here the model

sho r t  t ime  sca le  i i e ra t i ons ,

I
1
I
l
l
l
l
l
t

I
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INSTRUCTIONS FOR ?: iE OPERATION OF THE SIIADOW EFFEC?S }'ODEL

Genera l  descr ip t ion

The shad,ow effects model is a compartment modeI d.esigned,
to s imulate the reduct ion in  mar ine p lanktonic  populat ions due to
the operat ion of  the san onofre Nuclear  Generat ing s tat ion.  r t
combines data on na"urar  d, is t r ibut ion and nor tar i ty  ra tes of
p lanktcn ic  populat ions wi th  in format ion on water  movement ,  both
in the v ic in i ty  o f  t 'he power p lant  and far  f rom i ts  in f luence.  The
output of the model is a map showing the percentage reduction in
p lanktonic  populat ions wi th in  each compartment .

Each compartment or cerl is 2 krn in the longshore

di rect ion and l  km in  the of fshore d, i rect ion.  There are 3 depth

layers:  0-5 m,  G-15 m,  and 15 m to the bot torn.  rn  order  to  use the

computer  ef f ic ient ry ,  the coast l ine is  broken up in to severar

modu les ,  each  u rodu le  be ing  10  x  r0  ce l r s  ( i . e . ,  zo  km in  the

longshore d' irect ' ion ) - rn order to compute the percentage reduction

of  p lanktonic  populat ions,  two loops of  tbe main program are run.

on the f i rs t  J .oop,  no entra inment  morta l i ty  occurs,  though the
p ran t  i s  mode led  as  "on 'and  d .oes  move  wa te r  a round .  on  the

second loop,  the pr imary and secondary entra inment .  mor ta l i ty

rates are set  to  the desi red varues so these nor t ,a l i t ies are.
added to those of  the pr ior  roop.  The resul t ing abundances are
compared ce1I  by ce1l  to  the f i rs t ,  run,  and the percentage
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reduc t i ons  a re  conpu ted  and  p r i n ted , .  I n  t h i s  f ash ion ,  t he

populat ion reduct ion owing to  pr imary and secondary ent , ra inment

can be mapped. ,  but  d isrocat ion morta l i ty  is  factored out .  The

reasons for  th is  approach are expla ined,  in  the sect ion on

rnter face of  the shadow Model  and the water f row s imulator .

The Shadow Effect.s

l lar ine Review Conmit fe .

named SHADOW.

l4odel is archived on a tape with the

The f i le  conta in ing the program i tse l f l s

user 's guide to the shadow effects modei (sHADow)

A)  Inpu t

lhe shadow ef fects  mcdel  requi res,  as inpui ,  a  f i le

descr ib ing water  move:nent  and a f i le  which.  speci f ies the. input

parameters and options which control the program. Each of these

wi l l  be descr ibed below.

(1)  Descr ip t ion of  water  movement  -  f i les  TR1,  IR2,  and TR3.

Fi les TRl ,  w.2,  and TR3 should be ca l led to  the local  area

before SHADow is  run.  These f i les,  one fcr  each of  the three depth

layers,  conta in the f ract ions of  wat ,er  which move f rom one ceI l

to  another  dur ing any t ime st ,ep.  Each t ime step const i tu tes one

F 6 a ^ r A-  e e v t g  -
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( 2 )  I npu t  f i l e  TApE l .

A f i le  named TAPEl ,  conta in ing ingut  parameters and

opt ions,  should be in  the local  area when SHADOI{  is  run.  TApEI  has

one  reco rd ,  named  INPUT,  wh ich  con ta ins  the  fo l l ow inc  va r iab les :

TAPE3O lhe f i le  name of  the reference populat ion of  organisms,

which f i le  l is ts  abundance per  meter  sguared in  an

on-o f f shc re  " f1ux  p lane r "  by  dep th  l aye r r  pos i t i on

o f f sho re ,  and  age  cLass .

The f i le  name of  the associated surv iva l  ra tes per

t ime step in  the f lux p lane.

The f i le  name of  the b i r th  p lane,  the number of

newborn whieh appear in the f lux plane at the

beginning of  each age in ter i ra l

The  number  o f  modu les  ( i . e . ,  r epea ted  20  x  I0  k rn  g r i ds )

t,o be includ,ed in the run.

.The posit ion of the mcdule containing SONGS, counted

fron the upcoast  end, .  I f  IP=O, there are no

power p lant  e f fects  (aurb ient  condi t ions) .  The power

plant  in take and d ischarges are located at  the

longshore center  o f  module IP.

The nurnber  of  days the s imulat ion is  to  run.  UsuaI Iy

th i s  w i l l  be  some mu l t i p le  o f  IC .

The number of  t ime steps per  day,  current ly  9 .

The number of  age c lasses in  the reference populat ion.

NTAPE32

NIAPE34

NM

IP

ND

NK

N C
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The length of an age interval ( the number of days

indiv iduals  remain in  a g iven age c lass )  .  rc=r5 for

queen f i sh ;  IC=14  fo r  mys ids .

The maximum number of  t ime steps ( records)  in  TRI ,  TR2,

and TR3;  currenl ly  L26.  Af ter  MAXT t ime steps,  the

f i le  resumes reading f rom the f i rs t  record.

The nunber of days already elapsed in the current

in terva l  when the .s imulat ion begins,  normal ly  set

A veetcr  g i ' ing f rac i ional  in take morta l i t ies on

loop,  normal ly  -set  to  0 on f i rs t  looo.

A vector  g iv ing f ract ionar  d ischarge rnor ta l i t ies on

each loop,  normal ly  set  to  0 on f i rs t  loop.

contro l  parameter  for  ver t ica l  red is t r ibut ion of

organisms at  each t ime step:

- l=no ver t ica l  red is t r ibut ion

O=redis t , r ibute ver t icarry  accord ing to  propor t ions in

reference popr l Ia t ioa,  as wi th  gueenf ish

+r=al ternat ing day and n ight  ver t ica l  d , is t r ibut ion

patterns r Ets with mysids

Contro l  parameter  for  b i r th  process:

O=local  absolute b i r th  rate constant

(pe r fec t  compensa t ion )

l=1oca1 percapi ta  b i r th  rate constant

(actual  densi ty  independence;  no compensat ion)

Number of  loops (1 or  2)  o f  main program, normal ly  set

egual  io  2.

vector  o f  soNcs prume contro l :  0=of f r+=on.  Normarrv on-

MAXT

NAD

PKV

SKV

KVRT

KBRT

NL

a9e

to  0 .

o r n h

l
I
I
I

l
I

I
I
I

IPLV
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vec to r  con t ro l l i ng  p r i n t i ng  o f  resu l t s  a f te r  each  l oop :

0=no pr in t ing of  in ter im run

f =prin t.  resu lts ( abundance maps ) of lann .

Normalry  set  to  0,0 and then only  the maps of  percen-

tage :educt ion are pr in ted.

Paraneter  to  contro l  smooth ing of  resul ts :

- f=p r in t  resu l t s ,  smoo th ,  t hen  p r i n t  smoo lhed  resu l t s

Q=pr in t  wi thout  smooth ing (normal  set t ing)

+ l=smooth resul ts ,  then pr in t

Contro l  parameter  for  output  format :

0=normal ,  fu l1  output

l=cornpressed output ;  resul ts  are co l lapsed.  to  a s ing le

d,epth and the nratr ix of abundances is printed as a map

corresponding r-c the actuar topol0gy of the coast

(o the rw ise  the  ma t r i x  acpears  as  a  m i r ro r  imagre ) .

The user may consult f i les rN or BoouN as guides in forrning

th is  input  f i l e .

B)  Ou tpu t

The output  o f  the shadow ef fec is  model  is  wr i t ten on f i le

TAPE2-The heading echoes back many of  the parameters in  TAPEI and

r i s t s  t he  re fe rence  popu la t i on ,  t he  su rv i va l  ra tes ,  and  the  b i r t h

p lane.  The maps of  abundance for low,  i f  speci f ied by rpRV, r is ted,

by X-Y posi t ion,  depth and age c lass.  The maps of  percentage
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reducc ions  be tween  loop  1  (amb ien t )  and  l oop  2  (w i th  power  p ran t )

are l i ' s ted '  next .The percentage reduct ions themselves are saved on

TAPEIO,  TAPE11 ,  and ,  TAPE12 ,  f o r  dep ths  I ,  2 ,  and  3 ,

respec t i ve l y .

C.  Subndr t ing the job

Because of  the large number of  comgutat ions inr ro lved in  a

nornal  run '  sEADow has been wr i t ten io  operate in  a batch mode.

To subrn i t  a  batch job,  a  submit  f i le  must  be created.  Af ter  the

account ing in format , ion,  the impor tant  s teps are:

1 .  Rese t  t he  f i e l d  l eng th  t o  100000 .

2. Reset the t ime r imit .  product ion runs in the past have

used from a few minutes to nearly an hour of cpu time. set

l im i ts  accord ing ly  ( in  seconds) .

3.  Get  f i les TAPEI,  tRl ,  IR2,  TR3,  and.  SHADOW from

permanent  s torage.

4.  Compi le  and execute.

5.  Save the output  f i le  TAPE2.

6.  Request  that  the output  f i le  be pr in ted and del ivered.
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D) Comments on the surv iva l  ra tes in  NTApE32.

The surv ivaL rates in  f i le  NTAPE32 are used as an input  to

the shadow ef  f  ects  rnodel . .These may s impry be speci f  ied by the

user  or  they may be comguted f rom some other  data.our  approach

was to est imate the surv iva l  ra tes by a "car ibrat ion, '  program,

CLERT. The ca l ibrat ion program (descr ibed in  a fo l lowing sect ion

of  t 'h is  regor t )  involves a search for  the set  o f  surv iva l  ra tes

which,  when used to pro ject  the popurat ion,  g ives a populat ion

which most  c loseJ.y  natches the reference populat ion.The actual

ope:at ion of  the ca l ibrat ion procedure is  not  automat ic ,  however ,

and requires judgments and sone mathematical underst,anding by the

operator .  The surv iva l  ra tes must  have been caicu lated wi th  the

same f i les descr ib ing water  movement  as wi l l  be used in  SI1ADOW.
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STRUCTURE OF THE MOR.TALITY CALTBRATICT{ PR,OGRAM

The  mor ta l i t y  ca r i b ra t i on  p rog ram p rov id ,es  a  nea i , s  f o r

es t imae ing  app rop r ia te  na tu ra l  no r ta r i t y  ra tes .  r ' "  does  th i s  by

i : e ra t i ve ry  f i t t , i ng  mor ta l . i t y  ra tes  t . o  a  s i rnu la t i on ,  un t i l  t he

s : -nu l -a - ' i on  oup l i ca tes  ,  as  nea r l y  as  poss ib le ,  t he  age

i ' i s " ' r i bu t i ons  and  pa t t - - rns  o f  abund .ance  w i th  d , i s tance  f rom sho re

anc wi th  depth that  have been observed in  the region of f  san

Ono f  re  ro r  t he  o rgan isms  in  ques t , i on .

The morta l i ty  caLibrat ion program d.upr ica ies aLl  t i . re

p rocesses  o f  t he  shad .ow Mode l ,  bu t  on  a  reduced  d imens iona l i t y .

s ince \ , re  are concerned here only  wi th  the on-of fshore-depth

pa t te rn r  wB way  d i spense  w i th  the  J -ongshore .  Acco rd ingLy ,  t he

t rans i t ion mat . r ices were 
" r r . t .g"d,  

or rer  the longshore for

on -o f f sho re  t ranspor t ,  and  these  na t r i ces  ! {e re  sE ,o r=d  as  reco rds

o f  i r anspor t  i n  t he  on -o f f sho re  d imens ion  on I1 ' ,  f o r  l a te r  use  i n

cal ibrat ' ion runs.  in  the ca l ibra i ion r r rns,  these natr ices ! . rere

appl ied to  a model  o f  a  populat ion represent inq an on-of fshore

t ransect ,  to  s i rnu late the average on-of fshore pass ive movenents.

Two mortar i ty  reg imes erere posi ted for  each age crass of

each  o rgan ism.  An  i nsho re  mor ia l i t y  and  an  o f f sho re  mor ta l i t y .

The  pos i t i ons  i n  space  co r respond ing  i o  t he  demarca t i ons  beeween

the  p laces  where  the  i nsho re  mor ta l . i t y  ra tes  ope ra te  and  the

p laces  l vhe re  t , he  o f  f sho re  mor ta l i t y  ra tes  ope ra te  ,  v t z re

de te rm ined  by  i nspec t i on  o f  p lo t s  o f  t . he  abundances  o f  each  aqe
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c lass '  by  d i s tance  o f f sho re  and  dep th .  The  demarca t i on  fo r  a  g i ven

age c lass was p laced just  inshore of  the t rans i t ion f rom high to

low abund,ance of  that  age c lass re la t ive to  the next  younger  age

c lass  r  oE  jus t  i nsho re  o f  t he  t rans i t i on  f rom h igh  to  l ow

abundancy for  that  age cIass,  whichever  t rans i t ion was more

marked .  rn  the  ac tua l  even t ,  t hese  t rans i t i on  po in t s  were  gu i te

obv ious .

lhen the mcrtal i . ty rates applying in the Lwo regions $rere

es t , ima tec ,  age  c lass  by  age  c lass ,  t h rough  a  non - r i nea r  l eas t

squares f i t t ing a i .gor i thm that  searched for  a  min imum in the

res idual  obta ined f rom compar ing the referenee populat ion 's  age

d, is t r ibut ion and pat tern of  abundance,  over  d,epth and d is tance

o f  f sho re '  w i th  a  popu ' l a t i on  p ro jec ied  us ing  those  mcr ta l i t y  ra tes .

The pro ject ion was ca lcu lated by s iar t ing wi th  the reference

populat ion ( in i t ia l )  and running i t  through the reduced d. imension

Shadow l lodel  s imulat ion us ing the reduced d imension t rans i t ion

matr ices,  descr ibed above,  and us ing the s?me processes (except

without a power plant) as d.escribed for the Shadow l4odel i tself.

A per fect  f i t  would,  be obta ined i f  the pro jected populat ion,  d t

t ,he end of  the s imul-at ion,  was an exact  dupl icate of  the s tar t ing

popu la t i on ,  f o r  t h i s  wou ld  be  i nd i ca t i ve  o f  a  pe r fec t  ab i l i t y  o f

the rnodel  to  reproduce the ambient  condi t ions wi th  those

paramet ,e rs .
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some mathemat i ca l  i ns igh t  i n to  the  ca l i b ra t i on  p rocess

may be gained f rorn compar ing i t  r . r i th  the more famiL iar

comput ,at ion of  morta l i ty  ra tes f rom a populat ion 's  age

dis t r ibut ion-  That  operat ion presumes that  the observed age

d is t r i bu t i on  i s  an  egu i l i b r i um age  d , i s t r i bu t i on  ( ca i l , ed  the

s tab le  age  d i s t r i bu t i on )  wh ich  co r responds  to  the  dominan i

e igenvec to r  o f  t he  p ro jec t i on  ma t r i x  ( ca l1ed  a  Les l i e  ma t r i x )

assoc ia ted  w i th  the  popu la t i on ' s . l i f a  h i s to ry .  ?h i s  i n fo rma t ion ,

in  conjunct ion wi th  knowledge of  the populat ion,s  overa l l

growth rate (which is  the doninant  e ig ,envalue of  the pro ject ion

matr ix ,  and which is  usual ly  assumed,  to  have the va lue one,

co r respond ing  to  a  s ta t i ona ry  popura t i on  )  ,  i s  su f f i c i en t  f o r

ca lcurat ion of  the morta l i ty  schedule.  when th is  nor ta l i ty

schedule is  appr ied to  any arb i i rary  s tar t ing popurat ion,  the

pro jecteC populat ion age d is t r ibut ion wi l l  converge u l t imate ly

to the equil ibrium age dist,r ibution from which the mortal i ty

rates r rere ca lcu lated.  when th is  nror ta l i ty  schedure is  appr ied

t 'o a population which is alread,y in egrri l ibrium age

d, is t r ibut ion,  the age d is t r ibut ion wi l l  remain constant .

Three proper t ies d is t inguish the gopurat ion dynamics in

the Shadow l lodel from the l inear mathematics eurployed above in

comput ing morta l i ty  ra tes f rom an e igenvector .  (1)  we have no

assurance that  the observed populat ion d is t r ibut ion.  we used as

a  re fe rence  popu la t i on  rea l l y  i s  an  egu i l i b r i um,  so  th i s

par t icu lar  populat ion comgosi t , ion may not  be exactry  feas ib le

as an e igenvector ,  though i t  may wel r  be approx imatable.
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(2 )  The  e f fec t i ve  p ro jec t i on  ma t r i x  we  app ly  to  the  popu la t i on

inc ludes currents  as weI I  as age speci f ic  dynamics,  and the

currents  are t ime dependent ,  so there does not  in  genera l

ex is t  a  s ing le matr ix ,  which i f  ra ised to  the appropr ia te

power,  wi l l  correct ly  pro ject  the s tar t ing populat j ,on to  the

correspond. ing t ine,  dnd so we cannot  exact ly  re fer  to  the

e igenvec to r  o f  t h i s  non -ex i s ten t  ma t r i x .  (3 )  The  dens i t y -

depend.ent  b i r th  rate model  we employed (per fect ,  compensat ion)

cannot  be represented s imply  by the appl icat ion of  a  matr ix  to

the populat ion vector ,  for  the t ime constant  b i r th  rate is  a

non- l i nea r  f ea tu re .

Pecu l i a r i t i es  (2 )  and  (3 )  a re  dea l t  ' r r i t h  i n  ou r  ca l i b ra t i on

process by apply lng a t ime dependent  t rans i t ion matr ix  to  the

populat ion vector  a t  each t ime stbp and by expl ic i t . ly  bu i ld ing

a non- I inear  b i r th  rate in to the pro ject ion.  The,  s imulat ion

d,oes what  we wantr 'but  owing to  the non- l inear i t ies the morta l i t ies

cannot be calculated analyt ical ly (as they could for the simple

population dynamlcs problem) and rm,rst be f i t  by t,r ial and error.

As regards pecul iar i ty  (1) ,  we s imply  assume that  the ar /erage

populat ion d is t r ibut ion computed f rom the 'data prov id.ed by

l lar ine Ecologica l  Consul tants  is  an equi l ibr ium, but  we are

st i1 l  le f t  wi th  the guest ion of  how we wish to  a l locate the error

in  the event  that  th is  d is t r ibut ion real ly  cannot  be dupl icated

exac t l y  by  the  cons t ra ined  p ro jec t i on  p rocess .
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The essence of  th is  la t ter  gr : ,est i .on has to  do wi th  the t ime

hor izon for  which we would r ike the d iscrepancy between the

reference populat ion and the pro ject ion populat ion to  be min i rna l .

Had the reference populat ion been an actual  e igenvector ,  th is

quest ion would not  ar ise,  because the d. iscrepancl r  wourd go to

zero wi th  the f i rs t  appl icat ion of  the matr ix ,  and i t  would.

s tay at  zero theraaf ter .  But  wi th  our  problem, we need,  to

consicer  the t i lne course of  the 'd iscrepancy:  i f .  we min imize

the error  a f ter  say one appl icat ion of  the matr ix ,  and that

error  is  not  zero,  we would then expect ,  f rom the mul t ip l icat ive

nature of  the pro ject ion process,  that  the error  wi r l  increase

w i th  success i ve  app l i ca t i ons  o f  t he  ma t r i x  us ing  ra tes  f i t

in  th is  manner .  rn  fact  th is  eras the case only  up to  a point - -

the d iscrepancy d id,  not  cont inue to  grow exponent ia l ly .  The

reason for  th is  is  tha i  the b i r th  rates,  under  the per fect

compensat ion .modeI ,  were unaf  fected by the morta l i ty

ca l ibrat ion and so the spat ia l  d is t r ibut ion of  b i r ths,  and

their quantity per uait t ime, rras always "correct" in the

pro ject ion.  For  th is  reason,  the pro jected error  rap id ly

stabi l ized. ,  and so,  in  pract ice,  ca l ibrat ion for  a  t ime

hor izon of  one generat ion $ras qui te  adequate.

Since our  actual  s imulat ions wi th  the Shadow Flode1

hrere themselve of  a  durat ion on the order  of  a  generat ion

o r  so r  and  s ince  the  g rea tes t  i n f l uence  o f  mor ta l i t y  ra tes

was on d is locat ion morta l i ty ,  which we \ rere forced to  cancel

ou t  i n  any  case ,  t he  t ime  ho r i zon  o f  t he  mor ta l i t y  ca l i b ra t i on

D-48



was not  cr i t ica l  to  the outcome.  r f ,  a t  some t ime in  the

future '  the r t lar ine Review Comrni t teers water f low s imulator  is

corrected to  the extent  that  evaruat ion of  d is locat ion

nror ta l i ty  becomes a poss ib i l i ty ,  then i t  w i l l  be nrore impor tqnt

to  ca l ibrate morta l i ty  ra tes prec isery to  the t ime hor izon

correspond. ing to  the Shadow .Ef  f  ects  s imulat ion.

The non- l inear  reast ,  squares f i t t ing argor i thm employed

in  the  mor ta r i t y  ca r i b ra t i on  was  a  va r ian t  o f  Marquard t ' s

argor i thre modi f ied to  so as t ,o  est imate par t ia l  der ivat ives

imp l i c i t l y  by  i n f i n i t es ima l l y  i nc remen t ing  the  f ree  va r iab les

(rather  than expl ic i t ly  ca lcu lat ing der ivat ives,  which of  course

wcu lC  in  p rac t i se  be  imposs ib le  i n  t h i s  comp lex  s imu la t i on ) .  Th i s

version of the Marguari l t  algorithm was obtained fronr the II, ISL

subrout ine packdge.  In  actual  use,  the a lgor i thm proved sensi t ive

to in i t ia l  est imates,  somet imes b lowing up,  or  a t  o ther  l i rnes

conve rg ing  on  phys i ca l - l y  i nposs ib le  va lues  (e .g . ,  mor ta l i t y  ra tes

greaLer  than I00*  or  less than zero) .

lhere were t$ro possible sources of the diff iculty, one

being actual  inconsis tenc ies in  the f ixed parameters of  the

s imulat ion,  the other  be ing d iscont iu i t ies in  the parameter  space

th rough  wh ich  the  f i t  was  sea rch ing .  I ncons i s tenc ies  i n  t he  f i xed

pararneters vrould have generated cond. i t ions of  s imulat ion such

that  the model  l i tera l ly  could not  reproduce the desi red pat tern

$/ i th  phys ica l ly  rea l  morta l i ty  ra tes.  One exarnple of  th is  was

detected when the on-of fshore mix ing rate input  to  the s imulat ion

'  
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i . ras much too h igh.  Under  these cond, i t ions,  the mix ing would smear

out  the spat ia l  s t ructure in  the s imulated populat ion regard less

of  how great  the d i f ference between the inshore and of fshore

morta l i ty  ra tes (wi th in  the aforement ioned phys ica l  l imi ts)  so

the a lgor i thm courd not  ar r ive a!  a  parameter  set  that  wourd

reasonabry reproduce the observed,  pat tern of  h igh inshore

abundance and low of fshore abunCance.  This  problem was re l ieved

by reducing the on-of fshore rn ix ing rate,  as descr ibed wi th

re fe rence  to  pos i -p rocess ing  o f  t he  t rans i t i on  ma t r i ces .

The second source of  d i f f icur ty  was encour tered,  when

ei ther  t ,he correct  va lue of  the f ree parameter ,  or  a  t r ia l  va lue

of that paraneter, was tco near to a boundary beyond. which

phys i ca r  i n te rp re tab i l i t y  was  l os t r  o ! .where  the  mode l  i t se l f

exhib i ted d iscont inuous behavior .  Two approaches were employed to

ease th is  d i f f icu l ty .  one was mathemat ica l ly  to  t , ransform the

free variable in the calculations so as to bound, i t  a.ray from

forb id,den va lues (e.g. ,  the absolute va lue t ransform to keep i t

f rom going negat ive,  or  the re la t ion p=X/(A+X),  where p is  one

minus the mortal i ty rate, X is the free variable acted upon by

the f i t t ing a lgor i thm, and,  A is  a  pos i t ive parameter  which then

keeps the rat io  P smal ler  than one,  regard less of  how h igh a

pos i t i ve  va lue  X  takes  on ) .

The second approach was s impry to  begin the search wi th  a

t r ia l  va lue c lose enough to the corree!  varue that  the search

never  ent ,ers  the t roubresome por t ions of  the parameter  space.
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Th is  was  accomp l i shed  by  bu i l d ing  up  so lu t i ons  i n  an  i nc remen ta l

s t ra tegy .  The  f i r s t  s tep  was  to  s ta r t  w i th  ve ry  sho r t  age

in te rva l s  i n  a  ca l i b ra t i on  fo r  one  age  c rass  ,  and  then  ra i s ing

the resul t  to  the appropr ia te oower to  f ind the s tar t ing va lue

for  the f ree parameter  wi th  a ronger  age in terva l ,  unt i r  the age

interva l  used in  the actual  Shadow Model  was reached.  F ina l lv

when solut ions had,  been obta ined for  each age c lass

separate ly ,  the ca l ibrat ion was carr ied out  on the ent i re  set

o f  age  c lasses  s imu l taneous ly .

rn th is  manner ,  we arr ived at  se is  of  naturar  rnor ta l i ty

rates which would a l low runs of  the Shadow Model  tc  reproduce a

fa i r  s im i l i t ude  o f  t he  known  re fe rence  d i s t r i bu t i on  o f  age

classes and abundances over  depth and d is tance of fshore wi th  the

power  p ranE  o f f  (anb ien t , ) .  r t  mus t  be  no ted ,  however ,  t ha t  t h i s

car ibrat ion procedure was not  fu11y autonat ic ,  s ince i t  requi red

some judgernent and intervention of the operator whenver the

argor i thms stopped converg ing.  This  does not  lessen the

object iv i ty  o f  the resul t ,  for  when convergence d id occur  i t

would be unmistakable;  but  i t  does 1essen the ease wi th  which

the ent i re  procedure can carr ied out .  F ina l ryr  w€ must  po int

out  that ,  wi th  the non- l inear i t ies in  the system, we are noE

in  a  pos i t i on  to  be  abso lu te l y  ce r ta in  tha t  any  g i ven  so ru t i on

fo r  t he  mor ta l i t . y  ra tes  i s  un igue .  rn  the  ac tua l  even t r  w€

fe l t  con f i denE tha t  t he  i nc remen ta l  s t ra tegy  o f  f i t t i ng  ra tes

f i r s t  f o r  one  age  c rass  a t ,  a  t ime ,  and  then  us ing  these  as
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comp le te  ca l i b ra t i on ,  d id  keep  the

dornain of  a t t racr- ion,  but  here too the

must be involved. in exploring the

in some reasonable sanple of  the paraneter
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INSTR,UCTIONS FOR OPERATION OF THE I ' {ORTALITY CALIBRATTON PROGRfuY

Genera l  desc r ip t i on

The morta l i ty  ca l ibrat ion programs are designed to compute

a set  o f  mor ia l i ty  ra tes which wi l l  best  accoun!  for  the observed

spat ia l  d ' is t r ibut ion and age st ructure of  a  p lanktonic  populat ion.

Th is  i s  acconp l i shed  by  us ing  Marguard t ' s  a lgo r i t hm to  sea rch  fo r

a se ' .  o f  surv ivar  ra te sched,u les which,  when used to pro ject  a

star t ing populat ion under  a speci f ied current  reg ime,  wi l l  1ead to

a f ina l  populat ion s t ructure which matches the in i t ia l  populat ion

as c losely  as Possib le .  The programs f i t  surv iva l  ra te sched,u les

t ,ha t  a re  pos i t i on  spec i f i c ,  one  app ly ing  to  the  i nsho re  pos i t i ons ,

the other applying offshore. The bound,ary betw'een the inshore and

o f f sho re  reg i cns  i s  use r  spec i f i ed  fo r  each  age  c lass .  B i r t hs  a re

added at  each age step acccrd ing to  a speci f ied pat tern that  is

not  dependent  on the present  populat ion ( in  ef fect ,  wi th  per fec. t

densi ty  comPensat ion in  the b i r th  rates) .  The f ina l  output  o f  the

programr ot l  a  successfu l  run,  is  the best  f i t  set  o f  surv iva l  ra te

schedu les .

The populat ion is  modeled in  spat ia l  and age c lass

compartments.  The number of  age c lasses depends on the populat ion

in  ques t i on .  The  spa t i a l  subd . i v i s i on  i s  i n to  ce l l s  I  km o f f sho re ,

2  km longshore ,  and  w i th  th ree  dep ths ,  co r respond ing  to  0 -6m,

5 -15m,  and  I5m to  bo t tom.  The  sys tem cons i s t s  o f  j us t  one  f l ux
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prane  o f  such  ce l l s  (no  repe t i t i on  l ongshore ) ,  ou t  t o  rOkm

o f f sho re r  p€ r  age  c l ass .

There is  no longshore mot ion.  Cross-shel f  mot ion is  governed

by a set  o f  t ime vary ing t rans i t ion matr ices which represent ,  mean

on-o f f sho re  mo t ions  fo r  t ha t  t ime  pe r iod ,  and ,  pos i t i on  i n  t he  f l ux

p lane '  w i th  the  ave rage  be ing  taken  ove r  a1 I  l ongshore  pos i t i ons .

organisms migrate ver t ica l ly  accord, ing to  species speci f ic

pa t te ras .  The  ho r i zon ta r  mc t i on  o f  o rgan isms  i s  p resumed  to  be

s t r i c t l y  pass i ve .

Use r ' s  gu ide

A) rnputs and parameter  speci f icat ion for  program operat ion

The mortar i ty  ca l ibrat ion programs requi re a reference

populat ion to  which ' the surv iva l  ra tes wi l r  be f i t ,  a  t ime

seguence of  t rans i t ion matr ices descr ib ing mean on-of fshore water

movement ,  and s ix  addi t ional  contro l  parameters.  In  the 1990 runs

of  the shadow Ef fects  Model ,  the sequence of  cross-shel f

t rans i t ions was ca lcu lated by averaging longshore in  the fur l

t rans i t ion matr ices ( t ime step by t ime step)  as modi f ied by us

af ter  receipt  as output  o f  the water f low s imulator  o f  the Mar ine

Review Commit tee.  This  sequence eras s tored as f i te  OFBAR, and was

cal led f rom permanent  tape storage t ,o  f i le  7  at  the beginning of

each  run .
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The  mor ta l i t y  ca l i b ra t i on  p rog rams  a re  wr i t t , en  to  be  used

in te rac t i ve l y .  The  compu te r  w i l l  d i sp lay  the  cu r ren t  va lues  o f  t he

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

as desi red.  The input  parameters are:

NC The number of  age c lasses in  the s imulat ion.

The length o i  the age in terva l  in  days (we

used  15  f o r  gueen f i sh  and  14  f o r  mys ids ) .

The number of t ime steps per day (determined by

the resolut ion of  the sequence of  t rans i t ion

matr ices-- th is  was 9 s teps per  day in  our

repo r ted  runs ) .

The d,urat ion of  the run in  age in terva l  un i ts .

The nurcber of t ime steps already elapsed at the

beg ian ing  o f  t he  run ,  re la t i ve  to  noon=O.  (Th i s

is  to  malnta in phase for  the day and n ight

d i s t r i bu t i ons  i n  mys ids - - i t  i s  i r re levan t  f o r

queenf ish I  .

Contro l  parameter  to  permi t  opt ion of  f i t t ing

rates for  one age c lass at  a  t ime.  For  non-xero NF,

the va lue of  NF is  the age c lass for  which the rates

a re  to  be  f i t .  Fo r  NF=0 ,  a l l  age  c lasses  a re  f i t

s imu I taneously .

I
I
I
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NCD

NTI

NF
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After  speci fy ing these parametersn the computer  wi l l  guery

the operator  for  the f i le  name of  the reference populaton (which

serves both as a s tar t ing populat ion for  the pro ject ions and as a

reference to  whicb the s imulat ions are f i t  by adjust ing nor ta l i ty

ra tes ) .  Th i s  f i l e  does  no t  have  to  be  i n  t he  l ocaL  a rea  be fo re

be ing  ca l l ed ' ,  as  the  p rog ram can  b r i ng  i t  t he re .  A t  p resen t ,  t he re

a re  two  re fe rence  popu la t i ons . i n  s to rage :  sERTFUS fo r  queen f i sh ,  and

MYSID fo r  t he  mys ids .

Next the corrDuter wil l  guery the operator to supply the

in i t ia l  guesses at  the inshore and of fshore surv iva l  ra t re

scheCules,  ar rays p l l i  and pOUT, respect ive ly ,  where the nunber

of  e lements corresponds to  the number of  age c lasses.  The f i t t inq

a lgo r i t hm may  be  sens i t i ve  to  these  i n i t i a r  guesses ,  and  fa i r  t o

converge unless the in i t ia l  guess is  c lose to  the correct  va lue.

A var ie ty  of  in i t ia l  guesses shouLd be t r ied. ,  in  order  !o  explore

the behavior  o f  the program in each s i tuat ion.

The boundary between inshore and offshore nortal i ty regimes

is  speci f ied '  by the array IYPcuT,  where tbe i ' th  e lement  g ives the

pos i t i on  o f  t he  boundary  fo r  t he  i ' t h  age  c lass .  f n  t he  case  o f

mysids,  there is  an addi t ional  surv iva l  ra ter  pOFF,  which appl ies

beyond 5 ksr  o f fshore ( in  order  to  adjust  for  the fact  that  no

mysids of  th is  species are expected beyond 5 km).  when poFF is

speci f ied,  i t  remains f ixed,  for  the durat ion of  the run;  onry

PIN and POUT are adjusted by the a lgor i thm.
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The computer  wi r l  echo the va lues of  the input  parameters,

and guery the operator  whether  i t  should proceed or  abor t .  Dur inq

the  f i t t i ng  p rocedure ,  t he  cu r ren t  va lues  o f  t he  su rv i va l  ra tes

are d. isp layed on the terminal ,  so that  execut ion can be terminated

i f  i t  becomes c lear  that  the computat ion is  enter ing a

bio log ica l ly  unreasonable region of  parameter  space r  o !  i f  i t

appears that  the computat ions are b lowing up.  There are severa l

convergence cr i ter ia  which must  be sat is f ied before the program

wi l l  ex i t  normal ly  f ron . 'he f i t t ing roop.  The run wi r l  abor t

autonai icar ly  a f ter  i , tAX i terat ions i f  convergence has not  yet

been  ach ieved .

C )  .Output

The main output  is  wr i t ten to  f i le .  2 .  This  output  consis ts

of  an echo of  the input  parameters,  the in i t ia l  guesses at  the

surv iva l  ra tesr  the d is t r ibut ion of  the reference populat ion,  the

number i lr  births added to each compartment at each age step, and,

in  the case of  d , iurnar  migrators,  the n ight t i rne ver t ica l

d is t r ibut ion (vrhere the d,ayt ime d is t r ibut ion is  a l ready g iven by

the reference populat ion) .  The convergence cr i ter ia  emproyed

are d isp layed,  and the manner  in  which the run terminated wi l l

be ind icated.  I f  the convergence cr i ter ia  were metr  the best

f i t  su rv i va l  ra tes  w i l l  be  p r i n ted ,  as  r v i r l  t he  f i na r  popura t i on

resul t , ing f rom pro ject ion wi th  these rates.  r f  the procedure

has  worked  we l l ,  t he  f i na l  popu la t i on  w i l l  l ook  recogn izab ly  l i ke
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t he  re fe rence  popu la t i on  i n  age  and  spa t i a l  d i s t r i bu t i on .  r f

convergence was not  achieved, ,  a  d iagnost ic  messase wi t r  be

p r i n ted .

rn  the  even t  o f  a  success fu l  run ,  t he  f i t t ed  su rv i va l

ra tes  a re  a l so  wr i t t en  co  f i l e  32 ,  i n  a  fo rm in  wh ich  thev  can

be used as input  fcr  program SHADOW.

C) Submi. t t ing the program

There were a number vers ions of  the ca l ibrate program

stored,  a l l  w i th  nanes beginning wi th  the ret ters  CLBRT. The

vers ion descr ibed here,  which is  the most  f lex ib le ,  is  CLBRTMX.

A s i :np ler  vers ion,  CLBRTX, could be used where d iurnal  ver t ica l

migrat ion is  not  involved. .  As the program is  in teract ive, .

there is  l i t t le  formal  set  up regui red.  The program cal ls

subroutine zxssQ of the rMSL package, which nnrst be rinked

to t,he prograrn before execution
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APPENDIX E

Dispersion and Settling of Organic Detritus from SONGS

The water discharged from SONGS contains organic detritus (from the

planlton 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 7.7 km offshore of

the diffusers, where BACIP analvses 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, t0/15/87). Getting detritus out to 6

km downcozlst 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

nvo dimensions, with the standard deviations of x and y given zrS ox = vyt 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 u, = 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-tern mean

velocity of 2.9 cm/sec. Most of the particles will reach the bottom within two

standard deviations in anv 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 1.0 - L5 m above the bottonr"

the particles will mix back downward to some extent as they disperse. This gives

o, - L/Zs and o', - 1/5s, 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. I-acking these, the next

best is to go by Stokes' I-aw; taking the density contrast as 0.1 for another round

number, this will give s - 500d2 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 (106 m).

1op

3op

100 p

50 km

5km

0.5 km

100 km

10 km

1km

oy

40 km

4km

0.4 km

VtD
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APPENDIX E

Dispersion and Settling of Organic Detritus from SONGS

The water discharged from iONGS 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 lrom

SONGS in ECO-M's Final Report (Vol. II-2, 10/L5/57). 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

t'wo dimensions, with the standard deviations of x and y given zrs ox = urt 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-terrlr mean

velocity of 2.9 cm/sec. Most of the particles will reach the bottom within nvo

standard deviations in anv 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 - 1.5 m above the bottom,

the particles will mix back downward to some extent as they disperse. This gives

o* - 'Lf2s and o', - 1,f 5s, 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. I-acking 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 - 500d2 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 (1O6 m).

1op

3op

100 p

50 km

5km

0.5 km

100 km

10 km

1km

oy

40 km

4km

0.4 km

oxVtD
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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

r = (q/ 2 o-oy)exp{-(x-Yt)z f 2o *z} exp {-y2 /b f}

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.2kg/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
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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 vr. 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 bottorn,

and will accumulate except as they are dispersed by high waves or eaten by

organisms.
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APPENDIX F

FLOW CHARTS OF DATA ANALY$S
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5.0 SONGS EAFECTS ON IRRADIANCE

5. ]- BACIP ANALYSES

A. Results for I and ln
A,  Table L.

I downcurrent and upcurrent days, Appendix

DBWTAVG. YR8 ]-HR],
DBU\ITAVG. YR82HR1
DBTIVTAVG. YR83HR]-

I
I
Y

SIGN8183 SAS

DBWTAVG. YR84HR1
DBT'\TTAVG. YR85HR1
DBT'\[T'AVG. YR8 6HR1

Iv
SIGN8486 SAS

I
I
I

S I G N . V 8 4 8 6

DBII,OG. YR8].
DBIIPG. YR82
DBIIPG. YR83

I
I

Y
DBIRR EXE
DBIRR SAS

DBILOG. YR84
DBII,OG. YR85
DBII.OG. YR86

I
I
Y

rRRT8586 E)(E
LIRRZ SASM
MRGIRRZ SASMI

SIGN.VSl_83

BACTUDA SAS
I
I
Y

Results for I and lnl
downcurrent and upcurrent
days, Appendix A, Table l-.
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B. Results for I a l l  days ,  Append ix  A ,  Tab le  l - .

c. Results for I al l  days, Appendix A, Table 1.

DILOG. YR81-85
I
I
Y

BACII SAS
I
I

Y
Results of I  al l

days, Appendix A,
Tab le  1 .

DTLOG. YREL-86
I
I

t
BACILI SAS

I
I
Y

Results of I  al l
days, Appendix A,
Table L.
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5.2 Plume-model and Uostream-Dovrnstream Analvses.

A . Creating PLIIMEAGE.YR8486 data base

DBSONG. YR84
DBSONG. YR85
DBSONG.YRS6

I
Y

MPOW8586 SAS
I
I
Y

DZ.PZ

DBIIuTAVG. YR84HR]-
DBU\UTAVG. YR8sHR].
DBII\NAVG. YR86HR1

I
I
Y

Ir[V84862 SAS
I
I
Y

T B . V 8 4 8 5

ltr
I

PLIruE SASI{

I
PLI'MEAGE. YR8485

PLI'}TE DAT
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B.  Resu l ts  o f  p lume mode l ,  Append ix  A ,  TabLe 2 .

IRR.  YR8486
IRR.  YR8585

PLWEAGE.YR8486

RSPLIT
I
I

Results
Appendix
Tab le  2 .

SAS

for  I
A ,

LPLTJME SAS

I
Y

Results of In
Appendix A,
Tab1e  2 .

LPLI]I'IEUD SAS
I
I
Y

Results of In I
Appendix A,
Tab le  3 .

c. Results of UPstream-Downstream analyses, Appendix A, Table 3.

IRR.  YR8486
IRR.  YR8585

PLUI,IEAGE. YR8486
T B .  V 8 4 8 6

I
Y

RSPLITUD SAS
I
Iv

Results for I
Appendix A,
Tab le  3 .
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6.0 ETFECTS OF 8ONG8 ON TE!,IPERATURE AND SUSPENDED PARTICI,ES.

A. Plume model
stations U\ruOL,

analyses of
wT17, U\4Il_8

temperature
AND U\N]-9.

at 3n depth for four

PLI'ME DAT T B . V 8 4 8 6

PLIME SASM
I
I
Y

PLWE. YR85
PLWE. YR86

data bases in format suitable for program

DZ.PZ

B. Creating temperature
Trsplit SAS

WTAVG. YR85HR1
IIVTAVG. YR8sHR]-

I
I
Y

T8585 SAS
I
I
Y

TMP.YR85
TMP. YR85
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c. Plume rnodel results on temperature.

PLWE. YR85
PLI'I{E. YR85

TMP. YR85
TMP. YR85

I
I
Y

TRSPLIT SAS
I
I

i
Results of plume
model on temperature
for  years l -985-86.

D. Descript ive statist icat results on temperature difference.

TMP. YR85
TMP. YR85

STAT PRG
I
I
Y

Curuulative frequency
of temperature
difference

INCR SAS
I
I
Y

Statist ics of
temperature
difference above
2 .2oe .
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6.2 SoNGS-induced Upwell inq, BACIP analvses of bottom temperature

A .  C rea t i ng  T .YR8183  and  T .yR8486

DBTLOG. YR84-86

I
t

DBTEMP SASM
DBTEIIIP81 SAS
DBTPOOL SAS

I
Y

T.  YRSl_83
T .  Y R 8 4 8 6

B. BACIP results of bottom temperature

T .  Y R 8 1 8 3
T .  Y R 8 4 8 5

S I G N . V 8 L 8 3
s r G N . v 8 4 8 5

I
I
Y

BACITUDA SAS
I
I
V

Resu l ts ,  6 .2

F - 8



5.3 Suspended Par t ic les

A. Results for untransforrned data, 6. 3 .
analyses of seston f lux that reported,
Technical Report K.

This is one
with f low

of several
charts, in

DBSED. YRXx

Iv
GMSED SAS

I
I
Y

DBG. SEDDAY

I
Y

GMEND SAS

I
Y

DBG. PROD

I
Y

SEDDATA SAS

I
V

DBG. SESFLUX

I
Y

BACSEST4 SAS

I
Y

Results for
untransformed

da ta ,5 .3 .
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