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Mechanistic simulation models of ecological processes are becoming
 
useful tools for the study and management of complex natural systems
 
such as upwelling coastal regions. The CUEA (Coastal Upwelling Eco­
system Analysis) Program in which Peruvian scientists are involved
 
includeq the development of such a simulation model as a major objec­
tive. ':ae goal of the cooperative project between the Oceanography
 
Division of Peru's Instituto del Mar and the Graduate School of
 
Oceanography of the University of Rhode Island is to develop such
 
a model, which may provide working experience with the methods and
 
serve as a basis for future model development in Peru.
 

The short duration of this preliminary proj:ect meant that
 
i.) only a very simple model could be attempted, and (2.) it was 
desirable to draw heavily on the work of similar models. These
 
included the temperate estuarine model of Narragansett Bay (Nixon
 
ano . - -;) and the upwelling model developed by John 
Walsh (1975). 'Xcttjdsof formulation and numerical methods for
 
the ecological modei were based on the Narragansett Bay model,
 
while the ecological assumptions were in most cases very similar
 
to those of Walsh. A physical circulation model also was
 
developed and patterned after the general three-dimensional
 
mixing scheme used by Walsh to simulate a simplified upwelling
 
region.
 

In mechanistic modeling, the first step is to construct a
 
simplified conceptual version o,, the system of interest, based on the
 
much more detailed and .iarorate understanding of the system. Thus,
 
the extremely complex upwetling environment is characterized in
 
reality by rapidly varying conditions, "patchiness" in chemical
 
and biotic elements, and numerous inter- and intra-specles inter­
actions. Any of these may be included in a model if sufficient
 
knowledge is available to allow hypothetical formulation of the
 
basic interactions. Therefore, a certain amount of subjective
 
judgment is required to specify what properties of the real system
 
are to be treated in the model system. These decisions are usually
 
based on the probable importance of the processes in the system as
 
perceived by the researcher, although the personal interest of the
 
investigator is, of course, another valid criterion. In addition,
 
the decision is not final, and a sImple preliminary model can and
 
should be continuously modified--explaining areas proving to be of
 
greater interest, and perhaps simplifying those where less detail
 
seems needed. The present modeling effort is necessarily preliminary,
 
and future work by Instituto del Mar personnel may mean that feedback
 
from such theoretical analyses will affect practical and experimental
 
research.
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The simplified conceptual model of the upwelling region is repre­
sented in figure 1. Radiation, temperature and physical circulation
 
are external forces operating on the biological community. Phytoplankton,

the primary producers, are of basic interest in this first version of the
 
model, and a fair degree of physiological detail is represented in their
 
compartment. But the response of the phytoplankton cannot be adequately
 
represented apart from other biotic influences, such as grazing and
 
excretion by herbivores. Thus these interactions are included in the
 
model, albeit very crudely and simply. The logical path for future
 
work to take is to expand the detail in these compartments and provide
 
mechanistic formulations for such processes as ingestion, respiration,
 
reproduction and growth.
 

The phytoplankton compartment of the present model includes
 
mathematical formulations of growth and nutrient uptake as a function
 
of temperature, ambient nutrient concentrations, and light. The
 
approach taken here characterizes the complex, multi-factoral nature
 
of the growth process by postulating a temperature-dependent maximum
 
rate for otherwise optimum conditions. This maximum is then reduced
 
by terms representing the extent to which nutrients (nitrogen,
 
phosphorous and silica) and light are less than optimum. 
The pre­
dicted net rate of production is then the product of these three
 
terms. 
 The realized growth, or net community primary production,
 
depends on the predicted growth rate as diminished by herbivore
 
grazing. Nutrient uptake is commensurate with predicted growth,
 
while herbivore excretion and physical upwelling supply nutrients
 
to the system. The physical circulation is modeled in a simple way

which is, however, fle..ible enough to allow various rates of trans­
port and velocity gradients to be approximated in the model region.
 

The following report is a brief discussion of the ecological
 
assumptions and the mathematical methods used in the model. Through­
out this discussion, frequent reference is made to the model of John
 
Walsh (1975). His section headings are used, and references to
 
pages in his report (kn-) are made to facilitate the comparison.
 
All citations to the work of Walsh refer to this paper unless other­
wise specified.
 

The model presently runs satisfactorily, although its simple

nature precludes extensive comparison with detailed, observed data.
 
A number of suggestions for future modifications are presented, and
 
it is hoped that they will provide immediate direction for continued
 
modeling efforts at the Instituto del Mar. Nevertheless, even this
 
primitive model has begun to play a role in suggesting relevant
 
questions, pointing out uncertainties in our present knowledge and
 
assisting in the planning of future research.
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FORMULATIONS
 

Physical Assumptions
 

Circulation--general. The physical circulation model "UPWELL"
 
was written to be as similar as possible to the mixing model of
 
Walsh. Basic differential equations including advective and turbu­
lent mixing in three dimensions and biological changes are solved,
 
using a simple forward finite-difference method. Two different
 
velocity fields were chosen which are like Walsh's 
(Wp 209), with the
 
slow upwelling simulated by velocities identical to his figure 7,
 
and fast upwelling simulated by doubling these. While the general
 
UPWELL model is for any three-dimensional region (10 x 10 x 10 grids)

and any velocity field, biological applications were completed using
 
a simple version with fewer computation cubes: a one-dimensional
 
region, 100 kilometers offshore x 70 meters deep. Apparently Walsh
 
used a spatial region of these same dimensions in his ecological
 
model, rather than the more complete three-dimensional model.
 

Diffusion. The equations chosen by Walsh for advection (Wp 218)
 
and for turbulent diffusion (Wp 218) were used in this model with
 
the same parameter values for the constants. Some uncertainty exists
 
about whether or not Walsh used both equations explicitly, or whether
 
diffusion was ignored by assuming it was "implicitly" included in the
 
advection equation.
 

Boundary Conditions. The assumption made by Walsh--that air and
 
coast boundaries should use concentrations of zero--violates the
 
assumption that no diffusion may occur through these boundaries. A
 
different assumption was made in this model which assures no gradient

of concentration at the boundaries. 
 Therefore, all concentrations at
 
the boundary are made equal to the value at first adjacent cube.
 

Radient Energy. A constant value of radiation of 300 langleys per

day was used in all cases for the ecological model. The ability of the
 
plants to acclimate the light of optimal photosynthesis makes the exact
 
choice of the radiation less critical. Only the relative values of the
 
light-to-optimum ratio is important in the model.
 

The incident light follows the common exponentia! decrease
 

= I ekz
I 

z 0 

where I is radiation (ly/time) at surface (i ) or at depth z (IZ).
 

The extinction coefficient (k) is calculated using the eauation
 

k - k + 0.2514 P + 0.5047 P0.66667 

where P = mg phytoplankton C/L. This is Identical to the original 
equation of Riley (1956) for a ratio of phytoplankton C:Chl - 35, 
The same equation was used by Walsh but with P in units of nitrogen. 
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A ratio equal to 35 was chosen based on a preliminary review of data in
 
reports of Anton Bruun cruises, but should be verified or changed by
 
more complete analysis by the staff at the Instituto.
 

The value of k = 0.025 (extinction coefficient of water due to non­
chlorophyll materiais also is based on Antn Bruun data. A preliminary
 
look at six samples by plotting observed k vs. Chl a suggested an inter­
cept (Chl = 0) of about 0.025. This too should be verified or altered
 
by future work.
 

Chemical Assumptions
 

Nutrient Regeneration. While the main source of nutrients is
 
probably the rich upwelled water, the role of nutrients regenerated
 
by zooplankton or anchovy excretion may also be important. In this
 
model, as in Walsh's, excretion of ammonia, phosphorous and silicate
 
by the herbivores takes place in the ratio N:Si:P of 11:0.5:1 for
 
zooplankton and 5:0.22:1 for anchovy. Walsh assumed that excretion
 
only occurs when the animals are feeding. While this may be an
 
uncertain assumption, my results suggest that without it the contri­
bution of nutrients becomes much more important than it should. It
 
seems that the assumption is necessary, and the interpretation is
 
useful, that it is an artempt to simulate the patchiness of the
 
animals' distribution.
 

Nutrient Uptake. Within the PHYTO submodel, one nutrient is
 
chosen as most limiting ,eachhour of the simulation. The basis for
 
this selection is different than Walsh's, since there appear to be
 
difficulties with his method. Both methods have been tried in this
 
model, and the simulation results are very interesting. Some valuable
 
experiments are suggested by the disagreement of the methods, and
 
perhaps in the future the Instituto staff will be able to complete
 
the experiments thus providing some answers to the questions.
 

Walsh chooses to select the "most limiting" nutrient on the basis
 
of a comparison of nutrient ratios in the water with the ratios
 
required by the phytoplankton. This nutrient is then used in a
 
kinetic calculation of growth (or uptake) using the familiar Michaelis-

Menton equation:
 

Uptake = Umax * [NJ/(Ks+[NJ) (Wp 212) 

In this report's model, the kinetic calculation is made for all
 
three nutrients, and the "most limiting" is chosen on the basis of
 
this comparison; that is, the nutrient that is most difficult for the
 
plant to take up from the water is selected as most limiting.
 

The two methods are very different primarily because the values
 
of the half-saturation constants (K ) have ratios that are very
 
different from the requirements of the plants. The plants require
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nutrients in the ratio N:Si:P of 16:10:1, but the K constants used
 
in the model have the ratio 6:3:1. Therefore it is possible--and
 
in fact it frequently happens in the model simulations--that nitrogen
 
or silica are in concentrations which are lower than the ratio in the
 
phytoplankton, while the kinetic calculation indicates that phosphorout
 
is much more difficult for the plant to take up, and therefore should
 
probably be considered limiting.
 

The difference is a theoretical one. Walsh's is an assumption
 
based on the standing-stock of nutrients. The alternative is a
 
dynamic assumption, based on the physiological capabilities of the
 
phytoplankton cells. However, the implications are important;
 
Walsh predicts that nitrogen and/or silica are limiting while the
 
kinetic calculations clearly show phosphorous to be limiting.
 
Experiments that would be helpful to resolve this question include
 
two.
 

1. Nutrient kinetic observations should be made to more
 
accurately evaluate the value of the K constants that are appro­
priate for the species in the upwelling environment. For example,
 
measurements of growth observed at different concentrations should
 
show a hyperbola that agrees with the Michaelis-Menton theory.
 

2. Enrichment experiments should be conducted where natural
 
populations are grown in freshly collected water to which different
 
materials have been added. If nitrogen or silica is limiting,
 
addition of these chemcala should stimulate growth, while the
 
addition of phosphorous alone will not. Such experiments as these
 
would add to a basic understanding of which controls are important
 
in the growth of phytoplankton populations in upwelling areas.
 

Inhibition. In this model, the preference of phytoplankton for
 
ammonia before nitrate is included in a very simple form. Rather
 
than a gradual transition as in the equation used by Walsh (Wp 212)
 
the phytoplankton use ammonia until there is no more. Any additional
 
nitrogen is provided by the concentrations of nitrite and nitrate in
 
the water.
 

Biological Assumptions
 

Phytoplankton. In the present preliminary form of the model,
 
the rates of all processes are assumed to represent averages over 24
 
hours. No diel periodicity is now included, although the calculations
 
are made on an hourly time-step (dt=one hour) for the circulation
 
requirements. It would of course be desirable to include daily
 
patterns for many processes, and this would be a good direction
 
for future work on the model to take.
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The maximum possible growth of the phytoplankton (G x) in the
 
model is determiaed using the general equatio.n of Eppley"J1972). He
 
has demonstrated that a strong upper limit appears to exist as a
 
function of temperature. The equation has the familiar form of an
 
exponential relation:
 

Gma e(0.063 Temp-0.16)
 x 


Thn remaining parts of the FHYTO submodel estimate to what extent
 
light and nutrients limit the ability of the plants to achieve this
 
maximum growth. Two fractions are calculated which represent the
 
limitations, LTLIM and MXLIM.
 

The limitation uf less than optimum light levels (LTLIM) is
 
based on a formulation by DiToro et al. (1971) which represents a
 
double integration of the physiological response equation suggested
 
by John Steele (1962): 1
l e(l -¥ 

10
G=G 

- optmax I opt
 

DiToro has shown that the integral of this equation, when considered
 
over the total daylight period and the depth of the water (or mixed
 
layer), is possible if the assumption is made chat radiation Is constant
 
throughout the day. My work at the University of Rhode Island (Nixon
 
and Kremer, in press) has suggested a correction factor of 0.85 should
 
be applied when noonday inhibition at the surface is considered. This
 
correction is used in this model only in the surface layers when the
 
radiation exceeds the optimum for photosynthesis.
 

The exact value of 10, the optimum value for photosynthesis, is
 

chosen to be 50 percent of the surface. While this choice is arbitrary,
 
it is well supported by observations of Steele (1962) and others, and
 
may be assumed to represent the acclimation of the plants to the
 
changing seasonal light intensity. Walsh makes a similar assumption,
 
choosing a "half-saturation" conotant for light of 10 percent of the
 
surface value. Although Walsh includes diel variation, he ignores
 
some aspects of the basic photosynthesis-light response which may
 
affect production at the surface quite dramatically. In addition,
 
he chooses to consider light and the nutrients together, so that only
 
one of them is limiting growth at any depth and time. This model,
 
however, considers a 24-hour average, aud light effects are cons1dered
 
in addition to nutrient limitationL In the future, it would be
 
desirable if diel variations could be added to the model, since the
 
hourly time-step is already necessary for the circulation computations.
 
In the phytoplankton formulation, this ould mean that the original
 
equation of Steele (for the instantaneous rate) should be used each
 
hour and at every depth, with surface radiation following a curve
 
from dawn to noon to dusk.
 

http:Temp-0.16


--

The basis for the nutrient formulation has already been described,
 
and only a brief mention of it is necessary here. Half-saturation
 
constants (identical to those of Walsh) were chosen to be used in
 
Michaelis-Menton equations. Three values are calculated, one for
 
each of the nutrients, NLIM, PLIM and SILIM. The smallest of these
 
numbers represents the most limiting nutrient, and is used in the
 
growth prediction. A form of the equation is used which gives a unit­
less fraction:
 

NLIM = G/Gma x = [NJ/(K.s+EN]) 

MXLIM, the most limiting fraction, is simply the minimum of NLIM,
 
PLIM, and SILIM.
 

The final predicted growth rate is:
 

(day -)
= G x LTLIM x MXLIM
GP max
 

The actual growth is determined in an exponential rate equation
 

P = P o GP-grazing)'time biomass (mg C/L)
oe 

Herbivores. In this model, grazing and excretion by the herbi­
vores are treated very simply. Rates for the two processes are chosen
 
from the data presented by Walsh, and biomasses were selected, also
 
airectly from Valsh. No diel vertical migration is considered for
 
either the zooplankton or the fish. Instead, all rates are averaged
 
over the total water column and over 24 hours.
 

Biomass Estimates--Zooplankton. Walsh suggests a biomass of 41
 
mg dw/m3 during the autumn characterized by relatively slow upwelling.
 
During the winter when upwelling is faster, the biomass is more dis­
persed (12 mg dw/m 3). Since the unit of volume in the biological model
 
is liters, the estimates are converted:
 

Autumn: 41(mg dw)/m 3 x 0.001 (m3/L) = 0.041 (mg dw/L) (24 hr. avg.)
 

Winter: 12 x 0.001 = 0.012
 

Biomass Estimates--Anchovy. The same calculation m-y be made for
 
the estimate of fish biomass used by Walsh:
 

Autumn: (6 fish/m3) x 0.001 = (0.006 fish/L) (24 hr. avg.)
 

Winter: 0.04 x 0.001 = 0.00004
 



-9-


Grazing Stress. Grazing Rate Estimates--Zoopankton. Walsh
 
cites literature relating growth and assimilation to ingestion which
 
allows the following budget:
 

Growth = assimilation - excretion 	 (Wp 216)
 

0.268 Iz - 0.6 Iz - 0.03 (pg-at N)/(mg dw hr) 

where I = ingestion of zooplankton. Solving this for ingestion:z 


I - 0.0903 (pg-at N)/(mg dw hr) ingested
z 


But the food that is ingested (phytoplankton) has the composition 
106 carbon:16 nitrogen. Or 

0.0795 mg C/pg-at N 

Then the ingestion may be converted to carbon: 

Iz = 0.0903 x 0.0795 = 0.007 (mg Phyto. Carbon)/(mg dw Zoo hr) 

-ingested. This is the same as Walsh's rate of 0.02 hour I (Wp 216) 

Grazing Rate Estimates--Anchovy. The fish ingestion is estimated 
in the same way for two seasons: 

Growth - assimilation - excretion 

94.2 	(pg-at N)/(fish day) = 0.8 IA - (486 pg-at N)/(fish day) 
(Wp 215) 

IA = 725.3 (pg-at N)/(fish day) or 30.2 (pg-at N)/(fish hr) 
(autumn biomass)
 

IA 1180 or 49.2 (winter biomass)
-


Again, the ingested phytoplankton ratio is 106:16, and the carbon ratlun
 
may be calculated:
 

,A - 30.2 x 0.0795 = 2.4 (mg Phyto Carbon)/(fish hr) ingested 
(autumn) 

IA = 49.2 x 0.0795 = 3.9 (winter) 

The rate of 2.4 is almost the same as Walsh's rate of 0.005 hour-I (Wp 215)
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Excretion Rate Estimates. ZoopZankton. Walsh cites McCarthy
 
(191, see Wp215) for the estimate of 0.03 ug-at NH3/(mg dw.hr). The
 
ratio of nutrients excreted was chosen to be N:Si:P 11:0.5:1 (Wp 211).
 
Thus, the hourly excretion rates for zooplankton are:
 

EXCNZ = 0.03 ug-at (mg dw hr) 

EXCP = 0.0027 EXCN x (1 ug-at P)/(ll pg-at N)z 


EXCSi z = 0.0013 = EXCP x (0.5 ug-at Si)/(pg-at P) 

Anchovy. The same estimates are made for the fish excretion
 
using the ammonia excretion rate of 13.5 ug-at N/(g dw hr) and a ratio
 
N:Si:P of 5:0.22:± (Wp 215 and 211). To convert the estimates to rates­
per-fish, a value for weight of each fish is required. Estimates of
 
1.5 grams (dry weight) per fish (autumn) and 2.5 grams (dry weight)
 
per fish (winter) are based on the wet weight values of 6.5 and 10.5
 
given in Wp and the conversion of 25 percent of wet weight
 
given in Wp 215. The excretion rates then are calculated:
 

EXCNA = (pg-at N)/(g dw hr) x 1.5 (g dw)/(fish) = 20. (pg-at N)/(fish hr)
 

EXCPA and EXCSiA are calculated in the model similarly usii.g the ratio
 
of excreted nutrients and the appropriate biomass for the season.
 

Grazing Threshold. A more traditional grazing equation than that
 
used by Walsh is used in this model to express food density dependence.
 
Ivlev's equation (1945) has freq'iently been used for density dependence
 
in grazing models:
 

- -P

Ration = 
R (1. - e k(P o )) 

max
 

or
 

- -P

= . - e k(P o)XLIM = R/R 


Walsh used the same rectangular hyperbola equation he uses for nutrients
 
and light:
 

R/R = (P - Po)/[K + (P-Po)ls 


The two equations are similar at low food densities, but at the higher
 
concentrations, Walsh's ration is significantly lower than Ivlev's.
 
The distinction is arbitrary however, and either should be equally
 
satisfactory (see Mullin et al. 1975).
 

Grazing thresholds are somewhat controversial (Frost 1975). While
 
it seems reasonable that there should be such a threshold, for zooplankton
 
at least, the experimental data do not always support the assumption. In
 
simulation models, thresholds may avoid the mathematical artifact of over­
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grazing--when the predicted ration consumes more than the available phyto­
plankton, often forcing the concentration to go below zero. The mathe­
matical method of solution used in this model, which will be discussed
 
in more detail later, also avoids the artifact pjroblem, so the threshold
 
was 	not considered necessary. The additional 3,terpretation given by

Walsh is that the threshold simulates patchiness. Thus, when phyto­
plankton concentrations are below the threshold, he assumes that no
 
herbivores will be in the region. 
This is perhaps more reasonable for
 
the motile anchovy than the zooplankton, but it is nevertheless an
 
interesting suggestion. Thresholds were used in the model, though not
 
well established, so that their effect may be evaluated.
 

The calculation of excretion and grazing in this model results
 
from the biomass estimate x (the rate/biomass):
 

excreted N - EXCN z (Z)(XLIMz) + EXCN (A)(XLLMa)
a 


NH3 	 = NH3 + excreted N - uptake 

where
 

Z, A - biomasses of zooplankton and anchovy
 

EXCN	za -the excretion rates of zoop]'nkton and anchovy per
 
z'a unit biomass
 

XLIM - the density-dependent food limitation terms (Ivlev)
z 


Notice that this formulation assumes nutrient excretion only when
 
grazing is taking place and in direct proportion to the rate of grazing.
 
In my opinion, this is probably not a strong assumption since excretion
 
certainly continues in a starving animal due to respiration, etc. The
 
only basis for this assumption is the patchiness argument mentioned
 
earlier concerning the possible feeding threshold. If the Ivlev equation

is interpreted to mean that herbivores are only found in water where
 
food is abundant, then the reduction of grazing is appropriate. This,
 
however, is not the conventional interpretation. It is interesting to
 
note that without this assumption, the excretion of nutrients is much
 
too 	large, and the model gives less satisfactory results. The assump­
tion is therefore included here, partly because Walsh used it, but more
 
careful evaluation of the excretion formulation seems necessary before
 
results may be interpreted in detaii. Clearly, the uncertainty in
 
these formulations is compounded by the uncertainty in the empirical
 
data used in the rate estimates. Adequate formulations depend ulti­
mately on increasing our data base in the area of herbivore excretion,
 
as in others.
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Detritus. Because the role of the anchovy is only crudely repre­
sented here, detritus is not considered. Detritus in the form of zoo­
plankton and anchovy fecal pellets (unassimilated ingested phytoplankton)
 
is probably an additional food source for the herbivores, and may
 
significantly contribute to the particulate nutrient levels in the
 
water. For our purpoa-s initially, no herbivore dynamic mechanisms
 
are included in the model, and the role of detritus is ignored.
 

Computation Procedure
 

Stability. The grid scheme used in the circulation model UPWELL
 
was selected to be the same as that of Walsh: 10 kilometers x 10
 
kilometers x 10 meters. For the velocity field used for both the
 
autumn an" winter system, numerical stability is not a problem for
 
the same criteria mentioned by Walsh (Wp 217),
 

Steady State. The model is run to approximate a steady-state
 
condition. Walsh mentionE that for his model this is achieved in
 
1800 simulated hours (c 80 days), and my model also reached a stable
 
condition in about 50 days. The criterion for stead state was a
 
total change ia phytoplarkton in all grids in the top two layers less
 
than 0.1 percent.
 

Even though the model is used to represent only steady-state, It
 
seems possible that time-variable simulations could be attem;;Led toc,.
 
In fact, the diel variation of Walsh seems to suggest tiiat perhaps
 
the interacting rates may track appropriate time-variations in a
 
realistic way. This may prove a useful tool in investigating the
 
spatial heterogeneity that may result from variations in the velocity
 
fields along shore and offshore.
 

Integration Method. The solution of the differential equations
 
of the model is accomplished using a method I developed for the
 
Narragansett Bay (Rhode Island) model. The rates express basic growth
 
processes, and thus suggest the use of exponential equations. Thus,
 
instantaneous rates for growth and grazing may be evaluated simul­
ta,eously in the following form:
 

Let
 

GP = growth rate of Phyto (day- ), i.e., mg C/(mg C-day)
1
gz = grazing rate of herbivores (day- ), i.e., L/(day)
 

Po f initial condition of phytoplankton (mg C/L)
 

Then
 
0 

0 
t 

(G-z
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This equation represents the exact integral of the differential equation
 
for any time interval (t) during which the two rates (GP, gz) are
 
constant. The differential equation is:
 

dp - (GP-gz)(P) dt 

Conventionally, the differential equation is solved using a scheme of
 
numerical integration--for each small time change, the value of dp is
 
calculated and added to the present value of P for the next iteration.
 
This is the method used by Walsh.
 

Thus
 

dp1 - (GP-gz)P0 dt (1) 

P0+ 
+ 

d'.
P1 =o 'i
P 


dp2 = (GP-gz)FI dt (2) 

P2 PI + 
dP2
 

etc.
 

When the exact integral of simultaneous rates is used, the rates
 
must all be of the same units. That is, both GP, the growth rate of
 
the phytoplankton and the grazing rate of the herbivores, have only


- 1
the units time . The grazing of herbivores is originally calculated
 
as a ration ingested (e.g., mg C/ our). It is necessary to change this
 
ration into a filtering rate of the correct units.
 

Ration - Iz(Z)(XLIMz) + Ia(A)(KLIMa) (mg C/L'hr)
 

gz - [Ration (mg C/L.hr)]/[P (mg CIL)]
 

- 1
The filtering rate gz (hour ) represents the rate at which the combined
 
grazing of the zooplankton and anchovy occurs. If the available food
 
(P) is small, the herbivores will feed very fast, trying to get the
 
desired ration. In some cases, gz may exceed 1.0--every liter of the
 
water column is filtered more than one time. But because the rate is
 
integrated in the exponential form, some phytoplankton will always
 
remain. For example:
 

1
 
gz -1.0 day
 

P e(-gzday-)
p1 


then
 

P1 .0.368 P
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Thus, 36.8 percent of the original phytoplankton will remain after one day

of intensive grazing, compared to 0.0 remaining if the conventional
 
finite-difference integration method is used,
 

To correctly evaluate the uptake of nutrients and the actual amount

of phytoplankton consumed by the herbivores, the exponential equation

must be used again. 
The net result of one rate working in combination
 
with other rates simultaneously may be specified.
 

If:
 

GP = g~owth rate
 

gz = filtering rate
 

Then:
 

PNET = -GP x [Po (1 - e(GP-gz))]/(GP - gz) 

RTN = gz x [P0I - e(GP-gz))3/(GP-gz) 

Example. GP = +0.698 day ­and gz - 0.500 day , growth is a
 
little more than grazing.
 

After one day:
 

P = P e(0.693-0.500) . 1.213 P
 

PNET - -0.693 x P (l-e0193)/(0.193) - 0.765 P
 

RTN 
= 0.500 x P (l-e0 1 9 3)/(0.193) = -0.552 P
 

Final change = PNET +RTN 
= 0.765 P - 0.552 P .0.213 P
 

P = P + 0.213 P =1.213 P

0 0 
 0
 

In this example, the exact integral shows that the final change in the
 
phytoplankton is 
1.213 P , and the other equations show that this
change results from growth of 0.765 and grazing of 0.552. 
The uptake

of nutrients must be computed from the PNET, since this is the total
 
growth represented in the compartment, even though some is lost to

grazing. Similarly, when calculations including the growth of the
 
herbivores are added to the model, the actual ration consumed by them
 
is the value RTN.
 

The method used in this model, in contrast to the finite difference
 
schemes most frequently employed, evaluates the exact integral over
"dr" so that the only mathematical approximation is the assumption 

­

that the rates are constant over the time interval. For the simula­
tions completed up to now, grazing (gz) is assumed to be constant at
all times (a 24-hour average seasonally). 
 The factors which determine
 



GP are recalculated at short intervals. 
 Nutrient limitation is usually

the most rapidly changing condition, so that factor NUTLIM is computed

every iteration in the simulation (hourly). Light limitation (LTLIM)

only varies with changes in the extinction coefficie,,c due to changes

in phytoplankton biomass. 
 These changes are relatively slow, and
 
thus are computed only one time each day. 
The maximum growth rate
 
as a function of temperature (Gmax) depends only on the temperature

field which is constant throughout the simulation. Thus this computa­
tion is done for every grid in the system only during the first
 
iteration of the simulation.
 

During each iteration, the program computes the nutrient

limitation terms (NLIM, PLIM, SiLIM) from which the most limiting

nutrient term is chosen (MXLIM). GP is computed using the Gmax and

the daily value of LTLIM. The uptake of the nutrients is computed

using the predicted growth of phytoplankton (PNET). The total
 
changes of each of the nutrients and the phytoplankton for each
of the grids are used in the UPWELL circt'lation program in combina­
tion with the diftusion and advection changes to compute the final
 
change in each grid every hour.
 

RECOMMENDATIONS FOR CONTINUED RESEARCH
 

Model-Related Recommendations
 

To speed up the preliminary development of the ecological model,

the three-dimensional circulation program (UPWELL) was modified to
include only two dimensions. This form is well suited for many

analyses because it is executed in a fraction of the time on the
 
computer and is easier to deal with for the programmer. However,

the questions of longshore gradients in horizontal and vertical

velocities, which may be related to patchiness, cannot be evaluated

in this simplified version. 
It would be desirable if a duplicate

deck were prepared, on which the modifications were made to allow
 
three-dimensional ecological simulations. 
The transition has beet,
anticipated and only a few changes in dimension statements should be
 
necessary.
 

Another question related to the circulation problem is the
relative role of the advection and diffusion comporents of the

mixing equation. In other words, what are the values of the eddy

coefficients, especially in surface layers and regions of strong sheer

associated with cpwelling? The model UPWELL may be used alone to

evaluate the effect of different values. For example, given only

boundary values for nutrients, different eddy coefficients will

result in different depth gradients which can be used to suggest the
 
best choice of this parameter.
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Perhaps the most valuable improvement in the model which may be
 
easily undertaken at this time is 
to include diurnal variations in
 
some factors. 
 For example, diel patterns of light may be represented

by a simple sine equation, and the photosynthetic response of phyto­
plankton may then be evaluated, using the Steele equation, at each
 
time and depth. The present assumptions calculate only a 24-hour
 
average of the Steele equation integrated over each depth interval for
 
the total day using the complicated equation of DiToro. Additional
 
modifications appropriate here azp vertical migration and grazing of
 
herbivores.
 

Other Recommendations
 

The following are valuable experiments and field observations
 
suggested by early work with the model.
 

The self-shading,extinction coefficient rela 
onship, especially

the appropriate value of ko, should be verified. 
A simple regression
 
analysis of observed extinction coefficient (k) with Chl a (or plant

carbon) will indicate both the intercept k and an appropriate
o 

relationsnip.
 

The C:Chl ratio is used in the model to relate the state variable,

carbon, to the more frequently measured biomass estimate, chlorophyll.
 
Direct comparison of model results to field data requires as good an
 
estimate as possible of this ratio and its range.
 

Similarly, the appropriate ranges of carbon:nutrient ratios for
 
the phytoplauikton species are important values which need better
 
estimation.
 

Nutrient kinetic experiments suggested by the model formulation
 
of the most limiting nutrient wculd be very valuable. Additional
 
surveys of appropriate half-saturation constants for growth (Ks) and
 
enrichment experiments to evaluate nutrient limitation in the natural
 
system would be important.
 

Grazing rates, excretion rates, feeding tnresholds and biomass
 
estimates of zooplankton as 
well as anchovy are essential before their
 
role in the upwelling ecosystem may be even adequately approximated in
 
the model. The formulation in the present model is certainly crude and
 
serves primarily to point out areas where additional research would be
 
extremely useful.
 

The potential role of switch-feeding of the anchovy between phyto­
plankton and zooplankton is another valuable line of research to pursue.

The question of what factors may control this switching for juvenile and

adult anchovy lends itself nicely to a combined experimental and modeling
 
research effort.
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The potential role of detritus as a food source to zooplankton

and anchovy also deserves future study. In many other marine and
 
estuarine systems, detritus may be an impcrtant food or food supple­
ment, and analysis of this possibility in the upwelling systems would
 
be interesting.
 

THE ECOLOGICAL COMPUTER PROGRAM
 

The following Is a short guide for the use of the physical
 
circulation model UPWELL and the ecological oubroutines, ECOS and
 
PHYTO. While a detailed, line-by-line description of the programs
 
is not possible, this discussion of the critical variables and main
 
input parameters is necessary for continued use of the model. 
The
 
overall program-flow may be outlined as:
 

UPWELL
 

Initial specification, assignment of certain parameters;

*READ velocities in y and z dimension for I plane (x=l);
 
*READ temperature field; WRITE temp for reference;
 
Convert input velocities (cm/sec) to program units (m/hr);
 
Assign program control variables, and accumulators, etc.;
 
Average pairs of input velocities to get center-cube flows;
 
If CHECK - 1, confirm continuity and grid-time stability;

WRITE new velocity field - flows at center of grid cubes;


*READ initial conditions for ecological variables, using
 
Fortran NAMELIST input option.
 

Begin iterations for er.h time-step:
 

Update timer and output-control variables;
 
Call ECOS: determine non-physical rates of change each hour;
 
Calculate boundary values using no-diffusion condition;
 
(At Air and Land; Cb-C so no concentration gradient exists at
 
boundary b; at Deep and Offshore boundaries, constant initials
 
kept);
 

Calculate advection and diffusion parts of change equation;
 
Integrate the physical and biological changes:
 
DCDT - Biol changes (R) - advection (DCZ, DCY) + diffusion
 
(D2CZ, D2CY);
 

Transfer new concentrations into array VAL for ECOS and PHYTO
 
accounting for uptake of NH4 
first, then NO2NO3as required by

assumption of inhibition of uptake by phytoplankton;
 
If IOUT=l for output, WRITE arrays of state variables;
 
Subroutine STDYST checks for steady state of change if called.
 

End iterations for each time-step
 

Cal PROFIL subroutine to output final results
 

(Note additional output statements at end of program if desired
 
to WRITE partial change values DCZ, D2CZ, etc.)
 

*See sample data input example, figure 2.
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SUBROUTINE ECOS (The derivation of the formulations are given in
 
the official report; a brief outline of the progra follows.)
 

Data assignments for gvazing and excretion of herbivores, presently
 
as DATA statements, my be changed to a READ;
 
Call PHYTO;
 
Calculate excretion and grazing pressure by the zooplankton and
 
anchovy (presently this is done only in the first iteration
 
because constant rates are assumed--when a better formulation
 
is used, this should be done every time);
 

Compute food-limitation term for herbivores;
 
Compute excretion and grazing corrected for food limitation
 
(this is done every iteration because phyto. is changing);


Compute final rates of change (per hour) for all state variables;
 
Return to UPWELL for integrations of rates.
 

SUBROUTINE PHYTO
 

Data assignments for important coefficients;
 
Determine maximum potential growth rate for each grid based
 
on the temperature, 
GMAX (this is only done once since temperature
 
is constant);
 

Determine degree of light limitation LTL2' (this is done once
 
every day, since it depends on light which is assumed constant
 
and the extinction coefficient which changes slowly due to self­
shading by phytoplankton;
 

Calculate kinetic nutrient limitation MXLIM based on the most
 
limiting nutrient NLIM, PLIM, SiLIM;
 

Assign correct symbol to array LSIGN to indicate the limiting
 
nutrient for output.
 
Calculate the estimate of net primary productivity GP as the
 
product of GMAX x LTLIM x MXLIM; GP is the average rate of
1 4
productivity (C ) during the 24-hour day, but it is an hoiur_.
 
rate, to agree with the time-step of UPWELL;
 

Output useful variables for all grids at each output interval
 
(IOUT - 1);
 

Return to ECOS to complete rate-of-change calculations for the
 
other state variables.
 

General Programming Considerations for UPWELL
 

Program used with ecological model was modified to only compute
 
Y-Z plane, no X-direction (along shore) change is possible. This was
 
done to save computer time and money. 
The basic model UPWELL is,

however, three-dimensional, and conversion back to this form should
 
be straightforward:
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a. Dimensions should be increased in UPWELL to allow a
 
10 x 10 x 10 array to replace the present I x 10 x 10. Concentra­
tion and change arrays include extra boundary grids and also must be
 
changed to 5 x 12 x 12 x 12 from present 5 x l x 12 x 12.
 

b. The X-direction changes must be replaced in the program,
 
both in the DIMENSION statements (VX, DCX, D2CX) and in the body of
 
the program where these are calculated. The original three­
dimensional version of UPWELL may be used for comparison, but note
 
that the boundary conditions are different. The no-diffusion boundary
 

conition of the recent version is correct for the center-grid
 
velocities.
 

The computational field of grids in the physical model is
 
1 x 10 x 10 (or 10 x 10 x 10 for three-dimensional) so velocities
 
and rates arrays are dimensioned accordingly. Advection and diffusion
 

calculations require an additional grid point at each boundary, so the
 
array C is in dimensions of 3 x 12 x 12. It is important in the pro­
gram calculations to carefully keep track of which element of the C
 
array agrees with elements of DCY, D2CZ, R, etc. For example,
 
C(2,2,2) = R(1,1,1) for each substance that is mixed by the model, 

The array VAL is used to transfer the concentrations of the state
 
variables (PPL, NH4 , etc.) between the subroutines and the main
 
program UPWELL through the common block /VALUES/. VAL(500) is a
 
one-dimension array because the many calculations in the subroutines
 

ECOS and PHYTO may be completed independent of the physical location
 
of the grid. (This is more efficient that the four-dimensional
 
array C used in UPWELL because of the way the machine evaluates
 
multi-dimensional subscripts every time they occur.) The concentra­
tions of the state variables C are passed into array VAL for use in
 
the subroutines, and any increase in the size of the grid field must
 

have an increase in the dimension of VAL also.
 

Definitions of key variables in UPWELL include:
 

VX, VY, VZ = velocities in the along shore, offshore, and down
 
directions. Input as cm/sec across grid boundaries; converted
 
in the program to center-grid averages as cubic meters per hour.
 

D2CX, D2CY, D2CZ = partial ciange due to diffusion.
 

DCX, DCY, DCZ = partial change due to advection.
 

EDX, EDY, EDZ = eddy diffusion coefficients, assumed constant in
 

x and y direction, variable with depth. Thus, EDZ(1) is
 
coefficient for diffusion between Z, and Z2 . A great deal
 
of uncertainty about the correct values for EDZ with depth
 

of zones of upwelling exists, and different values of this
 
parameter should be tested in the model.
 

TEMP = temperature field assigned to grids. Constant with time.
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NX, NY, NZ = number of grids in each dimension. 

MXGRID - maximum number of grids = NX x NY x NZ. This number is 

used in sequential iterations of the concentrations stored 
in one-dimensional array VAL in ECOS and PHYTO. 

NC - number of state variables (concentrations) for UPWELL. 

BX, BY, BZ - array of size-limits including extra non-computational 
boundary grids. BX = NX + 2, etc. 

C - array containing the concentrations of the state variables in 
UPWELL, dimensioned C(NC, BX, BY, BZ). 

DX, DY, DZ - length in meters of the grids in the three-dimensions 
(presently 10km x 10km x lOm or 10000 x 10000 x 10m). 

DT - time-step of iterations, in hours (presently DT - 1 hr.).
 

LAST - duration of the total simulation run, in hours. Steady­
state seems to take 30-60 days, LAST-720 - 1440 hrv.
 

CHECK = confirm continuity (conservation of water) and numerical
 
stability of grid-size and time-step if CHECK - 1. This
 
should be done once when new velocity fields are tried.
 
Thereafter CHECK = 0 will avoid the checks. Note that the
 
continuity check may indicate "water not conserved" for very
 

insignificant volumes due to machine rounding error. This
 
may be ignored after determining that the error is small.
 

General Programming Considerations for ECOS
 

The flow of this subroutine is not complicated. Calculations
 

for all grids are done in the one-dimensional array of state variables
 
P(MXGRID), NH4(MXGRID), etc. Rates of change DP, DNH4, etc., are
 

calculated and returned to UPWELL by the common block /CHANGES/.
 

Note that all calculations for herbivore grazing and excretion
 

are not done in every iteration, since average rates are not variable
 
in time in the present model. This is one of the first changes that
 

will be useful to make in the model.
 

Final rate-of-change estimates are based on the exponential
 

evaluation of instantaneous growth and grazing. A discussion of this
 
method is in the final report.
 

Definitions of key variables in ECOS:
 

ANCH - biomass estimates of anchovy, no. of fish/L. Presently two
 
values are specified, one for winter and one for autumn.
 

ZOOP - biomass estimates of zooplankton, mg dry wt./L. two seasons. 

AEXCN, ZEXCN = rates of nitrogen excretion, ug-at N/L unit'biomass.
 
Two rates are specified for fish for different seasonal size.
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ARTN, ZRTN = rates of nitrogen excretion, ug-at N/L unit.biomass. 
Two rates are specified for fish for different seasonal size. 

GRAZK = food-limitation coefficient for the Ivlev equation, L/mg C.
 

ZPO, APO = feeding threshold for no feeding of zooplankton and fish. 

SEASON - control of which season is selected for the herbivore 
biomass, etc. I = autumn, 2 = winter, 0 = no herbivores. 

***Variables above presently must be specified for the simulation 

internally by Fortran DATA statements; in the future it might
 
be desirable to read these values.
 

XLIMA, XLIMZ - food-limitation fraction to adjust grazing pressure 
and excretion values (unitless fraction). 

RATION = total preferred ingested ration by herbivores; the final
 
realized ration must be calculated from the instantaneous
 
grazing rate FILT in the growth equatiors (mg C/hr).
 

FILT = the predicted filtration rate of herbivores necessary to
 
achieve the preferred ration based on available food.
 

CHG = net phytoplankton rate of change = growth (GP) minus
 
grazing (FILT).
 

DP(grid) = predicted change in phytoplankton (mg C/hr) based on
 
the exponential evaluation of the growth and filtration rates.
 

PNET = net primary production of the phytoplankton evaluated 
considering the fact that grazing was occuring simultaneously 
with growth. 

DN!"4(grid) = hourly change in ammonia, due to uptake by the phyto­
plankton (PNET) and e.cretior. by the herbivores.
 

DPO4(grid) and DSi(grid) = hourly change in phosphate and silicate.
 

General Programming Considerations for PHYTO
 

All calculations concerning the growth rate of phytoplankton
 
are not done every iteration to save computer execution time. Since
 
the temperature is constant for all computational grids, temperature­
dependent maximum rates are only computed one time. Light limitation
 
is calculated once every 24 hours, but nutrient limitation is deter­
mined every hourly time-step.
 

Although the final growth rate estimate (GP) represents an
 
hourly instantaneous rate, it is based on the assumption of no diel
 
variation; i.e., no day and night variations are represented during
 
one day's 24-hour iterations. All conditions of nutrient availability
 
change every hour, but the assumed light equation (LTLIM) corrects for
 
the day-night effect.
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In this subroutine as well as ECOS, the one-dimensional arrays
 

are used for the state variables. It is necessary to compute the
 

level of light reaching each depth, however, so the actual location
 

of each grid in the water column had to be determined. In the
 

calculation of LTLIM, vertical columns of grids are computed in
 

sequence from surface to bottom, with the light level continuously
 
decreasing with depth through the series.
 

Definitions of Key Variables in PHYTO
 

C$NP, C$PP, C$SIP = carbon-to-nutrient ratios for tne phytoplankton.
 
Values for these important conversion factors are input to the
 
program as ratios by atoms, C:N, C:P, C:Si. Because the units
 
in the model are in milligrams of carbon, it is necessary to
 
convert the ratios to pg-at/mg C in PHYTO.
 

IOPT - the optimum light for photosynthesis. The actual value of 
this is not too important; only the ratio of the incident 
light to the optimum is used in the equations. 

The units
 
may be irradiance or insolation, but it is important that
 
the choice of IOPT be based on the same units.
 

RADN = radiation incident at the surface of the ocean. 

F = photo-period, or day length, expressed as a fraction of a day. 

KO - extinction coefficient of water with no phytoplankton. 

KSN, KSP, KSSI - half-saturation constants for growth of phyto­
plankton for the three nutrients (Michaelis-Menton or Monod).
 

DTT - conversion for the hourly rate of growth from the 24-hour 
value. 

GMAX(grid) = maximum growth rate of phytoplankton as a function of
 
temperature (based on the work of Eppley, 1972).
 

E COEF(grid) = estimated extinction coefficient due to absorption of 
light by the phytoplankton (converted from the equation of 
Riley, 1956). 

LTLIM(grid) = limitation to growth due to less than optimum light 

integrated over 24 hours for the depth interval of each grid. 

NTOT - total nitrogen available for phytoplankton growth, 
NH4 + NO2 + NO3. 

NLIM, PLIM, SILIM = kinetic factors for the limitation of growth 
due to nutrient concentrations (based on the hyperbolic Monod 
or Michaelis-Menton equation). 

MXLIM - the minimum of NLIM, PLIM, SILIM: the "most limiting" 

nutrient. (Notice that an alternative way to select the 
limiting nutrient is in the program as comments.) 
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GP(gzid) = estimated growth rate of the phytoplankton. The value 
is an instantaneous rate (hour-1 ) representing net primary 
production, approximately the same as C14 data. 

OUTEX, OUTLT, OUTMX, OUTGP, LSOUT = arrays used for output of the
 
part of the state variable arrays that are used in the calcu­
lations. (Now only 70 of the 100 grids are printed.)
 

Programming Considerations--Supplementary Subroutines
 

BLOCK DATA. This subroutine is necessary to assign initial
 
values to variables and parameters placed in COMMON. It also would
 
be possible to read these as inputs with Fortran READ statements.
 

SUBROUTINE PROFIL. This program is only to produce output of
 
the simulated results in an easily readable format. Profiles of grid
 
values for rates and concentrations offshore and with depth are
 
produced for the following variables:
 

CHL estimated chlorophyll distribution assuming C:Ch = 35.
 
3
PN = 	 net phytoplankton primary productivity Emg C/ (m".Coy)]. This 

must be calculated from the growth rate and the biomass values. 

AR = acssiJlation ratio, pg C/(pg Chl'day). 

DP= community production, i.e., net change of phytoplankton due to
 
growth and grazing. This is the instantaneous hourly rate
 
times a conversion factor to give a rate with units
 

1 1
 mg C mg C- day .
 

Profiles of the nutrient concentrations also may be easily
 
obtained by adding additional WRITE statements.
 

SUBROUTINE STDYST. This program determines if the changes in
 
the phytoplankton compartment are small enough to represent steady­
state conditions. The criterion used is total change in the phyto­
plankton biomass in the top 20 grids (0-20m and 0-100km offshore)
 
of less than 0.1 percent between successive calls of the subroutine
 
STDYST. In the simulations up to now, STDYST is only called when
 
output of the program variables occurs every five simulated days.
 
Even with this rigorous test, the program converges to steady-state
 
in 25 to 60 simulated days, depending on the exact conditions of the
 
run.
 



Line 1. 0. 15. 19. 20. 20. 20. 20. 20. 20. 20. VY CM/S
 

2. 0. 4. 5. 6. 6. 6. 6. 6. 6. 6
 
3. 0. -4. -5. -5. -5. -5. -5. -5. -5. -5.
 
4. 0. -4. -5. -5. -5. -5. -5. -5. -5. -5. 
5. 0. -7. -4. -5. -5. -5. -5. -5. -5. -5. 
6. 0. 0. -0. -6. -6. -6. -6. -6. -6. -6. 
7. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 
8. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 

10. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. VZCM/S 

11. -.015 -.004 -.001 0. 0. 0. 0. 0. 0. 0.
 
12. -.019 -.005 -.002 0. 0. 0. 0. 0. 0. 0.
 
13. -.015 -.004 -.002 0. 0. 0. 0. 0. 0. 0.
 
14. -.011 -.003 -.002 0. 0. 0. 0. 0. 0. 0.
 
15. -.007 -.002 -.002 0. 0. 0. 0. 0. 0. 0.
 
16. 0. -.005 -.001 0. 0. 0. 0. 0. 0. 0.
 
17. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
 
18. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
 
19. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
 
20. 14. 15. 16. 17. 18. 19. 19. 19. 19. 19. T C
 

16. 17. 18. 18. 18. 18. 18.
21. 14. 14. 15. 

22. 14. 14. 14. 15. 15. 15. 16. 16. 16. 16.
 
23. 14. 14. 14. 14. 15. 15. 15. 15. 15. 15.
 
24. 14. 14. 14. 14. 14. 14. 14. 14. 14. 14.
 
25. 13. 13. 14. 14. 14. 14. 14. 14. 14. 14.
 
26. 13. 13. 13. 13. 13. 13. 13. 13. 13. 13.
 
27.
 
28.
 
29.
 
30.
 30, . . . . 

31. &INITL VAL-3*.04,7*0.,3*.04,7*0.,3*.04,7*.01,3*.04,7*.01,3*.04,7*.01,
 
32. 3*.04,7*.01,3*.04,7*.01, 30*.01,
 
33. 100"0.5,
 
34. 10*0.5,10*10.,10*15.,10*20.,10*25.,50*33.,
 
35. 10*0.4,10*0.8,10*1.2,10*1.6,10*2.0,50*2.5,
 
36. 10*3.0,10*4.0,10*7.0,10*10.,10*13.,50*25., &END
 

Figure 2. Sample Data Input. Preseutly the ecological program reads the following data cards.
 
Lines 1 through 10 read Y-velocities; 11-24 Z-velocities; 21-30, temperatures; 31 and 32, initial
 
phytoplankton; 33,initial ammonia: 34, nitrate plus nitrite; 35, phosphate; 36, silicate.
 

http:3*.04,7*.01,3*.04,7*.01
http:VAL-3*.04,7*0.,3*.04,7*0.,3*.04,7*.01,3*.04,7*.01,3*.04,7*.01
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C PROGRAM UPWELL ANt ECOS AND PHYTO FOR PERU PROJECT APRIL L975 
C DECK MODIFIED FUR ONLY I Y-Z PLANE, NX = 1 
C ALL VX, OCXt D2CX OMITTED 

DIMENSION VYI I9 to 101' VI( I v 10, 101, NO VX 
1 EOZ(IOI, 
2 CI 5, 3, 12t 121,R( ,ID ,10 , 51,TEMP( I , 10, 101, 
3 DCYI 5, 1 , 10, LO1 NO DCX 
4 DCZI 5, 1 , 10, 10, NO DZCX 
5 D2CY( 5, 1 , 10, IO)9D2CZI 5, 1 , We, 1O) 
INTEGER 6X,9YBZDAYtBXIBYI9BZl
 

|,IDI15)/IPPL,'NH4 t'NaX',P04'5's ,
 
2 °VX',VY','VZVOOCXDCY',oDCZ' t,'2CX.,'D2CYG,'D2CZ'IT'/
 
COMMON /CNTRL/MXGRIDIOUTPNXoNYNZtDXDYtDZDTDAYtHOURTEMP
 

3 /VALUES/VAL(500 I /CHASGE/ R
 
NAMFLIST /INITL/ VAL
 
DATA C/2160*0./
 

C DIMENSIONS ARE I C, Xt Y, ZI -- INDICES I No I, J, K)
 
C ===-=> INITIALIZE EDDY DIFFUSION PARAMETERS
 
C HORIZONTAL PLANE EDX C EDY = I.OE6 CM2/SEC
 
C VERTICAL PLANE EOZ = 5.0 CM2/SEC ABOVE 20 M 1.UE-3 BELOW 
C COEFFICIENTS MAY HAVE TO BE DIMENSION:ED IN A NON UNIFORM FIELD... 

EDX=1.OE6 * 0.36 M2/HR 
EDY=EDX M2/HR 
DATA EDZ/1O* O.36E-3/
 
EDZII)=1.8
 
EDZ(21=1.8
 

C ==-==> INITIALIZE VELOCITY PARAMETERS
 
C READ IN VY AND VZ -- VX INITIALLY ALL 0.
 

READI5,1IIIVY(I1JtK)tJ=,10) ,K=1, 10t
 
I ((VZ(I,J,K)#J=I,1O)tK=1,1O)
 

to FURMAT(IOF7.3)
 
C READ IN TEMPERATURE FIELD
 

READI510)1iTEMP1,JKIJ=i,10),K=1,10)
 
I=1
 
WRITE(6,910)ID(15),I,((TEMP::;JK),J=1,NY)tK=1,NZ)
 

C CONVERT FROM CM/SEC INPUT TO PROGRAM UNITS M/HR; AND FILL ARRAYS
 
C 	 436 M/HR PER CM/SEC
 

DO 20 J=1,NY
 
DO 20 KINZ
 
VYVltJK)=VYf1,JoKl*36.0 M/HR 
I * 2.u RAPIDO 
VZ{IIJ,K)=VZI(lJ,K)*36.0 M/HR 
I * 2.0 RAPIDO 

20 	 CONTINUE
 
C 	 ===.=> PREPAR'E FOR COMPUTATION ITERATIONS 

NC-5 
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LAST=24 HOUPS
 
LAST=LAST*51
 
CHECK=[.
 
CHECK=O.
 
IPG=O
 
DX2=D*nX
 
UY2=DY*OY
 
OZ2=i)L*JZ
 
T=O.
 
DAY=l
 

C RESET COUNTERS FOR SPFCIEIC BOUNDARY LIMITS FOR THIS PROBLEM
 
NX=I
 
NY=10
 
NZ=7
 
eX=NX+2
 
RY=NY+2
 

FZ=NZ+2
 
RXI=sX-I
 
BYI=BY-1
 
BZI=BZ-t
 

C
 
AKY=DX*Y
 
AXZ=OX*DZ
 
AYZ=lY*LUZ
 
VXMAX=O.
 
VYMAX=O.
 
VZMAX=J.
 
1=1 

C (NOTE: IF MAX ARRAY SIZE IS INCkEASED, CHANGE '10' IN IF STMTS BELOW)
 
O 3D J=I,NY
 
JI=J+L
 
IFIJL.GT.IOIJI=O
 
nO 30 K=I,NZ
 
KI=K+l
 
IFfKt.GT,10)Kt=I3
 

C 	 AVERAGE VELOCITIES AT GRID BOUNDARIES TO GET CENTER POINT VALUES
 
VYCI,JK)=(VY(I,J,KI)VY(i ,JltK ))12.0
 
VZ(IJtKi=IVZ(I,J,K)VZ(I ,J ,KI)/2.0
 
IFICHECK *NE. 1.) GO TO 29
 

C 	 CONFIRM CONTINUITY (CONSERVATIUN OF WATFR) FUR ALL GRIDS
 
DATA UMASSX/O.I ,AASVX/O./, VXMAX/O./
 
D4ASSY=(VY( I, J, K) - VY(! ,JlK ))*AXZ
 
DMASSZ=(VL( I J, K) - VZ(I tJ ,KI))*AXY
 
D'4ASS=DMNSSX 4LASSY.OMASS7
 
IFIi)MASS.NE.u.)WRITFI6,?I) I,JtK,DMASSXOMASSYtD4ASSZtDMASS
 

26 FORMAT( WATEP NOT C{)SEPVE9 IN GRI) (',313,') DMASS XYtZ=', 
1 3E15.4 LE13. 1 

C CHECK STABILITY CRITFRIA 
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A9SVY-A.3SIVY I,Jt() ) 

IF(ABSVY.GT.VYMA(IVYMiAX=ABSVY 
IF(AtISVL.GT.VZMAX)VZMAX-ARSVL 

29 COlNTINUE 
30 CflNTINUF 

WRIE(6,910)Ijd),IdI 
IF(CHEC.(.NE.1)G T9 32 

VZAI#JKhJ=INYI ,K-IvNl) 

C AOVI-CTIflN CRITERIA' 
nATA XSTAB,STAI3X/2*0./ 
YSTAf '=VYMAX*Z3T/OY 
ZST Afi=VZ'4A *') /.)Z 

C TIRRULENT nIFrUSION CRITF.4IA: 
STA4Y=E')Y *DTV)Y2 
STA6I=E0I) *lT/0Z2 

32 
35 

CJNTINUE 
FOR'4ATI'0UA3VECTIflN STABILITY CRI[TERI1A A,YtZ* ' 3EI2.4t 

I(AXIM4UM FOR~ EACH D['4ENSIONII/ 
I TURdULE.JT STA8ILITY CRITERIA XoY,L:',3EI2.41 

DATA 1*4SET91JSFT/510/ 
IF(INSET.F-1.5) RFA,)15,INITLI 
IF(INSET.NF.5) READI INSET9915)0&Y,VAL 

C 
,dRITF I6,'9I7) INSET,r)AY 

INPUT INITIAL CONDlITION'S FtR PPL, NH4, N0J2N03r PU'., E SI 
C 
C m==z=> BEGIN ITERATIONS 

Or) 10013 1T1l,LAST 
T=T.OT 
HOUP=AM0IIT,2'.J) 
IFIHrUR.E0..I0AY!)AY+I 

C 

C 

11UT DETEKMINES FREQUENCY OF OUTPUT 
IfJUT-AMflDIT, 240.) 
CALL SUIflUTINES H"ERE TilOFTFRMINF AON-PHYSIC4L KATES UF CHANGE 

lo DAYS 
IN C 

CALL ECOS 
C TRANSFER VALUES JNTU C-ARRAY FOR MIXING 

1-2 
IGRID=0 
003 40 K=2,87? 
DO) 40 J=2,8YI 
IGRID=IGRID4I 
Ctl,ItJtKV'=VAL(IGRID I 
C1 2tIpJpK)=VAL(IIG RID+100) 
C(3vI,J,K )=VAL IIGRI 0+2 00) 

C(5,[#J,K).VAL(IGKIU+4001 
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40 	 CONTINUE
 
C 
C 
 DETERMINF ROUNIARY VALUES FrR CONCENTRATIONS
 
C I.E. AT CtIAST ANJU SURFACE, NT UIFFUSIJN: CIB = C{q-I)C LATERALLY AJIq)nFFSHIMsE, C(m) = C( j-j) (OR UNCt14NGINGI

1=2
 

Dor 100 J=IBY
 
nl 00 K=I,f)L
 

DU LO0 =i'fECIF(J.EJ. IIC(N,I JtK)= CUtip,2,K

F (J . F'.BY |C |N 
It J K | =C (N I, Y l K )


IF|K.E-. LIC(N,I,J,K= ClN,[tJ,2) 

C 	 Nn CHANGE IN DEEP 9OUN)ARY 

t0 	 CONTINUE

C 	 SPECIAL CALCULATIP4S NE'DED FUR PION-CUMPUJATIONAL 

1=2
 
on 110 N=I,NC
 

C 	 (1,2,8) IS A PHYSICAL RCIINDARY. 
C(N,I q2 ,d)=C rt I,2,9) 

110 	 CnNTINUF
 
C 
C CALCULATE PARTIAL 
r TUR;'ULENT I EDDY) 

1=1 
C MATPIX r. INOICES 

11=1+1C(I
12=1+2 
DO 15u J=I, 
Jl=J I 
J2=J+2 
oDn 50 K=1,NZ
 

K2=K+2
 
AY=|.
 
IF(VY( I,J,KI .'T.J. |AY=O.
 
AYI=I.-AY
 
AY2=AYI-AY
 
AZ=L.
 
If(VZIJ,K).GT.0. JA1=0.
 
AZI=I.-AZ
 
AZ2=AZI-A?
 
10 150 N=1,.C
 

4
 

CHANGES IN X, Y, L L MIPECTIUNS 
DIfFUSICN 

ARE iN[ LARGER TIHAN LOOP INDEX; 

COAST 	Y­
{]FS HRIY+ 
SFC Z-

AOTTOM
 

GQIDS 	WITHIN BOUNDARIES. 

DUE TO) ADVECTIUN AND 

I => C I-1I 

-C( [I 
-Cilt1) 

DCY(IKI,JtK)= VYC IPJtK) AY*C|N,!itJ2,KI} AY2*C IN, Il.JlIKL)

1. 	 - AYLI*C(N,1, JKIII/ily
OCZIN,IJ,K)- VZ(I,J,K)v,(AZ*C(N, I1.JlK2|,AZ2*C(.IN IJlKl)
 

t 
 -	 AZL*C(N,II,JI, K)I'/Z
TwrIC=CIN, I1,Jl ,K1 I CIN, II,J1, 
 I)

D)2CYINI ,JKI=[0y *(CIN, II,J2,KI ItCIN, Ij JKI I-lwnC /DY2
 

http:I1.JlK2|,AZ2*C(.IN
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02CZ(NIJK)=EUZ( K)*(C(N, I1,JIK21)C(NlItJl, K)-TwUC)/DZ2
 
1SO CONTIN
 
C
 
C 	 SUM PARTIAL CHANGES ANn INTFGRATE
 

1=1
 

DO 200 J-lNY
 
Jl-J~l
 

DO 200 K1I.NZ
 
KI-K*I 
DO 200 N=1,NC 
DCDT=R(IJoK#N) - OCY(Nq1tJvK) - DCL(NZJtKl NO OCX 
I +D2CY(NIJK) +2CZ(NItJ@KI NO O2CX
 
C(N,I1.J,KI=C(Nt|I ,JoKli + OT*DCDT
 

200 CONTINUE
 
C TRANSFER NEWLY 41XED CONCENTRATIONS BACK INTO ARRAY VAL
 

IGRID=O
 
1=2
 
00 160 K-2,11
 
DO 160 J-2,BYL
 
IGRID=IGRI+
 
VAL(IGRI 3=C(191,JK)
 
IF(VAL(IGRID I.LT.O.IVALIIGRIO 1=0.
 
VAL(IGRint3OO)C(4,ltJ,K)
 
VAL(IGRIO+4O0I=C(5#ItJtK)
 

C USE NH4 UNTIL DEPLETED, THEN USE N02N03:
 
DEBT=C(2,IJKI
 
IF(DEST.GE.O.)GO TO 15R
 
DEBT=DEBT C(3,IJK)
 
IFIDEHT.LT.0.JDEBT=0.
 
VALIIGRIO+100)=3.
 
VAL(IGkI 0+200)=OERT
 
C(2,1,J,KI=O.
 
C(3,IJ,K)=OERT
 
GO Tn 160
 

158 VAL(IGRID+100)=DEBr
 
VALIIGRID.200)=CI3,,JtK)
 

160 CONTINUE
 
C
 

IFfIUUT.NE.1)U TO 1000
 
C WRITE Y-1 PLANE
 

1=2
 
00 300 N=1,NC
 
IPG=IPG+1
 
IF(MOO(IPG5).u(J.IIWRITE(6,900
 
WRITE(6,9l3)DAYtHnUR.I0(NII,(( C(KflJ;KIJ=2,Ry1vK=2tBZl|
 

300 CONTINUE
 
C CHECK TO SEE IF STEADY STATE HAS 8EEN ACHIEVED
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CALL STUYST
 
1000 CONTINUE
 

IFI 1OSkT.NF .0IWRITF(IJSFT,9151DAY,VAL
 
IF1IlrSFT.14C. WgR E(6, qI6I In SET
 
CALL PRrFIL
 
STflP
 

C W'lITE(6,9103!tDl4) .1 DrXI l,itJtK)sJ 1,NVI,KI,NZ3
 
C WP ITF(6,910110 , OCYf It IJ,KIJ~l NY) tK=1,NZ)
5il)[I I 

C WRITE(,,I10) Ibb) , I,(If Cl( ,ItJK),J=1.NYJ,K=1,NZ)
 
C WRITE (6,n1Jh)uf7), lf2CXl1,I,JK),J=1,'4y),K=1,NLI
 
C WRITE(6, V iO)IG M ()2CY H, IJ,K) ,J~l.4Y), K=I, NZ)

C WRITE f6,rIOIIfJ) ( (D2CZC1 ,I,J,Kl ,J'l NY),K~loNZ) 
900 FflRMAT(1lI1I 
910 FI1MAT(IJI,5X,A4,w X-;RIO1,') 91// 1' ',I JX, I F IU.3 )I
C WkifE (6,')12If)AyH)U ,#IDIN)t,1,1 ClN.,I,J,K),J=Ip8Y)qK=1,bZI
912 FCRMATp43DAY1,15,0 f1000 IF6. i,' CONCENTRATION 1,A4,' X GRID*,14 

913 FfRAr'ouAY',I5,@ HOU'RSF6.2,t CUN4CL'NTkATICIN ',A49' X GRID*,14

1/10 $,IlF10.3 )) 

915 FORMAT(I5/110r8.51) 
91b FURMATI1i -=> fU7UITJ INITIAL CONDITIONS TO SLT'oIb/)
917 FflRMAT('O INPUT 
DlATA R&FAC F~CrM SET',15,, EFFECTIVE STAR~T-UP ON nA
 

IY% 15)
 
INt
 

http:FORMAT(I5/110r8.51
http:1OSkT.NF
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BLUCK DAIA
 

I /PHYT/GMAX(L00 ),LTLIm(I3u ),MXLIM(1.) ILSIGNI1O0 ht(,P(100 1
 
2 /CNVRTI CSNPoCSPP,csSIP
 
L /CHANGF/R(5001
 
INTEGER DAY
 
R'AL GMAXLTLIMlMXLII*%GP
 
OATA G0MAXLTLIM,MXLIMGP / 400*0.0/
 

C (1069 16, 10, 1) C:N:.SI:P 6Y ATC'4S 
DATA CSNPoC$SIP,CPP/ 1f'.,10., I./ ATOMS 
DATA MXGRIflNX, NYAJZ,flX,DY., UoT,iAY ,HJUR 

I / 13'), 3,l0,10,2*I.EAI0.,1.9O9o. 
nATA R/500 *0./ *LSIGN/ 100'I 
END 
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SIJHROUTI'4F FCOS 
C 
C HERBIVORF GRAZiNtG AND EXCRETION INCLUDED HERE.
 
C BIOMASS iLSTI14TFS FOR FEq8IVORES: FISH/IL, MG Ow ZOO/L
 

REAL ANCH(23/.003, .000021, (iUnP(2)/.02, .006/ PLR L
 
C PATFS OF NITRIUUEN EXCRFTION PER BIOMASS UNIT:
 

I , AEXC'412)/20. , 34. I, ZEXCN 1.03/ UGATN/L 
C INGESTED RATIUN PER eI jMASS UNIT: 

, ARTN12)/2.4 , 3.9/t ZRTN /.007/ MG C/HR 
C GRALK IS THE EXPUNENT IN THE IVLEV GRAZING EQUATION: I - EXPIK*PHYTO) 

3 GAZK/ -5.77/ LI/MG C 
C "SEASON" SPECIFIES AUTUMN (I1, WINTER (2), OR ZENO (0 BIOMASSES AND RATES 

INTEGER bFASUN /2/ 
DATA I/n/ 

C 
REAL LTLI.4#MXLIM
 
INTEGER UAYIGKID
 
INTEGER LAdI1,b)/'PR[1N', *MGC/','L/DA',Iy IY l $'I I/
 
COMMnN /CNTPt/MXGRIUIpUT,MIX,NYNZ,0X,UYUZTtOAY.IjUsTEMP(00 I
 
I IPHYT/rMAX(ILO0 ILTtIM(I10 1,MXLIMIIOU ),LSIGN(.O0 ),GH(100 I
 
2 /CNVkT/ CiNPCSPP,C$SIP
 
3 /VALUES/ 94U0 1, NH4(100 INU2NO3(100 1,P04(100 ItSI(loU)
 
4 /CHANGE/DP(LO0 1, UNHAIIOD ),DNOX(I00 )9UP04IOO )9DSI(I00 I
 

C MXGRID=NX*NY*NZ FROM MAIN
 
C
 

CALL PHYTi
 
IF(II.NF.OIG0 TO 15
 

(1=1
 
IF(SFASnN.GT.G)GO TO 10
 

SFASON=I 
ZnnPtl)=o,
 

ANCHI( 1)=0.
 
Io ZFXCN =LEXCN * ZOUP(SEASGNI UGAT/L/H
 

IRTN =ZRTN * ZlOP(SEASON) MGC/L/HR
 
ANEACN=AEXCN(SLASJNI * ANCHISEASON)
 

.NRTN =ARTN (SEASON) * ANCHISEASONI
 
C FPXCRFTION OF OTHER NUTRIENTS ACCORDING TO RATIO VS. N
 
C ZOIPL EXCN= 11:0.5:1 AND ANC14VY EXCN= 5:0.22:1 1 N SI P I
 

LFXCP=ZEXCN/11.0 
 N:P=11
 
ZEXCSI.ZEXCP*O.5 
 SI:P=0.5
 
ANEXCP=ANLXCN/5.U 
 N:P=5.0
 
ANEXSI=ANEXCP*O.22 
 SI:P=.22 

15 CONTINUE 
C COMPUTE RATES OF CHANGE PER IIUUR FOR STATL VARIAdLFS 

DOi 20 GQIO=I,MXGRID
 
IF(P(GRIDI.GT.O.jG:i TO 16
 

http:SI:P=.22
http:ANEXSI=ANEXCP*O.22
http:LSIGN(.O0
http:iUnP(2)/.02


-33-

XLIMA=O. 

RATION=O.
 
f ILT=O.
 

PNE T=O.
 
Gfl TO IA 

C FEFDING rfIRESHOLUS FOR ZUIJPL (IPJ) A. ANCHUVY (APi)l 
DATA LP'oAPO/O.0)4, 0.24/ 
IF(XLIMI.LT.0) XL IMZ=O. 
XLIMAA=1.0)-FXPGrA(*4PIG1II-AP0II 
IF(I A.LT.O.OI XL 1MA=-I. 
RATIOt4=LRTN*XLP.1L + ANP.TN*XLIMA 

I ILr=RATIlNI/P(G ' 	 1/)HIM 

IF(CII.LO.))GCJ l 14 
TEkM=EXP(C4G)-l.0 
I)P( G'11I =P (G'RIr))*TIFRP 
PNE T=0.
 
IF(CHG.N'W.0.) VNFT=GVIGkII))*I-(GRifl)*TEM/CHG 

18~ !NH4(Gl0)Iz -PNFT/C!) Z1EXCN*XLIfrL + APNFXC'J*XL[1MA UGAT/L 
r)P04(GPIN)= -PNET/CSPP + ZF)kCP*XLI'mZ +- ANLXCP*XLIMA UGATI 
DSI(GlrID)' -PNET/CSSIP+ ZFXCSI*XLIMiZ ANEXSISKLIMA 

20 	 CONTINUr
 
RETURN
 
FNfl
 

http:RATIOt4=LRTN*XLP.1L
http:A.LT.O.OI
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SUBROUTINE PHYTO
 
IMPLICIT REAL (I,K,NI
 
INTEGER GRIJI ,K.oAYtTrOAY/O/oLIM(3)/*N' ,'P.,S,/
 

ItNXtNYNZv,4XNYv lOUT
 
REAL EXCnEF(100 ;tLTLIMMXLIM
 
DIMENSION 'lUTEX( 70)gOUTLT( 70),OUTMX( 70)POUTGP( 701,LSOUTI 701
 
EQUIVALENCE IOUTEX(1),EXSOEFIIlI,(OUTLTILiLTLIM(1)I,
 

I (nUTMXEIh)MXLIM(IIJIOUTGP(I),GPI 1l)ILSOUT(lioLSIGN(II)
 
COMMON /CNTRL/MXGKIDlr]UTNXNYNZOXI)YDZUTDAYHOURTtLOO I T.TEMP
 
I /PHYT/GMAX(I100 1LTLIM(00 |,MXLIM(LO0 )PLSIGNILO0 |,GPIIOO I
 

2 /CNVRT/ CSNPvC$PPC$SIP
 
3 /VALUES/ P100 Is NH4(100 ),Nn2N03(LOO 1,P04(100 tSI(1001
 
DATA IOPT/10./t F/.5/9 RAON/300./, KO/.025/, KSN/1.5/,
 
I KSP/.25/, KSSI/.75/ 

C NOT ALL STEPS NECESSARY IN EACH ITERATION --
C TFMP - DEPENDENT GMAX DETERMINED ONE TIME FOR CONSTANT TEMP FIELD 

IF(TnDAY.NE.0IG T3 20
 
NXNY-NX*NY
 

C IOPT SHOULD RE DETERMINED FOR THE WATER COLUMN AND SEASON, ETC.
 
DATA DTT/4.166667E-2/ 

DO 10 GRID=iMXGRID
 
GMAX(GRID)=EXPIO.063*TIGRIOI-O. I) 


10 GMAXIGRID)=GMAXIGkIO) * UTT 

C COMPUTE NUTRIENT CONVERSION FACTORS FROM RATIO BY ATOMS: 

C (UG-AT NUTRI/(1.272 MGC PER 106 UG-AT C) = UG-AT/MG C
 

CSNP =1.272/C$NP 

CSPP 1.272/C$PP
 
CSSIP1.272/C$SIP
 

20 	 CONTINUE
 
C
 
C DETERMINE LTLIM ONE TIME DAILY
 

IF(DAY.FQ.TCDAY)GO TC 50
 
C 	 TODAY => DAY ONLY DURING FIRST TIME-STEP OF EACH DAY
 

IODAY-DAY
 
TERM=2.72*F
 

C 	 LTLIM IS COMPUTED IN SEQUENCE FOR GRIDS DOWN THRU THE 

00 30 I=1,NX
 
DO 30 J=1,NY
 
Jl=(J-11*NX
 
IL=RADN
 
DO 30 K.INZ
 

C CONVERT FROM 3-DIM SUBSCRIPTS TO LINEAR LOCATIONS
 
GRID=I JI IK-1I*NXNY
 

DAYS/HR
 

EPPLEY
 
/ HR
 

C:N:SI:P
 

MGC/UGAT
 

WATER 	COLUMN
 

EXCOEFIGRIDI=KO0O.2514*PIGRIDIO.5O47*IP(GRID1**0.6a6667 RILEV 

C RILEY EQN. ORIG.: .O08B(CHL UG/L) + .054(CHL**.67) ASSUMING C:CHL - 35. 
C KO BASED ON 6 SAMPLES FROM PERU# = 0.025 1/M 

http:KSSI/.75
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KZ=LXCE!EFlGID1)*DZ
 
TERMI=I 1/IOPT
 
EKZsEXP(-KZ)
 
TER M2 'ERVIEK Z
 
LTL1M(GRIDTEM/KZ*(XP(-TEDM2I.-EXP(-TERmU))
 
IFf II.GE.IOIP1 1111 m(GRID)=LILIMIGRIO)*0.85 K.REMER
 
I11 I*FKZ
 

30 CONTINUF
 
50 CnNTTMUF
 
c 
c NUTRIENT CALCULATIOlNS MAY NOT NFED TO RE MADE HOUJRLY, 
C NUTRIENT LIMITATION -- 3 NUTR&IENTS 
C NH4 PREFERENCE MAY RE INCLUDEn WITH UPTAK'E SECTION 

PO 100 GRI0=l,MXGRIO
 
NT(JT=NHl'fGIL(J)+NU2NO3(C,RiDI
 
NLIM r*HTnT /IKSN +NTOT I
 
PL1K =Pn4(GRIOI/IKSP + P04(GRIu))
 
SILIM = SI(GRIO)/(KSSI+ SIICRl)))
 

C 	 VXLIM 1ISTHE LIMITAIIN FACrCIN uF ITHEMOST LIAIT ING NUTRIENT 
MAXLP410k ID)=A 1INLIMIPLIM,SIt IM) 

C WALSH METHOD 9F IDFNTIFYING MXLIMI: VS. 16:10:1 N:SI:P 
C IFfPO',I(,RiDi).G1.O. )NRATIO'=IJrOT /Pl14(iRIO))/1b.O 

c IF(PU4I(;RI0).GT.O.)SIRATO=( SI(GPI0I/PVJ4IGRIIlI/10.0 
C PLIM(CNi))=PLIM 
C IF(NRATIO.LT. 1.0) MXLIM(GRIo)I=NL IN 
C lft SIRATO.LT.N4RA1IO)MXLIKCGNIDI=SIL IM 
C LSIGN IL]FITIFIES WHICH NUJTRIIENT IS NOWLIMITING 

LSIGN(INIDV.LIM(L) 
IF(MXLIN(CGkIDI .EQ.PLIM )LSIGNfGRI0)=L IM(2l
 
IF(MXLI;iiGRPIU) *LQ.SILIM )LSIGN(GRII)=LIM(3) 
GPGR RID) =G'AXt GRID) sITLIMP(GOIDI*MXL IKE OHID)
 

100 	 CONTINUE
 
1Ff IOUT.[Q.LI)


IWRITE(6,l05) r)UTEX,(IUTLTUJTMXOLJTGPLSUUT 
105 FORMAT('l K#/ 7EIOX,1.jF7.4/I, '0 LT'/ 7ifItX0F7.4/)p 

1 10 4AX*/ ?tlox,107.4/1, '0 GP'/ 71XPIOF7.4/1, 
I 'ONUTR'/ 7t10X,1)A4 /1) 

RETURN 
END
 

http:IOUT.[Q.LI
http:IF(NRATIO.LT
http:m(GRID)=LILIMIGRIO)*0.85
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SUB~ROUTINE PROFIL 
INTEGER LASPC(72/'FITO','O]PLA*,'NCTtI',*N ''W;C','/L 't' I/ 

1 9 LABCHL(1/*CHLnl,t'ROFI',*LA ,tS UC, '#'CHL/','L I' I/ 
2 , LABC14f7)/VPRoU,'UCCIl,*0N ',I MG ',@C/M3@,'/OIAI,t I/ 
3 , LA6NH4IT./AM140#,'NIACl,'O '*'UG-AtT/L lot I'@ I/ 

4 , LABNOXI7I/9NITRl,'ATOS9' Y N','ITRI'v'TOS 't' UG-%sAT/Ll/ 
5 , LABPOA4(7)/OFOSFI,IATOSI,' I,IUG-A§,IT/L $99 9,' 1/ 
6 v LARSIL(7I/'SILI0,fCATO@,QS ,*UG-A*''/L '9' I's I/ 
7 ,LACCL7)/ASSI,'MILA,@TiON',' MG ','C/MG',' CHL*,'/DIA*/ 
8 ,LABoPPf7I/fPROO',vUCCIl,Q0N ClOOMMUl'NIDA,'D C/'v'M3/D'/ 
INTEGER DAY
 
REAL ITLIM, MXLIM, NH4, N02N1J3
 
1, CHL(100 ), AR(100 MOO0 *0./t PN( 100I
 
COMMON /C.NTRL/MXGRI DIOUT,NX,NY,N1,DXDYOZDTOAY,HOUR, TEMPI 100 I
 
1 /PHYT/GMAX(I00 hILTLIM11OD ),MXLIM(100 1,LSIGN(L00 ),GPIIOO 1
 
2 /CNVRT/ CSNP,CSPP,CSSIP
 
3 /VALUES/'PMOO It NH4t100 IoN02N03(100 ),P04(IOO IvS1(1001
 
4 /CHANGE/DP(I00 It DNH4(L00 1,DNOX(I00 ),DP04(lUO ),OSI(iO) I
 

C
 

C PRINT OUT FINAL VALUES AND RATES 
no 100 I,MXGRID 

C CHLOROPHYLL OISTRIBUTICN
 
DATA CICHL/35.0/
 

20 CHL(13=PiII/CSCHL *1000.
 
C NET PHYTO. PRODUCTIVITY 1(MGC/M3.DAY; =C-14)
 
30 PN( I)=PE K *10oo.*(EXPI?4.*G;P( 111-1.0 L/H-M3/D 
C ASSIMILATION RATIO -- tIr,C/UG CHL/DAY 

C NET COMMUNITY PROD)UCTICN -- PRODUCTIVITY + GRAZING 
50 DPII)= 1000. * EXP(OPII'24.0) L/H-M3l/D 
100 CONTINUE 

WRITE (6,200 LA BC ML, CCMLII11,MXGRI10 
WITE (6,200 LARC14, IPNIII, I. I MX GAIDI 

WRITE(6,2flolLAIBCCL,(AR(I3,'=1,MXGRIDI 
WRITE (6,Z200 LABDPP, CDPI II, 1=1, MXGR 101 
RETURN 

200 FORMAI~ IH1,T41,7A4//#0' ,8,'-.' 1X,99(-' /?XO' 0 I'tTI11,' I ' 
*lOXp' I',IOIF3.3,2X1,Tl1 191,'/
 

. R',1X,'I',10(F8.3,2X),Tlll,'I'/10Xc,'I'.Tlll,'I'/' 0 20..I',
 

.611"T1119,11~/1 U 301 *,T111,' I'/lOX,'1',T11L91,''/' N' ,7Xt'I , 
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SUBRUUTINE ST3YST
 
INTEGER DAY
 
PEAL CHG(631/6O*0./
 
INTEGER GRID
 
COMMON /VALUES/VAI.(50 J
 

1 ICNTRL/XIRIDIOUTNXtNYtNZPDXtDY,1ZtDTtDAYHOURTI O I 
UATA SUM2OIA030O./ 
DATA STABI.E/0.O0O / 
DATA I1)/
 

SUM=O.
 
rio to GRID=I2O
 
SUMFSUM+VAL(GRIOI
 
CONTINUF
 
CHANGE=(SUM20-SUMI/SUM
 
SUM20SJM 
CHGI I=CHANGE
 
IF;OAY.EQ.5)WRIT EI6,30)CH,
 
IFIABS(CHANGF).GT.STABI.FIRETURN
 
WRI.TE(6t2O)CHANGEt DAYP HOUR
 
FORMAT('O STFADY-STATE CRITERION MET* RUN TERMINATED ""
 
1 10 TOTAL CHANGE IN TOP 20 GRIDS -',E15.5,1 OF PREVIOUS TOTAL'/ 
1 10 TIME AT TEPMINATION: It 15PF5.lI 
WRITE16.30)CHG 
FORMAT1'O SEQUENCE UF CHANGE VALUES LEADING TO STEADY STATE:$/
I 11XLOEl2.4))
 

DATA IOSET/6/
 
IFIIOSET.NL.6IWRITEII(SET95l5IDAYVAL
 
WRITE 16,916) IOSET
 
FOriIATI|5/(10F8.51)
 
FORMAT(IO ===> OUTPUT IIITIAL CONDITIONS TO SET't,5/)
 
CALL PROFIL
 
STOP 1
 
END
 

http:FOriIATI|5/(10F8.51
http:15PF5.lI


-39­

A'vIA?'l'tl0(F8.3v2XIt
 

.10ktllltlO,F8.3t2XITlllv*l'/10)lv'l'tTllLv'1'/' (M) 70-1'PT1119
 
.111/ 3(IOX,11',Tllllll/,.?X,180-119TIIIPII'/ MOX0110111011/)
 

-IlXolO(9Xo'l')/19A*'11)'tdX,'20',SX9'30'tSX@"#U'v8Xt'50't8X,'60'#aX
 
-9'70',8Xt'80'PSX,"70',SX,11001//T44,10(STANCIA OE LA COSTA IKM)I)
 
ENO
 



-40-

0--~
~

~
-.F

0o 
a0 

r-0o 
0
 

0000
0000000.0O

 
0. 

'O
0 

0 
00 

*
W
N
.
0
I
I
O
 

000 
00 

o
 

N
00r" r" 

'N
 

--
rN

 

0000000P
 

0 
0 

0 
a
0
a
0
 

F
-0

0
0

0
0

0
o

 
P

'*-P 
0 0 

00,00000 
0000000a

M
o
q
0
.
.
l
N

o 
N

 

D
O
I
 L
M
0
0
O
O
 

0000000 
m

 
7 

0000002 
0 

010E
 

0
0

0. 
m

a
 

000000w
 

O
O

N
N

 
M

t-
0
0
N

0
­

000 
0
0
o

 
0 

m
 

21 0 
.

,00000 
0000000 

m
 C

 
O

1 
o

o
l0

%
 

0 
0-

0 
; 

0O
 

71o 
0 

0 
00 

0 
a 

l
l
N
o
o
o
 

-In 
t0o. 

o
 -

a 
0000000 

0000000 
0
2
V
%
%
 

O
O

a
-N

N
N

 
M

'J
O

O
N

4
4

~
 

0
0
0
 

0
 

00 
0 

o
o
 

7 
g.ooooo0 

N
ooooo0 

00m
0 

a 
3 

9
 

~--oooo 
c
o
r
'
o
o
e
o
 

­
0
0
0
0
.
0
0
 

-o 
aa 

(,a
' o

 
0
o
0
 

1N
o

ag
 

0O
Q

..
.9 

. . 
. 

. 
11 

It 
Itt.. 

. 
( 

9 
i 

,.9 
4 

90 
:

0000000 
0000000 

00U
'o.,m

 
00.-.N

N
 

M
4
,
O
M
N
'
t
r

N
N

 
m

fn
 

-
IN

N
r 

N
 

N
 

N
y 

N
 

N
­

0 
2
2
0
0
Q

0
 


0 
0 

0 
z 

?--
z m

 
O

3
 

0
C

0
o

 
C

4
 

',0
0

o
n

i 
0
0
 

r-
0 

0
-

.
-

1 
. 

00 
0 

. 
-

O
 

.
O
C
 

fn
-

,C
-

, 

0 
0 

0 
-'N

N
-M

 
0 

-N
 r4 

.. IC
N

20O
O

O
 

-t 
0 

0 
z 

1
0

r..w
 

(. 
r



1, 
o
 

00o
 

n 
.tI0 

0ooooo 
w~P=

"w
 

0 
C

23000000 
Z

O
 

70OO
0 0 

0 
(1 

Z
O

 
C

 
0. 

.
C
C
O
O
.
-
N
0
 

m
 0

, 9O
V

 
.0

o~
~

~
~

0 
N

C0 
C

 

io
o

o
o

o
c
 

Z
0
 

0
0
 

3
 

Z
 

0 
T

.! 
0 

n 
C

0I 
_ 

.N
 

43CI 
E

N
5
 

o
7
 

-n
 

L
n 

11
-N

N
~

 
C

 
N

N
 

0
,
 

m
 

A
q

a
 

0
 

7 
00 

-_
r-

7 
0 

c: 
z 

n
0
-
-
.
.

.
0
0
c
o
 

O
L
 

W
-
'

o 
.-

N
v~

 
o 0 

0 
r
m
N
 
C
o
 

r
n
 

0
0

0 
I 

*00
0.* 

0tE
h 

a 
0 

~
O

 
" 

O
'O

' 
.
0
o
o
c
oC

~ C
;*N

N
Q

I-00 
.'" 

00 z4, 
L

I 
a 

0 
0 

-
0
 

0
 

1 
O
 

0 
c 

-P It 
It 

-tI 
0 

w
o

 
.t0 

raa
.m

C
 

0N
,~~ 

r 
-te 

00 
~ C

Y
l~~
U

N
Or 

-a0
 

00000.100 
0000000 


0 
A

0
U

 
00-..N

N
N

 
m

 *P
.-

0 
m

 
U

N
 

cc 
N

4 ry M
.fl 

4 
-

4
00 

C
 

http:0000000.0O


-------------- ----- ------ 

R 

0 

F 

U 

N 


D 


I 

0 

A 

D 


(M) 

I

II
 

I 

II
 

20_1 

30..
 

I 


40-1
 

1 

5 _I1
 

601
 

1 


70-1
 

01 

9o_1 

100_1_ 

100-. ­

2.082 


1.163 


0.80e 


0.579 


0.461 


0.389 


0.24b 

10 


Z.64-


2.137 


1.781 


0.975 


0.626 


0.453 


0.348 


II -----

20 


CHLUROFILA UG C14L/L
 

3.366 4.317 5.431 


2.960 3.698 4.258 

2.293 2.5-5 2.446 


L.196 1.360 1.357 


u.710 0.7?1 0.783 


0.513 0.549 C.550 


J.405 0.419 0.419 

I --- I ---- I ---

30 40 50 


nISTANCIA OF LA COSIA 


6.712 


4.747 

2.366 


1.346 


OT71 


0.550 


0.419 

I 


60 


(<M)
 

8.035 


5.211 


2.323 


1.338 


0.779 

0.549 


0.419 

I 


70 


9.370 


5.69C 


2.298 


1.334 


0.ld 


0.549 


0.419 

-- I 


00 


IC.697 


6.196 


2.285 


1.332 


0.718 


0.54-


0.419 

I ---­

9u 

11.973
 

6.70U
 

2.280
 

1.331
 

0.776 1
 

3.54S 

0.419 

100
 





-43-


Objectives of the economic study were three:
 

1. planning with the staff of the Instituto del Mar, Peru (IMARPE)
 
for an economic analysis of issues of interest, using available data
 

2. reviewing fishery economic issues in the Ilo, Peru, area with
 
special reference to (a.) artisanal fisheries, and (b.) the production,
 
distribution, and marketing of fish for human consumption
 

3. exploring the possibility of constructing an economic model
 
capable of interfacing with the ecosystem model to be developed by
 
Scott Nixon and James Kremer.
 

These general objectives were achieved, though each to a different
 
extent. As should become clear in the next section, my visit focused
 
on objectives 1. and 2. Constructing the model in 3. probably is not
 
feasible in the near future due to the short time allocated and lack
 
of appropriate data on the food fishery.
 

Results
 

Following discussions with persons in the Ministry of Fisheries and
 
related entities (such as EPSEP and Pesca Peru), with artisan fishermen
 
and the IMARPE laboratory staff in Ilo, Dr. W. Macedo and I drew up a
 
tentative research program for his office.
 

The tentative program consists of a short-term and a long-term
 
program of economic researih. The short-term program was the major
 
focus of concern, and although developed in some detail it still needs
 
refinement as well as an indication of support by IMARPE. It calls
 
for a study of the artisanal fishery around the port of Ilo (including
 
Villa Villa and Meca) with the objective of making recommendations for
 
the development of the fishery. (A t.ntative outline of such a study
 
is presented in table 1.) Much of the information necessary for the
 
above study is contained in an existing paper by A. Pastor and N. Gclarza,
 
Estudio Preliminar Sobre La Pesca Artesanal En El Puerto De Ilo, IMARPE,
 
1974. Additional information was gathered during our recent visit to the
 
Ilo area.
 

However, information on the costs and earnings of capital, and on
 
the earnings and characteristics of the fishermen has not yet been
 
collected Since this information is a critical part of the study, we
 
believe its collection should begin immediately. The first step necessary
 
for collecting such data is to develop an appropriate form for the field
 
staff to use. Examples of such forms were left at IMARPE. The appropriate
 
form will be developed by the IMARPE economist in consultation with the
 
llo field staff, who will be responsible for collecting the data. Develop­
ment of these forms can begin at once without adding much of a burden on
 
IMARPE's staff.
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Table 1. 	A tentative outline of an economic study of the Ilo artisanal
 
fishery.
 

I. 	Introduction
 

11. Description of tke fishery
 

A. 	The resource (magnitude, location, species, etc.)
 
B. 	The harvesting sector
 

1. 	Output and prices (past and present)
 
2. 	Capital inputs
 

a. 	description of gear, techniques, and the enterprises'
 
operations
 

b. costs 	and earnings of the enterprises
 
c. 	supporting infrastructure (repair and construction,
 

3. Labor 	inputs
 
a. 	description of skills, educition, ethnic and social
 

status, and alternative ezonomic opportunities
 
b. 	earnings
 
c. 	supporting infrastructure (schools, housing, hospitals,
 

etc.)
 
C. 	Processing
 
D. 	Distribution
 
E. 	Marketing
 

III. Prospects for Development
 

A. 	Resource potential
 
B. 	Harvesting sector
 

1. 	New vessels, gear and techniques
 
2. 	Fishermen training
 
3. 	Supporting infrastructure development
 

C. 	Processing
 
D. 	Distribution
 
E. 	Marketing
 

IV. Recomendations for development and future research
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Data collection will be for an appropriate sample size and composition

For example, 25 vessels and their crews may suffice; however, other consid­
erations may call for this number to be reduced or expanded. The vessels

in the sample should be chosen to capture a variety of vessel sizes, gear
 
types, major species caught, locations of operation, etc. The costs and

earnings of these enterprises will be monitored for a full fishing season
 
and may be collected at the end of every fishing trip along with the
 
current collections of landings quantity, composition, and value data.
 

The parts of the study concerning processing, distribution and
 
marketing probably will be of a cursory nature for two 
reasons:
 
1. processing, distribution, and marketing are more naturally the
 
concern of EPSEP, the processing, distribution, and marketing arm of
 
the Fisheries Ministry, and 2. whereas IMARPE routinely collects catch
 
statistics and therefore has established close links with the harvesting

sector, it would require a substantial increase in personnel to monitor
 
the other activities. Of course, IMARPE personnel would be remiss if
 
they did not attempt to obtain as much of this information as possible

from EPSEP. 
 However, any major study of processing, distribution and
 
marketing should be carried out 
by EPSEP or another branch of the
 
Fisheries Ministry, or at least postponed until IMARPE develops the
 
capability to thoroughly study these issues.
 

A logical question at this point is how will this study meet its
 
objectives, i.e., what are some recommendations for the fishery's

development likely to emerge from the study? 
 From the analysis of costs
 
and earnings data on existing and new forms of capital, the study will

likely prescribe any beneficial changes in the types of vessels, gear

and techniques to be used. 
The study will propose actions to resolve
 
any problems of financing vessels and gear, of repairing and constructing

vessels, of supplying gear and other equipment, etc. Similarly with labor,

the study will likely assess the manpower needs for developing the fishery,

i.e., the number of fishermen and the types of skills requires, and propose
 
means of providing this manpower, i.e., the wage level, training, housing,

schools and medical facilities needed. In the areas of processing, distri­
bution and marketing, the study will at least identify major problem areas,

and suggest the necessary research to resolve these problems.
 

The second, or long-term, part of the research program is only

speculative. 
 It is not clear at this time what IMARPE's role will be
 
in fishery economic research in the distant future. 
 What is clear,

however--or at least becoming more evident to a number of Peruvian
 
researchers and administrators--is that much more economic research is
 
required for the proper development and management of the exploitation

of Peru's fishery resources. Inter alia, the monitoring and analysis of
 
costs and earnings in the industry will be an important part of such
 
research. Therefore, in the long run IMARPE may wish to develop the
 
capability to routinely collect and analyze costs and earnings data.
 
If so, the Ilo research program can be regarded as a first step in
 
developing such a capability.
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Role of AID/ICMRD in Peruvian Fishery Economic Research
 

While there appears to be a substantial interest in expanding
Peru's fishery economic research capabilities, no single entity at this
 
time is engaged in developing a comprehensive economic research program.

Just how, when and where such a program will be developed is not clear.

Given that such a program will be developed in the future, however, some

thought and commitment should be made soon regarding training Peruvian
economists and outlining a comprehensive research program. AID could
 
play a meaningful role by funding the training of Peruvian fishery
economists at U.S. universities. Although FAO has played a major role
in economic research in the past, AID, it seems, can fill a valuable
 
niche by providing skilled advisors to develop the research program and
 
to conduct some of the research.
 

Should the above scenario be realized, the implications for ICMRD
and the Department of Resource Economics are obvious. 
However, in the
 
very near future there exists a need for continued resource economics

involvement. 
If the above study is to be carried out, more refinement of
its exact contents is necessary. I am sure further analytical assistance
 
will be desired by IMARPE's economist. Therefore, a request for

additional resource economics involvement is likely to be forthcoming

in the near future.
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University of Rhode Island - Instituto del Mar Project Schedule 

Jon G. Sutinen 

Time Dates 
(Days) (1975) 

18 20 Jan-7 Feb 

Place 

Peru 

James N. Kremer 

Time Dates 
(Days) (1975) 

17 1-17 Feb 

Place 

R. I. 

22 18 Feb-11 Mar Peru 

49 12 May-29 Apr R. I. 

20 30 Apr-19 May Peru 

4 20-23 May R. I. 

Site visit to assist Instituto
 
del Mar personnel in planning
 
economic analysis; review fishery
 
economic issues in the I1o area
 
with reference to artisanal
 
fishcries and to production,
 
distribution and marketing of
 
fish.
 

Preparation phase: review physical
 
characteristics of study area and
 
available biological data supplied
 
by Institutu del Mar personnel;
 
write computer program for physical
 
circulation model.
 

Discuss circulation model; formulate
 
and analyze basic conceptual phyto­
plankton model. Survey available
 
data with preliminary hand calcula­
tions comppring theoretical formula­
tions with observed data. Preliminary
 
estimates of some parameters appro­

priate to the Peru system.
 

Development of phytoplankton sub­
model as discussed in Peru; develop­
ment of ecological model framework
 
to complement PHYTO submodel,
 
including herbivore (anchovy and
 
zooplankton) grazing and excretion
 
influences. Preliminary computer
 
simulatiun runs and evaluation.
 

Analyze and evaluate final model
 
formulations. Discuss suggested 
modifications in the model and
 
research and field observations.
 
Discuss with Instituto del Mar
 
personnel the technical details
 
of the model methods. Present
 
lecture on ecosystem model.
 

Preparation of final report
 

Scott W. Nixon, Assistant Professor at URI. Ten days, 7-16 May, in
 
Peru, consultation and discussion with Dr. Guillen of Instituto del
 
Mar on modeling and ecosystem analysis. Present lecture on role of
 
modeling in ecosystem research. Seven days, 17-23 May, in R. I.
 
assisting in preparation of final report.
 


