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AB ST 9~.CT

A com:uter simulation model of the phosphate , : h v t op l a n k —

ton anc zocnlankt:n dynamics j~ Monterey Say was examined and

m o d i f i e d.  The mode l is d r iven  by f o u r  f o r c i n g  f~~n c o io rs  ex—

pressed as annua l  cycles of upwell ing  velocity , incid ent

Solir raciati on , mixed l ay e r  d ep t h , and mixed  layer  tempera-

ture. An alternate ur~;e11ing index was d e ve l o p e d  based on

~~ e ~oca w~~~d :ie~~c r ev i s e d  r a c_ a~~~on ~~ c~ x ~s e~ o~ oj ed

based on the  gene ra t i on  of both advect ive  fog  and low s t r a tu s

c l ou d  cover  cor r~oon d u r i n g  urw el l ing  on the  C al i f o r n i a  c o a s t .

Analysis of the model’ s response to sinking and advection of

p h yt o~~lank t o n  was e x a m i n e d .  The imp or t ance  of s ea sona l  in-

-creases  in p r e d a t o r s  was in t r o du c e d  as a cont ro l l ing  f a c t o r

in the  seasona l  growth of z o cr l a n k t o n .  The model  is able to

predict the seasonal t r ends  of rhospha te , phyt o~~lankto n , and

zooplankton t h r o u g h ou t  the year .
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A.

In the interests of assessing biomass of oceanic

areas , va r i ou s mathematical model s have been  cesi gned t o

oredict the ~~-namic resconce of ecosystems to chan;e in the

o-~ s~~:a a-c  :~~~-“ _ ca l  c’ r o - — e ’~~ lic ‘~oce_ s ‘-‘ecess~ r~~ j

rely on accorat e characterization of t h e  forcin~ f.~nctions

and accurate r e or e s e n t at i -o n of t:oe s y s t e m  w i t h  e-tuat ~~ons

wh ich are c o n s i s t e n t  w i t h  the  soec i f i c  r eg ion  under  s tudy .

re-cent attention :acd to modelang system : on u~weliong

r er i o n s , Coastal U~ we1ling Ecosystems Ana y:is ( C U E A ) , has

brought a:o t development s in bcth these areas . Adeqoate

cata of -a p h y s i c a l  an-c chemi:a  n a t u r e  is becoming  ava i l ab l e

an o si gni f i c a n t  P r o g r e s s  in the r e f i n e m e n t  of gove rning  c o c a —

tions is evlient (Walsh , 197?).

The researcn presented here was aimed at c r e a t i n g  a simu -

la t ion  model  to fe s c rib e  the s ea sona l  p l a n k t o n  fy n a m i c s  in

M onte rey  Bay , C a li f o r n ia , as known f rom the bes t  avail ab le

d a t a .  An e x i s t i n g  s imula t ion  model  (P ea r son , ~~~7 5 )  was

evaluated in an effort to make r e f i n e m e n t s  and to j u d g e  the

a p p l i c a b i l i t y  of the  t ime s i m u l a t i o n  t e chn ique to the

Mon terey reg ion , characterized by s e a s o n a l  u p w el l i ng .

B.  MC2E LI~tG ?HThO SO?H1 N TH :COL OG:CAL CONTEXT

The mer i t  of mathemat ica l ly  m o d el in g  sys tems of a pu re ly

phy sical  n a t u r e  in which  par ameters , i n i t i a l  c o n d i t i o n s ,

10 
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c cn d i o :o n s  an :  t n~ va : : ab  e re -a t i cn s hi : s  are r e a c i—

ly sr e :i f e d is u n i :u e . The val~ c 0±  c~~r r en ~ m ccc l i  of a

b i o l o g i:ai n a t u r e  r e c ci re c  so~m~ c c o o i — o t .

Ac-corcing to - :cm (l?~~~) t h e r~ a: a a :mbar of r e a s o n s

b e h in  construct ing any mathenati :al model. ?redicticn of

f0tore states of the va ri ab lis :nvolve-d is an end in itself.

Use of t he  prediction a :c~~r a y  to  f o c u s  d a t a  a c- ou i s it i o n

eif crt : or d irect attention to def iciencies in concepts is

l ik e wi s e  ‘;alic. I f  the model  ic real in the sense  that it

a t t em p t s  to  r e l ic t  or anges in the  S t a t e  va r ia bl e s  based  on

a f r a m e w o r k  drawn f r o m  r e s e a r c h  in the real  wo rl i , then

failures may be u s e f u l  in d e l i n e a t i n g  w e a k n e s s e s  in t h e

g-ove rn in~ ec ’5a tL :ns.

— I~~ ._ .. - 
~, , .., .. —. — . .  ~~~~~~~~— ~~~ .••o~ e~ —~~~ ~~~ —

- 

. 
p e r f e c t  mode l  of an ecosystem assume s t o C t  “ al l  s t a tes  and

rates of c h a nse  of the variacles are known at all t imes ”

(Walsh , 137?). Given the v a s t n e s s  of comd ex interactions

on even  t ne s:m; _ est  cc osocossca systems , it mac ce state c

t h a t  “ n-c oe rfe c t  r e o r ese n ta t i cn  of the real worli e x i s t s

e x c ep t  t he  rea l  w o r l d  i t s e l f ”  ( W a l s h , 1 37 ? ) .

:t fo i l -c-ws t hen  that cer ta in  a s s u mP t io n s , log ical state-

ments and approximations of real dynamics are necessary to

a l low the  model to or e r a t e .  The r e s u l t in g  model  may sear

l i t t l e  cor re la t ion  to the ac tua l  ph y s i ca l , chemica l  and

biological situation at hand . Again , the a rgument  f-o r con-

s t r u c t i n g  the  model mus t be considered. For purposes of

prediction , a model whi ch makes a logical statement relat ~g

11
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two state variables in the attempt to specify a relationshi p

which may be unknown in part or in whule has merit. The

f a c t  t h a t  the  1~ gic  of the model  is a crude simplification

is incidental if the prediction capability is rroven.

All  m o d e l s  can be charac te r i zed  on the basis of realism ,

Prec i s ion , an-b g e n e ra i f t y  (Chum , 1371). It has been suggested

that  these th ree  cu a li t ie s  are mutua l ly  exc lus ive  in ecolog i—

cal models (Patten , 1371). A fourth category , simplicity ,

might be considered. Exacting detail , while lending to

realism and precision often forces the model to be specific.

n l y  when the model becomes an isomorph , i.e., a one-to-one

correspondence to the r eal wor ld , wi l l  genera l i ty  be res tored

( W a l sh , 1 3 7 3) .

The problems in creating a real ist ic model have bee n d is-

cussed briefly . The value of t h i s  type of model lies in re-

search guidance. Where a srecific question is asked of an

ecolo gical model , Precision in predic tion  capabil i ty  may be

enhanced by sacrificing the  o the r  qua l i t ies. Such an

coorcach might be taken in a f i s h e r i e s  model where a precise

output for a limited region is desired (Chum , 1971). Simplic—

ity and generality at the expense of both precis ion and

real ism may enhanc e understanding of broad ecological con-

cepts.

The study presen ted herein was conducted w i t h  th e idea

of creat ing a model having good predictive capabil i t ies  for

conditions occuring over a long span of time in a limited

oceanic reg ion.

12
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C. DESCRIPTI ON OF ThE MODEL

The original ecosystem model was developed by Pearson

(li75) as part of continuing research into t h e  c o r r e l a t i o n

of zooplankton bicmass with the chemical and acoustic pro-

perties of the ocean (Traganza , 1976). is the intent of

this research to identify areas of weaknes s  in the macel

and make the appropriate changes to the equations ar-b input

parameters . These changes inclibe a refinement of the up-

welling index and radiation index as well as inclusion of

adveoti-on , sinking and p r e d a t i o n  t e rms  in the g o v e r n i n g

equations .

The mode linz te-chr~i:ue used is a time deoendent simula-

tion solved di gitally on an I B M 36 0 computer using the ~EM

Continuous Simulation Modeling Program (CSMP—360). The

dynamic equations are written in non-linear differential

form and driven by four exogenous forcing functions expressed

as annual cycles oi upwelling velocity , mixed layer dep th ,

mix ed layer temperature , and incident solar radiation . The

Ou tP u t  consists of annual cycles of phosphate concentration

(microgram-atoms of phosphorous per liter , ‘4g-at?/i) , phy to—

plankton biornass (grams of carbon per square meter , gC/m 2)

and standing stock of herbivorous zooplankton (g C/rn2) in

the mixed layer .

The Pearson version (Figure 1) of the model is defined

by the following basic equations :

1) ~~~~~~~~~ :;TJT + R E G EN  — UPTAK (I)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ _  
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Fi gure 1. Pictoral representation cf Monterey Upwelling
cos v stem.
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where:  ~~~1 t i m e  r a t e  of change  of p h o s p h a t e  concent ra-
tion (~. i g— at  P / I )  in the  mixed l ayer

NUT inp ut of phosphate from urwellin~ and mixing
from below the mixed layer Lig—a c P / )

FE GE N p h o sp hate  recyc le-b  as b i ol ig i ca l  e x c r e t o r y
produc t s  w i t h i n  the mixed  layer  ( c-a t  P/i)

jPTAK phosphate berleted by phyto~ 1ankt:n utiliza-
tion (4g—at P/i)

dX ~2 )  PROD — RE P2 — G?AZ ( 2 )

dM2 . - . - . -wnere : a- —- t ome r at e  o r o range  or pnytoplanfKton soc-mass
(g Ci’m~ )

P R O D  ~hotosvnthe:ic production (gC/m
2)

P 5P2 respiration losses (gC/m )

GRAZ grazing losses (g lim2)

3) GRAZ — R E S F 3  — /012 - LOSS (3)

inru t
2
due to ingestion of phytoplankt-on

(go/rn

RE SP 3 = r e sp i ra t ion  Ios~ es ( g C / r n 2 )

V O I D  excretory losses (gC/m 2)
2

LOSS stock -depletion by mortality (gC/m )

(Pearson , 1975)
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A. UPWE:::::-o THEIFY

l• ::~~an linamics
Seasonal orwelling of notrier.t—rich deep water into

the productive mixed lay er is an in~ortant aspect of the

-Montere y 3-ac ecosystem. The ~rinoi pal source of phosphate

in the mixed lacer is vertical advection which is produced

in response t :  w i n d — i n b o c e d  Ekman c i r c u l a t i o n .  T h e o r e t i c a l

c a l c u l a t ions of the o f f sh o r e  component  of h o r i z on t a l  current

are based on Thnan cure drift theory in an infinitely deep ,

homogen eous ocean (Neumann and Pierson , 1366), The comoo—

r e nt s  of the  ho r i z o n t a l  c u r r e n t  t ake  the form :

u e~~~~~
2 ) 2  

CCS [45-(~~/D-)Z] and (~ a)

•1 •

~ 

( t / D ) Z  S:::(°s-(t/D)z3 (‘4b)
— 

2 - (A /pw  S I N  ~~~ and (5a)

7 r /Aa (Sb)o

where :

U velocity component in the x direction

V velocity component in the y direction
(parallel to wind )

V = surface veiocit component (~~~5
0 to righ t of0 win d , Northern Hemisphere )

Z depth

D Ekman depth of frictional resistance

A coefficient of eddy viscosity
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= surface wi no stress in y d i r e c t ion  ( d y n e s )
7

a fp/A

-ode

p d e r . sit v  of water (g/cm 3 )

Coriolis rarameter 2~ SIN ~

The c o e f f i c i e n t  of eddy v i s c o si t y ,  A , wa s a ss umed

constant since d e t a i l e d  i n f o r m a t i o n  on the small scale mo-

t i ons  of t he  s u r f a c e  lay er  w as  not ava i l abl e . Th i s  a s sum :—

tion is generally mad e in mass transport studies (Ne omann ,

13 6 3 ) .

The mass transport ccc to wind driven current is

f o u n d  by integrating the equations of velocity (U and 7)

o ;er  the  de:th of t he  w a t e r  column , as shown :

p U dE r 7/f (Sa)

and S p V dZ 0 (Sb)

where :

mass t r a n s p o r t  in the  x d i rec t i on

S mass transoort in the i direction

From the equ a t i o n s  for  mass t r anspo r t , it  is observed that

the net transport is 90 degr ees to the r ig ht of the  w ino in

the northern hemisphere and that it is directly propor tional

to the wind stress acting on the sea su r face , pa ra l l e l  to

the coast.

17
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2. W ind tress on the Sea Surface

The coupl ing  of wind e n e r g y  to the  wa te r  at t he  a i r—

sea interface is -defined by the conventionally—accepted form

of the  w ind stress equat ion :

T
y 

o ’O~
W
~ 

(-Gordon , 19 7 2 )  ( 7 )

where : T wind stress parallel to the coast (dynes/cm 2)

dens i ty  of air

drag c o e f f i c i e n t  at height z (non—dimensional)

wind speed at hei ght (cm/sec)

As in o the r  momen tum exchange s tud ie s , the dy namic

c o e f f i c i e n t s  aooear to oresent  the  s i ngu l a r  most d i f fi c u l t

proble m. W i l s o n  ( 19 6 0 )  s ta tes  t h a t  the drag  c o e f fic i e n t fo r

a ir f low o’-ier a wate r sur face  is dependent  on the wind speed

(W), the height of measureroent (z), a surface roughness para-

meter 
~~~~~~~~~~~~~~ 

and atmos:heric  s t a b i l i t y  terms . There may be

additional dependence on oceanic :arameters of -de:th , fetch

d i st ance  and wave hei ght . An average value of the  drag co-

e f f i c i en t  for  hi gh wind speeds ( i . e .  g rea te r  than 10 m / s e c )

of 2.37 X 1J~~ is arrived at by examination of research ccm-

p le t ed  t h r o u g h  ll59 (Wilson , 1960).

Wo rk by Deacon ( 13 6 2 )  e s t ab l i shed  an emp i r ical  rela-

t i o n s h i p  fo r  winds  up to 13 meters/second which gives a

l inear  dependence of O
~ 

(at  z = lOm )  to the  wind speed as

follows:

C.3 (1.13 + 0.04 W10
) X 0~~ for W in n/sec (9)

(Roll , l3S5)

18
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Deacon ’s research was carried Out  us ing data  f rom shi p ob se r-

vat ions and coastal regions.

3. S:atial Extent

The offshore movement of water in -a region bounded

by a coastline causes reclacement water to be u~we lied f rom

below the layer a f f e c ted  by the  surface wind stress. Accord-

ingly, it is necessary to specify the spatial dimensions of

the region in order to apply principles of continuity in be-

terminin~ the vertical current sceed. The si gnificant para-

meters involved in ‘cpwelling are : (1) the offshore horizontal

d imens ion  of the upw el l i ng  reg i o n , wh i c h  is most d i r e c t l y

re l a t ed  to the w i d t h  of t h e  wind  f i e l d ;  ( 2 )  th~ o f f s h o r e

component of the Eknan corrent (U); and (3) th e depth of the

Ekman layer ( 2 ) .

E s t i m a t e s  of the  maxim um depth of the  source  of up—

wel l ed  wa te r  in a -coastal  reg ion  ar e a oo r ox im at e l c  100 to

203 meters (Neuman and Pierson , 1966) based on the slope of

t:oe isotherms . The mass transport offshore due to- w ind

drift current has been preciously d e t a i l e d  as occu r r i ng  in

a surface layer of depth , 2 , corresponding t c  the kman -depth

of frictional resistance ; regardless of the source depth of

the upwelled water , it transgresses the “boundary ” at depth ,

2, before being carried offshore . The vertical dimension of

the reg ion is then readily specified. :t is assumed that

the berth of frictional resistance ( )  and th~ depth of the

mixed layer (Z) are approximately coincident . The differ-

ences between (2) and (Z) are important when phytoplankton

19
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ar e a -dve ct ed  out of the kman layer  but  ex i s t  t h r o o g n o u t

the mixed layer.

The horizontal extent of the up w e l l i n g  reg ion is

considerably more nebulous than tre depth of the mixed layer.

Classical estimates of this dimension limit the zone to

probably no more than 100 kilometers in offshore width. It

may be expected that the width of the region is decendent

on several factors; among them , the wid th of the wind field ,

variations and non-linearities in the energy exchange pro-

cesses due to surface roughness characteristics or stability

changes in both the atmosphere and the water column , as well

as spatial and temporal oscillations of the significant wind

vector. In addition , local  coastal and bottom topography

may figure extensively in the problem as wi l l  be discussed

later.

Sv erdru: (1938) observed a relatively well defined

of f sho re  boundary  to a coastal  up we l l i ng  zone , coincident

witha  downw ind cur ren t  which  was marked by an in tense  verti-

cal gradient  of veloci ty  (Sverdrup et al . ,  1 94 2 ) .  He f u r t h e r

observed an offshore migration of the current band at a rate

somewhat less than the speed of the offshcre surface current

within the upwelling region. The latter fact implied the

poss ib i l i ty  of ce l lu lar  circulation patterns in the near sur-

face upwelling zone .

Hidaka ( 1 9 5 — )  proposed a steady stat e theory of u:-

well ing in which he defined a hor izonta l  f r i c t iona l  dis tance ,

Dh, analogous to the depth of frictional resistance

20
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adnearing in :kman ’s work . Applying reasonable values to

-~~daKa ’~ express_ c ’-  confi’-es ‘-~-e ~~~ cell~~~ar ca r c u_ i~ ion

region to a wo-O tr. o: -ac-out l~ .~ilcmeters . ~he w:b t n  or the

r eg ion  is d e f i n e d  b y :

~ ( 2 A ~ / 2~ s::-~ ~~)
‘
~ where: A.. = 13 7 (g cm - sec 1) ( 9 )

( Smith , 19 6 8 )

-ownward v e r t i c a l  c u r r e n t s  o c c u r r i n g  in the seaward hal f  of

~~‘e ce _  ~~~~‘_ t  e~~ o4e~~~_ng to a ~
_c
~ of 7 5 w o ~5e~~ers

The t h e o r e t i c a l  w i d t h  is not  cons i s t ent  wi th  obse rva t ions  of

o:welling at greater distances from. the coast (Barnes , 19 6 3 ) .

Yoshiba (1367) developed a quasi—s teady s ta te  model

at~ Iicable to eastern soondar y current reg ions ( S m i t h , l 9 6 8~~.

An exp res soon was -d er oved ror the h o r o z o nt a l  dimension  of

the coastal urw e l l i n g  reg ion w h i c h  is g iven  by :

(hs / .y)Z for  lat i t udes  g rea te r  than
- 22  degrees (10)

where : I horizontal width of the coastal boundary

~ region (m)

g = gravitational acceleration (m-sec 2)

H thickness of the u?per layer (m)

D H + thickness of the lower layer (m)

f Coriolis parameter (sec 1)

p density of water (g-cm 3 )

= density difference between deep and surface
layers (g-cm 3)

internal friction coefficient (sec 1)

y = 2 X l0~~ sec~~ ( Smi th , 1958)

21
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s . C U R R E N T L Y  AVA :LAB L :  UPW:Lll : ;o I N D E X

Sak -un ( 1 97 6 )  has c a l c u l a t e d  coas ta l  u:welling indices

for  the  coast of N o r t h  ?uzerica us ing  F lee t  N u m e r i c a l  W e a t h e r

Te nt r a l  m o n t h l y  mean press-ore f i e l d s  t o  com:ute the  geos—

tro:hic wind. Analysis is done on a 63 x 63 p o i n t  gr id  of

approximat-el-i 20-3 nautical mile mesh length (3akun , 1973).

Figure 2 show s Bak’on ’s results for 1970 at 36 degrees North ,

122 degrees West , a::rcximatley 50 miles south. of Monterey

Say . :n reviewing several aspects of hy d r o gr a ;h i c  s u r v ey s

t aker  in Monterey Bay , it wa s s u s p e c t e d  tha t  th i s  reg ion is

characterized by local utwelling Datterns n-ct apoearing in

the - ndex com:uted by Bakun . F-u: ther discussion follows in

the methods section.

C. EFFECTS 05’ UFWEL::No 0:; :M:::EM: ?0,::A:::N

Cold water u:welled from decth during the spring and

s u~mmer months brings about bo th advect ion fog and s t r a t u s

cloud formation . The fog occurs as warm surface air is

cooled by the cold seawater to its saturation point causing

the condensation of the con tained  water  vapor .  S t ra tus

clouds occur below the base of a -tuasi—permanent atmospheric

temperature inversion (Tont , 1975).

The net effect of both fog  and s t r a t u s  layers is to re-

duce the amount of solar r a d i a t i o n  r e a c h i n g  the  sea s u r f a c e

during the upweliing period . Tont (1975) obtained mean

values of solar radiation -at the surface over the period

195-3-1973 at San Diego . A correlation s tudy  of the annual

u:welling index and the -amount of sunli ght at the s u r f a c e

5 ----
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sho ’.-:ed a maximu m of ab out ~0 o ar oer.t reoucti on in available

s u n l i gh t  d u r in g  t he  pea ::  u :w e l l in s  m o n t h s .  The r e s u l t  of

T-ont  ‘ 5 r e s e a r c h  is shown in Fi gure  3.

s~ :;~’:~~ ll A CAL C E L L S

R e v i e w  of s e d i m e n t a t i o n  r a t e s  of a lsa l  cells in d ic a t e

uu r i f i - : a t ic - n f o r  in c lu d i n g  a s i n k i n g  t e rm  in the ph:ito: ank_

to- n e-:ua~~i on .  The P e a r s o n  ( 1 9 7 5 )  model  assumes  u n i f o r m  ~ lsa l

ccncentation wio :.in the -r•i:~ed layer. :~ is reasonable that
changes in the concentration of :nyto-?lanktor caused by ‘Jar—

tical mc-;em ent out -cf the l ay e r  wi l l  o c cur .

Parsons and  T ak ah a s h i  (l~~7 3 )  s t a t e  t h a t  the  t h e o r e t i c a l

s i n k i ng  r a t e  of ph - ;t op l ank t on  can be d e t e r m i n e d  f r o m :

= (
~~.

) (II)

w ’n c r e :

r radius -of the -cell

S gr acitational acceleration

= densi t of the orga n i sm

o density of the m acSum (sea  wa t e r)

n v i s c o s i t y  of t he  medi~~m

-

~~~~~ 
form resistance coefficien t (accounts  fo r  non—

- spher ica l  shapes)

Measured rates of sinking for li ie al gal cells vary  be-

tween zero and 3 0  meters per  day accord ing  t-c Pa r sons  and

akahashi (i373). These rates represent a broad range of

species and s i z e s .
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E. ADv:CT:0u

It  is known tha t  s i g n i f i c a n t  current veloci ties  occu r

within the mixed layer from Ekman dynamics. It might be ex-

pected then that  the concen t rat ion  of phosphate , phytoplank-

ton and zooplankton wi l l  be a f f e c t e d  by adv ec t ion .  O ’Br i en

and Wr ob ie sk i  ( 19 7 2 )  have shown by scale analysis that advec—

oicn and biological product iv i ty  of the Peru upwell ing eco-

s y s t e m  are equally important.

The advective terms of the mater ia l  de r iva t ive  of a

p r op e r ty  ( C )  are w r i t t e n :

Advective change U + V ~~~~~~ + W (12)

where : U ,V ,W velocity components in x , y, and z directions
respectively

90 ~~~~~~ gradients of the  concen t ra t ion  of p roper ty
(0) in the x , y ,  and z directions

A review of C a l i f o r n i a  Cooperat ive F i she r i e s  inves t iga-

tion (CALCOFI) data for 1974 (CALCOF :, 1970) shows that  the

;hosphate concentration varies significantly in the vertical

direction but the horizontal variation is not as significant .

It is assumed for the purposes of this model that the ad—

vection term for phosphate reduces to the vertical component :

Advective change w .~ .i ( 13)

9X 1 9X 1sI nce : 3Y
Pearson ( 1 9 7 5)  has included this term in the computer model

as: UPWELL W DX1 - Xl (lu)
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where :

= ver t i ca l  speed ( rn / day )

E~<L depth of the Ekrnan layer (m) , E~KL 2

DX1 concentration of phosphate below the mixed
layer (l.ig—at P/1)

Xl concen t ra t ion  of p h o s p h a t e  in the m ixed  layer
(constant ) (-ug-at P/I)

~X u - X l vertical gradient of phosphate (~ g-at P/m 1)

The advection of zooplankton in the revised model is

discounted because it is assumed that they have developed

mechanisms which rem it them to remain in a particular

oceanic reg ion by swim ~ming or r i d i n g  cellular circulat ion

cu r r e n t s .

?h ’it o o la n kt o n , however , are a f f e c t e d  by advection .

~~COF~ Oata ( CA ::~~:, ~~~~~~ snows tha t  the scgnif ~~ca n t

2rad~ ents of ohytcolankton occur in the vertical and off-

shore directions , therefore , the advection expression for

ph~7topiankton is reduce-b to:

- -Ad’iectice ohan~ e -~~~-~--- + -i --
~~

-— ( u S )

The horizontal velocity is related to the vertical veloc-

dV
Ity by continuity (when it is assumed that  ~~ 0 , parallel

to the coast ) such that :

U — WL/D ( 16)
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where : U h o r i z o n t a l  v e l o c i t y  - c o m p o n e n t  o f f sh o r e  ( r n / d a y )

W upwa rd v e r t i c a l  v e lo c i ty  componen t  (m /  c ay)

2 width of the region (m)

2 Ekman depth (m)

The ?hYt OP lan ;<t on  a-dv ect i -o n term can b e w r i t t e n :

A-dvec t ive  change W L 2 + ~~ 2 ) ( 1 7)

The gradients of rhctoplankton can be ap :roximat ad b y :

9X2 LIX 1X2 - • 3 X 2  — ~~~X ~ X2 -
— - ~ -

~
-

~
--— no ‘~-~~

— - - -, —
~~
— ( _  3 a -, b)3X <-~-~ u~~ ~o-~0 1

~f it is a s s u m e d  that the concen t ra t ions  of p h y o op l a n k t on

be lo w the mixed layer and outside the mode led  area are much

less t h a n  the concen t ra t ion  in the  m o d e l ed  reg ion , then the

grad ient can be approximated  b y :

X 2 - 0  horizontal gradient ; (19)

X2-0 vertical gradient; (23)

where : X2 phytoplankton concentration in the
mixed layer
horizontal distance at which the concen-
t r a t ion  of phy t o pla n k t o n  become s neg li-
gible with respect to the modeled area

= vertical -distance at wh ich phy to p lankto n
concentration becomes negligibly small

The phytoplankton advection term can then be written as:

Advective change to L 1Phytoplankton in the W(X2)(- 
~~~~~~~~~ 

+ (21 )
modeled area
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The sign convent ion is es tabl ished as pos i t ive  ( + )  in to  the

— mode l area and negative (-) -out .

F. ?RED AT ~~~N ?PIISURE

t inder cons t an t  env i ronmenta l  condi t ions , the dynamics of

— zooplankton growth are a function of the food supply and

predat ion p r e s s u r e .  N a tura l  processes of p c p ul at io n  control

insure that  a g iven species w i l l  not be e l iminated by low

food  su~~P ly  and hi gh predation pressure or that -unstable

growth will not result from the inverse situation . Attempts

to t r a n s l a t e  the  s t a b i l i z i n g  f a c t o r s  i n to  m a t h e m a t i c a l  t e r m s

often result in simplified general relationships that do not

exh ib i t  the f l e x i b i l i t i es  i n h e r e n t  in the real  s y s t e m .  N o t -

withstanding the limitations , a p redat ion  ter m is include-b

in the simulation model.

The long term s u r v i v a b i l ity of both predator and prey is

keyed directly to maintenance of a balance in e n e r g y  exrendi -

tures and gains. To date , laboratory experiments to dupli-

cate this balance ha’ie not been entirely successful. Prey

stocks in small laboratory environments have been artificial-

17 supported by rroviding refuge where predator access to

the prey was denied and by introducing additional prey to

the system to replenish the supol y (Patten , 1371). Neverthe-

less , population control by predation is prey—density -depen-

dent as a first approximation. For a system of one prey

soecies and a single predator species , predation pressure

may be re presented by :

P k, 2 for 0<D<d , and

P = k 2 for 2>d 1 (22)

29
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w h e r e :  P = pre d a t i o n  p ressure  -or food  i n t a k e  per un i t
predator

prey densit:/

d 1
z satiation thresh-old of rrey density

k1 and k 2 co n s t a n t s

Ab-o - ,’a rra ’ d en s it c  v a l u e s  of d , rredat-o r satiation will -oc-

cur and pressure will level off at some constant high value.

The f n  :tion is shown on an arbitrar’i a-tale in Figure 0

a s o o r - d o n g  t o  r a t t e r  ( 1 9° l ) .  ncs  som p l e  r e la tco n s hip  os

n o t  entirely satisfactory for the predator since low food

suorlies would result in starvaticn. Under such circum-

stances , and given a second rrec srecies of perhaps less

oa la tab il i t ’ z , t he  o r e d a t o r  w o u l d  s wit c h  f o o d  i n t a k e  to the

more abundant species of prey. There are several obvious

i m p l i c a t i o n s  to t he  s w i t c h i n g  p h e n o m e n o n :

1. predation on t he  most  abunda nt  species  assures

s table  growth  of t h a t  species ,

2. switching f rom a d e c l i n i n g  species  serves  cc pr ev e n t

e l i m i n a t i o n  of that  sp ec ie s  (Patten , 1971) , and

3. e l imina t ion  of the  p r eda to r  by o v e r g r a z i n g  one avail-

able food source is av o i d e d .

The model under consideration in this thesis is a single

species approximation in which predation pressure is incor-

porated with other zooplankton mortality factors , i.e.

morphological -death , in the “LOSS” term. This term is given

by Pearson (1975) as:

LOSS = 2 ( X 3 )  ( 2 3 )

30
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where : LOSS fraction of the zcoplankton ~osulatiork re-
moved f rom t h e  system in a dup ’s tim e
(g C/ rn 2 day )

L constan t rate of loss or percent loss per
day (day 1)

X3 = zooplankton “standing crop ” (g C/rn2)

Harriston concluded in 1960 that “herbivores are preda-

tor limited” (Fatten , 1971).

Conclusions by Fatten (1 71) show th a t  herb ivores  are

both food and oredator limited. Therefore , in the  m o d i f i e d

model , the LOSS term is reserved for variable predator l imi-

tation of herbIvorous zooplankton and n a tur al death of

:oop lankto n herbivores is assumed to  be neg l ig ible .

32
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III. METHO S

The existing model appears  weak  in several areas . Orig-

inally, the forcing functions of u p w el l i ng  and solar rad ia-

tion which are critical to the simulation were obtained f rom

average cycles for the California coast (‘upweiling) -and t h e

latitude ban-b between 30 and ~0 degrees north. Phyt-oplankton

sinking and advecti-o n term s were lacking and the predation

pressure term in the :ooplankton equation needed imp rovement.

A. UPW:LLING FRCGP~.N

A co mpute r  program was w r i t t e n  to  ca lcu la te  the  ann -ual

upwelling ind ex  for  Monterey B a y .  Win d data was obtained

f r o m  the  M o n t e r e y  Pen insu la  A i r p o r t  observa t ions  dur ing  l 9 7 ~~.

: - :ou r ly  obser v ations were examined to determine the signifi-

ca nt m a c n  da i ly  wind  vector for  each day and correct ions

were applied to speed and direction when indicated by topo-

graphic obstructions . Fortunately , no corrections were

needed to n o r t h e r l y  winds  which are the d r iv ing  me-char ism

for  upwe l l i ng .

An x-y coordinate system was established such that the

surface wind stress (T y 
p ’C W2) could be directly calcu-

lated from the wind component parallel to the  coast .  The

Ekrnan mass transport (S
~
), surface current velocity (‘J

o)

and the average veloci ty within the krn an layer  ( U )  were

calculated by the  following re la t ions :

V0 ‘r~~/Aa (55)
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where : V surface current v ec to r

and z

= Ud ( 2 L ~)

where : = average  v e l o c i t y  in x d i r e c t i o n  in t h e  layer

and :

S = T /f (6a)x y

where = mass transoort in x direction (offshore)

The vertical current representing upwelling is determined

rer -unit y (along coast) from the continuity equation ,

(7 . 7)  = 0 , such t:~at

~~~~
( D )  = W ( 2 )  ( 2 5 )

where : U z average horizontal velocity in the Ekman
layer (rn /d a y )

up w e l l i ng  speed (rn /day )

2 Ekman depth  ( m )

L = h o r i z c n ta . w idth of the upwelling region (m)

Zero current is assumed parallel to the coast.

The horizontal w i d t h  of the upwelling region , (2) was

determined from Yoshida ’s (1967) equation. Applying tvnical

v a l u e s  to th i s  equat ion y i e lds  a hor izonta l  w id th  of 3 X

l0~ m.

Principles of con t inu i t y  were used to arr ive at the  mean

daily upwe1lin~ current values and these figures were aver-

aged over a 30-day  r er iod .

~
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3. ~A2 A T I O N  N T h X

A revised i nc ident  solar r a d i a t i o n  index  wh i c h  t akes  in-

t o  aco -o no the  r e d u c t i o n  of s u n l i g h t  by local f o g  and st r a t u s

cloud cover was developed. C o r r e l a t i o n  of the  m e a s u r e m e n t s

of surface irradiance and the s t r e n g t h  of u ow e l l in g  (as ~n-

d icat e d  by the  u t we l l in g  index ) by Tort (1975) is reore-

s e n t e d  by F igu re  5 . This  f i g u r e  is der ived f rom the r e su l t s

-of T o n t ’ s stud i as shown in Fi gure 3 by plotting the per - ce n t

of possible sunshine (‘f—axis ) as a f-unction of the ‘urwelling

index (X-axis) which has been scaled to a max imum i a l ue  of

one. The resulting -nurves (A) and (3) show the conditions

o c c ur r in g  a f t e r , and or ior  to , the upwelling maximum , respec-

t iv e ly .  -

The d i f f e r e n c e  e x h i b i t e d  between the curves  may be due

to changes in the charac te r  of the air  mass brought  about by

seasonal migrations of the ouasi-r-ermanent thermal low over

N evada  and the North Pac i f i c  sub - t rop i ca l  h igh  located wes t

of the coast.

Fig ure 5 was used to calculate a revised incident radia-

t ion index by e n t e r i n g  wi th  the newly-developed u p w el l i ng

index values  and by app ly ing the corresponding percent to

the theoretical mean monthly radiation Thr clear sky condi-

t i ons  (poss ib le  s u n l i g h t) .  Figure 6 shows the possible sun-

light throughout the year (from Tont , 1 9 7 5)  as Q ,  and the

theoretical radiation at the surface ( Q . )  a f t e r  the e f f e c t s

of fog and clouds are considered.
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Figure 5. Percent of possible sunlight as a f-unction
of urw e l l i n g  in dex .
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The incident solar radiation is an essential part of

tho ecosystem simulat ion m o d e l  in t h a t  it Is -used in th e

ecuations g- :varning the production of organic carbon by the

photosynth etic activity of :h-itoolankt-on. These equations

are discussed in detail by Pearson (1975).

C .  A L CA L  S N ~~~N O T FdI

The  rhytoplankton sinking term which was added to the

Pearson  ( 19 7 5 )  mo -del  is w r i t t e n  in the form used by Piley

(1365) in the  -u ni t s  of the cuantity of phyto~ 1ankton tran:— 
-

~~~2 .  —cerred per day (g ~ i m - - c a y) .  ~he amount c~ phyto r l ank ton

that s inks  ou t of the  mixed  l ay e r  in a day is given by:

(7 / Z ) X 2  ( 2 6 )

where : s :~:< = fl- :< of p h v t oD l a n k t o n  out of oixe layer
( g C / m 2 -dav )

= sinking race (m/bay)

= mixed  layer d e p t h  ( r n )

X2 r h y to p l a n k t o n  bi : roas s  in mixed layer ( g C / m 2 ) 
I

7/ Z  f r a c t i o n  of :hyto:lankton which sinks out of
mixed layer per ba-i

‘iertjcal circulation ~ith the water column becomes

significan t as the upwelling current speed and sinking rates

of ~hytor1ankton approach the same order of magnitude. Since

the chytoclanktcn are non—mobile and are generally of the

sam e density as -the water or have developed shapes which

increase t h e i r  s inking resis tance , they wi l l  be carried a long

with vertical currents in the water column . The vertical

corculation ouron; -upwell :ng  opposes so n K in g  but may

38  
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a~ -oe l er a te  oow nward  t r a n s : e r  d u r i n g  b r i e f  ocr iod :  of su r f ace

convergence and associated downwell±n;.

The ccmrl eoe ~hytorl ankton sinking term is:

— 
s::-~< = ( ( V  - ~f l / Z ) : < 2 ( 2 7 )

woere : upw elling s:ee-d ( rn /d a y)

An a- ;era ;e va lue  of one meter per day was used for the sink—

F ing rate (7) in th e  c o m p u t e r  s im u l a t i o n  mode l .  This  v a l u e

wa s d e t e r m in e d  f r o m  e s t i m a t e s  p r e s e n t e d  by Lehman et al.

(1975) and Bannister ( 1 9 7 L ) .  The SINK term acts to decrease

the  ph o r l an k t o n  c o n c e n t r a t i o n  in the  modeled  reg ion and is

aubtraotec on the :nytoplankton ecuatcon (2) as shown :

d ;<2 ~~~_ . -  -
_____ = ~~~~ — r~ c~-~2 — — o - :  (28)

2. PhYT - PLANhTON A2 V C TI - O N  T:F~

An ecuation describing the horizontal advection of ~hytc-

olcnkton  is i n c l u d e d  in the  revised m o d e l .  This  ter n , is in

t h e  u nit s  of f l -ox  an -b is w r i t t e n  as :

A O V E C 2  = W ( X 2 ) K  ( 2 9 )

where: AIVEC2 = the change of concentration of phytorlank-
ton over time (in the mixed l ay e r)  -due to
advection (g C/m 2-day ) 

-

W = urw e l l in g speed ( r n / d a y )

X2 = p hy t o p l a n kt o n  concen t ra t ion  in the  mixed
layer (g  C / r n 2 )

K advectic-n coefficient (m u)

39 
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The simplified advection term -used in the model is de-

rived from the equation (21) shown in the background theory

section , which is:

Advective change = W (X2) [- + (21)

The Ekrnan -current offshore which results in an upwelling

current cii) is effective over the depth of f~ ictiona1 resist-

ance (2), but the phytoplankton in the model (which are

un i f o r m l y  d i s t r i b u t e d  in the mixed layer) will be advected

at the average velocity over the depth of the mixed layer as

-determ ined by the f r ac t i on  of the mixed layer that  is c o i n c i —

bent with the Ekman layer. It is known that the mixed  layer

v-aries seasonally from about 10 to 100 meters in depth and

this causes an annual (seasonal) variation in the average

horizontal current in the ph torlankton advection term . The

average -current of the mixed layer can be determined from :

z
— 1 ~~~~~ , - - - —~~:/2-J = 

~ J ~:~~
Z a :unctoon 0: e

0
(30)

A shal low mixed layer experiences higher average veloci-

t ies than a deep layer as seen f ro m the integral expression

( e q .  3 0 ) .

A coefficient to describe the seasonal average of the

vertically averaged horizontal current in the mixed layer is

included in the advection equation as shown :

Advec t iv e  change = W (X2) [— 
~~~ 

K + ~~~- J ( 3 1 )
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The coefficient , Km~ 
represents the seasonal average of the

fraction of the mixed layer which is coincident with the

Ekman layer  and is a f f e c t e d  by the Ekman current.

The constants in the advection exp ression (w i t h i n  t he

brackets of ec. 31) are lumped into the advection coefficient ,

K , for convenience in equation (29). The range of K varies

—1 —2 — lfrom about 10 to 10 m depending on the estimated values

of the gradient distance , (IX ) and (AZ) and the velocit cc—

S — l . 5 -eff icient , 
~~~ 

A va~ ue of 0 . 1  m was used on th :s g-ocel

for K.

E.  P R E D A T I O N  LOSS 
-

The predat ion rressure function hypothesized for Monterey

Bay is based on the assumption that the system supports a

resident population of herbivorous zooplankton predators

throughout the year . The pressure exerted on the herbivore

prey by this maintenance level (N) of predators follows the

curve in Figure 7 below the prey density threshold , d . The

pressure is sufficiently low to allow growth of the zooplank-

ton stock , b u t  hi gh crc-ugh to s t a b i l i z e  g r o w t h .  A second

pressure is imposed on the zooplankton (see Figure 7 )  after

their density reaches the critical level , d. The simulation

apDroximates conditions which may be brought about as tran-

sient predators move into the area presumably in response to

increased food availability. In summary , predation pressure

may be represented by a two part function wit h a pressure-

density curve , a, due to resident predator species and curve

S -due to the transient predator population .

41
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Figure  7 . Predation pressure on :o or l ankt o n  by
t r a n so e n t  predat rs .
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Predator biomass may be expres sed  as s h o w n  in Fi gure 8 ,

as a s i m p le  s tep  increase  or some other function of prey

density . Consideratio n of the -step type function is impor-

tart because it allows t he  p r e d a t o r -  n op u l a t i - o n  ( a n d  cons e-

quent pressure) to maximize during those seasons when the

:ooplank ton “standing crop ” will support additional n umbers

of or e -da to rs ;  the  high predator p r e s s u r e  w i l l  deplete the

food stock to a lower level t han  would be reached by the

resident predator pressure a l o n e .  M e a cu r e m e n t s  of zoop lank-

t o n  b i o m a s s  for  l 7 ~ (Traganza , 19 7 6 )  s u g g e s t a rap id dec l ine

in “standing crop ” f o l l o win g  an e a r ly  summer m a x i m u m . One

mi ght suso-eot that a transient oredator oooiulaticn is forced

out of the region once the food sources are decleted. This

is done in the model by decreasing t h e  ~reda tor  p o p u l a t i o n

when the zooolankt -on biomass declines to a soecified level.

The oredat-o r levels were related directly to zooplankton

“standing crop ” by tri;gerin; an increase in predator popula-

tion at a threshold of zooplankton biomass during periods

w h e n  this orey population was on the ur s w i n g .  Th e p reda tors

were  s i m i l a rly  reduced  at a seco nd thresho ld  d u r i n g  the  de-

c l i n i n g  rhase  of zoopl lnkt on gr o w t h .  A set of f o u r  condi-

t i o n a l  s t a t e m e n t s  is used  in the s imulation to desc r ibe  the

predator—prey relationship. These statements specify the

f o l l o w i n g :

IF ~-~4 > 0 AND X3 < 1.0 THEN : FISH = 1.

dX3 > 0 AND X3 > 1.0 THEN : FISH = 5.0
-5 --
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IF < 0 AN D X3 > 0.2 THEN : FISH 5.0

IF ~~~~~~~~ - < 0 AND X3 < 0 . 2  THEN : FISH = 1. 0

The modified predation pressure term in the zooplankton

equation of the model is:

LOSS = (L)(FISH)(X3) (32)

where :

LOSS = the amount of herbivorous zooplankton biomass
lost per day as a result of predation
(g C/rn2 day )

L = loss rate or percent loss per FllH per day
(day ~

- )

FISH = number of predators (non--dimensional)

2X3 = zooplankton standing crop (g C/m )

45
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A. ‘J?~ E L L I N G CA L OU LAT l l N S

The mesosc-ale wind -data -used to tab ulate -uDwelling for

this simulation is shown by Pi g u re 9 .  The riot dep icts the

f req u ency of occu r r ence  ( f  = N / E N )  for ~5-d eg ree  segments

-of one como ass. The orominent wind directi on is as u s u a l

fr -sm toe north w est curing t h e  A rr i l  to  Sertember up w e l l i ng

percod and  shifts t : ~ne soutn in the :: r st and las t  c u a r t e r s ,

b u t  th is y e a r  there was a si gn i f i c a n t l y  hig h f r e c u e n c y  of

northwesterl y winds durin g the last months of the year . The

compu ter generate-b -urwelling index (Figure 10) shows a rn-

n a ry  u r -4 e l l i n g  m a x im u m  in M a ” , a second peak in abou t  m i d

eptember and another in mid No’;ernber. The possibility of

a secondary upwelling peak is suggested by temperature obser-

vat ions by Trag-anza et ab . (1976). Figure 11 shows a rise

in the isother ms peaking 30 to 0 -5 days  a f t e r the  ind ica ted

wind initiated upwelling maximums in May and Sep tember .  Al-

though the water column does not  respond instantaneously to

surface wind stress , the delay noted here is excessive

(Barham , 1957). The delay may be attr i b u t a b l e  to the assump-

tion that the winds measured at Monterey Airport are actually

representative of the winds over the bay , when in fact they

may not be. The delay may also be caused by the lack of suf-

ficient data to accurately depict the seasonal trends of

temperature in the water column .
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r a -g an c a  e° al. (1976) observed a oh-arc rise in chos~ hate

(Fi; re 12) wi sh he m ajor -unwelling in May and a sli ght in-

orea~ e in phosrhate and salinity (Fi g-ore 13) in eptember.

N ; s s bi n i s ;  d a a  w or e  a v a i l a ble  for the f i r s t  half of t h e

v eer .  T h e r e  ~-ss no clear--c -u t correlation of either phosphate

or sal in i t~.’ to toe upwebling index during November. Nutrient

data from four t o  n i n e  s t a t i o n s  t aken  d u r i n g  seven c ru i ses

in b ?’ -. were a’.’e~~eg-~: (s-a c Fi gure :2) and show a rapid rise

in ctober Chich is m o b  ably not related to upwelling . From

the five y ear ot dy of N ontere ’ i  icy by 5 d m  (136’4) it i-s

t~~at t: oe n u t r i e n t  c o n c e n t rat o o n  is c h a r a c t e ri s t i c a l l y

low -o v e r  so~a ce:th of the e-urhotic zone ( 0 — 2 0 0  meters ) for

t w o or three mont ro at the end of the ‘iear. The restcrin~

of the nutrient le-;el in ~l1 b u t  t he  u p p e r  20  to 30 m e t e r s

to- half of its May urwelling value while the surface tempera-

ture reached a peak , may have signalled the beg inning of the

avidson current period (see Bolin and Abbott , 1962). The

Davidson current brings a southerly winter oceanic water

mass onto tno Montere-j region. n:s “ av :d son  w a t e r ’ 13

cha rac te r ized  by lower s u r f a c e  t emm era t -u r e s  and su r face  sa lOn-

ities (due to high amounts of rain). The -deeper w a t e r  cf

the eiurhotic zone has higher salinities and nutrient concen —

trations than exist at Monterey. The mechanism which estab-

lishes these characteristics may be winter s t o r m  m i x i n g  oc-

curring south of Mor.terey or upwelling an-b mixin g f rom b elow

brought about by divergent (cyci-onic) eddies formed in the

current stream as it  move s  n o r t h w a r d  a l o ng  the  -c oa s t

(Traganza ct al., 1976). 
-
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2ra san : a ’ s ( 1 9 7 6 )  data were obtained at station: in an

:< pattern referenced to a drogoi c (Figure b~~) and at inter-

- .‘als of about two miles , two and one— ha lf hours  a ra r t . The

data from four to  nine stations were ao-eraged to ob ta in  the

v a l u e s  s h own  in Fi gu r e s  11, 12 and 13.

Sarham (1957) argues that the vertical, circulation ci

M o n t e r ey  Bay - d u r i n g  the ur w e l l i n g  pe r iod  is character ized

b-i a r eg ion  of s u r f a c e  d iv e r g e n c e  c o i n c i d e n t  w i t h  the  bead

of the  :-~o nt e rey  s u b m a r i n e  c a n y o n .  The e f f e c t  is due to

~
T c:caFne i i n

~~ of u r w e l l e d  r e r l ac e m e n t  w at e r  a long  the  c a n y o n

ax i s  wi th  a p l u m e  ar p ear i n g  at t h e  surf-ace near shore (see

F i gu r e  1 5) .  o ’id ence in s up p o r t  of this  circulation concert

is g iven b~i a d i s t i n c t  g r ad i e n t  of rh v t or - i a n kt o n  concenora—

t ion in the surface waters outly ing  t he  canyon  head ( Sa rham ,

1957). Serb-am believes that the gradient is due to the

ren d horizontal advectic-n -of rhytoplanktcn innoculum repre-

senting a potential bloom cxcv from the canyon head before

the po cu lat ion show s  any s it n i fi c a n t  g r o w t h .  T h ni n g  cer iods

of reduced -umwelling as indicated by th e trends of the i s o—

therms , mnytorlankt-on counts over the canyon rose to  h i g h e r

v a l u e s , indicating that surface divergence or horizontal ci-

vection had diminished . This possibility should not alter

the timing of the model which is r e l a t e d  to the general -u n-

w e l l i n g ,  bu t  it does suggest serious spatial samnbing prob-

lerns .
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B . S:NSITIV:T’f ANALY SIS

The model was t e s t e d  u n d e r  v a r i o u s  c o n d i t i o n s  of phyto-

p l a n k t o n  sinking rates , predation pressure on herbivorous

zooplanktun , and advection of phytoplankton to determine the

— effect on the simulation of the seasonal cycle phosphate ,

phytopiankton and herbivorous zooplankton.

Losses of phytoplankton by sinking and therefore food

limitation on zooplankton was examined by Setting the preda-

tion terms on zoorlankton to zero and varying the rate of

sinking of algal cells , i.e. the availability of food . Sink-

ing rates of zero , three , and six meters per day were used

(Parsons and Takahashi , 1973 and Piley, 1965). The effects

are shown in Figures 16 , 17 , and 18. Under conditions of

zero sinking, a rapid rise in zoopiankton “standing cror ’t

in la te  summer reduces the phytoplankton biomass cuickly to

a m i n i m u m  on day 215.  The l a rge  decrease in p hy t o p l a nk to n

allows the nutrient concentration to remain at a r e l a t i v e l y

h ogh  level (Fogure 16) since the uptake of nutroents by

nh yr op l a n k t - o n is decreased  wh i l e  o n g oin g  z o op l a nk to n  ex-cre—

tion and mixing by upwel l ing  add to the  n u t r i e n t  concen t ra -

tion . The rate of growth of t h e  herbivorous zcc-nlanktcn

population or “standing cror ” is shown to decrease with pro-

- 
- 

gressively higher phytoplanktcn s i n k i n g  r a t e s  (F i gure  18)

as does the magnitude of the maximum zoorlankton biomass

reached during the year . The m a x i m u m  also occurs l a t e r  w i t h

increased sinking rate.
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The sinking rate was varied in a second test but preda-

tu r nressure was exerted or. t h e  zoop lankt -o n by e m p l oy i n g

:ne step function predator—prey relationship detailed earli-

e r .  A d o i t i - o n a l  p reda to r s  were in t roduced  in the s imulation

at a z-ooplankton biomass level of 1.0 g C/rn2 and were

removed wh en zooplankton biomass fell to 0.2 g C/rn2 . Thresh-

-c l -b val u es were -determined empirically. The zooplankton bio—

mass  maximum is r educed  f rom 1-10 g 0 / r n 2 
to 0.1-1.0 g C/rn2

dv the addition of predation pressure (F i gure  2 1 ) .  The

:hosrhate curves (Fi gure 19)  show a marked response to phyto—

plankton growth as evidenced by a lower n u t r i e n t  m i n i m u m

following the peak of the summer bloom . A considerable

change  in t he  zoop lank ton  response , i.e. lower and earlier ,

is evidently dnu e to reduction of food sources as phytoolank-

ton is allowed t-o s ink  out of t h e  mixed layer. The initial

effec t of increasing the sinking rate from zero to three

m/day on zocplankton is a shift in the occurrence of the peak

to accro x im a t e l y  70 day s  late r. F u r t h e r  increase of the

sinking rate to six rn/day results in a t w o f o l d  decrease  in

to- a carbon bicmass of zounlankton w ot h  an a d d i t i o n a l  20 day

delay of the maximum. i t  is a p p a r e n t  tha t  the rate of growth

of zoo -u l an k t o n  is slowed down and the maximum biornass occurs

later because of food limitation but that predator pressure

is responsible for limiting the magnitude of the zooplankton

biomass. The zooplankton peaks also occur earlier when pre-

bation is applied and also occur before the phytoplankton

peaks (F i gure 2 0 ) .  The simulation , therefore requires a

posi t ive sinking rate.
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The adveotion rate of ohvtoplankton was next -iaried

while the sinking rate wac held constant at 1.0 rn/day

(Bannister , l97~~) and predator pressure was imposed in the

sam e manner (and with the same thresholds) as in the second

test. The results are shown in Figures 22 , 23 , and 2~~. A

slower rate of growth of zooplankton is produced again w h e n

the advection coefficient , K , is increased from 0.0 to 0.3

m~~ . Increasing the value of K has the direct effect of in-

creasing tb-a rate of phytoplankton advection . The single

maximum of zooplanktcn simulated under conditions of high

advection where K 0.3 m~~ is due apparently to the sensi-

ti’/itv of the model’s zoopiankton growth ec-uati-o n to the

mixed layer temperature and which permits a rapid srcwth

of zooplankton during the mixed layer temperature minimum .

The single peak of zooo ankton (Fi gure 2L~) coincided wi th a

relative temperature minimum about day 260. :ri Pearson ’s

simulation a ten percent decrease in mixed layer temperature

had a marked effect on zooplankton growth . This effect

carried over to the partially modified simulation model.

The effect of rapid zooplankton growth in a low temperature

mixed layer , desp ite contradicting factors of growth such

- as low food availability, is due to the sensitivity of the

respiration term in the zcoplankton growth equation to tem-

perature. This condition is a peculiarity of the model and

it is doubtful whether the real ecosystem behaves in the

same manner . The zooplankton peak precedes the phytoplankton

peak when advection is zero i n d i c a t i n g  the  model needs an

advection term .
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The predation pressure terms in the zooplankton ecuation

were varied ( igures 25 , 26 , and 27) while keep ing the  sink-

in g  ra te  at 1.0 rn/day and the advection coefficient at K

0 .1  m~~~. The conditions of the test were :

1. predation pressure set to zero ;

2. predation pressure defined by the linear function of
zooplankton biomass: predator pressure I times
zooplankton biomass , where L 0.01 , and the units
are g C/m 2-day (day~~-)(g C/rn2);

3. the linear function in 2 , but L 0.02;

the step function discussed -under the methods section
of this thesis.

in all cases , t he  r e s u l t i n g  zooplankton growth appear s food-

limited until about day 120 when phytoplankton srowtb begins

to show a rate char.ge. Complete removal of predator pressure

allows the zooplankoo n to increase rapidly until food limita-

tion (be depletion of phyto~ lankton) again occurs on day 275.

When the predator pressure increases linearly (with I 0.01),

-a single zooplankton peak of 3.05 g C/rn2 occurs about day

300. This is not consistent with observed conditions

(Traganza , 1976). 2-oubling the predation pressure rate to

1 0.02 -day 1 severely restricts zooplankton growth but pro-

duces  a curve wi th  a hint  of temporal con fo rmi ty  to the

observed zooplankton maximum and minimum biornass levels .

When the predator function is triggered at threshclds of

zoorlankton biomass , the zooplankton exhibit a double peak

w h i c h  is s u g g e s t e d  by Traganza ’ s ( 19 7 5 )  d a t a .
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The -c -om: i ter  s im u l a t i o n  was run  with the new u~welling

and raoaat~ on ondoces and  t n -a  s tep functaon predatoon pres-

sure  t e r m  d e t a i l e d  in the  p r e c e d i n g  s e c t i o n .  The s i n k i n g

r at e  was set -at 1.6 rn/day and the advection coefficient set

to K 0 . 1  m~~~.

A comparison of the simulation results with data observed

by Traganza  et a1. ( 1 9 7 6)  is shown in Figures 26 , 27 , and 28.

L The ca l cu la t ed  n u t r i e n t  values  lag the  averaged mixed layer

concentrations by 20 to 30 days during the sumr~er months with

a moderate amount of error in magnitude. The nutrient maxi-

mum occurs on day 1~~ with a value of 2.03 pg-at P/1 in the

s imula t ion .  A rap id decrease in phos phate levels co inc iden t

r,4ith the  summ er p hyt op l a n k ton  bloom d i sp lays  the impact of

n u t r i e n t  u p t a k e  by phytoplankton in the model.

The s imulated phytoola nkton peak occurs 140 days  af ter

the nutrient peaw during the period of maximum incident radia-

tion (see Appendix C). The modeled response of phy to~~1ankton

was relatively inflexible with regard to the radiation index ,

i . e .  the p h y t op lankton  ~ eak was f o u n d  to occur w i t h i n  a few

days or tne time of maximum incodent radiation when the sonx-

ing rate was varied from about 1.0 rn/day to 1.8 m/day . The

relationship of the phytoplankton peak to the radiation peak

is explained by examination of the phytoplankton growth equa-

tions (shown in Appendix B). A slight increase in phytoplank-

ton biomass was simulated during 2-ecember (day 330) which

could be due to  the increased phosphate concentration at the

end of the y ear.
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Twenty days after the phytop lankto n maximum , the model

s imulated a zooplankton peak with a concentration of 0.97

g C/rn2 . The zooplankton biornass growth corresponds well

with the observed dat a until approximately the beginning of

September . The measured values increase to a maximum of

1 . 8 5  g C/rn 2 in mid—December while the model s imulated a

recovery peak of 0.147 g C/rn
2 

and slightly earlier.

h
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V . DISCUSSION

The Monterey upwelling ecosystem simulation developed in

this thesis has been shown to fol low the seasonal trends of

the observed phosphate , phytoplankton , and zooplankton data.

There are errors in magnitude of the simulated response at

various times of the year . The differences between observed

and s imulated zoop lankton are most l ikely due to the fact

that the model simulates herbivorous zooplankton while the

observations include both herbivores and carnivores. Quanti-

tative data defining the seasonal ratio of herbivorous to

carnivorous zooplankton are needed to verify the simulation

results. The encouraging aspect of the model is its ability

to follow the seasonal trends and the fact that the timing

of the response of phytop lankton biornass to the nutrient con-

centration and the responsc of zooplankton to the phytoplank-

ton cycle is biologically 3ound , i.e. a moderate delay is

simulated between the peaks of successive trophic levels.

Since all the factors likely to affect  the three state

variables (phosphate , phytop lankton and zooplankton) are not

ixiclu ded in the model , som e error in magni tu de shoul d app ear .

In recalling the phi losophy expr ess ed earlier , the objective

of this thesis has been to create a t ime simulation of the

dynamics of phosphate , phy toplankton and herbivorous zoo-

pl ar ton in a limited area over a long time . This objective
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has been met by balancing the four model characteristics of

generality , realism , pre cision and Simplicity.

From studies by Barham (1957) and Bolin (19614) it is

noted that there may be characteristic seasonal patterns of

plankton dynamics in response to characteristic patterns

of the hydrography of the Monterey upwelling ecosystem . It

is perhaps important to realize that the apparent limita-

tions of the model as developed th is far are relat ively

small when the use of the s imulation to reproduce the

characteristic patterns is considered ~~~ se .

As more and better dat a with which to define the dynamics

are obt ained , the simulation model of the Monterey upwelling

ecosys tem can progress to a more refined level.
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VI.  SUGGESTI ONS FOR FURTH ER RESEARCH

The following comments are made as a result of qu est ions

which arose during the modification of the Monterey ecosystem

model. This list is provided to identify some areas which

may warrant further investigation . It is by no means com-

plete , but should serve as a guide.

1. The most significant outcome of this research has

been the recognition of the importance of accurate forcing

functions . The presence of the submarine canyon in Monterey

Bay and the likely effect  on upwelling suggests further

effort be directed to verifying the upwelling index.

2. The Monterey Bay area is not homogeneous in physical ,

chemical and biological parameters as evidenced by the

patchiness of biolog ical samples and the observable spatial

gradients of the physical and chemical properties.  
-

3 .  Additional work on the biolog ical aspects of the

model including verification and refinement of the predation

term s and development of an appropriate kinetic expression

is indicated .

14 . The simulation appears overly-sensitive to tempera-

ture variations in the mixed layer .

5. Various investigators have shown the importance of

phytophag ous fish in ecosystem models. A fish herbivore

term should be investigated .
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6. Some question as to the stability of the CSMP 360

routine over long time simulation has been raised. This

might be investigated and resolved by initializing the

model part way through the year .

7. The effect of vary ing the forcing functions in the

revised model has not yet been studied.

8. The advecti on expression might be expanded to in-

clude the effects of all current systems influencing the

Monterey region.
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