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I. Summary of objectives, conclusions and implications with respect to
O0CS oil and gas development
A complete ecosystem model is a highly desirable tool to determine the
possible effects of oil exploration in relation to natural changes such as
seasonal and secular cycles, or aperiodic changes such as environmental
anomalies, prolonged storms and extended ice cover. These evaluations can
be made through the use of a complete ecosystem model by posing proper
questions and introducing appropriate magnitudes of events. Injgddition,
the effects of oil spills as well as subsequent advection o-F pollutants can
be introduced into the model and mortality factors or the effects of
avoidance of the contaminated area by mobile organisms can be estimated.
Furthermore, the effects of the mortality of specific organisms on the
remaining biomass can also be estimated.
II.- Introduction
There is an obvious need for multispecies analyses of living marine
resources. Such analyses require among other things, new modeling techniques
for ecosystem models, which have not been developed in the past and there-
fore must be designed, tested and evaluated concurrently with the model
design, programming and testing.
A. General nature and scope of study
The purpose of this RU is to investigate the nature, size, complex-
ity and feasibility of a multi-component, dynamic, numerical ecosystem model
for the eastern Bering SEa and to construct a functional model permitting
useful and reliable assessments of fluctuations in the eastern Bering Sea
biomass.
B. Specific objectives
The model 1s expected to demonstrate the interdependence of major

biological components and to assess the effects of physical-chemical factors



that do or could alter the existing biological interdependenci es.

C. Relevance to problems of petroleum development

Attainment of stated objectives will permit assessing cause and

effect changes on the biota as a result of favorable or unfavorable environ-
mental conditions, and man’s fishing activities, In contrast to changes that
may be induced as a result of normal petroleum development or catastrophic
accidents.
ITI. Current state of knowledge

A report (Laevastu, T., F. Favorite and W. B, McAlister - A dynamic
numerical marine ecosystem model for evaluation of marine resources in
eastern Bering Sea. MNWAFC Proc. Report, September, 1976, 66 pp + 36 pp
append.) containing the results and conclusions of the first year's work on
RU 77 was submitted by September 30, 1976. It was fully demonstrated with
an 8-component Dynamic Numerical Marine Ecosystem Model for the eastern
Bering Sea (DYNUMES) that a numerical ecosystem model could fulfill the
optimistic expectations, established at the start of the project, in that
such models can be used for quantitative evaluation of most of the possible
effects of offshore oil developments on the marine ecosystem and its comp-
onents, as well as for condensed accumulation of quantitative knowledge of
marine ecosystems.

The FY 77 continuation of the RU 77 was not renewed until near the end
of 1976, and then only with half of the funds requested to program, operate
and document a considerably expanded and more complete (25 component) marine
ecosystem model for the eastern Bering Sea. During the period that renewal
of the project was uncertain, the model was adapted for urgently needed
quantitative evaluation of the dynamics of exploited marine resources.

This activity was funded by NMFS, Two reports that resulted from this
activity, and which were forwarded also to OCSEAP as part of the Quarterly
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Report ending December 31, 1976 are: (1) Laevastu, T., and F, Favorite -
Dynamics of pollock and herring biomasses in the eastern Bering Sea, NWAFC
Proc. Report, November 1976, 50 pp; (2) Laevastu, T., and F. Favorite -
Evaluation of standing stocks of marine resources in the eastern Bering
Sea, NWAFC Proc. Report, October 1976, 35 pp.
IV. Study area

The present study area encompasses the eastern Bering Sea from long.
180° to the west Alaska coast northward of the Alaska peninsula and
Aleutian Islands to approximately lat. 65°N (Figure 1), Thus, it includes
the Bristol Bay, St. George and Navarin Basins, as well as Norton Sound.
The area can be enlarged to include the Chukchi Sea or reduced to encom-
pass only individual basins.
V. Source, methods and rationale of data collections

No field data are collected. Model input data are obtained from the
literature and from various unpublished sources.
VI. Results

For the first quarter of 1977 the DYNUMES model was reprogrammed and
extended to include 25 major components of the marine ecosystem. The
program is now of considerable size, so that locally available computers
(CDC 6400 and CYBER 73) are at times used to capacity. The model is
being quantitatively tuned (adjusted). No “production” runs have been
made within the complete model, therefore no detailed results can be
reported at this time. Preliminary results, however, show that most of
the qualitative and quantitative dynamics of the marine ecosystem (e.g.
the interactions between species, between species and environment, and
the effects of man's actions on the species and ecosystems a total)

can now be studied and quantified.
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‘The 25 major components incorporated in the existing model are: (a)
Mammals: Tfur seal, sea lion, bearded seal, harbor seal, ring and ribbon
seals, walrus, baleen whales, toothed whales; (b) Birds: shearwategnmrre,
and other marine birds; (c) Fish: yellowfin sole, other flatfish, other
demersal fish, pollock - 3 size groups, other gadids, herring, other
pelagic fish, squids; (d) Benthos; (e) Plankton: euphausids, copepods,
phytoplankton.

VII. Discussion

Most of the modeling approaches and techniques used in our dynamic
four-dimensional ecosystem model are new in biological modeling. The con-
ventionally used two-dimensional modeling, starting either with nutrients
and/or phytoplankton has not lead to any useful results in the past. Our
model starts from the opposite end of the food web, i.e. with mammals and
birds. The model uses the accumulated knowledge on marine ecology in
direct form, and interactions can be quite different from one group of
species and/or processes to another. It has become increasingly apparent
that although logical results are obtained, these are essentially new con-
cepts and there is a need for extended field studies to demonstrate the
validity of model results before one can expect a universal acceptance.
Furthermore, we must document the model, its flexibility and sensitivity
in greater detail in forthcoming technical reports.

VIII. Conclusions

Our DYNUMES model for the eastern Bering Sea has demonstrated its
utility in quantitative simulation of processes in the total marine
ecosystem and in assessment of the impacts of man’s activity (e.g. off-
shore ail development, fisheries, etc.) on the marine ecosystem and its

components



Among numerous tentative conclusions, the following, based or-1 existing
data and techniques, demonstrate the eventual utility of model results:

1. The marine ecosystem has no real stability, but most of the com-
ponents fluctuate around specific local long-term means.

2. There are natural, quasi-cyclic changes in the ecosystem. For
example, the biomass of the pollock in the eastern Bering Sea has a ca 12
year period of fluctuation, whereby the quantitative relations between
lowest and highest biomasses during this period is ca 1:3, These quasi-
cyclic changes are caused by cannibalism found in older pollock,

3. Relatively intensive fishery on pollock removes larger, older (and
cannibalistic) fish and may be beneficial in keeping up higher standing
crop of pollock.

4, The consumption of fish by mammals in the eastern Bering Sea

appears higher than the total commercial catch.

5. The availability of food is a limiting factor on nearly all levels
in the ecosystem and starvation may be common.

6. Available, past quantitative data on the standing stocks of zoo-
plankton appears far too low; apparently present sampling methods do not
capture euphausids quantitatively.

7. Very little information is available on the bulk of the biomass
(< 50%) of most fish species, the prefishery juveniles.

8. Ecosystem internal consumption appears nearly an order of magni-
tude higher than the total commercial catch.

IX. Needs for further study

Except for further sub-divisions (or expansion} of the benthos sub-

model, we anticipate that the model scheduled for completion this fall will

be adequate for evaluation of effects of increased or decreased fishing

effort or shifts in areas of exploitation of present fisheries. However,



before we have an adequate ecosystem model that will account for environ-
mental changes (e.g. variability in the extent of ice cover and subsequent
shifts in the location of temperature regimes) on the displacement of
stocks and subsequent interactions (crowding or dispersal) it will be
' necessary to incorporate a functional hydrodynamical-numerical (H-N) model
with the present predominantly biomass data. We have several options - we
can devise our own H-N model, incorporate one under development through
OCSEAP funding (Rand Corporation or Gait models], or develop an optimized
model incorporating the best attributes of all of the above. In order to
accomplish this, funding for RU-77 for 1978 must be restored te $100 K.
The attached report (Laevastu, T., and F. Favorite - Summary review of
Dynamical Numerical Marine Ecosystem Model, In: Proceedings of the RMFS/
ODS workshop on climate and fisheries, April 26-29, 1976, Washington, D.C.,
October 1976) indicates some of the techniques to be incorporated.
' X. Summary of fourth quarter activities
A. Ship or laboratory activities
1. Ship or field trip schedule
N/A
2. Laboratory studies
F. Favorite - N/C
T. Laevastu - design of model, reprogramming, tuning (part-time]

K. Larson - data processing (part-time}

3. Methods
N/A
’ 4, Sample localities/ship or aircraft tracklines
N/A



5. Data collected or analyzed
N/A
6. Milestone chart and data submission schedules

a. See Figure 2. All activities are on schedule up to this
period.

b. From this point on we will attempt to keep pace with the
milestone chart using NMFS support where possible. Any slippage will be
because the original milestone chart (approved NWAFC, May 28, 1976) was
based on $100 K funding and ‘OCSEAP has up to this point allocated only
$50 K to this RU,

B. Problems encountered/recommended changes
None except in (b) above

C. Estimate of funds expended
$25 K



Figure 2 Milestone chart
1976 1977
Month -JO 11 12 123456789
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Narrative report. ®



SUVVMARY REVI EW OF
DYNAM CAL NUVERI CAL MARI NE ECOSYSTEM MODEL
(DYNUMES)
Tai vOo Laevastu and Felix Favorite

Nort hwest Fisheries Center (NOAA
Seattle, Washington



\\
ANNUAL REPORT
Contract No.: R7120810
Research Unit. No.: RU-77 IQ““O77

Reporting Period:  April 1
Number of Pages: 9 + attachment

ECOSYSTEMS DYNAMICS, EASTERN BERING SEA

Co-Principal Investigators: Taivo Laevastu and
Felix Favorite

National Marine Fisheries Service
Northwest and Alaska Fisheries Center
2725 Montlake Boulevard East
Seattle, Washington 98112



V.
VI,
VII.
VIII.
IX.

TABLE OF CONTENTS

Summary of objectives, conclusions and implications

0CS oil and gas development . . . . =«

Introduction. . . . . . . . . . ..

0

A. General nature and scope of study - .

B. Specific objectives . . . . . . . ..

0

0o s s =

+ .

Q@ o o @ © ©o o

C. Relevance to problems of petroleum development.

Current state of knowledge.

Study area. . . ¢« e . o - - o 8 5 0o 0o e e a o a e

Source, methods and rationale of data collections

ResUltS . . o « @ » 0 0 « « 0 0 & o » @
Discussione o o 0 0o o « - 0 e . 0 0 o »
Conclusions « o« o« ¢ . . o o . . s o o ®

Needs for further study « . « . o o « o
Summary of fourth quarter activities. o
A. Ship or laboratory activities . . o

1. Ship or field trip schedule . »

. Laboratory studies. . . . . . o

o

o

o .

a o = ° <

@

Q © © L » . L L L) L] .

o

with respect to

L3

L]

. Sample localities/ship or aircraft tracklines

2
3. Method .
4
5

. Data collected or analyzed.

6. Milestone chart and data submission schedules

B. Problems encountered/recommended changes.

C. Estimate of funds expended.

@ o

o 0 o -

Page



I. Summary of objectives, conclusions and implications with respect to
O0CS oil and gas development
A complete ecosystem model is a highly desirable tool to determine the
possible effects of oil exploration in relation to natural changes such as
seasonal and secular cycles, or aperiodic changes such as environmental
anomalies, prolonged storms and extended ice cover. These evaluations can
be made through the use of a complete ecosystem model by posing proper
questions and introducing appropriate magnitudes of events. Injgddition,
the effects of oil spills as well as subsequent advection o-F pollutants can
be introduced into the model and mortality factors or the effects of
avoidance of the contaminated area by mobile organisms can be estimated.
Furthermore, the effects of the mortality of specific organisms on the
remaining biomass can also be estimated.
II.- Introduction
There is an obvious need for multispecies analyses of living marine
resources. Such analyses require among other things, new modeling techniques
for ecosystem models, which have not been developed in the past and there-
fore must be designed, tested and evaluated concurrently with the model
design, programming and testing.
A. General nature and scope of study
The purpose of this RU is to investigate the nature, size, complex-
ity and feasibility of a multi-component, dynamic, numerical ecosystem model
for the eastern Bering SEa and to construct a functional model permitting
useful and reliable assessments of fluctuations in the eastern Bering Sea
biomass.
B. Specific objectives
The model 1s expected to demonstrate the interdependence of major

biological components and to assess the effects of physical-chemical factors



that do or could alter the existing biological interdependenci es.

C. Relevance to problems of petroleum development

Attainment of stated objectives will permit assessing cause and

effect changes on the biota as a result of favorable or unfavorable environ-
mental conditions, and man’s fishing activities, In contrast to changes that
may be induced as a result of normal petroleum development or catastrophic
accidents.
ITI. Current state of knowledge

A report (Laevastu, T., F. Favorite and W. B, McAlister - A dynamic
numerical marine ecosystem model for evaluation of marine resources in
eastern Bering Sea. MNWAFC Proc. Report, September, 1976, 66 pp + 36 pp
append.) containing the results and conclusions of the first year's work on
RU 77 was submitted by September 30, 1976. It was fully demonstrated with
an 8-component Dynamic Numerical Marine Ecosystem Model for the eastern
Bering Sea (DYNUMES) that a numerical ecosystem model could fulfill the
optimistic expectations, established at the start of the project, in that
such models can be used for quantitative evaluation of most of the possible
effects of offshore oil developments on the marine ecosystem and its comp-
onents, as well as for condensed accumulation of quantitative knowledge of
marine ecosystems.

The FY 77 continuation of the RU 77 was not renewed until near the end
of 1976, and then only with half of the funds requested to program, operate
and document a considerably expanded and more complete (25 component) marine
ecosystem model for the eastern Bering Sea. During the period that renewal
of the project was uncertain, the model was adapted for urgently needed
quantitative evaluation of the dynamics of exploited marine resources.

This activity was funded by NMFS, Two reports that resulted from this
activity, and which were forwarded also to OCSEAP as part of the Quarterly

2



Report ending December 31, 1976 are: (1) Laevastu, T., and F, Favorite -
Dynamics of pollock and herring biomasses in the eastern Bering Sea, NWAFC
Proc. Report, November 1976, 50 pp; (2) Laevastu, T., and F. Favorite -
Evaluation of standing stocks of marine resources in the eastern Bering
Sea, NWAFC Proc. Report, October 1976, 35 pp.
IV. Study area

The present study area encompasses the eastern Bering Sea from long.
180° to the west Alaska coast northward of the Alaska peninsula and
Aleutian Islands to approximately lat. 65°N (Figure 1), Thus, it includes
the Bristol Bay, St. George and Navarin Basins, as well as Norton Sound.
The area can be enlarged to include the Chukchi Sea or reduced to encom-
pass only individual basins.
V. Source, methods and rationale of data collections

No field data are collected. Model input data are obtained from the
literature and from various unpublished sources.
VI. Results

For the first quarter of 1977 the DYNUMES model was reprogrammed and
extended to include 25 major components of the marine ecosystem. The
program is now of considerable size, so that locally available computers
(CDC 6400 and CYBER 73) are at times used to capacity. The model is
being quantitatively tuned (adjusted). No “production” runs have been
made within the complete model, therefore no detailed results can be
reported at this time. Preliminary results, however, show that most of
the qualitative and quantitative dynamics of the marine ecosystem (e.g.
the interactions between species, between species and environment, and
the effects of man's actions on the species and ecosystems a total)

can now be studied and quantified.
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‘The 25 major components incorporated in the existing model are: (a)
Mammals: Tfur seal, sea lion, bearded seal, harbor seal, ring and ribbon
seals, walrus, baleen whales, toothed whales; (b) Birds: shearwategnmrre,
and other marine birds; (c) Fish: yellowfin sole, other flatfish, other
demersal fish, pollock - 3 size groups, other gadids, herring, other
pelagic fish, squids; (d) Benthos; (e) Plankton: euphausids, copepods,
phytoplankton.

VI1. Discussion

Most of the modeling approaches and techniques used in our dynamic
four-dimensional ecosystem model are new in biological modeling. The con-
ventionally used two-dimensional modeling, starting either with nutrients
and/or phytoplankton has not lead to any useful results in the past. Our
model starts from the opposite end of the food web, i.e. with mammals and
birds. The model uses the accumulated knowledge on marine ecology in
direct form, and interactions can be quite different from one group of
species and/or processes to another. It has become increasingly apparent
that although logical results are obtained, these are essentially new con-
cepts and there is a need for extended field studies to demonstrate the
validity of model results before one can expect a universal acceptance.
Furthermore, we must document the model, its flexibility and sensitivity
in greater detail in forthcoming technical reports.

VIII. Conclusions

Our DYNUMES model for the eastern Bering Sea has demonstrated its
utility in quantitative simulation of processes in the total marine
ecosystem and in assessment of the impacts of man’s activity (e.g. off-
shore ail development, fisheries, etc.) on the marine ecosystem and its

components



Among numerous tentative conclusions, the following, based or-1 existing
data and techniques, demonstrate the eventual utility of model results:

1. The marine ecosystem has no real stability, but most of the com-
ponents fluctuate around specific local long-term means.

2. There are natural, quasi-cyclic changes in the ecosystem. For
example, the biomass of the pollock in the eastern Bering Sea has a ca 12
year period of fluctuation, whereby the quantitative relations between
lowest and highest biomasses during this period is ca 1:3, These quasi-
cyclic changes are caused by cannibalism found in older pollock,

3. Relatively intensive fishery on pollock removes larger, older (and
cannibalistic) fish and may be beneficial in keeping up higher standing
crop of pollock.

4, The consumption of fish by mammals in the eastern Bering Sea

appears higher than the total commercial catch.

5. The availability of food is a limiting factor on nearly all levels
in the ecosystem and starvation may be common.

6. Available, past quantitative data on the standing stocks of zoo-
plankton appears far too low; apparently present sampling methods do not
capture euphausids quantitatively.

7. Very little information is available on the bulk of the biomass
(< 50%) of most fish species, the prefishery juveniles.

8. Ecosystem internal consumption appears nearly an order of magni-
tude higher than the total commercial catch.

IX. Needs for further study

Except for further sub-divisions (or expansion} of the benthos sub-

model, we anticipate that the model scheduled for completion this fall will

be adequate for evaluation of effects of increased or decreased fishing

effort or shifts in areas of exploitation of present fisheries. However,



before we have an adequate ecosystem model that will account for environ-
mental changes (e.g. variability in the extent of ice cover and subsequent
shifts in the location of temperature regimes) on the displacement of
stocks and subsequent interactions (crowding or dispersal) it will be
' necessary to incorporate a functional hydrodynamical-numerical (H-N) model
with the present predominantly biomass data. We have several options - we
can devise our own H-N model, incorporate one under development through
OCSEAP funding (Rand Corporation or Gait models], or develop an optimized
model incorporating the best attributes of all of the above. In order to
accomplish this, funding for RU-77 for 1978 must be restored te $100 K.
The attached report (Laevastu, T., and F. Favorite - Summary review of
Dynamical Numerical Marine Ecosystem Model, In: Proceedings of the RMFS/
ODS workshop on climate and fisheries, April 26-29, 1976, Washington, D.C.,
October 1976) indicates some of the techniques to be incorporated.
' X. Summary of fourth quarter activities
A. Ship or laboratory activities
1. Ship or field trip schedule
N/A
2. Laboratory studies
F. Favorite - N/C
T. Laevastu - design of model, reprogramming, tuning (part-time]

K. Larson - data processing (part-time}

3. Methods
N/A
’ 4, Sample localities/ship or aircraft tracklines
N/A



5. Data collected or analyzed
N/A
6. Milestone chart and data submission schedules

a. See Figure 2. All activities are on schedule up to this
period.

b. From this point on we will attempt to keep pace with the
milestone chart using NMFS support where possible. Any slippage will be
because the original milestone chart (approved NWAFC, May 28, 1976) was
based on $100 K funding and ‘OCSEAP has up to this point allocated only
$50 K to this RU,

B. Problems encountered/recommended changes
None except in (b) above

C. Estimate of funds expended
$25 K



Figure 2 Milestone chart
1976 1977
Month  -JO 11 12 123456789

) (A) 1. Flow diagrams, restrained
functions, synthesis and
guantification of input

data, display subroutines X7777TTT o TTTTeTT mmmmmmTmmmeees X
' {A) 2. Programming and debugging .
of submodels Xomomomm X
(A) 3. Mammal submodel X
A 4, Bird_§ubmode] X
(A) 5. Fish submodel X
(A) 6., Plankton submodel X
(A} 7. Benthos submodel X
w/s) 8. Figsr test of total systems QD
mode

(A) 9. Tuning, evaluation, alter-
ations. Documentation of
model X-X

' (M/S) 10. Computation and display of
equilibrium ecosystem.
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SUMMARY REVI EW OF
DYNAMICAL NUMERICAL MARINE ECOSYSTEM MODEL
(DYNUMES)

Taivo Laevastu and Felix Favorite
Nort hwest Fisheries Center (NOAA)
Seattle, Washington

| NTRODUCTI ON
Environnmental Changes as Dynamic Forces in a Marine Ecosystem

Numer ous studies show that changes in the marine environnent, such as year-
to-year anonalies or |ong-termchanges of tenperature in surface |ayers, have
profound effects on marine ecosystens in higher latitudes. These especially
affect the abundance and distribution of some exploited species (fish) which
occur in abundance near their natural environnmental boundaries (e.g., tenpera-
ture boundaries). For a sound management of marine resources, it iS necessary
to account for both the effect of man and the effects of environmental changes,
and to evaluate qualitatively each effect and its interactive feedback to the
other. Furthernmore, it has been fully recognized that marine ecosystens are
not static, but highly dynamc. For exanple, a change in one conponent of the
system can cause a chain reaction and influence several other conponents; als
a niche in the systemvacated by a decrease of popul ation of one species can
be occupi ed by another species. The marine ecosystemis internally highly
conpetitive with respect to food resources and “living space.” Thus, to under-
stand and manage this system it is necessary to design a system nodel complete
with all of its intricate interactions

To illustrate sonme of the introductory statenents, especially with respect
to the effects of environment on various conponents of a marine ecosystem we
cite the exanple of the slight warmng of Geenland s coastal waters in the
1940's.  The occurrence of greater quantities of cod in these waters coincided
with this warmng. Sinilarly, a decrease of the cod abundance coincided with
the long-termcooling of Geenland water in the 1960's. This exanple has
been thoroughly studied and documented, particularly by the |ate Danish fish-
eries biologist Wedeli-Taning. Cod in Geenland waters occurs near its
natural environnental distribution boundary, which is determ ned by tenpera-
ture. Thus, any relatively small, long-term tenperature change near such
di stributional boundaries can have pronounced effects on the occurrence and
abundance of cod or other simlarly reacting species. Another case of long--
term change of abundance of a species, which mght have been caused by a com
bination of intensive fishery intervention and the effect of unfavorable
environnent during and after spawning, is the case of the California sardine. ‘
These influences resulted in a succession of bad year classes, as explained
by Murphy and others. In this case, the niche vacated by sardine was occupied
by anchovy--an ecologically simlar species.

118



Figures 1 and 2 give exanples of the effects of year-to-year |ocal environ-
nental anomalies for cod and haddock. Optinum tenperature” for spawning of
lcelandic cod is 3 to 5°C (fig. 1). If there is a positive tenperature
anomal y on the spawning grounds during the spawning season, the spawning area
may be displaced into deeper, cooler layers, which are found usually at the
continental slope. First, this displacement affects the fishery because the
fish mght be aggregating too deep to be accessible to conventionally used
gear or the ground on the slope mght be rough, hence unsuitable for trawing
operations, Second, the fish mght spawn in a relatively linited area
(because of the limted area on the slope between optimmisotherns). The
result mght be a poor year class because of excessive consunption of eggs by
predators or unfavorable drift of the hatched larvae into areas where proper
food is unavailable. The latter aspect of larval drift from spawning grounds
di spl aced because of tenperature anomalies is illustrated on figure 2 with
Georges Bank haddock. In this case, a poor year class results as a greater
portion of the larvae are carried away during a cold anomaly year by the
strong, warm Gulf Stream which is characteristically lowin food organi snms
for these |arvae.

Conditions in the eastern Bering Sea are, in several aspects, simlar to
those depicted in figures 1 and 2, except instead of cod and haddock the main
commercially inportant gadid species is pollock. Furthernore, the eastern
Bering Sea has a wide continental shelf with a relatively steep continenta
slope to the west. This slope is a productive area, partly because of inten-
sive mxing of the water by a narrow, strong northward current. Several fish
speci es have their spawning grounds at the southwestern part of the eastern
Bering Sea continental shelf, and eggs and larvae are carried along the slope
and over the shelf into productive waters during the summer.

Qur main purpose is to present a brief description of the ecosystem node
of the eastern Bering Sea under devel opment at Northwest Fisheries Center in
Seattle.  Some specific conmponents accounting for environnental effects in a
conpl ete dynam ¢ nunerical marine ecosystem nodel are described later in this
paper. Sone aspects of the local marine ecosystens and environnent interac-
tions make the eastern Bering Sea area suitable for testing a conplete
dynam c ecosystem nodel for studying variable environnental effects. First,
this area contains the northern environmental tolerance boundary of many com
nercially exploited fish species, This “boundary,” which varies seasonally
year to year, and over longer periods, affects the distribution and abundance
of species in this area. Furthermore, intensive fishing and planned offshore
oil exploration in the area mght affect parts of the ecosystem The abun-
dance of fish in the Bering Sea supports an abundance of marine manmal s that
conpete with man for the living marine resources. In fact, marine mamuals
consume nmore fish in the Bering Sea than are currently caught commercially,
even though nost commercial species seem to be already nearly overfished.

An initial submodel of sone species of marine manmals (fur seal and bearded

seal) and birds (shearwater and murres) and their principal food itens
(pollock, herring, and macroplankton) i S in advanced state of programm ng.
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Definition of a Dynam c Marine Ecosystem Mde

A dynam ¢ marine ecosystem model permits sinulation of the statics and
dynam cs of standing crops of various species and groups of species (i.e.
abundance and distribution) in space and tine as affected by interspecies
interactions, such as predation, environnental factors such as tenperature
and currents, and the activities of man, such as fishing. Figures 3, A B,
and C show schematically the concept and basic conmponents of the model, which!
consists of five basic groups of conponents. First, there are the static
conponents--the grid net, depth of water, and type of bottom-which are pre-
scribed and do not change during conputation. Second, there is a group of’
conponents consisting of dynam c environmental factors, which are either ex-
tracted fromother environmental analysis or forecasting nodels or conputed
with special subroutines in an ecosystem nodel. Exanples are nean temperature
for a given period and its anomalies, and currents caused by conponents such
as Wi nd and thermohaline conponents. Third, there is a group of a relatively
| arge number of various biological conponents, which are nearly all dynamc,
as is the case with living organisnms in general. The nodel nust be initialize
with the best available data on standing crops of essential conponents such
as benthos, macroplankton, and some fish by prescribing their spatial distri-
butions and tenporal variations. The best available information on trophic
relationships (conposition of food), feeding rates and other interspecies
interactions must be introduced into the nodel in a time and space variable
manner.  Information on nobility of different conponents, such as seasona
mgrations, nust also be given as initial conditions. And finally, the sensi-
tivity to environment or optinumenvironnental requirements for the various
conponents must be prescribed in nunmerical form Fourth, there is a group of
conponents consisting of factors dependent on man, such as catch and “fishing
nortality. And, fifth, one of the basic characteristics of dynamc ecosyste
model s is the existence of interconnected conputational |oops, or “feedback
channel s,” which allow searching for iterative solutions if, when, and where
changes of factors and interactions which affect the changes of other processe
and quantities are introduced.

OBJECTI VES OF NUMERI CAL MODELI NG OF A MARI NE ECOSYSTEM
AND THE PROSPECTI VE APPLI CATIONS OF THI S MODEL

The main objectives of any nunerical nodeling scheme of the marine ecosysten
are connected with its prospective use in solving practical as well as scien-
tific problems (fig. 4). These objectives are: (1) Evaluation of the effects
of exploitation to achieve optinum managenent of marine resources; (2) evalu-
ation of the effects of environnental changes, such as climte changes, and
short and medium range anomalies, on the exploitable resources and on the
marine ecosystemat large, and quantitative conparison of man-nade and environ
ment-caused changes in this system (3) reduction of all quantitative and
descriptive data into easily accessible and reviewable form and (4) determna
tion of additional research needs and priorities.
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SOME BASI C PRI NCI PLES OF THE MODEL AND ITS | NPUTS AND QUTPUTS

The initial fornulation is essentially a time-dependent, two-dimensiona
nmodel ; the third dimension, i.e., depth distribution of species, temperature,
and currents, etc., applies inplicitly in sone parts of the nodel. A basic,

t wo- di mensional grid for eastern Bering Sea nodel (fig. 5) is an equal-area
quadratic grid on a polar stereographic projection. Conversion betwen geo-
graphic and grid coordinates and the map factor are provided with the program
in FORTRAN (appendix A).

The size of the basic grid is determned by the econony of the conputer
core and time requirements or availability. However, it is often necessary
to look at the distributions and dynam cs of a given species at a given |oca-
tion (e.g., on spawning grounds) in much greater detail than the relatively”
coarse basic grid allows. For this purpose, a zoomng technique is provided
in the model, and detailed conputations are carried out in fine grid inserts
by special instructions for which the boundary and initial values are obtained
froma large scale nodel and its subroutines. The fine mesh conputation wll
al so use a shorter tinme step than the large scale model. Figure 6 shows a
hypot hetical approach of a fine nmesh (zoomed) conputation principle and out-
puts of a time-dependent distribution of a species on the spawning ground as
affected by a near-bottom tenperature anomaly. Zoomed approaches have scien-
tific and nodel-inproving (tuning) as well as practical applications. They
permt nodeling and consequent verification of research planning of the small
and mesoscale effects of environmental changes, determning the consequences
of a displaced [and delayed) spawning, and formulating detailed prognostica-
tions of the location and timng of fish aggregations for use in managenent
deci si ons.

To obtain realistic results, any nodel requires an initial extensive input
of know edge and data. . This js well illystrated qy Laplace, who, stated, in

effect, "Given tN.location and state of all particl’es fn the universe and

given all the forces acting upon these particles, a super-intelligence can
conpute all the past history and all the future of the universe.” The impli-
cation is that one can start a dynamc nodel froman initial state (of assumed
rest) and, applying the known forces, derive a dynamc state for any tine
period. In fact this is done with some dynamic environmental nodels in ocean-
ography and neteorol ogy. However, in an essentially biological nodel this

type of approach (initialization) is not possible. Certain model inputs nust
be as accurate as possible, but other quantities and distributions can be
conputed, derived quantities. There is no difficulty in obtaining static

input parameters for the nmodel, such as depth; and the dynamc environmental
input paraneters are obtained mainly from separate environnental analysis or
forecasting nodels. However, subroutines are provided in the ecosystem nodel
for input of some environnental data (e.g. in form of anomalies), obtained
either as observational data at a few points or as test and research nodes to
study the response of the ecosystem to possible changes or anomalies. This

s usually acconplished with an analysis subroutine which, using first-guess
field, based, for exanple, on tine-interpolated climatology, introduces the new
“observations” at specified |ocations into the first-quess field with a vari-
able (determnable) snoothing coefficient. (See appendices B and C)
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The input of biological information into the nodel is either in the form of
first-qguess fields of distribution and abundance, conputed from avail able,
often fragmented, descriptions, or as dynamc variables, such as mgration f
directions and speeds (mgration routes), and aggregation and dispersal rates
which are estimated from available descriptive data (e.g., from known seasona
distribution changes). The latter information, although given initially as
direction and speed, is deconposed into u and v conponents.  Furthernore, ‘
some prelimnary (first-guess) deconposition is made by “movenent” caused or
affected by currents, novements caused by environnental properties (e.g.,
sel ection of optinum tenperature by a species), and “active” novenments asso-
ciated with either a search for food or a spawning mgration. Mich of the
other biological information input is given either as time-dependent variables
for a given species or group of species in the form of seasonal variation of
conmposition of food and changes of growth rate with time or age, or as pre-
determned coefficients, such as feeding rates or food requirenents for nain-
tenance, and growth and optinum tenperature requirenments

Several of the initially prescribed input coefficients will not remain con-
stant during the conputation, but will be nade dependent variables in certain
conditions with the use of restrained functions (described later), such as
conmposition of food and feeding rates, which can becone functions of food
(prey) density as well as predator density. The natural nortality coefficients
will also be initially estimated and introduced into the nodel as tine and
| ocation dependent variables for a given year class, species, or group of
species, which will then be changed during the course of conputation

The fishing nortality used in the nodel as a time and space variable input g‘
can be easily changed by the operator during the use of the nodel. When usin
the nodel as a decision making tool, variations in fishing nortality will
determ ne the resultant abundance and distribution of the given species under
consideration and will affect, in nost cases, the statics and dynanmics of the

whol e ecosystem

The nodel outputs will be tailored to the principal use of the nodel, either
in a research or in a decision making node. Spatial distributions of abun-
dance of any species can be extracted and displayed at any desired weekly or
monthly time step. Furthernore, time series outputs could be taken at any
given point, or the statics and dynamcs of the entire stock could be summar-
i zed over the entire area of the conputational grid. A sinple (at this tine)
somewhat hypot hetical exanmple of such output is shown in figure 7, which
depicts the effects of nonthly fishing nortality changes on the bionass of a
fish species and the effects of this change on the growth of the bionass

THE FORMULATION (DESIGY) OF THE MODEL
Conversion of Descriptive Data and the Restrained Functions
Mbst biological data are available in descriptive form However, these data‘
are needed in nunerical formfor use in a dynam c nunerical quantitative model.

In nost cases, no great difficulties are encountered in nmaking the conversion,
but there is some concern about the validity of some of the quantitative
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estimtes. Where and when great variability in quantitative data is encoun-
tered, statistical methods will be used for deriving confidence limts or
intervals. Exanples of the conversion of descriptive data have been given in
describing input data, such as mgrations. In addition, dispersion of stand-
ing crops or species are handled with dispersion and diffusion equations and
their finite difference solutions as used in nunerical pollution transport
and dispersion programs, with the constraint that these solutions nust be
conservative. The aggregation, however, must be handl ed with predescribed or
derived novenent restrained to a particular tine and area. The advection
equation solved and programred by Brahm and Pedersen (fig. 8)is suitable for
this purpose.

Mich use nmust be nade of “restrained functions” in an ecosystem nodel, which
uses descriptive information converted into numerical form These functions
are not new or revolutionary, but we will make some efforts to show, nane,
and justify their use in condensed descriptions of wdely used “programm ng
tricks” in sem-mthematical form The IF statement in FORTRAIN is a nultipur-
pose, powerful tool for “solving” the restrained functions, and has been used
frequently by scientists and programrers in all kinds of nodels and prograns.
Essentially, it allows the specific test of conditions and specifications for
different types of fornulations or changing coefficients, if and when the
specified conditions are or are not fulfilled. Figure 8 gives an exanple of
the use of restrained function for presentation and conputation of tenperature
preference limts and effects. The general principle is that a check of tem
perature at the grid point at time t and t+1 is nmade and conpared to the tem
perature optinmum curve. If the tenperature falls within the “slopes” of the
tolerance curve, the fish is noved. towards the optinum tenperature by changing
the u or v conponent of the mgration field in the direction of the optinmum
tenperature in proportion to the deviation of the tenperature fromthe pre-
scribed optinmum

Figure 9 shows the use of restrained function for simulation of known annua
vertical mgrations of specified demersal species. The migration speed is
prescribed with a cosine function, the time of which is affected by the phase
angl e «which can have different values at different latitudes and |ocations
and also can be made dependent on near-bottom tenperature anomalies: The m d-
winter and mdsumer parts of the “mgration speed” are restrained with a tine
and sign dependent check in the program

Figure 10 shows the various conceptual and nunerical approaches used to pre-
sent the mgrations of a given species of Pacific salnmon. First, the disper-
sion is computed with the Monte Carlo nmethod of Meier-Reinmer. Then the mgra-
tions are prescribed as known from seasonal distribution of different age
groups. The known current systens are also utilized in accelerating or decel-
erating the migrations. Finally the “homeward” spawning migration i S conputed
usi ng the same-effects of currents, but prescribing al so an-active, tine-
dependent mgration field, by which the parts of the population found well to
the south in warner water (earlier maturation) initiate the "homeward" m gra-
tion.
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F1 ow Diagrans
The conplete flow diagram of a dynami c nunerical ecosystem nodel will be
long and conplex. Figure 11 shows an exanple of a sinplified annotated flow i
di agram of a subroutine for conputation of pollock bionmass dynamcs. This
figure indicates first the initialization of the distributions. The approxi-
mate nonthly distribution of pollock in Bering Sea is derived partly from
catch statistics and partly from experimental fishing results. ‘

The annual variation of the conposition of food consumed by pollock is
partly prescribed with input fromstonmach content analysis and partly
restrained at differnet grid points by know edge of availability or abundance
of preferred food items. Gowh rates are from observations of weight and
age relations but are also slightly restrained in the conputations by using
information on availability of principal food. Mnthly nmortality rates for
given age groups are estimted from available catch statistics.

Exanpl es of Fornul as Used

It is not possible to present many formulas needed or to be used in the
conplex nodel. Figures 12 and 13 show exanpl es of some sinple types of for-
nul as applied. The first fornula (fig. 12) is an exanple of a nodified popu-
| ation dynamcs fornula for presentation of fishing mortality. The fishing
mortality coefficient is a different restrained function for each species
and age group (or is time dependent when conputations are made for different
year classes). In addition, a time-dependent natural nortality coefficient
can be conputed and made a function of season and age group, if required.
Fishing nortality is usually a space and tine dependent input coefficient. ‘

The second exanple of fornulas used in the nodel (and given in fig. 12) is
for reproduction of an annual zooplankton standing crop curve. A sinplified
trophodynanics formula, where food requirenents for maintenance and growth are
computed separately, is shown in figure 13A  The food coefficient is usually
made a function of availability of food (food density), and the proportioning
of food items (fig. 13B) is also nade a function of relative availability of
these items at each grid point and time step. The iterative balancing of food
requi rements and availability mght [ead to conputation of cannibalism which
occurs in many fish species. Exanples of fornulas used for presentation
(conmputation) of mgrations have been briefly described earlier

The conputational tine step is variable throughout the nmodel, as it is in
sone formul as dependent on satisfying the stability criteria (i.e. grid size
and “speed” dependent), but the basic conputational step can be selected with

time step froma week to a nonth.
RELATI ONS BETWEEN ECOSYSTEM MODEL, THE ENVI RONVENTAL
MODEL, AND OTHER MODELS . ‘
A schematic abbreviated listing of the relations between an ecosystem nodel
and environnental and descriptive (conceptual) nodels is shown in figure 14
The environnental nodels provide various inputs to the ecosystem nodel. No
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f eedback is provided here, as the ecosystemdoes not influence the statics or
dynam cs of the environnent (except in few cases of little consequence, such

as increase of turbidity due to high phytoplankton standing crop or regenera-
tion of nutrients). The "chemo-dynamic" approach (i.e., using nutrient
availability, regenerat ion, etc.) is not used in the initial state of our
model , because many recent attenpts in this field have not led to any useful
nodel s.

Various descriptive or conceptual nodels have been used to design our node
and have been converted to nunerical form Future descriptive nodels, which
provide new and nore accurate know edge, can be used to inprove the nodel

The conventional popul ation dynam cs nmodels are used in nodified form as
parts of various subroutines. Some concepts of “energy flow" models have
al so been used, but in different form i.e., in the formof the "flow" bio-
mass.  The numerous types of “water quality model s” have been reviewed, but
found to be too sinplistic for our purpose

Finally it should be pointed out that several possible nmodeling approaches
m ght be added to the conpl ex nodel and several present approaches m ght be
nmodi fied in the course of the final designing, programmng, and testing of
the conplete nodel .
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I. ™"Open end” food web conponents
(inputs)

A. Zooplankton

1. Annual production, monthly mean standi ng erop, consumption
(copepodss euphausids, decapods, etc.).

2. Proportion consuned by pollock (nonthly variation, density,
(availability) dependent ).

B. Ichthyoplankton

As 1 and 2 in zooplankton, except 1 is dependent on Spawni ng
seasons, hatching, growh

C.. Small pelagic fish
1. Prelimnary estimates of annual distribution of abuhdance.
2. Availability to mammal s and birds.
Il. Min food web components
D. Pollock

Year class conposition (in terns of biomass)
Gowh (by age grougps)

Nat ural mortality (by age groups)

Fishing nortality

Food requirements for (a) nmintenance, (b} growth
Food conposition (by preference, age and availability)
Consunption by manmal s and birds

E. Mammals (fur seal and bearded seal}

Monthly distribution and abundance
Food requirenents

Conposi tion of food

G owt h

Food consuned

Kills

F. Birds (shearwaters, murres)

Monthl'y distribution and abundance
Food requirenents
Food consuned

Ef fect of availability of food on nortality 1

Figure 3C --Principal conponents of mammals, birds, and pollock submodel.
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11.

Eval uation of the effects of exploitation .
Eval uation of the effects of environment
Reduction of data and know edge into accessible/reviewable form

Determnation of further research needs and priorities

Figure 4. --Principal objectives of the marine
ecosystem nodel and its use.

Figure 5.--Conputation (nodel) grid
for eastern Bering Sea.
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Figure 8. --Exanple of a restrained function accounting
for tenperature preference.
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data fromcatch statistics and experinmental fishery, etc.)
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Estimates of nonthly growh, nortality, food, etc., coefficients.
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Figure il.--Generalized flow diagram of pollock subroutine.
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I. ZEIxample of a conventional population gyrumics formula used in

o

the model for conputation of fishing portarsey.
" B = B ekt syn

t,m,n  t-l,m,n

Ky o f (fishing effort [ season, location ] age)

[l.  Presentation of annual curve of zooplankton Standing crop.

‘¢ m,n Zo,m,n : Zc,m,n £os é‘i t"'“j_) +

Zg >IN cosézet -B{'Z)"

Z, = (2 + Z.) /2

Figure 12.--Exanples of fornulas used in the dynamic ecosystem nodel,
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. Food consunption

. -k ]
. = — A +
A. F . =B (1-e™) g, + 4 pB

—
food “for food for
growth mai nt enance
Fmt - monthly food consunption of a given biomass (B) of a given age group‘

g. - food coefficient for growth (e.g. 1:3).

p -~ food coefficient for maintenance
k - growh coefficient, function of age and availability of food: e.g.
k=%, (K ‘max " Fnax)
Z, + P,

p -basic growth coefficient. k&.-proportionality factor, 2 ..,
Pmax e€tc-annual maxi mum Stamding crop of principal food
items at the given location, Zy; Py -standing crops of food
itens at tine t. d, -food density dependent coefficient,

simlar to the expression of k above.

1. Food conposition change

Zeons Mo X g

Peons = Bt X Fot ‘
Ocons = Ct X Fyg
Boons = 803 Deops = 00 atb =1

‘4 = Ay + A, cos@t —KA); By = B, + By, cosét —’G?B), ete.

P anounts of different food itens consuned (e.g.

r 0 -
cons’ “cons . ;
zooplankton, pel agic fish, "other food”).

Zcons »

Fat - monthly food consunption of a givenbi omass.
Ay ,B, »C¢ -proportions of different food itenms in the diet at tinme t.
A,,B, etc -annual nean of a given food itemin the diet.

A,,B, etc -annual range of change of a given food itews in the diet.

a ~ 30°
t - tine
RA ’KB - phase angle ‘

Figure 13 A § B.--Exanple of (I) a trophodynamics fornula for food consunp-
tion and (I11) annual food conposition change conputation.
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Envi ronnent al Fishing efrort
models ~ (mogels)

Dynami ¢ ecosystem

| T o

Description of seasonal abundance

M grations, dispersal, aggregation

Abundance of lower tropic levels

% g y ~
=0 Avail ability of food
0
IR At
© % ~s=— Stomach content analysis
)
-~
ﬁ S Predators -t

Figure 14.-'-Sone relations between dynam c marine ecosystem nodel
and conceptual (descriptive) steps in research.
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APPENDI X A
Themap f act or and conversion bet ween grid poi nts and longitude/latitude.

1. Mp factor (MF)
Map factor is used to correct distances’ (and areas) in the polar stereo- ‘
graphic projection [true 60°F) for any grid, using the sin ¢ (sin of’

latitude) (see sin g conputation below).

_ Atsin 60° - 1.86603
l+sin 9 l+sin ¢

sin § > 5% MF
sin §p < 5° MF = 186603 .

2. Computation of | and J for arbitrary Mx¥ rectangular grid if latitude and

longitude are given.

(a) using the equations for the Polar Stereographic Projection,

Re Cos ¢
"R Cos
J=J +',__i ¢ sin(350- 7&) ‘
P d I+sing
where, A = |ongitude

¢ = |atitude

(Ip’ Jp) = coordinates of north pole

Re di stance from pole to equator in nmesh |engths

- Z_

(b) Inverse procedure conputes the |ongitude and latitude if | and J are given:

Long=k=k—ta.n-1 (=)
[(l B |P
2
- - 2
lat =@ = sin I R (I Ip), -0 -
RE + (1 - 1)+ (3 -3
[ b
where, k = constant dependent upon quadrant
Ip =1 pole
J- =1J pole

R = distance from pole to equator in mesh lengths (i.e. 31.205
on 63x63 grid)
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- APPENDI X B

Interpolation of data fields - Methoa and ‘ Theory

If the point lies within the border zone of the Mx¥ rectangular grid,

performa linear interpolation,

2 3.,
r P
S
x] 0 | X
= - - + + - +
fp (L-s) (1 -1) £+ rf s (1 -rx) f2 rf3

[ 1 [ 1
If the point lies within the interior zone of the grid, performa double

interpolation usingBessel’'s central difference formula, With third differences.

2 ¥
1. g+l
- 3 X P X 4
J
=1 0 1 2
J=1
-1
i-1 i i+l i+2

a. Vertical interpolation is performed on colums i-1,i, 1+1, and i-2

using the formila:

. 1 elg —~ 1 2
2 z 7
l {3
4 _s(s-1) (s-7) A3 1
3! I, 5
I=-1012
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wher e,

s = the fractional portion of the given J.
wr o =T, "f10
ro1 5
z
Al , 1 A I,I-fI, 0
7
f - f +,
ura 2, = 1,2 1,1 1, -11 0
I,1 2
2
= (f -f -2(f. - f + (£, -f_ )
AT 1,1 (1,2 1,1) (1,1 I,.O) (I,,o L-1
2
Horizontal interpolation is then performed on the interpolated row conputed

in a., using the formla:

1 -
fo=ur 4 (r-par e Esl) 2
P’ l.s Ls8 2 4 1,
3’ 2 a2

s

=

——

21

[y
~
—

-

'
-

wher e,

r = the fractional portion of the given I.

uf = fl,s+ %,S
L8 2
2
- f
Afl,s fl,s 0,s
z
2 - £ .
s £ s= 2, 1l.s -1,s 0,s
_2__’
- - f -2 (f - f + (f - f
ASf;,s (fz,s l.s) (1, ,s) (o,s —l,s)
2
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1.

APPENDI X C

Basi ¢ Fl ow and Equations Used in Scal ar Anal ysis Program

Pre-Analysis Section: (ANAL 1)

a.

C.

Round i and j of observations and |locate data at_nearest grid points.

Mark these points.
Determne boundary: Two nethods
(1) If data located at |east at every other grid point in every other

row and colum, conpute boundary values from data:

a) b)
b o o o o X 6 X 0 X 0
X 0 X 0 X S 3] 0 0 0 0
A ‘
4
o 0 0 0 0 (3 0 X 0 X 0
A Al As
J=0 X O X O X (o] O O O O O
Ao q A,
1=0
A =h A A =A
1 2 0 3
A =A3+ Ah
1 2

‘2%
(2) If data random set boundary values = a specified constant.
Get QA
(1) If random distribution, take first guess VA :z Q

(2) If uniformdistribution, get “double nesh” VA

3 |
cron v (E)2 (A1+A2+A3+Au—hAo)
={1 - A

| T (A1+A2+A3+!}h ) o
3 0 L1 [ 1

>
>
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d. Smooth VA field for vorticity term

A A A
.6 ._‘2 5
_ g
(s) = . A
@ L S i =8 3 <0 1
K =0
Aoy g '

e. Analyze, using extrapol ated Liebmann method of relaxation to

sol ve “Poisson equation: VA =B

but holding observed val ues fixed. random, B =0 for

Note: If data distribution i
first pass.

(1) Iterative step:

vil .
A = A \3+ R, v where the residual R can be expressed
iaj 1sd i,j i’j
as:
1 (o2
R, = (vea - B
i, b i }
OR over-rel axing:
" (
= - A = 1.
R‘i,j T (VA B) where 1.28
(2) Thus:
+
AL A "'+ 32 (V'A - B)

i,3 k,J i3

(3)Continue relaxing until at (v+l)st scan,

R Y < € {Here € = 1 x 2'15, but actual € used shoulé

max be data dependent. )
f. Conpute newV*A
VA A + A A t-A 1 4A,

+
1&3 i+l :j isj+l i"laj i,j 1,4

g. Return to step d for 5 passes and exit after step e.

Main Anal ysis Section: (ANAL 2)
a. Conmpute V*A of guess field 'AZ ‘
. LNA, , i-A . +A - '
LT R TE TR B PL L TERN R TR A A
‘3 Cio 1
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A



b. Snooth V*A for vorticity term.

— (s)

B= VVA_
1,d
1 [\ 2
“5 (VA TRy
C. Smooth the guess field
Ae
A
2
A A A A A
T 3 0 1 5
“4
"

(1) This is a light “fixed-point” snoother which removes snal

v

i rregul

tthdnes not radicallv alter the grid point val ues.

14s

v A2
2
v V* A
2 2 30
+VEA, Ve,
i,j+1 -1, 1,3-1)
2
\"
A,
(s) 5
A = A+ KV A
0 (o]
2 2 2 2
K (BAlaAz aA3 SAh
+ — + -l — +
2 .2 .2 .2 .2
b °J ol 3J
wher e
2
9 A
+ -
1 N Ao A5 2A1
ai’
2
9°A
2 v A+ Ag - 2A,
Bje
a‘A
AN A+ AL - 2A
23 o 4 3
o1
2
oA
4 v Ao + A8 - 2Ah
232
: " + A - +
VA, (4 5 " 28) + (4,
= A+ A+ Aj+ Ay - bAg
L
and K =18

arities



d. Adjust the guess field with original observations:
(1) Fromguess, interpolate for guess value at observed i and j,
using Bessel’s central difference fornula for a double quadratic

i nterpol ation.

A
i,J+2
i):7+jl -
Al
4J
A -1,] Ai ] 3 it+l,] f +2, J -
Al

(a) Four horizontal interpolations are performed first, on rows j-1,

j, J*L, 342 where (i,§) is lower left Qri d point, using the fornula:

Aueat,y ¥ S Bt 4 (A 1) (AL - AL

+ A1 (A1-1) [ (Bie2,g - A )t - A g
2! 2

=Aj,5+ a1 (A5 - A5 5+ Ai{4i-1) ([n o o Ay A, oA 9)
2 2

ALt {(Aiﬂ,j_AiJ R 4| E‘ oy gy 5) jg

(Likew se for Aippi 5o1 Aty 341 © & Areag, gee)
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b

Caa, ey U Ry T

itAi,j+2

+ (Aj-.l)i_(A - A

4

(2) Compute A
v (observed)

(3) Conpute weights for correcting each of the four surrounding grid points.

Ay

(Aiias, 317 Aieai gl

)

itAl L+l

One vertical interpolation is then performed on the colum i + Ai:

~

* (Ai-l-Ai,j‘_l- Ai+Ai,J) ]. )

A
(interpolated )"

1 - A3

Al Z+ Aj2
r,’= (1~ a1)2 + p32

r32:(l - Ai)?+ (1-43)2

- AT (1-43)2
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(4) Conpute weighted difference to be added as correction to each
of the four grid points surrounding the observation:

=W (A - A,
Wx D, X ( obs 1nt) ‘

(5) When weights have been conput ed for a1l observations, add as correction

to each grid point the “nean” of the weighted corrections resulting
from each relevant observation. (A grid point is thus corrected

from observations in the four surrounding grid squares. )

A (adj) = A +
0 0

vhere K = nbr. observations affecting this grid point.
es Anal yze, holding el1 adjusted val ues fixed, using extrapol ated Liebmann
method of relaxation for solution of Poisson equation v2A = B. See
(e} underpart 1. Here € = .5 but, again, should be data dependent. ‘
£. Return for 3 internal passes to steps c through e.

g. Return for 2 external passes to steps a through z.

h, Exit.
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