THE FLORIDA STATE UNIVERSITY

COLLEGE OF ARTS AND SCIENCES

A SIMULATION OF THE BIOLOGICAL RESPONSE TO LOW-FREQUENCY

PHYSICAL FORCING IN THE TROPICAL PACIFIC OCEAN

By

ANNETTE SAMUELSEN

A Thesis submitted to the
Department of Oceanography
in partial fulfillment of the
requirements for the degree of
Masters of Science

Degree Awarded:

Spring Semester 2000



The members of the Committee approve the thesis of Annette Samuelsen
defended on 12/1/2000

Dr. James J. O Brien
Professor Directing Thesis

Dr. George Weatherly
Committee Member

Dr. Richard Iverson
Committee Member

Approved:

Dr. David Thistle, Chair, Department of Oceanography

Dr. Donald J. Foss, Dean, College of Arts and Sciences

Dr. Donald J. Foss, Dean, College of Arts and Sciences



ACKNOWLEDGEMENTS

I would like to thank my advisor Dr. O'Brien for his help, encouragement, and
last but not least, enthusiasm during the course of doing the research for and writing this
thesis. Dr. Michael Toner developed of the model that was used and he also introduced
me to the model. I also acknowledge my committee members, especially Dr. Iverson for
answering my questions about the biological system and marine biology in general.
Steve Morey proofread my manuscript and gave many useful suggestions. Finally, I'm
gratefull to my roommate Petya, who was very patient with me in periods my thesis was
taking up all my energy.

Parts of this work were done while on a fellowship from the School of

Computational Science and Information Technology, Florida State University.

iii



TABLE OF CONTENTS

LSt OF tADIES. ... ettt et vi
LSt OF fTZUIES. ceevetieeiietieiect ettt ettt ettt e sae e st e e s e ss et e s it e ss b e este e bt e eabeeeseennrenns vii
ADSITACT. . ettt st b e et eabenaaenee e Xii
L. INETOAUCEION. ..ttt et sttt e s e eaee e beeeabeenneeeane 1
2. MOdE] AESCIIPLION. 1..teiiiiiiitiete ettt ettt sttt et sbe e ssee s s e eneeeane 6
2.1. Physical model...........cceunneen. J OO SPPTRPRP 7
2.2. Biological MOdel........ccouviiiiriiniiiiiiiicient e 11
2.2.1. ZOOPIANKEON. ...vtiirierieirrieeieeeieee et esie e bt e s e e e bt e s sbsessbeessbreesnsreenaneen s 11

2.2.2. Phytoplankton......cocueicieriiieniieeiieereeesiee e eree s riee et snree s sbeeebeeeaes 13

2.2.3. DOTIEUS ettt 15

2.2.4. AMMONIUIML....eiitiitieiieientieie et etresteste s reste st esteste st eseesaesnteseeeseesseeseennesnnns 16

2.2.5. NIITALE. c.eeetteeteesteeett ettt sttt si e e st e et e b e e b e seeesabeesareesbeeaee 16

B RESUIES e ettt e b et e s ne e seae e 19
3.1. Mean state and annual CYCIE........cecviriiiiiiiriiie e 19
3.1.1. The Equatorial Cold TONGUE........cc.couevrereciiiiireneieneneerere e 22

3.1.2. The Central PaCifiC.......ccccoriiiiiiiiiiiiee ettt 26

3.1.3. The WeStern PacCifiC.......cccoceeieriiiieiee e 28

Dbl 1NIE UETIIAL FACIIC ututeuterueaueeneessesneenseseeeneensessessessenssessesssessesseessesnaesseenns 20

3.1.3. The western PacifiC.........cccviriiiiniiniiiineeeree e e 28

3.2. The 82-84 ENSO CYCIe....icciiiiiiiiiiiiiieciectiesese sttt 30

iv



A, DS CUSSION. ceeeeerreeneneaeeaerasseseesaessesreseesseseensnnsnnssssasaeseesesssesessssnssnnnnnsossenseesesessnsnssneseeenens 39

Appendix A
Parameterization of vertical Nitrate fluX.......coevverieeriiniiiiierceece e 45
Appendix B
Semi-Lagrangian advection SChEME........c.ccoveireriririrrieneeneeee e 50
REEETEIICES. ...ttt ettt et e e eensesaneaeesbe e e e sreeseebeaeeeennen 52
BiographiCal SKEtCH.......cciiiiiiie ittt e a e 56



LIST OF TABLES

21 o) (ST RO 9

The parameters and parameter values used in the physical model.

TADLE 2.2 ee ettt e e e e s eseeeaeeaaeaeeees e s e st e eane e aaaesesaeaesennraraas i aaraeseeaseenraanes 18

The parameters and parameter values used in the biological model (M. Toner, personal

communication).



LIST OF FIGURES

Map of the model domain. The area inside the dashed curve is the model domain. It
entends from 124 degrees east to 74 degrees west and from 20° degrees south to 25

degrees north, and has realistic coastlines on the eastern and western boundaries.

Overview over the dynamics of the biological model and how it interacts with the

physical model.

FIBUIE 3.ttt sttt s st sttt ettt emtesteentenne s 20
(a) The mean concentration of zooplankton (% of deep-water nitrogen-concentration)
from 1964 through 1979. The red boxes mark the regions selected to study the annual
cycle. (b) The mean concentration of phytoplankton (lLg chla/L) in the same period.

Phytoplankton values were calculated using deep-water nitrate concentration of 25 pg/L,

5.6 ug C/ ug N, and 58 pg C/ug chla [Eppley, 1992].



Mean thermocline-depth in the model domain over the 16-year period. Note that the

thermocline is much shallower to the north of the equator than to the south.

The annual cycle in the eastern Pacific of (a) each biological component, (b) each
biological component scaled by its own mean value, and (c) the primary and secondary

productivity and vertical velocity.

A hovmuller-diagram of the annual cycle of vertical velocity along the equator across the
entire Pacific basin. Note the two semiannual upwelling Kelvin waves that are generated
in the west of the international dateline. One with large amplitude generated in
December, and one with less amplitude generated in April. They reach the eastern

boundary in February and June respectively.

FIGUIE 7.ttt ettt e s e saae e ereeaeae 27
The annual cycle in the central Pacific of (a) each biological component, (b) each

biological component scaled by its own mean value, and (c) the primary and secondary

1110 aljgiual Cyuelo 1 UIe volilal racvlliv vl (a) cacll UlUlUélUdl UUllllJUllClll, \v) edbll
biological component scaled by its own mean value, and (c) the primary and secondary

productivity and vertical velocity.

viii



FIGUIE 8.ttt ettt e e e e be e b e esbeesbeesmbeeteesarenan 29.
The annual cycle in the western Pacific of (a) each biological component, (b) each
biological component scaled by its own mean value and (c) the primary and secondary

productivity and vertical velocity.

FIBUIE 0.ttt sttt sttt et ettt e e nt et e b e ebt e b e ebe e beenbeereene s 31
Snapshot of the zooplankton stock in the end of December each year from 1981 through
1985. Note that low zooplankton stock reflects low productivity and large zooplankton

stock reflect large productivity.

FIGUIE 101ttt st s neeneean s 32
Total amount of nitrogen bounded up in all the biological components in the surface
mixed layer (fraction of deep-water nitrate-concentration) from 1981 through 1985 along

the equator at (a) 150° E, (b) 175° E, (c) 160° W, (d) 135° W, and (¢) 110° W.

FIGUIE 11ttt e et et s s e e e nne 33
Time series of the biological components (% of deep-water nitrogen-concentration) from
1981 through 1985 at 110° W in the eastern Pacific on the equator of (a) ammonium, (b)

detritus, (c) nitrate, (d) phytoplankton, and (e) zooplankton. Note the difference in the
19%1 through 19¥5 at 1 1U¥ W 1n the eastern racitic on the equator ot (a) ammonium, (b)

detritus, (c¢) nitrate, (d) phytoplankton, and (e) zooplankton. Note the difference in the

solutions of ammonium and zooplankton after 1983.

ix



FIGUIE 121ttt ettt st e b e s st e e st e enseebeesaeenbeesseeenreennneans 36
Annual anomalies of phytoplankton stock. The anomalies are obtained by calculating the
mean over a year and subtracting the long-term mean presented in section 3.1. The
figures illustrate the difference in phytoplankton stock between an between an (a) a
normal year (1981/1982), (b) an El Ni o-year (1982/1983), (c) a La Ni a year

(1983/1984), and (d) a year following the La Ni a-year (1984/1985).

FIGUIE 13ttt ettt et e bt e bt e st e et e ebe e s e e s besnee e e e nnees 37
Annual anomalies of zooplankton stock. The anomalies are obtained by calculating the
mean over a year and subtracting the long-term mean presented in section 3.1. The
figures illustrate the difference in phytoplankton stock between an between an (a) a
normal year (1981/1982), (b) an El Ni o-year (1982/1983), (c) a La Ni a year

(1983/1984), and (d) a year following the La Ni a-year (1984/1985).

FIGUIE 14 oottt e e e s ae et e s et e s st e e b e esseesseesabeesaeeneeeseesneeentns 38
Hovm ller-diagram of vertical velocity at the equator from the coast of South America to
130 degrees West in the period from 1982 through 1985. A large-amplitude upwelling

Kelvin wave is arriving at the coast of South America the end of 1983 and Rossby waves

10U UCEITOS VY OSL 111 UIC POLIVU L1IULL 1704 ULDOUELL 1700, M 1ALEVTAlUPLILUUL UY VW VLLLILE,

Kelvin wave is arriving at the coast of South America the end of 1983 and Rossby waves



are reflected from it. After 1983 a series of intraseasonal Kelvin waves arrives at the

coast.

FIGUIE 15 ettt et a e sbe e et e enbesateeneeenneens 41
Distribution of zooplankton in the upper 150 meters of the Pacific Ocean (parts per 10°

by volume) [Reid, 1962].

FIGUIE ALttt st e st e smbeenbeesabeenneenas 49
The ratio between the original parameterizations of vertical nitrate-flux and the new

parameterization as a function of nitrate concentration for different thermocline depths.

FIGUIE A2ttt ettt ettt et et s be e te st e nee e st eeesbeeeneesee e 50
The figure shows (a) ammonium, (b) detritus, (¢) nitrate, (d) phytoplankton, and ()
zooplankton for the two different parameterizations of vertical nitrate-flux The original
parameterization (red line) and the new parameterization (blue line). (f) Depth data used

in the calculation of these solutions.



ABSTRACT

A biological model is coupled to a 1 1/2 layer reduced gravity physical ocean-
model. The model is calculated for 35 years in the tropical Pacific Ocean in the domain
encompassing 20° S to 25° N and 124° E to 74° W. The physical model is forced by the
FSU monthly winds and has realistic coastlines on the eastern and western side of the
domain. The biological model has five components: phytoplankton, zooplankton, nitrate,
ammonium, and detritus and uses realistic parameters. Some of the processes included in
the model are bacterial action, iron-limitation, and nutrient regeneration. The aim of the
study is to investigate the biological response to physical forcing on the time scales of
annual to inter-annual time scales. While phytoplankton seem to immediately respond to
the forcing from physical model, zooplankton is the component that shows the most
variability on longer time scales.

The annual cycle is derived from the first 16 years of model-data. Three regions
show persistent high productivity: the Equatorial Cold Tongue, a region in the central
Pacific around 9° N and a region close to the western boundary at approximately 6° N.
The north-south movement of the ITCZ influences the annual cycle in the eastern and
central Pacific, both in terms of local forcing and in terms of remote forcing through

equatorial waves. The high production in the western Pacific is connected to a series of

volilal 1 avliliv, UULLL tl LCLLD Ul 1uval lUl\/llls aliu il LWolllld Ul 1C1IVULY 1u1wu15 L Uuéll
equatorial waves. The high production in the western Pacific is connected to a series of

eddies generated by the shear between the North Equatorial Current and the North

xii



Equatorial Counter Current. The mean state in the model shows a marked asymmetry
across the equator. The region North of the equator is much more productive than the
region south of the equator except in the equatorial Cold Tongue. The reéson is that the
ITCZ stays north of the equator and causes the upper-layer depth to be shallower north of
the equator.

The period during and after the 1982-83 EI Ni o in the eastern pacific shows
anomalously low stocks of zooplankton and productivity in the eastern Pacific. In the
period after 1983 there is anomalously high production that persists almost two years. A
strong upwelling Kelvin wave is responsible for adding an excess of nitrate which
contributes to increasingly large production late in 1983. In a period of over a year after
that a series of inter-seasonal Kelvin waves keep the production high in the eastern
Pacific. At the same time a series of Rossby-waves propagate westward across the
Pacific. The Rossby waves enhance the biological production as they propagate across
the basin, and their signal can be followed all the way to the western boundary. Thus the
signal from the Rossby and Kelvin waves can be detected in all the biological

components as well as in the thermocline.

xiii



1. INTRODUCTION

The interaction between the living organism and its physical environment is of
interest in ecosystems both in the ocean and on land. It is becoming increasingly
important to understand this interaction in view of the human environmental influence.
One topic that requires the understanding of the interaction between physics and biology
in the ocean is climate prediction, i.e. how global warming will affect biological
production and how this change will give a feedback to the climate system. On a global
scale the ocean is a large sink of atmospheric carbon [ Matear and Hirst, 1999]. The
amount absorbed is dependent on biological production as well as physical factors. The
export of carbon dioxide to the deeper ocean happens through the sinking of fecal pellets,
which contain organic carbon that has been sequestered from atmospheric carbon.
Although carbon dioxide is lost from the ocean in equatorial upwelling regions, the
production in the area contributes to export of carbon to the deep ocean on a global scale.
Thus knowing the primary and secondary productivity in addition to physical ocean
processes is important in climate modeling. Also the influence of natural interannual
oscillations and their impact on biological production has a large impact on the economy
in many countries, because their income depends on fisheries. Understanding the

interaction between the physical ocean and its ecology is thus also of interest to the

in many countries, because their income depends on fisheries. Understanding the
interaction between the physical ocean and its ecology is thus also of interest to the

fishery industry [Cushing, 1995].



One approach to study the interaction between the ocean and its organisms is to
use a marine ecosystem model coupled to a physical model. There are two main
approaches to model ecosystems mathematically: one is based on the flow of energy
through the ecosystem, the other is based on the concept of a limiting nutrient, e.g.
phosphorus, iron or, as in this case, nitrogen. The earliest marine biological models were
simple two or three component models that were developed from classical predator-prey
equations. These were not coupled with an explicit physical model, but used an observed
annual cycle of the mixed layer or nutrient concentration or a simple injection of nutrients
due to of the change with season. Fleming [1939] and Cushing [1959] developed some
of the first plankton models. Recently most of the coupled physical-biological models
have detailed mixed layer structure, but little or no horizontal extent [e.g., Fasham et al.,
1990; K hn and Radach, 1997; Loukos et al.1997]. More complicated model were
developed by Leonard et al. [1999] and McClain, et al.[1999] who coupled a 9-componet
ecosystem model to a mixed layer model in the equatorial Pacific. Sarmiento et al.,
[1993] coupled a biological model with a general circulation ocean model in the Atlantic
Ocean. Other examples of three-dimensional models coupled with biological models are
Chai et. al. [1996] and Toggweiler and Carson [1996]. Data assimilation has also been
used to make the biological models more realistic [Spitz, 1996; Friedrichs, 1999].
Koziana [1999] used a model to investigate how phytoplankton influences heating of the
surface mixed-layer. A review of a several coupled physical-biological models from the
very simple ones to the more complicated is given by Olson and Hood [1994].

A concept that has been widely studied after it became clear that it is important is

very simple ones to the more complicated is given by Olson and Hood [1994].
A concept that has been widely studied after it became clear that it is important is

iron limitation. Iron limitation has the effect of inhibiting the uptake of nitrate, i.e. new
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production, but not of ammonium or regenerated nutrients. Iron is usually considered to
be transported to the ocean by atmospheric dust. However, the central tropical Pacific
does not have a significant atmospheric source since the prevailing westward trades do
not originate over much land. Iron can also be transported into the mixed layer from the
deep ocean. In particular the Equatorial Cold Tongue gets its supply of iron from the
Equatorial Under Current. Iron limitation has studied using shipboard bottle experiments
[Martin and Fitzwater, 1988], mesoscale iron enrichment experiments [Coale et al. 1998]
and through the use of marine ecosystem models [Chai et al, 1995]. As a result of iron
limitation the tropical Pacific, unlike other ocean regions, usually has excess nitrate in the
surface layer. Landry et al. [1997] concluded that iron-deficiency combined with grazing
is responsible for high nutrients and low chlorophyll conditions in the tropical Pacific
Ocean. In this model, the iron-limitation process is not explicitly modeled, but
parameterized into the model by adjusting the parameters that determine uptake of
nutrients.

Physical processes on all time scales influence life in the ocean. These processes
have in common that they regulate the amount of nutrients or the availability of light in
the euphotic zone. Turbulence is responsible for mixing of nutrients into the upper
boundary layer. Coastal upwelling is responsible for some of the most productive areas
along the coast, while equatorial upwelling is responsible for the productivity in the
equatorial regions. Planetary waves alter the depth of the thermocline and thus increase
and decrease the flux of nutrients into the mixed layer. The smaller animals and plants

respond rapidly to the change in the physical environment. Larger organisms will have to

and decrease the flux of nutrients into the mixed layer. The smaller animals and plants
respond rapidly to the change in the physical environment. Larger organisms will have to

relocate or find other sources of food or better breeding ground. Larger organisms also
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respond slower to environmental changes because they take more time to reproduce. The

role of equatorial waves in connection with oceanic primary production became apparent
during the 1982 El Nifio. After the 1982/83 El Nifio it was noted the reduced production

in the eastern Pacific during this time was caused by a remotely forced downwelling
Kelvin wave. If the thermocline is too deep, upwelling will not bring nutrient-rich water
from below the thermocline into the euphotic layer [Barber and Chavez, 1983].

In this study a five component marine ecosystem model is coupled to a 1 1/2-layer
reduced-gravity ocean-model. The model-domain spans the entire tropical Pacific Ocean
and the model is run for 35 years in the period from 1961 t01996. The physical model is
forced by the FSU monthly winds and the output from this model is used to force the
ecological model. The ecosystem model has five components: zooplankton,
phytoplankton, nitrate, ammonium, and detritus. The biological model equations are
integrated over the mixed layer so the model only resolves horizontal structure. The
model also uses a unique semi-Lagrangian advection scheme, which eliminates the
requirement for horizontal boundary conditions at shores for the biological model. The
object of this study is to investigate the biological response to physical forcing on long
time scales. The main focus is on the annual cycle and the effect of ENSO. In order to
keep the model as simple as possible, light is not used as a variable in the model. In most
marine environments nitrate is the limiting nutrient, and is supplied from the deep ocean
in this model.

The simulation is used to study the annual cycle and the impact of ENSO on the

biological production, even though monthly forcing is used. The annual cycle is
The simulation is used to study the annual cycle and the impact of ENSO on the

biological production, even though monthly forcing is used. The annual cycle is

calculated to determine if the model exhibits an annual cycle and to determine what
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drives the annual cycle. On ENSO time scales the strong 1982-84 ENSO event is
investigated. This event was chosen because it has a strong ENSO signal and because the
biological solutions show a dramatic change in character over this period. Another
interesting aspect is the effect of equatorially trapped waves. These waves have a large
impact on both primary and secondary productivity and can be detected across the entire
ocean basin.

A detailed description of the model is given in section 2. The results are presented in
section 3. The annual cycle of the biological components is calculated and explained in

terms of the forcing and oceanic response. The impact of ENSO on the biological system
is investigated by focusing on the 1982-83 EI Nifio and 1984 La Nifia. The model shows

a change of character during this period, which can be explained in terms of a

combination of interannual, and interseasonal equatorial Kelvin waves. Discussion and
conclusions are presented in section 4. A discussion of the parameterization of vertical
nitrate-flux is given in appendix A and a description of the semi-Lagrangian advection-

scheme is given in appendix B.



2. MODEL DESCRIPTION

The model consist of two parts, a nonlinear reduced gravity physical model that is
forced by the monthly FSU winds and a marine ecosystem model that is forced by the
velocity data from the physical model. The physical processes affect the biological
system, but the biological variables do not give feedback to the physical model.
Therefore the coupling is only one-way; A new semi-Lagrangian biological advection
scheme is used in the biological model. The ecosystem has two nitrogen nutrients
(nitrate and ammonium), phytoplankton, zooplankton, and detritus. Important biological
processes such as iron-limitation, regeneration of nutrients by bacterial action, and
sinking are parameterized in the model. Because the goal is to study variations on long
time scales the daily light cycle is not included in this model. The seasonal light
dependence is also neglected since the model is applied to the tropics, where the amount
of light does not change much with season. Each biological equation is averaged over the

surface mixed layer, so the model only captures the horizontal and temporal structure



2.1. Physical model

The physical model is a nonlinear, 1 1/2-layer, reduced gravity ocean-model and

spans the entire tropical Pacific Ocean. The model is governed by the following

equations:
2
ou 1 o U* 109 UV . gh oh
= —(—)+==—(—) - (2QsinO)V —
ot +acoseaq)( h )+a89( h )= (&2sin) +acosead)
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In these equations U is the zonal upper layer transport, V is the meridional upper layer
transport, and h is the upper-layer depth. The parameters in the model are g’, the reduced
gravity constant; A, the horizontal eddy viscosity; and p, the upper layer density. The
parameter values are given in Table 1. Longitude and latitude are denoted by ¢ and 0,
respectively, and 1° and 1° are the estimated zonal and meridional wind stresses. The
parameter a represents the radius of the earth and Q2 the angular speed of the earth. The
model is integrated on a sphere from 20° S to 25° N and 124° E to 74° W (Figure 1)
using an Arakawa C-grid. The time step in the model is 30 minutes and the spatial
resolution is 0.125° [Kamachi and O 'Brien, 1995]. The model has irregular but realistic
eastern and western boundaries. Radiation open boundary conditions are applied to the
north and the south boundary [Camerlengo and O’Brien, 1996]. The western boundary is
closed, so there is no though-flow to the Indian ocean. Closing this boundary does not
have a significant effect on the Pacific Ocean at low frequencies in this type of model
[Verschell et al., 1995]. The model provides fields of U, V, and h every 10 days from

1961 through 1996 on a 1/4° grid. These data are used to force the biological model.



Table 1. The parameters and parameter-values used in the physical model

Parameter description Parameter symbol Value
Reduced gravity constant g’ 0.02 m/s*
Horizontal eddy viscosity A 750 m%/s
Upper layer density p : 1025 kg/m’
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2.2. Biological model

The biological model has five components: zooplankton, phytoplankton,
ammonium, nitrate, and detritus. In the model equations each component is
non-dimensionalized with respect to deep-water nitrate concentration and integrated over
the mixed layer. In other words the sum of the scaled concentration of deep-water nitrate
is unity and the model-solutions have values given in fraction of deep-water nitrate
concentration. The depth of the mixed layer is constant in the model. In this simulation
it is 75 m. Data of upper-layer depth are used to determine the amount of nutrients
entering the mixed layer. Horizontal advection is calculated using upper layer physical
model transports. The time unit in the model is I day and the time-step is 1/10 day. This
time step is computationally stable and yields good accuracy since the fastest time scale
is about one day. Figure 2 gives an overview of the biological model.

2.2.1. Zooplankton

The zooplankton equation is:

DZ
o =P -m-T)Z )
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In the zooplankton equation Z in the non-dimensional zooplankton concentration and m
is the zooplankton sinking rate; mZ is the loss from the system. Values of the parameters
in the biological model are given in Table 2. T is a function of biological processes and
represents zooplankton mortality. A fraction of the dead zooplankton enters the detritus
pool, which eventually sinks or is regenerated by bacteria to nutrients. The other fraction
is directly regenerated into ammonium. The values of T and m, are 0.04 day™' and 0.01
day™ respectively, which means that zooplankton population decays on a e-folding time-
scale of 20 days '. Grazing on phytoplankton is modeled by the Ivlev grazing function

['(P) [Ivlev, 1961].

I'(P) = I max(1 — exp(A(P, - P))) %)

I'max 1s the maximum grazing rate, and A is the Ivlev grazing constant. Py is the
minimum phytoplankton population needed for zooplankton-growth. Py is zero in this
model. For I'ma=1.0 day™', A=2.0 and for a nominal value of phytoplankton, P = 0.02,
zooplankton will be growing exponentially on a time-scale of 25 days. For a
phytoplankton population of ~0.025 the zooplankton population will be almost steady
and for any larger phytoplankton stock the zooplankton population will increase.

2.2.2. Phytoplankton

The phytoplankton equation is:

The phytoplankton equation is:

' An e-folding scale means that for a scale, a in days, an initial concentration is reduced

to e or approximately 1/3 in a days.
13



% — ((N) + 8(A) - 0)P - T(P)Z ©)

The parameter o represents phytoplankton senescence; dead phytoplankton biomass is
added to the detritus pool. Phytoplankton nutrient uptake is modeled by Michaelis-
Menten kinetics [Dugdale and Goering, 1967], and y(N) and d(A) are the functions
governing uptake of nitrogen and ammonium by phytoplankton. The term y(N) represents
new production and the term 8(A) represents regenerated production. The equations for

yY(N) and &(A) are given by:

N

Y(N) = ¥ onax TN (7)
A

O(A) = dax i A (8)
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Ammonium will be preferentially used by phytoplankton because the half-saturation
constant, A is lower than the half-saturation constant for nitrate, k. Iron limitation is
parameterized by increasing the value of the half-saturation constant for nitrate, «, and
keeping the of the half-saturation constant for ammonium. Iron is mostly supplied to the
oceanic mixed layer by atmospheric dust, however the tropical Pacific has no significant
atmospheric source of iron from the westward trade winds. Iron is also supplied from the
deep ocean. This process is modeled by lowering the value of half-saturation constant for
nitrate every time new nutrients are supplied to the system. The maximum uptake-rate of
ammonium, dmax, is higher than the maximum uptake rate of nitrate Ymax. Under optimal
conditions phytoplankton can grow on a time-scale of 1 day using ammonium and on 1.2
days using nitrate. In absence of zooplankton, phytoplankton decays on a time-scale of
ten days.

2.2.3. Detritus

The detritus equation is:

%:v’l‘Z+o&P—(T\+S)D ©)

Dead phytoplankton and a fraction, v, of dead zooplankton become detritus. In the

detritus equation s is the sinking rate of detritus; sD is lost from the system. The fraction
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detritus equation s is the sinking rate of detritus; sD is lost from the system. The fraction

7 is recycled to nutrients. The values of s and 1} are both 0.1 day™', therefore the detritus
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has a residence time of 5 days in the mixed-layer. When detritus is regenerated to
nutrients, 50% is recycled to ammonium and 50% to nitrate
2.2.4. Ammonium

The ammonium equation is:

%f: = (1- V)TZ +4nD - 8(A)P - BA (10)

A fraction of the dead zooplankton is directly regenerated to ammonium, another part
becomes detritus before it is regenerated. Bacterial action transforms the fraction § of
ammonium to nitrate. Because phytoplankton prefer ammonium over nitrate, ammonium
tends to be cycled very fast. Under normal conditions the concentration of ammonium is
always very low, while there is almost always leftover nitrate in the mixed layer.

2.2.5. Nitrate

The nitrate equation is:

% — V(N,t)+ (I — 0D — y(N)P + BA | (i1

Nitrate is recycled from detritus and ammonium, and used by phytoplankton. V(N,t) is
the source term in the biological model, it represents the amount of new nutrients
entering the mixed layer. A more detailed discussion of the expression for nitrate-flux is

given in Appendix A. The expression for V(N,t) is:

entering the mixed layer. A more detailed discussion of the expression for nitrate-flux is

given in Appendix A. The expression for V(N,t) is:
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1-N(t) ,dh

V(N’t] = _]'
h(t)-d dt
dh
(dh]'_ 0, n <0
dt dh dh
dt’ dt

The biological model conserves mass exactly if sinking and V(N,t) are zero

expressed

%[P+N+Z+A+D] = —sinking + V(N, t)

The operator %[] is the substantial derivative in the horizontal.

90w 9 avl
()= at()+uax(]+vay[]

d
dt
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Table 2. The parameters and parameter-values used in the biological model (M. Toner

personal communication).

Parameter description Parameter symbol Value
Ivlev grazing constant A 2.0
Zooplankton mortality T 0.04 day "
Zooplankton sinking rate m 0.01 day '
Maximum zooplankton grazing-rate T inax 1.0 day"
Maximum nitrate uptake Ymax 0.8 day '
Nitrate half-saturation constant (normal) K 0.1
Nitrate half-saturation constant (upwelling) K 0.07
Maximum ammonium uptake Omax 1 day_]
Ammonium half-saturation constant A 0.02
Phytoplankton death rate o 0.1 day ™"
Fraction of zooplankton — detritus v 0.1
Fraction of detritus — nutrients Ul 0.1 day ™
Detritus sinking rate s 0.1 day
Fraction of regenerated detritus — ammonium X 0.5
Bacterial action on ammonium B 0.1
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3. RESULTS

3.1. The mean state and the annual cycle

In mid-latitude marine ecosystems the annual cycle of plankton is to a large
degree controlled by the availability of light. In the tropics, however, light and weather
conditions are fairly steady over the year, so the other physical processes become more
important.

We propose to answer the following questions about the annual cycle.
¢ Do the biological components exhibit an annual cycle?
¢ Which physical processes cause the annual cycle?

The annual cycle and the mean was calculated using model data from period 1964
through 1979 because the period after 1980 is dominated by strong ENSO-events. In the
mean state three regions show persistent high zooplankton stocks (Figure 3a): the
Equatorial Cold Tongue, the Central Pacific around 10 degrees north of the equator, and
close to the western boundary around 6° N. The mean state of phytoplankton (Figure 3b)
has a very different pattern from the zooplankton. It is almost symmetric around the
equator, while the zooplankton pattern show higher concentration north of the equator.

The equatorial Cold Tongue is a region that is known to be very productive. Two

equator, while the zooplankton pattern show higher concentration north ot the equator.
The equatorial Cold Tongue is a region that is known to be very productive. Two

large-scale processes can influence upwelling in this region: local wind forcing that
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generates equatorial and coastal upwelling and remotely generated equatorial Kelvin
waves [Barber, 1988]. The region in the central Pacific around 9j N has a shallow
thermocline caused by divergence in the water masses just north of the ITCZ. Since the
ITCZ resides north of the equator most of the time in the tropiqal Pacific, the upper layer
is thinner north of the equator than south of the equator (Figure 4). Slow moving Rossby
waves reflected from the eastern boundary also affect this region. The region in the
western Pacific, around 6 degrees north was not expected to have large production. The
highest productivity occur in the region between the North Equatorial Counter Current
and the North Equatorial Current and the productivity in the region seems to be
connected with eddies.

Since the high concentrations of zooplankton reflect high productivity, the annual
cycle in each of these regions was analyzed. A box within each region was chosen to
represent the region. The areas are marked with rectangles in Figure 3a.

3.1.1. Equatorial cold tongue

The equatorial cold tongue is a very productive region and is important to
commercial fishing. The thermocline in the region is kept shallow by equatorial
upwelling generated by the local westward winds. This process, which brings nutrient-
rich water into the mixed-layer, also causes the region to be very productive. Kelvin
waves also impact the region, they enhance or reduce the amount of nutrient-flux by
raising or lowering the thermocline. The productivity should therefore be controlled by
the magnitude of the westward wind-stress in the region, but also by remote wind forcing.

As seen in Figure 5c, the annual cycle has two peaks in productivity, one large in
the magnitude ot the westward wind-stress 1n the region, but also by remote wind torcing.

As seen in Figure Sc, the annual cycle has two peaks in productivity, one large in

March and a smaller one around July. The productivity is least around December. The
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variation in production is mostly reflected in the zooplankton stock (Figure 5a).
Phytoplankton shows a slight variation throughout the year, while the other components
appear to stay on a very constant level. However, if each component is scaled by its
mean value (Figure 5b) it becomes clear that both ammonium and detritus have distinct
annual cycles. The phytoplankton stock increases almost simultaneously with the input
of nutrients. The annual cycle of ammonium closely follows that of zooplankton. The
annual cycle of phytoplankton and detritus are also very similar. The relatively large
increase in phytoplankton stock in early spring after the winter is only possible because
the zooplankton stock is too low to control the phytoplankton stock at this time of the
year. The zooplankton stock grows quickly and reaches its maximum a little more than a
month after the peak in phytoplankton. Throughout the rest of the year the zooplankton
stock is large enough to keep the phytoplankton stock low. The very low concentration
of ammonium reflects that ammonium is cycled very fast in the system while the leftover
nitrate reflects the property of the model that nitrate uptake is inhibited. During most of
the year primary production using ammonium is larger than production using nitrate,
reflecting that regeneration of nutrients is an important factor in the productivity.

The production is largest in March, and the maximum upwelling occurs in
February. In the western Pacific the ITCZ moves across the equator twice during the
year [Waliser and Gautier, 1993], once in March and once in December. This gives rise
to semiannual Kelvin waves. Meyers [1979] first brought up the idea that the seasonal
cycle of the thermocline in the eastern Pacific was remotely forced. It was later discussed

by Busalacchi and O Brien [1980] and Kindle [1979]. During the year two upwelling

cycle of the thermocline in the eastern Pacific was remotely forced. It was later discussed
by Busalacchi and O’Brien [1980] and Kindle [1979]. During the year two upwelling
Kelvin waves are generated west of the dateline, one in December and on in April (Figure
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Figure 6. A Hovmuller-diagram of the annual cycle of vertical velocity along the equator
across the entire Pascific basin. Note the two semiannual upwelling Kelvin waves that
are generated in the west of the international dateline. One with large amplitude, generated
geee e od peGethdsss Auplitvde fearcyied B Aonik o« TheX,rearh iR u v
across the entire Pascific basin. Note the two semiannual upwelling Kelvin waves that
are generated in the west of the international dateline. One with large amplitude, generated
in December, and one with less amplitude generated in April. They reach the eastern
boundary in February and June respectively.

6). These waves propagate eastward and

25



reach the boundary 2- 3 months later,
each about a month before the two maxima in production. This means that annual
remotely generated Kelvin waves, rather than the local wind forcing, controls the annual
production cycle in the eastern Pacific equatorial cold tongue. Equatorial upwelling
contributes to the production by keeping the thermocline shallow throughout the year.
3.1.2. Central Pacific

The region is located between 160; W and 120; W and between 7; N and 10 ° N.
The ITCZ resides around this latitude most of the year. One expects upwelling to the
north of the ITCZ and downwelling to the south of it. The overall production and the
concentrations of plankton and nutrients are much lower in this region than in the
Equatorial Cold Tongue (Figure 7a and ¢). The annual cycle in this region is not very
distinct. Both production and plankton stocks are slightly higher between April and
October. In this period the phytoplankton production from ammonium exceeds the
production from nitrate. From Figure 7b it can be seen that zooplankton and ammonium
have almost the same annual cycle, and this is also the case for phytoplankton and
detritus. The vertical velocity (Figure 7c) shows a similar annual cycle to the one in the
eastern Pacific with a two-three month lag. This indicates that there might be a
connection between the annual cycles in the two regions. However, because the
biological system responds very little to the second maximum in upwelling, the annual
cycle of the biological components appear to have only one peak. The connection
between the two regions is probably cause by Rossby waves reflected from the eastern

boundary. The vertical velocity has a minimum between February and March, which can

between the two regions is probably cause by Rossby waves retlected trom the eastern

boundary. The vertical velocity has a minimum between February and March, which can
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be explained by the southward movement of the ITZC. As a result of this the
productivity is also lower around this period.
3.1.3. West Pacific

The third region is in the western Pacific around 6° N. The zooplankton stays
very high throughout the year, keeping the stock of phytoplankton low. The production
of zooplankton and phytoplankton is approximately equal (Figure 8c). As in all the
regions ammonium is consistently low because phytoplankton uses ammonium faster
than nitrogen.

This is the region where the North Equatorial Counter Current (NECC) leaves the
western boundary. A series of eddies are generated by the shear between the NECC and
the North Equatorial Current (NEC) [Inoue and Welch, 1993]. In addition there are two
stationary eddies in this region: the Mindanao eddy and the Halmahera eddy. The large
production seems to be connected to upwelling inside these eddies. Since the model has
a closed western boundary the return-flow in the NECC is stronger than it should be.
Therefore the shear and the strength of the eddies in the region is probably also
overestimated. It remains to be seen if these eddies really can cause large biological
production. Observations from 165° W around this latitude do not confirm that there is
any productivity in the area [Radenac and Rodier, 1996]. They explain the low
productivity by strong stratification caused by warm surface water, which inhibits

nutrient-rich water from reaching the euphotic zone.
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3.2. The 82-84 ENSO-event

The interannual variation connected with ENSO has a large impact on the

biological production in the equatorial Pacific. Recently it has been possible to monitor

this change with the help of the SeaWiFS satellite. In the 1997-98 El Nifio a depletion of
nutrients in the eastern Pacific during El Nifio and a massive, basin-wide phytoplankton-
bloom after the relaxation of the El Nifio conditions were both observed in the satellite

data [Chavez et al., 1999]. During the 1982-83 EI Nifio, which peaked around Christmas
1982, a large reduction of plankton, fish, and sea birds was observed in the eastern
Pacific [Barber and Chavez, 1983]. The reason for this is that during El Nifio the
thermocline is suppressed by a downwelling Kelvin waves in the eastern Pacific. This
inhibits nutrient-rich water from reaching the euphotic zone. At the same time the
thermocline gets shallower in the western Pacific and thus increases the biological

production in the west.

The timc-peribd of the model spans over several ENSO-events. However the
1982-83 El Niflo is especially interesting, both because it has large amplitude and
because the character of the biological solutions in the model changes dramatically after
the end of the El Nifio. Therefore this event was the main focus in the study of ENSO

influences the biological system. The model shows the same decrease in biological

production in the equatorial cold tongue (Figure 9) as in the SeaWiFS data [ Chavez et al.,

-~ - -

production in the equatorial cold tongue (Figure 9) as in the SeaWiFS data [ Chavez et al.,
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Figure 9. Snapshot of the zooplankton stock in the end of December each year
from 1981 through 1985. Note that low zooplankton stock reflect low productivity
and large zooplankton stock reflect large productivity

from 1981 through 1985. Note that low zooplankton stock reflect low productivity
and large zooplankton stock reflect large productivity
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Figure 10. Total amount of nitrogen bounded up in all the biological components in the
surface mixed layer (fraction of deep water nitrate-concentration) from 1981 trough 1985
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Figure 10. Total amount of nitrogen bounded up in all the biological components in the
surface mixed layer (fraction of deep water nitrate-concentration) from 1981 trough 1985
along the equator at (a)I50E (b) 175E, (c) 160W, (d) 135W, and (e) 110W.

(f) Anomalies in the thermocline-depths (meters) along the equator in the end of 1982.
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1999]. The western region shows enhanced productivity during El Nifio (Figure 10a),

because the thermocline gets shallower in this region during this time (Figure 10f). In the

model the reduction in the availability of nutrients is reflected in both phytoplankton stock
and zooplankton stock. During the peak of the following La Nifia a large amount of

nitrate is added to the system by a large upwelling Kelvin wave. The Kelvin wave arrives
at the coast in late 1983 and has a strong signal in both vertical velocity (Figure 14) and
biological production as illustrated by zooplankton biomass (Figure 9). During this event
nitrate also has a large increase because the phytoplankton stock is not large enough to use
it all. The nitrate concentration is reduced to normal values very rapidly. After this event
large productivity persists for more than a year along the equator. This is reflected in a
persistent large stock of zooplankton. A series of reflected Rossby waves enhance the

productivity north and south of the equator as they propagate westward. The model
results deviate from the observed pattern in that increased upwelling after the El Nifio is

only reflected in the zooplankton stock (Figure 12 and 13). The event does not lead to a

large phytoplankton bloom. In fact, the phytoplankton stock is smaller than normal and
has lower variability during the La Nifia period. The low stock is not attributed to low

production, but to extensive grazing by the large zooplankton stock.
Zooplankton grows and decays on the longest time scale, so it is also the
biological component that shows the most long-term variations, and also has the largest
response to large upwelling of nitrate (Figure 11). In addition large amount of

ammonium will be recycled from a large stock of zooplankton. Therefore the

response 1o large upwelling o1 nitrate (f'1gure 11). 1n aaaition large amount ot
ammonium will be recycled from a large stock of zooplankton. Therefore the
concentration of ammonium closely follows the population of zooplankton, especially in
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periods of high productivity. Both ammonium concentration and zooplankton biomass
change character after 1983. They maintain unusually large values for more a year after

the large upwelling event. In contrast, phytoplankton stock and detritus remain at almost
the same level. The large primary production in the period following the mature La Nifia

in late 1983 is caused by a series of intraseasonal Kelvin waves. (Figure 14).
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Figure 12. Annual anomalies of phytoplankton stock. The anomalies are obtained by
calculating the mean over a year and subtracting the long term mean presented in section
3.1. The figures illustrates the difference in stock between an (a) a normal year
(1981/1982), (b) an El Nino-year (1982/1983), (c) a La Nina year (1983/1984), and (d) a
year following the La Nina (1984/1985).
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Figure 13. Annual anomalies of zooplankton stock. The anomalies are obtained by
calculating the mean over a year and subtracting the long term mean presented in section
3.1. The figures illustrates the difference in stock between an (a) a normal year
(1981/1982), (b) an El Nino-year (1982/1983), (c) a La Nina year (1983/1984), and (d) a
year following the La Nina (1984/1985).
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Figure 14. Hovmuller-diagram of vertical velocity at the equator, from the coast

of South America to 130 degrees West in the period from 1982 through 1985. A

large amolitude unwelling Kelvin wavye is arriving at. the coast of South_ America in
Figure 14. Hovmuller-diagram of vertical velocity at the equator, from the coast

_ of South America to 130 degrees West in the period from 1982 through 1985. A

l large amplitude upwelling Kelvin wave is arriving at the coast of South America in
the end of 1983 and Rossby waves are reflected from it. After 1983 a series

| of intraseasonal Kelvin waves arrives the coast.
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4. DISCUSSION

In the mean state the model results show an increase in nutrients, phytoplankton,
and zooplankton from west to east. The results also show a poleward decrease of the
biological components in the vicinity of equator. There is a strong asymmetry in total
mixed-layer nitrogen content around the equator. This is what one would expect in
comparison with observations. The mean values of phytoplankton biomass reasonably
match patterns in recent SeaWiFS data [ Chavez et al, 1999]. Both have large values in
the equatorial cold tongue and north of the equator. In the model, the phytoplankton are
less concentrated around the equator. In the equatorial Pacific, the satellite measurements
yield values of chlorophyll @ ranging between 0.01 and 2 mg chla/m’ [Chavez, 1999].
The model results, in the mean state, are within that range. Radenac et al. [1996]
investigated phytoplankton stock along 165° E and found that the phytoplankton stock
was larger to the south of the equator in association with the south equatorial current.
They also argued that the lack of productivity north of the equator was an effect of the
strong stratification in that region. The stratification in the 1 1/2 layer model is the same
over the whole basin. This is probably one of the reasons for the surprisingly large
values that this model gives close to the NECC.

The zooplankton values are not converted to the units that can be compared with

values that this model gives close to the NECC.
The zooplankton values are not converted to the units that can be compared with

observations for two reasons: one is that there is uncertainty about the conversion and the
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other one is that there are not much data to compare with. Figure 15 shows a composite
of zooplankton observations in the Pacific Ocean. The structure is very patchy, but it
does show large values around the equator and also close to the western boundary. The
model probably overestimates zooplankton, especially during periods of very high
nutrient-availability. The temporal variation of phytoplankton in the model can be quite
large. The population can multiply by ten within a month, but after this time period the
zooplankton population will have grown large enough to graze the phytoplankton stock
down. In periods with large zooplankton stock, phytoplankton are unable to bloom at all.
Sometimes the phytoplankton stock actually increases whenever there is low production.
This is simply because there are less zooplankton around to keep the phytoplankton stock
grazed down. But because phytoplankton has a fast doubling time and there are plenty of
nutrients, the primary production is also high under these conditions. The concentration
of phytoplankton fluctuates on much shorter time scales than zooplankton. It exhibits an
annual cycle, but shows little long-term response to the ENSO events. However, the
long-term response can be seen in the primary production, which in turn is reflected in
the concentration of zooplankton. The lack of variation in phytoplankton biomass may
be a result of the model overestimating zooplankton stock. In this model zooplankton
will increase within their stock immediately after food is available. In the ocean
zooplankton need more time to reproduce because they lay eggs, which take some time to
hatch. A way to include this in the model would be to introduce a time-delay in the
growth function for zooplankton. Another factor is that zooplankton are observed to

waste more of the food when there is abundance of phytoplankton. This could be
growth function for zooplankton. Another factor is that zooplankton are observed to

waste more of the food when there is abundance of phytoplankton. This could be
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Figure 15. Distribution of zooplankton in the upper 150 meters of the Pacific Ocean
(parts per 10° by volume). [Reid, 1962]
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modeled by adding a food assimilation constant that is dependent on availability of
phytoplankton

Disregarding light in the model has both advantages and disadvantages. On one
hand it makes the model less realistic although the light-availability does not change
much with season in the tropics. On the other hand one can say that the production in
this model version is solely due to wind forcing. If a light cycle were added, one could
distinguish the between effects of the two factors. Light affects the production in two
ways, too little light will stop the photosynthesis and to much light will also inhibit the
production in the part the water column nearest to the surface.

The equatorial Pacific has three regions of high productivity: the equatorial cold
tongue, and two regions to the north of the equator, one in the central Pacific and one in
the western Pacific. The model exhibits a distinct annual cycle in the eastern Pacific,

which is connected to remotely forced waves. This response to remote forcing has been
noted before on interannual time scales, in connection with El Nifio, but not on an semi-

annual time scale. The western and central Pacific have weaker annual cycles in.
Whether or not the eddies in the west Pacific really can increase productivity is not yet
clear. Similar meanders were shown by Dadou et al. [1996] to enhance the productivity.
They coupled a physical model of the North Equatorial Current off Africa in the Atlantic
Ocean with a marine ecosystem model and showed that the meandering of the current
would enhance the productivity. It is possible that a similar mechanism works in the
NECC in the Pacific.

Because the model has so many simplifications, the ecosystem model has its
NECC in the Pacific.

Because the model has so many simplifications, the ecosystem model has its
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limitations. Some of these simplifications deal with the fact that the composition and
behavior of species change between regions and as the physical environment changes. It
is probably not realistic to apply the same ecosystem model to the whole basin unless
more than one species are included in the model. As a general rule, large phytoplankton
and zooplankton tend to dominate areas of high production while small phytoplankton
and micro zooplankton tend to dominate regions with little nutrients. The tropical Pacific
tends to be dominated by small (< 5 pum) phytoplankton, this is attributed to the iron
limitation [Chavez et al., 1996]. Zooplankton generally feed on phytoplankton, but in
periods with low availability of food they can also feed on detritus. On the other hand
adding too many processes would complicate the model greatly and add uncertainty. The
behaviors of the species under different conditions are not well known, and can in many
cases not easily be put into mathematics. The interpretation of the results also becomes
more difficult. One other factor that affects the biological production is temperature.
Organisms respond directly to temperature change, but an additional consideration in the
tropics is that warm water is often low in nutrients.

Since there is now a satellite that provides chlorophyll data over whole ocean
basins, a future study could be to run the model up to date so that the results can
compared with satellite data. This will allow.an evaluation of the quality of the model
and will also give useful information on how to improve the model. The NSCAT-
satellite provides daily wind data, so it is also possible to force the physical model with
winds which will allow the model resolve higher frequency events, like the upwelling

from hurricanes and tropical instability waves. This will of course also require the

winds which will allow the model resolve higher frequency events, like the upwelling

from hurricanes and tropical instability waves. This will of course also require the

43



inclusion of the daily light cycle. Vertical structure and light-dependence may also be

added to the model.
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APPENDIX A

There is more than one way to represent the flux of nitrate into the mixed layer.
Given the simplicity of the model, the parameterization should be kept simple. Two
different parameterizations are discussed here: one is used in the model, and an
alternative approach is also provided. In both cases V(N,t) is positive when the vertical
velocity is upward and zero when the vertical velocity is downwards.

(a) The approach used in the model is as follows. A similarity solution is
assumed between the nitrate at the bottom of the mixed layer and at the thermocline so

that V(N,t) is of the following form:

dN  dz
V(N,t) = (— (=)' A.l
(N, 1) (dz(dt]]zz_d (A1)
where
dz
0, —<0
dZ, ’ dt
= A2
(dt] dz dz>O (A.2)
dt’ dt

Now assuming that nitrate decreases linearly from the base of the thermocline, where its

scaled value is 1, to the base of the mixed layer, where its value is N(t), the vertical

Now assuming that nitrate decreases linearly from the base of the thermocline, where its
scaled value is 1, to the base of the mixed layer, where its value is N(t), the vertical

gradient of N can be estimated with:
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dN _ N(t)-1 (A3)
dz  d-h(t) '

This formulation also makes the assumption that the vertical velocity at the bottom of the

mixed layer is the same as at the bottom of the thermocline:

dz| _ _dn "
dt |,__4 dt
The final form becomes:
1-N(t) ,dh
VN, t) = ———(—)' A5
(N. 1 h(t)—d(dt] (A-5)

This parameterization has the desired property that when the upper layer is thin, or the
gradient in nitrate is large, the flux of nutrients is increased. However, if the upper layer
becomes very thin, V(N,t) will be very large. In addition, it is not realistic that the
vertical velocities at the base of the mixed layer and at the thermocline are the same
magnitude.

(b) A mass flux argument. Assume the flux of nitrate is governed by the vertical

: . oN . o . . .
advection of nitrate, w R Using the continuity equation to write the term in flux-form
Z

and thAan avrarancina Avar a mivad laxvrar vialAde-

advection of nitrate, w —. Using the continuity equation to write the term in flux-form

and then averaging over the mixed layer yields:
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0

_é [ (wN)dz = ~(wN),_, +(wN)|,__, = wN]

. (A.6)
2.0z d

z=-d

Now, under the assumption that the vertical velocity decays linearly from the bottom of

the upper layer to zero at the top of the ocean, the vertical velocity will be

w(z) = W—Ihz (A7)
h

This gives the final form of V(N,t)
V(N,t) = —w(t)' (A.8)

where N is the deep water nitrate concentration, which has a scaled value of 1.
Comparison:

Since the nitrate concentration in the mixed layer usually is the range of 0.01 to 0.10 and
the mixed layer depth is between 200 and 400 meters, the first approach usually gives a
higher flux of nitrate than the second (Figure A.1). In the biological model itself the two
approaches give similar solutions for detritus, nitrate, and, phytoplankton, but the second
approach gives smaller concentrations for ammonia and zooplankton, in particular when

the thermocline is very shallow (Figure A.2).
approach gives smaller concentrations for ammonia and zooplankton, in particular when

the thermocline is very shallow (Figure A.2).
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Figure A.1. The ratio between the original parameterization of vertical nitrate flux
and the new parameterisation as a function of nitrate-concentration for different

Figure A.1. The ratio between the original parameterization of vertical nitrate flux
and the new parameterisation as a function of nitrate-concentration for different
thermocline-depths.
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Figure A.2. The figure shows (a) ammonium, (b) detritus, (c) nitrate, (d) phytoplankton,
and (e) zooplankton for the two different parameterizations of the vertical nitrate-flux.
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Figure A.2. The figure shows (a) ammonium, (b) detritus, (c) nitrate, (d) phytoplankton,
and (e) zooplankton for the two different parameterizations of the vertical nitrate-flux.
The original parameterization (red line) and the new parameterization (blue line).

() Depth-data used in the calculation of these solutions.
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APPENDIX B

The advection in the model is calculated using a semi-Lagrangian advection
scheme. The concept behind this advection scheme is to integrate each biological
variable along the velocity streamline intersecting with the grid point at the new timestep
where the variable is calculated. The streamlines are calculated from the velocity data.

The semi-Lagrangian advection scheme approximates the total derivative in the

following manner:

dg _ Qi - @\ B 1)
dt At

Qy'' is the biological variable at point B, which is the grid-point that is being calculated
at the new timestep. Q! is the biological component at point A, which is the point where
the fluid particle at was at time t. Point A is generally not at a grid point. The value of
Q\, is calculated using bilinear interpolation. Each biological equation can be expressed

in the following form:

1L WIS 1ULIVUWILLLE 1ULLLL.

50



dQ _ .
Fral F(Biology, t) (B.2)

This means that in practice the next time step in the model is calculated by following

equation:

= Q! + F(Biology, t)At (B.3)

In most other biological models, false 'no-flux’ boundary conditions are specified
at rigid walls. Using the semi-Lagrangian advection scheme, the variables are integrated
along a streamline and the streamlines will never intersect with the solid boundary, so
there is no need for horizontal boundary conditions. Another advantage with the scheme

is that it is unconditionally stable, in other words it is stable for all timesteps.
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