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Mechanistic simulation models of ecological processes are becouing
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
includes the development of such a simulation model as a major objec-
tive. :ne 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 mcdel, 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 projict meant that
/1.) 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 cemperate estuarine model of Narragansett Bay (Nixon
ana nivew., = - ~.oy and the upwelling model developed by John
Walsh (1975). %etiods of formulation and numerical methods for
the ecological model 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 <iaborate understanding of the system., Thus,
the extremely complex upwelling environment is characterized in
reality by rapidly varying conditions, "patchiness” in chemical
and biotic elements, and numerous inter- and intra-species 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 1is 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 fincl, and a sjmple 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
frow 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, respirationm,
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 ir 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 discussicn 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 (Wn-) are made to facilitate the comparison.,

All citations to the wosk 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 spatlal 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 exponential decrease

I =1 e—kz
z o

where 1 is radiation (ly/time) at surface (Io) or at depth z (Iz).

The extinction coefficilent (k) is calculated using the eauation

k= k_ + 0.2514 P + 0.5047 076667

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 materials also is based on Anton 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 interpreta:ion is
useful, that it is an actempt %o simulate the patchiness of the
animals' distribution.

Nutrient Uptake. Within the PHYTD submodel, one nutrient is
chosen as most limiting each hour 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 pe 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
raquired by the phytoplankton. This nutrient is then used in a
kinetic calculation of growth (or uptake) using the familiar Michaelis-
Menton equation:

Uptake = U " [NI/ (R HND) (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.

X

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 Ehe 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 phosphorour
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 chemlicals 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 1s 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 geod direction
for future work on the model to take.



-7-

The maximum possible growth of the phytoplankton (G x) in the
model is determiied using the general equatiim of Eppleym?1972). He
has demonstrated that a strong upper limir appears to exist as a
function of temperature. The equation has the familiar form of an
exponential relation:

Gmax = e(0.063 Temp-0.16)
Tho 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

= o e I
G Gmax opt

Iopt

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 factrr 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 photosyntliesis.

The exact value of IO, 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" con.tant 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 consiered
in addition to nutrient limitation: In the future, it would be
desiruble if diel variations could be added to the model, since the
hourly time-step is already necessary for the circulation computaticns.
In the phytoplankton formulation, this would 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.
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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 equatilon is used which gives a unit-
less fraction:

NLIM = G/G_ = [NJ/(K8+[NJ)

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

The final predicted growth rate is:

1

GP = G x LTLIM x MXLIM (day )
max

The actual growth is determined in an exponential rate equation

P = Po e (GP-grazing) * time biomass (mg C/L)

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 1s considered for
elther the znoplankton 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 sutumn characterized by relatively slow upwelling.
During the winter when upwelling is faster, the biomass is more dis-
persed (12 mg dw/ma). Since the unit of volume in the biological model
is liters, the estimates are converted:

Autumn: 31l(mg dw)/m3 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 blomass used by Walsh:

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

Winter: 0.04 x 0.001 = C.00004
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Grazing Stress. Graszing Rate Estimates--Zooplankton, Walsh
cites literature relating growth and assimilation to ingestion which
allows the following budget:

Growth = assimilation - excretion (Wp 216)
0.268 I = 0.6 1 - 0.03 (pg-at N)/(mg dw hr)

where Iz = ingestion of zooplankton. Solving this for ingestion:
Iz = 0.0903 (pg-at N)/(mg dw hr) ingested

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 houl:'_1 (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)
I, = 725.3 (pg-at N)/(fish day) or 30.2 (ug-at N)/(fish hr)
(autumn biomass)
IA = 1180 or 49.2 (winter biomass)
Again, the ingested phytoplankton ratio is 106:16, and the carbon ratiun
may be calculated:

IA = 30.2 x 0.0795 = 2.4 (mg Phyto Carbon)/(fish hr) ingested
(autumn)

IA = 49,2 x 0.0795 = 3.9 (winter)

1

The rate of 2.4 is almost the same as Walsh's rate of 0.005 hour ~ (Wp 215)
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Excretion Rate Estimates. Zooplankton. Walsh cites McCarthy
(1971, see Wp 215) for the estimate of 0.03 ug-at NH3/(mg dwehr). The
ratio of nutrients excreted was chosen to be N:Si:P711:0.5:1 (Wp 211).
Thus, the hourly excretion rates for zooplankton are:

EXCNz = 0,03 ug-at (mg dw hr)
EXCPz = 0.0027 = EXCN x (1 ug-at P)/(11l pg-at N)
EXCSiz = 0,0013 = EXCP x (0.5 ug-at Si)/(pg-at D)

Anchovy. The same estimates are made for the fish excretion
using the ammornia excretion rate of 13.5 ug-at N/(g dw hr) and a ratio
N:S1:P of 5:0,22:1 (Wp215 and21l). To convert the estimates to rates-
per-fish, a value for weight of each fish 1is required. Estimates of
1.5 grams (dry weight) per fish (autumm) 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 cnnversion cf 25 percent of wet weight
given in Wp 215. The eicretion rates then are calculated:

EXCN, = (pg-at N)/(g dw hr) x 1.5 (g dw)/(£ish) = 20. (pg-at N)/(fish hr)

EXCPA and EXCSi, are calculated in the model similarly using 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 frequently been used for density dependence
in grazing models:

Ration = R (1. - e-k(P_Po))
max
or
XLIM = R/R___ = 1. - ¢ K(P-P0)
max

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

R/Rmax = (P - Po)/[KS + (P-Po)]

The two equatlons 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 1375). 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—



-~11-

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, whizh will be discussed
in more detail later, also avoids the artifact nroblem, so the threshold
was not considered necessary. The additioral interpretation 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 = EXCNz (Z)(XLIMZ) + EXCNa (A)(XLIMa)
NH3 = NH3 + excreted N - uptake
vwhere
Z, A = biomasses of zooplankton and anchovy

EXCN = the excretion rates of zooplrakton and anchovy per
z,a
unit biomass

XLIMz = the density-dependent food limitation terms (Ivlev)

Notice that this formulation assumes nutrient excretion only when
grazing 1s 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 ejuation
is interpreted to mean that herbivores are only found in water where
food 18 abundant, then the reduction of grazing is appropriate. This,
however, is not the corventional 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 detair. 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 herbivoras, and may
significantly contribute to the particulate nutrient levels in the
water. For our purposes 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 anu 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 mention: 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 chaunge 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;ied toc.
In fact, the diel variation of Walsh seems to suggest iiat 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-
tarieously in the following form:

Let
GP = growth rate of Phyto (day-l), i.e., mg C/(mg C-day)
gz = grazing rate of herbivores (day-l), i.e., L/(L'day)
P, = initial condition of phytoplankton (mg C/L)

Then
=P o (CP-82)t.
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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) dr

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
dp, = (GP-gz)P_ dt (1)

P1 = Po + d?l

dpy = (GP-gz)F; dt (2)
P2 = Pl + 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
the units time™!. The grazing of herbivores is originally calculated
as a ration ingested (e.g., mg C/ ). It is necessary to change this
ration into a filtering rate of tkgugorrect units.

Ration = Iz(Z)(XLIMz) + Ia(A)(XLIMa) (mg C/L*hr)
gz = [Ration (mg C/L-hr)]/[P (mg C/L)]

The filtering rate gz (hour-l) 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:

gz = 1.0 dayn1
P, =P e(—gz-day—l)
1 o
thex

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.

1f:
GP = g.uwth rate
gz = filtering rate
Then:
PNET = -GP x [P (1 - ¢‘®F"82))7/(cp - g2
RIN = gz x [2_ (1 - e (CPB2)y 1/ (pogz)

Example. GP = +0.698 day-1 and gz -~ 0.500 day_l, growth is a
little more than grazing.

After one day:

(0.693-0.500)

P = P° e = 1.213 Po

PNET = -0.693 x P_(1~e""*%%)/(0.193) = 0.765 P,

RTN = 0.500 x P_(1-e"1?%)/(0.193) = -0.552 P,
Final change = PNET + RTN = 0.765 Po ~ 0.552 Po = 0,213 Po

P=P +0.213P =1.23p

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 growgh 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 ™
"dt" 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
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GP are recalculated at short intervals. Nutrient limitation is usually
the most rapidly changing conaition, so that factor NUTLIM is computed
every iteration in the simulation (hourly). Light limitation (LTLIM)
only varies with changes in the extinction coefficienc due to changes
in phytoplankton biomass. These changes are relatively slow, and

thus are computed omnly 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 Gpax and
the daily value of LTLIM. The uptake of the nutrients is computed
using the predicted growth of phytoplankton (PNET). The total
changes of esch of the nutrients and the phytoplankton for each
of the grids are used in the UPWELL circulation 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 al-ow
three-dimensional ecological simulations. The transition has beern
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 upwelling? The model UPWELL may be used alone to
evaluate the effect of different values. TFor example, given only
boundary values for nutrients, dif<erent eddy coefficients will
result in Jdifferent depth yradients 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 ase 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 sonship, 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 ko and an appropriate
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 phytoplaukton 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 (Kg) and
enrichment experiments to evaluate nutrient limitation in the natural
system would be important.

Grazing rates, excretion rates, feeding tnresholds ané 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 vubroutines, 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 1 plane (x=1);
*READ temperature field; WRITE temp for reference;

Convert input velocities (cm/sec) to program units (m/hr);

Assign program coatrol 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 varilables, using

Fortran NAMELIST input option.

Begin iterations for ec_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, Cp=C 80 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 bilological changes:

DCDT = Biol changes (R) - advection (DCZ, DCY) + diffusion
(p2cz, D2CY);

Transfer new concentrations into array VAL for ECOS and PHYTO
accounting for uptake of NH;, first, then NOyNO3as required by
assumption of inhibition of uptake by phytoplankton;

If IOUT=1 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 prograi: follows,)

Data assignments for gvazing and excretion of herbivores, presently
as DATA statements, my be changed to a READ;

Call PHYTO;

Calculate excretlon 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 LTL.! (this is done once
every day, since it depends on light which is assumed conscant
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
productivity (-Cla) during the 24-hour day, but it is an hourly
rate, to agree with the time-step of UPWELL;

Output useful variables for all grids at each output interval
(I0UT = 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:



-19-

a. Dimensions should be increased in UPWELL to allow a
10 x 10 x 10 array to replace the present 1 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 1 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
con.ition 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. 1t 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, NH,, 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 variatles 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 change 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(1l) is
coefficient for diffusion between 2; and 2. 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 10m 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 hre.

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 = O 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 iteratiom, 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 1s in the final report.

Definitions of key variables in ECOS:

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

Z00P = 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, ZRIN = 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, 1 = autumn, 2 = winter, 0 = no herbivores.

***yariables 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.

DNY4(grid) = hourly change in ammonia, due to uptake by the phyto-
plankton (PNET) and e cretion 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, tempevature-
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.

I0PT = 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 equatjomns.

RADN = radiation incident at the surface of the ocean. The units
may be irradiance or insolation, but it is important that
the choice of IOPT be based on the same units.

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-Menion or Monod) .

DIT = 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).

EXCOEF(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,
NH, + NO, + NO,.
4 2 3
NLIM, PLIM, SILIM = kinetic factors for the limitation of growth

due to nutrient conéentrations (based on the hyperbolic Monod
or Michaelis-Menton equation).

MXLIM = the winimum of NLIM, PLIM, SILIM: the “mos: limiting"
nutrient. (Notice that an alternative way to select the
limiting nutrient is in the program as comments.)



-23-

GP(gzid) = estimated growth rate of the phytoplankton. The value
is an instantaneous rate (hour™') representing net primary
production, approximately the same as C*™ 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 1s 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:Chl = 35,

PN = net phytoplankton primary productivity [mg C/ (ma'duy)]. This
must be calculated from the growth rate and the biomass values.

AR = assimilation 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
mg C mg c1 day'l.

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. -3. -5. -5. -5. ~5.
6. 0. 0. -5. -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.
9. 0. 0. 0. 0. 0. 0. 0. 0. o. 0.
10. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. vZ cM/s
11. -.015 -.004 -.001 O. 0. 0. 0. 0. 0. 0.
12. -.019 -.005 -.002 O. 0. 0. 0. 0. 0. 0.
13. -.015 -.004 -.002 O. o. 0. 0. 0. 0. 0.
14. -.011 -.003 -.002 O. 0. 0. 0. 0. 0. 0.
15. -.007 -.002 -.002 O. 0. 0. 0. 0 0. 0.
16. 0. -.005 -.001 O. 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
21. 14, 14. 15. 16. 17. 18. 18. 18. 18. 18.
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. i4. 14. 14, 14. 14.
26. 13. 13. 13. 13. 13. 13. 13. 13. 13. 13.
27. . . . . . . . . . .
28. . . . . . . . . . .
29. . . . . . . . . . .
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 foliowing data cards.
Lines 1 through 10 read Y-velocities; 11-20, Z-velocities; 21-30, temperatures; 31 and 32, initial
phytoplankton; 33,initial ammonia: 34, nitrate plus nitrite; 35 phosphate; 36 silicate.
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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 AND ECOS AND PHYTO FOR PEKU PROJECT APRIL 1975
[ DECK MONIFIED FOR ONLY 1 Y-Z PLANEy NX = 1

o ALL VX, DCX, D2CX OMITTED .
DIMENSICN vyt 1 , 10, 100y VZC 1 4 10y 10D, NO VX
1 EDZ(10),
2 Cl 5S¢ 3y 12y 12)9R(L 410 410 » SHyTEMP{ 1 o 10y 10},
3 DCYt 5, 1 4 10, 100, NC OCX
4 DCZ{ 54 1 o 10, 10}, NO D2CX
5 D2CY{ Sy 1 » 10y 10)4D2CZE 59 1 » 10y 10}

INTEGER 8BX,3Y,B.,DAY,BX1,3Y1,BZ1
Lo IDC1S)/*PPL®y *NHG® ¢y *NOX® 4 P04y ST,
2 VX9 OVY e, PVZe 0OCK?, *NCY T, 'DC2",'D2CK,*D2CY*,'D2CZ%, T/
COMMON /CNTRL/MXGRID, IOUT ¢NXoNY o NZyDXyDY4DZ DT yDAYHOUR, TEMP
3 /YALUES/VALIS00 ) /CHANGE/ R

NAMEL IST /INITL/ VAL

DATA C/2160%0./

4 OIMENSIONS ARE ( Cy Xy Yy Z) == INDICES ( Ny Iy Jy Ki

[+ ====3z> INITIALVZE EONY DIFFUSION PARAMETERS

[+ HORIZONTAL PLANE EDX & FDY = 1.0E6 CM2/SEC

C VERTICAL PLANE EDZ = 5.0 CM2/SEC AROVE 20 M, l.0E-3 BELOW

C COEFFICIENTS MAY HAVE TO BE DIMENSINMED IN A NON UNIFOURM FIELD...
EDX=1,0E6 * 0.36 M2/HR
EDY=EDX . M2/HR
NDATA EDZ/10% 0.36E-3/
EDZ(1)=1.8
EDZ(2)=1.8

c ==esz INITIALIZE VELOCITY PARAMETERS

c READ IN VY AND VZ == VX INITIALLY ALL 0.

READIS, 1000 (VY{L)JeK)9Jd=1910)¢K=1,10),
1 (IVZU)14JeK)1J=1510}4K=1,10)
10 FURMAT(10F7.3)
[ RCAD IN TEMPERATURE FIELD
REAND(S, LOMUITEMP(LyJ9K ) ¢J=1410)4K=1,10)
I=1
WRITE(6,910)1D(LS) o1y ((TEMPIT ¢ Q0K) 9J=1oNY)yK=LyNZ)

C CUNVERT FROM CM/SEC INPUT TO PROGRAM UNITS M/HR; AND FILL ARRAYS
c {36 M/HR PER CM/SEC )
D0 20 J=14NY
D0 20 K=1y¢NZ
VYP1eJdyK}=VY{LyJeKI*36.0 M/HR
1 = 2,0 RAPIDO
VZ{1,J9K)=V2(19JsK)*36.0 M/HR
1+ 2.0 RAPIDO
20 CONTINUE
c z==xx) PREPANE FOR COMPUTATION ITERATIONS

NC=5



-26~

LAST=24 HOURS
LAST=LAST*G]
CHECK=1.
CHECX=0,
1PG=0
DX2=Da%NX
0Y2=DY*DY
DI2=01%02
T=0.
Day=1
€ RESET COUMTERS FOR SPFCIFIC ROUNDARY LIMITS FOR THIS PROBLEM
NX=1
NY=10
N2=T7
EX=NX+2
RY=NY+2
R2=NZ+2
BX1=RX~-1]
AYl=RY-1
RIl=RZ-1

AXY=DXeDY
AXZ=0X*D1Z
AYZ=NY*DZ
VXMAX=0.
VYMAX=0,
VIMAX=].
1=1
C {NOTE: IF MAX ARRAY SIZE IS INCREASED, CHANGE '10' IN IF STMTS BELOUW)
DD 30 J=1,NY
Jl=J+1
1F(J1.6T.10)J1=10
PO 30 K=1,NZ
Kl=K¢]
IF{K1.,6T.10)K1=1D
c AVERAGE VELOCITIES AT GR1D BOUNDARIES TU GET CENTER PUOINT VALUES
VYUTpd oKD= (VYLD JaKI4VY{T 4J14K })/2.0
VIIT9doKi=(VZ{TedoKI#VIIT oJ oK1DD/2.0
IFICHECK oNE. 1.} GO TO 29
c CONFIRM CONTINUITY (CONSERVATIUN OF WATER) FUR ALL GRIDS
DATA UMASSX/0.7 +B8ASVX/0.7y VAMAX/0./
DMASSY=(VY( 1y Jo K) = VYUIL 9J14K ))®AXZ
DMASSZ=(VL( 14 Jo K} = VIUT oJ +KLl})®AXY
DMASS=0MASSX¢DYASSY «UMASS?
TFLOMASS NE«UW IWRITE(G 4249) 19 JoKyDMASSXDMASSY sDMASSZ,DMASS
26 FORMAT(® WATEP NOT CONSERVED IN GPID (*,313,') OMASS X,¥,Z=',
1 3E15.441E20.8)
[+ CHECK STABILITY CRITVERIA
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ARSVY=A3S{VY(I,J4X)}
ABSVZ=A8SIVZ(I4J9K))
IFLABSVY . GT . VYMAX}VYMAX=ABSYY
1FIABSVZ.GT.VIMAX)VIMAX=ABSVL
29 CONTINUL
30 CANTINUE
=1
WRITE(6,21)10LT), 1y UL VYT g JaK)adalaHY Y 4 K=1eNZ)
WRITE(G210)1ul3) T4 0l VZIT 39K ) pJ=LeNY) sK21yNL)
IF(CHECKGNELLIGD T 32
c ADVECTINN CRITERIA:
DATA XSTAR,STABX/2%0./
YSTAH=VYMAX&DT /DY
ISTAR=VZAAX®NT/ D2
c TURAULENT JIFFUSICN CRITER1AS
STAAY=CNY #*)T/0Y2
STABZ=CDZ{1}*IT/I12
ARTIE (64 35)XSTAR, YSTAR 4 ZSTAR,STAOX,5TABY,S5TARL
32 CIONTINUE
35 FORMAT('OADVECTION STARILITY CRITERIA AoYy2t%93E12.4
1 (MAXTMUM FOR EACH DIMENSIGNY'/
1 ' TURSULENT STABILITY CRITERIA Xy¥,2:43E1244)
DATA INSET,EJSET/5,0/
1F(INSETLEQ.5) READ(S5, INITLI)
TF{INSET.NELS) READ{INSETs915)0DAY, VAL
WRITE(64917) INSET DAY
INPUT INTTIAL CONNITIONS FUR PPL, NH4, NO2NO3, PO4, & S1

Qoo

===z=> AEGIN ITERATIONS
07 1000 1T=1,LAST
T=T+4DT
HOUR=AMUIDIT,24.J)
IF{HIUREQ. D JDAY=DAYS]
17UT DETEXKMINES FREQUENCY NF QUTPUT
INUT=AMIN(T, 240.) 10 DAYS
c CALL SU3RNUTINES HERE T DETERMINE NON-PHYSICAL KATES UF CHANGE IN C
CALL ECOS
c TRANSFER VALUES INTU C-ARRAY FUR MIXING
1=2
IGRID=0
00 40 K=2,87
DN 40 J=2,8Y1
IGRID=IGRID+1
CllsleJsK)=VALLIGRID }
Cl2elyJoKI=VAL{IGRID+10D)
Cl3sivJoK)=VALIIGRID+200)
ClaoledsKI=VALIIGRIN®3DD)
C(541,J9K)=VAL{1GRID+400])

(o]
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0- CINTINUE

4
c
c DETERMINF ROUNNDARY VALUES FNR CNONCENTRATIONS
c leFs AT CUAST AND SURFACE, N2 DIFFUSIUNS CIB) = C{y-1}
C LATERALLY AND NFFSHORE, C(n) = Clo=1) (OR UNCHANGING)
122
DN 190 J=1,8Y
NN 100 X=1,02
DU 130 iv=1,NC

IFCJeEds LICINGTodoKI= CUNy[924K) COAST Y-
TELJEQeRYICING Iy JoKI=CINy 1,8Y1,K) OF SHR v+
IF{KeEQe LICINYI¢JeK)= CUNyl,4dy2) SFC i-
C NO CHANGE IN DEEP BOUNDARY B0TTOM
100 CONTINUE
C SPECIAL CALCULATIONS NEFDED FUR MCN-CUMPUTATIONAL GRINS WITHIN BUUNDARIES.,
1=2
DN 110 N=1,NC
C (1+2,8) IS A PHYSICAL BCUNDARY,

CING[2248)=C(Ny142,9)
110 CONTINUF
[+

c CALCULATE PARTIAL CHANGES IN X, Yo L Z DIRECTIONS DUE T ADVECTIUN AND
c TURAULENT (EDDY) DIFFUSICN
=1
C MATOIX £ INDICES ARE ONC LARGER THAN Q0P INDEX: 1 => C{I-1)
Il=1+1 =Cn)
12=1+2 =Cilel)
DC 15u J=l4ny
Ji=J+l
J2=4+2
DN 150 K=1,N2
Kl=K+]
K2=K+2
ay=\,
TEOVY UL 49X o taT 0. ) AY=0,
AYl=1,-AY
AY2=AYl-AY
AZ=1,
IF(VZ(1+d4K)oGT.0. V0220,
All=},~AZ
AZ2=A71-A2
N0 150 N=|,AC
DCY{NyTydyK)= VY(l'J.K)$(AV*C(N.IquZ.Kl)fAYZ*C(N.llel'Kl)
1 - AYL*CUNyIly JeKLl))ZDY
DCZihyivdyK)= Vl(lpJ.K)*(AZ'C(N-ll.Jl.KZl&AlZ‘C(Noll'Jl'Kl)
1 - AZL*C{N,yI11,J1y K})/DZ
TROC=CAN G TT ol oKL #CINGTLodlo%1)
D2CYINyI 4 JsK) =DV SICUINGT14J29K1I4CUNy Loy JyK1)=TWNC) /DY2


http:I1.JlK2|,AZ2*C(.IN

150

200
C

c

158
160

300
c

29~

D2CZINsTodsK)=EDZ( KI®(CINs I19J1oK2)4CINy110d1,y K)-TWUC)/DZ2

CONTINU®

SUM PARTIAL CHANGES AND INTFGRATE

=1

[l=]¢1

D0 200 J=1,NY

Jl=Jel

DO 200 K=1,N2

Kl=Ke1

00 200 N=1,NC

DCDV=R{I+JsKsN) = DCY(NslovJdoK) ~ DCZINyI4J,K)
+02CY(NyTodosK) +D2CZINyTyJ oK)

CINyI1eJ1,KLP=CUNsT1yJ1yKL1S + DTSDCOT

CONTINUE '

TRANSFER NEWLY MIXED CONCEMTRATIONS BACK INTO ARRAY VAL

IGRID=0

1=2

DO 160 K=2,11

DO 160 J=2,8Y1

IGRID=]GRID+1

VAL UIGRID 1201y 14d4K)

IF(VALLIGRID }oLToOe }VALLIGRID 1=0.
VAL(IGRIN®300)zCl4y14J4K)
VALCIGRID#400)=C(5,14J,K)

USE NH& UNTIL DEPLETED, THEN USE NO2NO3:

DEBT=C(2y1,4JsK}
IF(DEBT.GE.0.)GO TO 15R
DEBT=DEBT+C(3414d4K)
IFIDERYLT.0.)DEBT=0.
VAL(IGRID+100)=3,
VAL(IGRIN$200) =VERT
Cl2y10d4K)=0,
Ce3,14JyK)=DEBRT

G0N Tn 160
VAL{IGRID+100)=DEBT
VALUIGRID#200)=Cl3¢14J,K)
CONTINUE

IFLTOUT.NE.L)GO TO 1000

WRETE Y-1 PLANE

1=2

DO 300 N=1,NC

1PG=IPG+1

FF{MND(IPGeS) kU 1IWRITE(64900)

WRITE(6,913)1DAY HAURGTDIND pLo(¢ CIN,LI,J:K)oJ=2,BYL1)K=2,821)
CONTINUE

CHECK TO SEE IF STEADY STATE HAS BEEN ACHIEVED

NO DCX
NO D2CX
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CALL 3TovsT
1000 CONTINUE
TFLICSETONE JOIWRITE(LOSET,91530AY, VAL
IFLINSEYLNELOIWRITE(6,4916) INSET
CALL PROFIL
sTOP .
C WRITE(6,210)1D(4) 5 ({ DEXULodgdeK)od=1 oNV ) gh=14N2)
c WRITE(6, 9100 I0(%) s 140 OCY( LebydoeKYod=14NY)yK=14N2Z)
C HRITELG, 9100 Tute) 1, UL DCZOLelgdaK)gd=loNY ), K=1,NZ)
c NRlTE(blqu']U(7’v((nZCX(lvlevK’1J=1'VV’1K=11N1)
[ HRITE(OvVlG,lﬁ(ﬂ)v((DZCV(I'IIJoK)IJ=1VNV’vK=1vNZ)
c lerttb,Glollu(v)'((DZCl(l'l.J'Kl.J=1.NY).K=1.NZ)
900 FORMAT (11}
910 FORMATI'0%,5X A4,  X=5RIND®,14/7(% "410Xe10F1U.3 ))
c WRITE (69912)DAY yHIUL G IDINY o 40 ( CUNYyT3JoK)pJ=19BY)yK=1,482)
912 FORMAT(*IDAY? , 15, HOUR® yFbo2e® CONCENTRATION '4AGe" X GRID',14
170 *4,12F19.3 ))
913 FORMAT(YOuAY, 15, HRUR® 4 F6e24 "' CUNCLNTKATION *ya44,' X GRID',14
170 ,19F 1043 })
915 FORMATIIS/(10F8.5))
9le FURMAT('Y ===> GUTPUT INITIAL CONDITIONS TO SLTY,[57)
917 FORMAT('O INPUT DATA RFAC FROM SETY,[9,', EFFECTIVE STARI-UP ON NA
1Y*,15)
ENL


http:FORMAT(I5/110r8.51
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BLUCK DAlA

COMMDN /CNTRL/MXGRID ICLT ¢ MX o NY oNZyDXg )Yy DZy DTy UAYHOUR, T(100 )
1 /PHYT/GMAX(LI00 )4LTLIMULO0 D yMXLIMEI0D ) ,LSIOGNILOO }yGPUIOO §
2 /CNVRT/ CSNP,CsPP,CESIP
[} /CHANGF/R(5001)

INTEGER DAY

REAL GMAX,LTLIMyMXLIM,GP

DATA GMAX LTLIMyMXLIM,GP / 400%0.0/

{106y 164 10y 1) C:N:SI:P BY AT(MS

DATA CONPCHSTPCSPP/ 164y 104y 1o/ ATUNS
DATA MXGRID ¢NXy NY o MZyNDX9DY 432 9DT4DAY HIUR

i / 1009 3410910¢2%1.E4¢10a91ey040. /

NATA R/500 #0./ oLSTIGN/ 100+ v/

END
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SUHRDUTINE FCOS

HERBIVORF GRAZIMG AND EXCRETION INCLUNED HERE:

BINMASS TSTIMATES FOR HERBIVORES: FISH/L, MG D4 Z00/L
REAL AMCH(2)/.003, 00002/, 70NnP(2)/.02, 006/

RATFS OF NITRUGEN EXCRFTION PER BI0OMASS UNIT:

1y AEXCN{Z2)/720. 34, /v LEXCN /.03/

INGESTED RATIUN PER BIfMASS UNIT:

2 2 ARTN{2)/2.4 , 3.9/ IRTN /.007/

PER L
UGATN/L

MG C/HR

“GRALK IS THE EXPUNENT [N THE IVLEY GRAZING EQUATION: 1 - EXPIK*PHYTO)

3}y GKAIK/ -5.776/

L/MG C

MSEASUON" SPECIFIES AUTUMN (1), WINTER (2), GR ZERO (0) BIOMASSES AND RATES

INTEGER sEASUN 72/
DATA 11L/0/

REAL LTLIM MXLIM

TMTEGER DAY,GRID

INTEGER LAB{1,b6)/*PRONY, *MGC/Y,'L/DAY, 'Y L Yot L

COMMON JUNTPUL/MXGRIDy IOUT yMXyNY ¢ NZ yDX s DYy UZoOT o DAY HTOURLTEMP (100 )
L ZPHYT/GMAX(LOO )L TLIMEL100 ) yMXLIMILOO )4LSIGN(200 )4GR(100 )
2 /CNVRY/ CENP,CSPP,CESIP

3 /VALUES/Z ©°(100 ), NH4 (100 },NU2NO3 (100 ),P0O4(100 ),SI(10V)
4 /CHANGE/DP(100 ), DNH4(LOC },DMNOX(100 ) UPO%{100 },0S1(100 )
MXGRIL=NX*NY=N2 FRUM MAIN

CALL PHYTQ

TFUI1.NELOIGD TN 15

fi=1

TF(SFASON.GTL.CIGD TN 10

SEASON=1

nneilr=0.

ANCH{1)=0.

LEXCN =2EXCN & ZOUP(SEASGN)

IRTN =ZRTN % ZINOP(SEASON)

ANEXCN=ZLEXCN{SEASON) * ANCH({SEASON)

ANRTN =ARTN (SEASON) * ANCH{SEASON)

FXCRETINN NOF OTHER NUTRIENTS ACCIRDING TD RATIO VS. N
Z0OPL EXCN= 11:045:1 AND ANCHVY EXCH= 5:0.22:1 { N3 SI s

ZEXCP=ZEXCN/L1.0

2EXCSI=2EXCP*0.5

ANEXCP=ANLXCN/ 5.0

ANEXS1=ANEXCP®0,. 22

CONTINUF

COMPUTE RATES OF CHANGE PFR HUUR FOR STATL VARIABLES

DO 20 GRID=1,MXGRID

IF(PIGRIDI.GT.0.)G) TN 16

UGAT/L/H
MGC/L/HR


http:SI:P=.22
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1LIMZ=0,

XLIMA=0.

RATION=0.

FILT=0,

OPIGRINY=T.

PNET=0.

GN 10 8
KLIMZ=1o)—EXPIGRAZV X (PLGRIVI=-ZPU) )

FEEDING THRESHOLODS FUR ZUIPL (Z7PO) A ) ANCHUVY

DATA ZPD4APO/0.04y 0424/
TFIXLIMLLLTL0.0) XL EMZ=0,
XLIMAS1.D-EXPIGRAZK2(P(GRINI-APO))
IF(XLIMALLT.0.0) XLIMA=D,
AATION=ZRTNEXLTMZ ¢+ ANRTHNEXLIMA
FILT=RATION/P{GRID)
CHG=GP{GRIDI-FILT

IFICHG.LO.D.3060 TN 146
TERM=EXP(C4G)~1.0
DPIGRIVI=P(GRIN)STERM

PNET=0.

IF{CHG.NFoeOs) PNET=GP(GRINDI*F(GRIN)&TERM/CHG

(AP}

DNH&{GR 1D = ~=PNET/CSMND ¢ ZEXCNEXLIMZ + ANEXCNEXL [MA
NDPO&4(GRIDY= ~PNET/CSPP + ZFXCP*XLINMZ ¢ ANLXCP®XLIMA
DSI(GRIG)Y= ~PNET/CS$SIP+ ZIXCSI*®*XLIMZ¢ ANEXSI®XLIMA

CONTINUF
RETURN
END

1/HR

UGAT/L
UGAT/L


http:RATIOt4=LRTN*XLP.1L
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SUBROUTINE PHYTO

IMPLICIT REAL ([4K4N)

INTEGER GRED o1 oKyOAYTODAY/O/ LIM(3)/ N 1R, 050/
1 oNXeNYyNZy NXNY, [OUT

REAL EXCOEF (100 ) LTLIM,MXLIM

DIMENSION DQUTEX( 70),0UTLYL T0),0UTMX( T0),0UTGP{ TO),LSOUTL 70}
EQUIVALENCE (OUTEX(1),EXCOEFEL})(OUTLTHL)LTLIM(L)),
1 (OUTMXCLD) ¢MXLIMUL) )9 (OUTGP(L),GPUL}oLSOUTE{L)4LSIGNIL)}

COMMON ZCNTRL/MXGRID o INUT o NXoNYoNZyOXsDY9DZyUT DAY HOUR,T(100 ) T=TEMP
I /PHYT/GMAX{100 },LTLIM(100 ) MXLIM{LOO ),LSIGN(LOO ),GP{100 )
2 JCNVRTZ CSNP,CSPP,CS51P
3 /VALUES/ P(100 ), NH&{100 ),NN2NO3(100 ) ,P0D4(L00 1,ST{100)
DATA 10PT/150./¢ F/.5/+ RADN/300./y KO/4025/y KSN/Le5/»
L KSP/.25/4y KS51/7.75/
NOT ALL STEPS NECESSARY IN EACH TTERATION --

TEMP ~ DEPENDENT GMAX DETERMINED ONE TIME FOR CUNSTANT TEMP FIELD
IF(TODAY.NEL.GIGN TD 20

NXNYz NX$NY

10PT SHOULD RE DETERMINED FOR THE WATER COLUMN AND SEASON, ETC.
DATA DTT/4.16666TE-2/ DAYS/HR
DO 10 GRID=1,MXGRID
GMAX{GRID)=EXP{0.0638T(GRIN)=D,16) EPPLEY
GMAX{GRID)=GMAX{GKID) * OTT / HR

COMPUTE NUTRIENT CONVERSIUN FACTORS FRCM RATIO BY ATOMS: CiN:zS1:P
(UG-AT NUTR}/(1.272 MGC PER 106 UG-AT C) = UG-AT/MG C
CINP =1.272/C 8NP MGC/UGAT
CPP =1.272/C$PP
C8SIP=1.272/CsS1P
CONTINUE

DETERMINE LTLIM ONE TVIME DAILY

IF(DAY.FQ.TQODAY)IGO TC 50

TODAY => JAY ONLY DURING FIRSYT TIME-STEP OF EACH DAY

T0DAY=DAY

TERM=2,T2¢F

LTLIM IS CNMPUTED IN SEQUENCE FOR GRICS OCOWN THRU THE WATER COLUMN

D0 30 I=1,NX

DO 30 J=1,yNY

J1=(J3=1)*NX

I1=RADN

DO 30 K=1,NI

CONVERT FROM 3-DIM SUBSCRIPYS TO LINEAR LOCATVIONS

GRID=I+ Jl¢ (K-1)&NXNY

EXCOEF(GRID)=K0+0.2514*P(GRIDI+0.5047*(P(GRID}**0.606667) RILEY
RILEY EQN. ORI1G.: .008BLCHL UG/L) ¢ .054{CHL**.67) ASSUMING C:CHL = 35,
KO BASED ON 6 SAMPLES FRCM PERUy = 0,025 1/M


http:KSSI/.75

30

faEa NaKal

[aNaNa el o leRed

100

105

~35-

KZ=EXCNEF(GR1ID)&DZ

TERML=11/10PY

EKZ=EXP(-KZ)

TERM2=TERM]1#EKZ
LYLIM(GRID)=TERM/KZ*(EXP(-TEOM2 )~EXP{~TERML) )
IFCIL.GELICPYILTLIM(GRID)=LILIMIGRID}*V.BS
11=11*EKZ

CONTINUF

CONTINUE

WUTRIEMT CALCULATINNS MAY NOT NEED TO AE MADE HOURLYy eoee
NUTRIENT LIMITATION —- 3 NUTRIENTS

MH4 PREFERENCE MAY RE INCLUDED WITH UPTAKE SECTION

NO 100 GRID=1,MXGRID

NTUT=NHA({GRIU)+NUZNO3(GRID)

NLTM =WT0T /UKSN +NTOTY )
PLIM =PN4G{GRIDI/IKSP + PO4(GRIV))
SILIM = STLIGRID}/(KSS1+ SI(CRINY}

MXLIM [S THE LIMITATION FACTOR Uf THE MUST LIEMITING NUTRIENY
MXLIMIGKID) =A4INLINLIMyPLIM,SILIM)

WALSH METHOD NF IDENTIFYING MXLIM: VS, 16:10:1 N:iSI:P
IF{PO4 (GRIV) &GTo 0 INRATIN={NTOT /P4 (GRID) /1640
IF(PUGIGRID) o GT. 0. ) SIRATO=( SI(GRIDI/PDGIGRIDIV/10.0
MXLIM{GRID) =PLIM
IF(NRATIOWLT.1a0) MXLIMIGRIN)=NLIM
TF{SIRATOLLT.NRATIOIMXLIMIGRIDI=STLIM
LSIGN TOENTIFIES WHICH NUTRIENT IS NOW LIMITING
LSIGNIGRID)I=LIMIL)

IF(MXLIMIGRID) JEQ.PLIM ILSIGN(GRID)=LIM(2)
IF(MXLTM{GRIV) JEQ.SILIEM JLSIGNIGRINI=LIM(3)
GPUGRID)=GMAX(GRID)*LTLIM(GRIDI*MXL IM(GRID}
CONTINUE

TFLI0UT.EQ. L)

LWRITE(65,105) NUTEX, OUTLT,OUTMX,OUTGP,LSUUT

FORMAT{ '] K®/  TULOXsLlOFTa%/dy "0 LYY/ TULUX4LOFTe4/1y
1 YO MAX'/  TH10X LUFT.4/)0 *0 GP'/  T(10X,10FT7e4/),
1 TONUTR'/  TL10X,1744 /1))

RETURN

END

KREMER


http:IOUT.[Q.LI
http:IF(NRATIO.LT
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SURROUTINE PROFIL

INTEGER LASPCUT7)/'FITO!, "NPLAY y'NCTO 4 'N Pe'MG CYy 'L %, '/
1 ¢ LABCHL(T)}/'CHLO'y*ROFTI*y LA  *y* UG '»'CHL/ 'L ' */
2 e LABCL&UT)I/'PROD y'UCCIL®* 4 *DN 'o* MG ", 'C/M3*, 7 /DIA",? "
3 v LABNHG(Ti/'AMMO* s 'NIAC*, ‘0 Sy tUG=AYy 'T/L %t et '/
“ v+ LABNOX(T7)/'NEITR®*ATOS*¢* ¥ NYG'ITRI','TOS "4* UG-*,*AT/LY/
5 y LABPOS(T)/*FDSF*,'ATDS ! VytUG=AT, "T/L "yt = 0,0 Y
6 v LAASILUTY/*SILIYy'CATO®,"*S TetUG-AY, 'T/L byt /
7 v LABCCLUT)/*ASSI o *MILA®*TIONY,* MG *,'C/MG*y* CHL'y*/DIA®/
8 LABDPPUT)/'PRODYy "UCCI®4'ON C',"OMMU®, *NIDA®,*D C/*y*M3/D*/

]
INTEGER DAY
REAL LTLIM, MXLIM, NH4, NOZ2NO3

ly CHLC100 )}y AR(1D00 )/100 *0./, PN(100 )

COMMON JONTRL/MXGRIDyIOUTyNXyNY ¢NZyOXoDYDZ,DFyDAY,HOUR, TEMP{100 )
1 /PHYT/GMAX(100 }4LTLIM{L100 ) MXLIM(L100 }4LSIGN(100 },GP{100 )
2 /CNVRT/ CSNP,CSPP,C3SIP
3 /VALUES/ P(100 ), NH4{100 ),NO2NO3{100 ),PD4(100 },S1{100)
4 JCHANGE/OP(100 ), DNH4(LOU )+DNOX(100 }+0P04(100 },DS1(100 )

MXGRID=T0

PRINT OUT FINAL VALUES AND RATES
N0 100 I=1,MXGRID
CHLOROPHYLL ODISTRIBUTICN
DATA CS$CHL/35.0/
CHL{T)=P{T1)/C$CHL *1000, .
NET PHYTC. PRODUCTIVITY (MG C/M3,DAY; =C-14)

PNUT)=PLI)*1000.%(EXP{24.%GP(1))-1.0) L/H=-M3/0
ASSIMILATION RATIN -~ UG C/UG CHL/DAY

IF{CHLUT) oGT 0D ARTT}SPNCE)/CHLIT) 24, /HR=-/DAY
NET COMMUNITY PRODUCTICN -~ PRODUCTIVITY + GRAZING

OP{l)= 1000. = EXP(DP{1)=224.0) L/H~N3/D
CONTINUE

WRITE (64200)1LABCHLy (CHLUT ) =1 4MXGRIN)

WRITE (A, 200)LABCL4, (PNIT1),I=1yMXGRID)

WRITE(64200)LABCCLy (AR(L),=1,MXGRID)

WRITE (64 200)LABDPP, {OP(1),1=1,MXGRID)

RETURN

FORMAT(LHL v TOLoTAG/ /7200 48Xy ' 9 1Xe99{_*)/TXs* O |*,T1L1,%}%/
«10Xy 'y 10(FT3e3,2X),T101,% 00/

cLOXe® [ % TRLLe* 10/ P 101 %sT2LLe /710X [*yTLLL," |/

e U RYYTIX e I 2 LO(FB 392X ) o TLLL, 10 /20X, TLLL,"(*/" O 2004,
TLLLy "1V /720Xs I *9TLLL 10/ FryTXyt 1"y 10(F3a3,2X),T111,')1'/10X,
a1y ThELy '/ U 01 o TLLLe" 19/700%Ks %o TLELe " I%/7% Nt TXo')",
cLO(FB.3¢2X) o TL1Ly 1 /10Ke* ) TL1le* "7 L 401" TLLL,*|* /710X,



T X=GP 1D 1
14.000 15.030
14.000 14,0010
14.000 14.000
14.000 14,000
14.000 14,099
13.000 13.070
13.000 13,200
0.0 0.0
0.0 0.0
0.0 0.0
vy X=~GRID 1
540.000 124%.000
144.000 31244099
-144.000 -324,004
=144.000 -324,090
~144.000 -324.990)
=252.090 -396.,00)
7.0 ~140.979)
vz X-GRID 1
=U0.5%0 ~Jdel-ttr
~1.224 =2.32%
-1.224 =Da32%
~0.936 =3.252
=0.648 =Je 139
-0.252 =0.252
0.0 =.1383
INPUT DATA READ FROM 5t 7T D)

16.00V
15.909
14.009
14.200
14.000
14.000
13.29)
2.0
Ce)
DY)

1404.99)

31964372
=36J.0N)
-360.329
=36¢J.209
=3244J04J
=396,

“U.d35
-0.1%
-0.144
=Q.14
“J.l4%
=Jde 103
~N.J206

17.000
1€.000
15.Ju0
14.000
14.000
14.90Gu
13.900
Cel?
a0
0.0

1440.003

432,00
=-36¢.06)
-367.002
=363.000
=363.000
~432.0%9

1000
17.0090
15.200
15.000
14,000
14.000
13.000
Jeu
0.2
0.0

1442.000

432.09)
=3¢0.9%00
=3060.090
=360.J00
~360.300
~432.J00

(SN A VRG]

CcLOCcCcw

ool

SFEECTIVE STARQT-UP GN DAY

1

19.300
13.000
15.000
15.00v
144009
14.000
13.2309
Ve
1.0
0.9

14402.000
432.312
=-36U0.J00
=452.30
-360.000
~36U. 20D
=432.99)

CLoLcoucCow
DRI

19.000
18.000
16.000
15.000
14,000
14.000
13.000
0,9
Q.J

C.0

1440.,002

“32.000
~363.099
=363.00)
=3€0.900
-300.00)
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SUBROUTINE STOYST

INTEGER Day

REAL CHG(6D)/60%0./

INTEGER GRID

COMMDN /VALUES/VAL{500 )

1 ZCNTRL/MXGRID TOUT o NXyNY4NZyDXyDY o OZyDT¢DAY,HOUR,TILO0 )
DATA SUM20/10000./

DATA STADBLE/O.001 /

DATA 170/

1=+l

SUM=0,

DG 10 GRID=1,20

SUM=SUM#VAL (GRID}

CONTINUE

CHANGE={ SUM20-SUM) /SUM

SUM20=SUM

CHG (1 )=CHANGE

IFIDAY.EW.51IWRITE(G,30)CHR
IF{ABSI{CHANGF ) 4GT4 STABLEIRETURN

WRITE(6420)CHANGE,y DAY, HOUR

FORMAT{'0 STFADY-STATE CRITERION METs RUN TERMINATED +/
1 '0 TOTAL CHANGE IM TOP 20 GRIDS =',E1l5.5,* 0OF PREVIOUS TOTAL'/
1 '0 TIME AT TERMINATION: *, 15,FS.1)

WRITE (6301 CHG

FORMAT('0 SEQUENCE OF CHANGE VALUES LEADING 1O STEADY STATE:*/
1 {1Xy10E12.4))

DATA 10SETY/6/

FFUIOSETNELOIWRITELTOSET+915) DAY, VAL

WRITE (64916} 10SET

FORMAT(I5/(10FR.5})

FORMAT('0 ===> QUTPUT INITIAL CONNITIONS TO SET',157)
CALL PROFIL

STOP )

END
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DAY

DAY

DAY

DAY

Day

1
0.041
0.0641
0.341
0.049
0.040
0.033
n.010

1
0.493
0.487
0.492
0.496
0.498
0.499
0.500

1

1.184
10.531
15.612
204468
25.518
33.000
33.000

1
0.428
0.648
1.243
1.637
2.032
2.530
2.500

1
3.068
4,395
T.362

10,279
13.7717
25.000
25.000

HOUR 1.00
0.041
0,041
0.041
0.0640
0.040
0.040
0.039

HOUR 1.00
0.493
0.487
0.492
0.496
0.498
0.499
0.500

HOUR  1.00
0.808
10.081
15.162
20.126
25.144
33.000
22,000

HOQUR 1.00
0.4132
0.812
l1.212
1.610
2.009
2.500
2.500

HOUR  1.00
3.028
4.125
T.092
10.073
13.215

25.000
25.000

CGNCENTRATION PPL

C. 040 Gel00
0.041 0.002
2.039 0.010
0.039 0.010
2.039 0.013
0.039 0.019
7.039 0,010
CONCENTRATION NH3%
N.492 0.500
0.430 0.500
0,492 0.496
0.436 0.496
Qe 43R 0.497
0.499 U.498
0.50) 0.499
CUNCENTRAVION NOX
0.709 0.671
9.973 Je913
15.072 15.000
20.072 20.000
25.115 25.000
33.000 33.000
33.000 33.000
CONCENTRATINN PNg
04403 0.407
J. 803 0.800
1.205 1.200
1.506 1.600
2.007 2.000
24500 2.500
24500 2.5N0
CONCENTRATION SI
J.ot7 3.018
4.059 4.036
7.038 6.797
10,041 9.997
13.172 12.998
25.000 24.999
2%.000 24.999

GRID
0.0
1.200
J.O10
0.010
0.010
0.010
0.010

GRID
0.500
0.500
0.496
0.496
D497
J.498
0.499

GRID
0.671
9.919

15.000

20.300

254200

33.000

33.000

GRID
0.407
0.800
1.200
1.600
2.000
2.500
2.590

X GRID

3.018
4.036
6.997
9,997
12.998
24.999
24.999

2

0.9

0.000
0.010
0.9010
0.010
0.010
0.010

0.500
0.500
0496
0,496
0.497
0.498
0.499

0.6T71

9.919
15.000
20.000
25.000
33.000
33.000

0.40n7
0.300
1.220
1.600
2.000
24500
2.500

3.cl8
4.036
6,997
9.997
12.998
244999
24.999

0.0

0.000
0.910
0.01G

0,010

0.012
0.010

0.500
0.500
J.496
0.496
0.497
0.498
0.499

D.671

9.919
15.000
20.000
25.000
33.000
33.000

0.407
0.800
1.29)
1.600
2,000
24539
2.500

3.018
4.9035
6.977
9.997
12.998
24.999
24,999

0.0

0.000
0.010
C.010
0.010
0.019
0.010

0.500
Ja.500
0.496
0.496
0.497
0.4938
0.499

0.071

9.919
15.000
20.000
25,000
33.000
33.9000

0.407
0. 800
1.200
1.600
2.000
2.500
2.500

3.018
4.036
6,997
9.997
12.998
24.999
24.999

0.0

0.000
0.010
C.Clu
0.010
0.010
U.010

0.500
0.500
0.496
0.496
0.497
0.498
0.499

0.671

9.919
15.000
23.000
25.000
33.000
33.000

0.407
0.800
1.200
l.600
2.000
24500
2.500

3.018
4.036
6.397
9.997
12.998
24.99%
24.999

0.0
0.000
0.010

0.010 .

G.010
0.010
0.010

0.500
04500
0.496
0.496
0.457
9.498
0.499

D.071

9.919
15,060
20.000
25.000
33.000
33.000

0.407
J.800
1.200
le600
2000
2,500
2.500

3.018
4.036
6.997
2.997
12.998
24.999
24.999
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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 IMAFPE 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 research. 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 tuntative 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. Gzlarza,
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
Ilo 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,



Table 1.
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A tentative outline of an economic study of the Ilo artisanal
fishery.

I. Introduction

IT. Description of the fishery

A.
B.

c.
D.
E.

The resource (magnitude, location, species, etc,)
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 comstruction,
3. Labor inputs
a. description of skills, education, ethnic and social
status, and alternative e:onomic opportunities
b. earnings
c. supporting infrastructure (schools, housing, hospitals,
ete.)
Processing
Distribution
Marketing

I1I. Prospects for Development

A,
B.

C.
D.
E.

Resource potential

Harvesting sector

1. New vessels, gear and techniques

2, Fishermen training

3. Supporting infrastructure development
Processing

Distribution

Marketing

IV. Recommendations 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 harvestung
sector, 1t 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
regearchers 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 Low, 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 ic 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

James N. Kremer

Time Dates
(Days) (1975)
17 1-17 Fedb
22 18 Feb-11 Mar
49 12 May-29 Apr
20 30 Apr~19 May
4 20-23 May

Place

Peru

Place

R. I.

Peru

R. L.

Peru

R. I.

Site visit to assist Instituto
del Mar persomnel in planning
economic analysis; review fishery
economic issues in the Ilo area
with reference to artisanal
fisheries 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
eirculation model.

Discuss eirculation model; formulate
and analyze basic conceptual phyto~
plankton model. Survey available

data with preliminary hand calcula-
tions comprring 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
simulativn 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 moueling and ecosystem analysis.
wodeling in ecosystem research.

Present lecture on role of

Seven days, 17-23 May, in R. I.

assisting in preparation of final report.



