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ABSTRACT

A medium complexity, nitrogen-based ecosystem model is developed in order to

simulate the ecosystem in the northeast tropical Pacific.  Several physical processes have

major impact on the ecosystem in this region, most importantly intense wind jets along

the coast and upwelling at the Costa Rica Dome (CRD).  The ecosystem model is run

"offline", using a realistic physical ocean model hindcast as input.  The physical model is

a subdomain of the global Navy Coastal Ocean Model, which is a hybrid sigma-z level

model.   The model assimilates Modular Ocean Data Assimilation System temperature

and salinity profiles derived from altimetry and sea surface temperature data.  The model

is forced by daily heat and momentum fluxes, and therefore captures short-term wind

events such as the Tehuantepec jet.  Because the model has high horizontal resolution

(~1/8 degree) and assimilates sea surface height data, it has a realistic representation of

eddies and mesoscale variability.  The ecosystem model includes two nutrients (nitrate

and ammonium), two size-classes of phytoplankton, two size-classes of zooplankton, and

detritus.  The model is run for 4 years from 1999 to 2002, with analyses focused on 2000-

2002.  The model is validated using SeaWiFS data and ship-based observations from the

STAR-cruises (Stenella Abundance Research Project) of 1999 and 2000.

The northernmost and most intense of the wind jets along Central America is the

Tehuantepec jet.  The Tehuantepec jet is responsible for upwelling large amounts of

nutrient rich water south of the Gulf of Tehuantepec.  The jet also occasionally produce

large anti-cyclonic eddies that transport organic matter away from the coast.  Because

organic matter that is transported into the open ocean will eventually sink to the deep

ocean, this has implications for the carbon export in this region.  The model results are

used to calculate cross-shelf fluxes in this region in order to estimate how much organic

material is transported across the shelf break.  Results show that at the Gulf of

Tehuantepec there is high offshore export of organic material, particularly during eddy

generation events, but also in fall.  The highest export is on the order of 10 Mg C per

meter of coastline per day and happens during eddy events.  During these events there is

a comparable onshore flux to the south of the gulf.  Typically there is onshore flux to the
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south of the gulf during the summer.  The model estimated transport away from the coast

at the Gulf of Tehuantepec is 167 Tg C/year, and the onshore transport to the south of the

gulf is 704 Tg C/year.

The second subject of interest is the CRD.  In this region, upwelling at the surface

is caused by Ekman upwelling during the summer, although the dome is thought to be

present at depth throughout the year.  The doming of the isotherms below the thermocline

is a result of vortex stretching and is decoupled from the wind-driven processes at the

surface.  A mass-balance budget is calculated at the CRD, and the horizontal and vertical

fluxes are related to the abundance of plankton at the dome.  There is upwelling (7.2X10-2

Sv ) at the dome throughout the year, but around the location of the dome (90° W), the

upwelling is largest in the winter.  Further west, input of nutrients from below is larger in

the fall and summer.  The results suggest that about 80% of the nitrate that is supplied to

the dome during summer is actually brought up to the west of the dome and transported

eastward by the North Equatorial Counter Current.
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1.  INTRODUCTION

The eastern tropical Pacific is a dynamic region and a crossroad for major ocean

currents.  At the equator, the Equatorial Under Current (EUC) comes close to the surface,

providing nutrients for the phytoplankton in the Equatorial Cold Tongue.  North of the

equator are the eastward flowing North Equatorial Counter Current (NECC) and the

westward flowing North Equatorial Current (NEC).  Sandwiched between the NECC and

the NEC is an area with shallow thermocline, the shallowest part of this thermocline

ridge is located around 90°W and 9°N and is called the Costa Rica Dome (CRD)

(Figure 1.1).  Closer to the coast is the northward flowing Costa Rica Coastal Current

(CRCC), and in the northern part lies the East Pacific Warm Pool.

In winter, ocean color data reveal three tongues of high chlorophyll concentration

extending away from the coast at the Gulf of Tehuantepec, Gulf of Papagayo, and Gulf of

Panama (Figure 1.2).  These are caused by wind jets that blow offshore through gaps in

the North American isthmus (Fiedler, 2002: Robles-Jarero and Lara-Lara, 1993).  The

strong wind stress causes mixing directly below the axis of the jet, and the wind stress

curl in the jet causes Ekman upwelling to the southeast of the jet and downwelling to the

northwest.  At the Gulf of Tehuantepec, these winds are usually the results of cold surges

over the United States that create a strong pressure gradient between the Gulf of Mexico

and Pacific Ocean (Chelton et al., 2000).  Over the Gulf of Papagayo and Gulf of

Panama, the winds are most often connected to trade-winds or tropical storms in the

western Caribbean, although cold fronts occasionally penetrate far enough south to

trigger the Papagayo and Panama jet (Chelton et al., 2000).  The southern jets are both

more persistent and less intense than the Tehuantepec winds, which are stronger and

more intermittent in nature (Chelton et al., 2000).  In addition to upwelling nutrient-rich

water, these wind-jets can generate large anticyclonic eddies that detach from the coast

and propagate westward (Ballestero and Coen, 2004: Trasviña et al., 1995: Zamudio et

al., 2004).  These eddies are often associated with large phytoplankton concentrations,

especially close to the coast, but they retain their characteristic signature with elevated

chlorophyll concentration far away from the coast (Figure 1.3).
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Figure 1.1.  The geography and major currents of the northeast tropical Pacific.  A solid
circle indicates the location of the Costa Rica Dome and the location of the wind-jets are
indicated by blue arrows.  The wind jets are named after the gulfs that they influence:
Tehuantepec jet, Papagayo jet, and Panama jet.  The two lines running parallel to the
coast represent the 500 and 1000 m isobath.  Notice than the continental shelf is very
narrow along most of the coast, and that the continental slope is very steep.
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Figure 1.2.  Monthly mean fields of chlorophyll a in the eastern tropical Pacific.  The 35
meter contour line for the thermocline (solid line) indicates the position of the CRD.  In
the fall and winter, there is low chlorophyll concentration at the CRD, although the
thermocline is close to the surface1.

                                                  
1 Reprinted from Deep Sea Research I, Vol 49, No 2,  P. C. Fiedler, "The annual cycle
and biological effects of the Costa Rica Dome", pp 330, Copyright (2002), with
permission from Elsevier.
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Figure 1.3.  Nine-day composite (February 2 to 9, 2002) of SeaWiFS mean chlorophyll a
showing an eddy (a) that has propagated from 95° W to 110° W, retaining a relatively

high chlorophyll a concentration.  Two other eddies are located closer to the coast, one
west of the Gulf of Tehuantepec (b) and one in the Gulf of Papagayo (c).
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In the summer and fall, when the NECC extends to the coast of Central America,

the CRD is well developed and clearly separated from the coast (Figure 1.2) with the

thermocline at 15-20 meters depth (Fiedler, 2002).  The dome is initiated in the spring by

cyclonic circulation that is generated during winter by cyclonic wind stress over the Gulf

of Papagayo (Umatani and Yamagata, 1991). Throughout the summer, the dome is

maintained by upwelling caused by the local wind-stress curl in the region (Hofmann et

al., 1981: Umatani and Yamagata, 1991).  The wind-stress curl is caused by the position

of the Inter-Tropical Convergence Zone (ITCZ), which is an area of low pressure where

the surface winds converge.  The wind gradient between the trade winds to the north and

the relatively calm ITCZ causes positive wind-stress curl and upward Ekman pumping.

The ITZC is usually also associated with precipitation and frequent cloud cover.  Close to

the surface, the CRD exhibits a regular seasonal cycle that is controlled by the wind stress

curl, but it has been detected at depths down to 500 m, which is too deep to be affected

by local Ekman upwelling.  The deep part of the dome is generated by vortex stretching

that occurs when the North Subsurface Counter Current (NSCC) turns northward close to

the coast.  At depth, the CRD is a permanent feature, and though it varies in intensity, it

has no known seasonal cycle (Barberán et al., unpublished manuscript).  Similar thermal

domes are also found in the Atlantic Ocean (Angola and Guinea Dome), the western

Pacific (Mindanao Dome), and the Indian Ocean (Sri Lanka Dome) (Arruda and Nof,

2003: Fine et al., 1994: Vinayachandran and Yamagata, 1998: Yamagata and Iizuka,

1995).

The CRD region appears in climatology of satellite derived ocean color as an area

with high concentration of chlorophyll in the spring and summer (Fiedler, 2002).  In the

fall, the patch of high chlorophyll concentration becomes more diffuse and eventually

disappears, although the thermocline is still shallow (Figure 1.2).  The ecological

significance of the CRD has been recognized for some time.  The area is known for rich

fisheries, and has been the location for several ecological studies, in particular on sea

birds and marine mammals.  It is also thought to be a calving and breeding ground for

blue whales (Mate et al., 1999).  During EASTROPAC 1967-1968 it was found that the

zooplankton biomass is comparable to or higher than that in the Equatorial Cold Tongue

(Fiedler, 2002).



6

In this study, a three-dimensional ecosystem model is used to simulate the

ecosystem's response to wind-jets, westward propagating eddies, and upwelling at the

CRD.  The physical model is the global Navy Coastal Ocean Model (global NCOM).

The ecosystem model is run "offline", meaning that the physical model provides input

data to the ecosystem model, but they are not run simultaneously.  The model is run for

the period 1999 to 2002, the first year was used for spin-up, and the main conclusions are

drawn from 2000 to 2002.  Because the physical model covers the global domain, coastal

Kelvin waves, originating at the equator, are included in the model solutions.  These

waves influence the coastal waters of Central America by altering the thermocline depth.

The ecosystem model is nitrogen-based and includes nitrate and ammonium.  It has two

size-classes of zooplankton (microzooplankton and mesozooplankton), and two size-

classes of phytoplankton that represent nano- and pico-plankton common to the open

ocean, and larger plankton such as diatoms that are usually found in more nutrient-rich

regions.  Particular organic material is included with one type of detritus that has a

constant sinking speed.

The objective of this study is to model and identify the physical and biological

mechanisms that control primary production in the eastern tropical Pacific.  The specific

research questions that the study is aimed to answer are stated below.

How important is interaction between the coastal area and the offshore region

through advection by westward propagating eddies and what are the implications of this

process for carbon export to the deep ocean?  Although the ocean margins comprise

about 20% of the ocean area, it is estimated that about 40% of the carbon export to the

deep ocean happens there (Jahnke, 1996).  Transport of organic material between the

very productive shelf areas into the open ocean could therefore be an important

mechanism for carbon export.  During the Coastal Transition Zone Program, cross shelf

exchange of phytoplankton and zooplankton by cold filaments off the coast of California

were investigated (Hofmann et al., 1991: Washburn et al., 1991).  Such cold filaments

occur other places around the world (Kvaleberg, 2004: Roed and Shi, 1999) and can

facilitate cross shelf exchange.   The eddy formation along the coast of Central America,

however, results from a unique combination of the local topography, winds, and coastline

and is not found in other places in the world.  However, there are examples of coastal
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currents going unstable under the influence of either strong shear or bathymetry.  These

instabilities can lead to eddy generation (Zamudio et al., 2002: Oey et al. , 1992), and if

these eddies detach from the coast and propagate into the open ocean, they may lead to

cross shelf exchange of water masses and chemical and biological properties.

Eddies can preserve their water properties for a long time, and anticyclones

generated at the coast have the potential to transport water with coastal properties,

including plankton and dissolved organic matter, out into the open ocean.  On the

continental shelf, sinking organic matter cannot really be considered lost unless it is

buried deep within the sediments.  A substantial amount of sinking organic material will

be mineralized by benthic organisms or re-suspended in the water column, where it may

be recycled to nutrients.  In the deep ocean on the other hand, although our knowledge of

this region is limited, as long as the carbon sinks below a certain depth, it can be

considered lost from the atmosphere for up to several hundred years.  A small fraction

also sinks to the ocean floor and is buried.  The organic matter transported away from the

coast is therefore potentially lost to the atmosphere and could be a sink of CO2 from the

atmosphere.  The offshore export is estimated by calculating the flux of organic material

through a vertical section along the 500 meter isobath.  At the Gulf of Tehuantepec, the

model results show that a large amount of organic material is transported offshore during

eddy generation events.  A similar amount is transported onshore to the south of the gulf.

What is the relative importance of horizontal eddy-advection and local upwelling

of nutrients to the surface by eddies?  The most prominent eddies in this region are anti-

cyclones; sometimes called warm-core eddies, because they can be identified as a warm

lens surrounded by colder water.  The anticyclonic eddies are thought to inhibit primary

productivity because they are associated with downwelling velocities and downward

displacement of the thermocline.  When an eddy is generated, a large amount of plankton

and nutrients are caught in the eddy's velocity field and transported westwards.  The eddy

itself also maintains some primary productivity by upwelling along the edge.  Numerical

model results presented later show that the anti-cyclonic eddies have high concentration

of plankton around the edge of the eddy.  The ocean color data, on the other hand, show

that eddies have high concentration along the edge when they are formed at the coast, but
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as they propagate offshore the distribution of chlorophyll over the eddy becomes more

uniform.

What are the processes that regulate the ecosystem at the CRD?  Local upwelling

caused by wind-stress curl and deep vortex stretching when the NSCC turns northward

are the important physical processes at the CRD.  Because the NSCC is located well

below the euphotic zone, it is not likely that it influences primary productivity directly,

but it is possible that it contributes to elevating the thermocline so that the Ekman

upwelling is more efficient at bringing up nutrients in the CRD than the surrounding

regions.  A biogeochemical budget at the CRD is estimated by calculating the flux

through a box located at the dome.  The model shows that upwelling at the dome is

actually largest in the winter and the fall, when the phytoplankton population is the

smallest.  However, during the summer there is large influx of nutrients from the west,

indicating that, in the summer, nutrients are brought up along thermocline ridge between

the NEC and the NECC, and transported to the dome by the NECC.

A description of the physical model and the ecosystem model is given in

chapter 2.  The numerical experiments performed are described in chapter 3.  Results

from the model are presented in chapter 4, followed by a discussion of the results in

chapter 5.  Summary and conclusions are given in chapter 6.  Results from the sensitivity

analysis of the model are presented in appendix A.
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2.  METHODS

An advanced operational physical ocean model with data assimilation is used as

input to a medium complexity ecosystem model.  The physical model is used to force the

ecosystem model, but there is no feedback from the ecosystem model to the physical

model.  When developing the ecosystem model, first a one-dimensional, depth resolved

model was configured.  This model can be run at any point in the domain, except at the

shelf, because the model's handling of sinking material at the bottom and lack of nitrate

relaxation in shallow water causes the one-dimensional model to eventually loose all

nutrients and biomass if it is run over the shelf.  The one-dimensional model proved to be

a useful tool for development of the three-dimensional model, and it is also used for the

sensitivity analysis.

2.1 Physical Model

 The physical model is a sub-domain of the global NCOM (Martin, 2000); a hybrid

sigma-z level coordinate system model with 40 vertical levels.  The upper 19 levels are in

sigma-coordinates, they are constrained to the upper 126 m in the open ocean and span

the water column in the regions where the water-depth is less 126 m.  The minimum

depth at the coast is 5 meters; therefore, the model has a good representation of coastal

processes.  The vertical resolution becomes progressively higher towards the surface,

with the shallowest level at 0.5 meters in the deep ocean.  Horizontal resolution is about

1/8º and the model data were provided with a temporal resolution of one day.

   The model is forced by daily heat and momentum fluxes from the Navy

Operational Global Atmospheric Prediction System (NOGAPS: Rosmond et al. (2002));

this product has a resolution of 1º.  Modular Ocean Data Assimilation System (MODAS),

(Fox et al., 2002) temperature and salinity profiles and sea surface height (SSH) from the

global Navy Layered Ocean Model (NLOM) are assimilated into the model.  For a

general description and evaluation of the model see Rhodes et al. (2002).  The output

variables are zonal velocity (u), meridional velocity (v), salinity (S), potential
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temperature (T), and sea surface height (SSH).  The turbulent mixing scheme in the

model is the Mellor-Yamada 2.0 (Mellor and Yamada, 1982).

  Temperature is the only thermodynamic variable from the physical model that is

used directly by the ecosystem model.  Because the ecosystem model utilizes a semi-

Lagrangian advection scheme, it requires trajectories calculated from the horizontal

velocity of the physical model rather than the actual velocities.  In addition, the

ecosystem model needs input of vertical velocity data, and vertical eddy diffusivity (kv)

data.

Vertical velocity is calculated by integrating the continuity equation over the

water column.  If the fluid is assumed to be incompressible, the equation for the vertical

velocity (w) becomes:

w(z
1
) = w(z

2
)  +  

∂u

∂x
+
∂v

∂y

 

 
 

 

 
 dz

z1

z2∫  (2.1.1)

In this equation x,y, and z are the zonal, meridional, and vertical coordinates respectively.

The integration limits are z1 and z2, where z1<z2.  The vertical velocity at the surface is

calculated as the total derivative of the sea-surface height.  Knowing the vertical velocity

at the surface, the vertical velocity at each level can be found by integrating downward.

This method has the disadvantage that it accumulates errors with each integration,

however the integration is performed downward, so that the largest errors occur in the

deepest layers where they are less important.  Vertical velocity is one of the variables that

is difficult to validate in a model, because it is too small to be easily measured directly in

the ocean.  Hence, vertical velocity is usually calculated from observed horizontal

velocity using the method described above.  The vertical velocity is smoothed

horizontally to damp unrealistic values along the shelf break.

Vertical eddy diffusivity (kv) for the ecosystem model is calculated using the

method of Pacanowski and Philander (1981). Other schemes, such as Mellor-Yamada

(Mellor and Yamada, 1982), involve eddy kinetic energy which is not immediately

available from the model output.  Simpler schemes, such as the Kraus-Turner  (Kraus and

Turner, 1967) do not take into account vertical current shear (Chen et al., 1994).  The
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estimate of vertical eddy diffusivity in this study is based on the gradient Richardson

number.

The equations for the vertical eddy diffusivity are the same as those in

Pacanowski and Philander (1981), but the Richardson number (Ri) is calculated as a

function of both temperature and salinity rather that just temperature

Ri =

g

ρ(S,T)

∂ρ(S,T)

∂z

∂u

∂z

 

 
 

 

 
 

2

+
∂v

∂z

 

 
 

 

 
 

2
(2.1.2)

Here, ρ represents density, which is a function of temperature (T) and salinity (S), and g

is the gravitational constant.  The adjustable parameters in the formulation are set to the

same values as Pacanowski and Philander (1981).  The maximum value of the eddy

diffusivity is set to 50 cm2
s
−1 .

A semi-Lagrangian advection scheme is used for the horizontal advection of the

ecosystem variables.  This scheme estimates the total derivative using the value of the

variable at a previous time step and previous location, rather than evaluating the

advection terms directly.  Numerically, the total derivative can be estimated by:

DC
i

Dt
=
C
i

X ( t+Δt ),t+Δt
−C

i

X (t ),t

Δt
(2.1.3)

Here  C
i

X ( t ),t , is the concentration of the ecosystem variable at the time t and location

X(t).  The time step is represented by Δt.  The location of the previous point (X(t)) is

found by integrating the velocity backward in time from the current grid point

(X(t +Dt)).  Because X(t) is usually located between grid points, interpolation is used to

find the value of the variable at that point.  The interpolation method used is a cubic

polynomial in two dimensions.  Trajectory starting points are calculated in advance and

stored so that they need not be calculated during the run. This advection scheme has the

advantage that it allows a longer time step than Eulerian methods, and because
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trajectories will never intersect with the boundary, lateral boundary conditions need not

be applied.  The scheme has inherent dissipation, which is dependent on the interpolation

scheme used.  In general, the higher order interpolation schemes are less dissipative

(McCalpin, 1988), but also more computationally expensive.  For a review of this scheme

see Staniforth and Cote (1991).

The ecosystem model also needs input of Photosynthetically Available Radiation

(PAR) at the surface.  An 8-day dataset of PAR that is derived from SeaWiFS data is

used as the PAR input.  Because the algorithm for calculating PAR (Frouin et al., 2001)

does not require that the area is cloud free, there are few missing data.  The missing data

were all located close to the coast of Central America and they were filled by

extrapolating from the closest value to the west.  This dataset is regridded to the model

grid and temporally interpolated to a 1-day resolution (Figure 2.1).

Output field from the physical model is daily, but because the ecosystem model

has a time-step of less than one day, the input data had to be interpolated.  For most

variables this was done with a cubic spline.  Vertical diffusivity and vertical velocity

were estimated by linear interpolation because rapid temporal changes in these fields

caused the cubic spline to 'overshoot' (when an interpolation method yields unrealistically

high or low values that result from fitting a higher order polynomial to a set of data

points).

2.2  Biological Model

A nitrogen-based model with seven components is used to simulate the

ecosystem.  The horizontal and vertical resolution of the ecosystem model is the same as

the physical model.  The model includes two nutrients (nitrate and ammonium), two size-

classes of phytoplankton, two size-classes of zooplankton, and detritus (Figure 2.2).

Small phytoplankton represent the species that dominate the open ocean.   They have a

competitive advantage in the nutrient-poor open ocean because they are able to grow

when the concentration nutrient is low.  They are grazed upon by microzooplankton.

Large phytoplankton have a competitive advantage in a high-nutrient environment.  They

have higher maximum growth rate, but need high concentration of nutrients to attain this
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Figure 2.1.  Synoptic maps of daily PAR used as input to the ecosystem model.  The
fields are derived from the SeaWiFS 8-day product by regridding onto the model grid and
temporally interpolating down to 1-day temporal resolution.
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Figure 2.2.  A flow diagram of the biological model.  The different processes indicated
by numbers in the diagram are: (1) denitrification, (2) nitrification, (3) grazing on small
phytoplankton by microzooplankton, (4) predation on microzooplankton by
mesozooplankton, (5) grazing unassimilated by microzooplankton that adds to the
ammonium, (6) grazing unassimilated by microzooplankton that adds to the detritus pool,
(7) food unassimilated by mesozooplankton that adds to the ammonium, (8) food
unassimilated by mesozooplankton that adds to the detritus pool, (9) remineralization of
detritus, (10) small phytoplankton mortality, (11) nitrate uptake by small and large
phytoplankton, (12) ammonium uptake by small and large phytoplankton, (13) ingestion
of detritus by mesozooplankton, (14) grazing on large phytoplankton by
mesozooplankton, (15) mortality of microzooplankton,  (16) large phytoplankton
mortality, (17) influence of light in growth rate, (18) mesozooplankton mortality, and
(19) sinking.
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growth rate.  They only dominate over small phytoplankton where there is sufficient

supply of nutrients, and they are grazed upon by mesozooplankton.  Mesozooplankton

also feed on microzooplankton and detritus, but have a preference for large

phytoplankton.  These components are the minimum required to realistically simulate

both the very productive regions, where diatoms and mesozooplankton dominate the

ecosystem, and the surrounding oligotrophic waters where the plankton community is

dominated by small phytoplankton and microzooplankton and nutrients are rapidly

recycled.  The microbial loop is parameterized through the regeneration of nutrients from

detritus to ammonium.  Because water below the thermocline is depleted in oxygen in the

northeast tropical Pacific (Gruber and Sarmiento, 1997), denitrification is parameterized

in the model.  It is included as a sink in the nitrate equation that is dependent on

temperature and detritus.  Iron is not explicitly included in the model.  However, the

effect of iron limitation is implicitly included through a high half-saturation constant for

nitrate uptake and a strong preference for ammonium by the large phytoplankton.

The general form of the ecosystem model equations is:

  

∂C
i

∂t
= Ph C

i
,
r 

V ,K
v( ) + Bio

i
C
1
,C

2
,...,C

7( ) (2.2.1)

Where C
1
,C

2
,...,C

7
 represent the individual components of the ecosystem, and

  
Ph C

i
,
r 
V ,K

v( ) represents the physical transport of the variable in the water, namely

advection, eddy diffusion, and sinking.  Mathematically this term can be expressed as:

  

Ph C
i
,
r 

V ,K
v( ) = −∇ •

r 
V C

i( )
Advection

1 2 4 3 4 
− w

c i( )

∂C
i

∂z

Vertical sinking

1 2 4 3 4 

+
∂

∂z
k

v

∂C
i

∂z

 

 
 

 

 
 

Vertical diffusion

1 2 4 3 4 

(2.2.2)

Horizontal diffusion will be neglected because horizontal diffusion is negligible

compared to horizontal advection on large spatial scales (O(100 km)).  The individual

components’ sinking velocity is represented by w
c i( ) .  It is assumed that the sinking

velocity is negligible for all components except detritus and large phytoplankton.
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The term Bio
C
i

C
1
,C

2
,...,C

7( ) represents sources and sinks that are of biological

origin, such as reproduction, grazing, and mortality.  This function is described in detail

for the individual components below.  The following symbols will be used for the

biological components: A : ammonium, N : nitrate, P
1
: small phytoplankton, P

2
: large

phytoplankton Z
1
: microzooplankton, Z

2
: mesozooplankton, andD: detritus.  The

parameters in the equations are defined in Table 2.1.

2.2.1 Nitrate

The sources and sinks of biological origin in the nitrate equation can be written:

  

BioN =
βA

1.0 + PAR
Nitrification

1 2 4 3 4 
−µP1

NP1

N + KN1

K p,P 2

2

K p,P1

2 + A
2

 

 
  

 

 
  

small phytoplankton nitrate 
uptake

1 2 4 4 4 4 3 4 4 4 4 

−µP 2

NP2

N + KN 2

K p,P 2

2

K p,P 2

2 + A
2

 

 
  

 

 
  

large phtytoplankton
nitrate uptake

1 2 4 4 4 4 3 4 4 4 4 

−δ
kO

O2 T( ) + kO

 

 
 

 

 
 D

Denitrification

1 2 4 4 3 4 4 

+ λ z( ) NT − N( )
Relaxation of nitrate

1 2 4 4 3 4 4 

                    (2.2.3)

where

µx = f (E(z)) = µx,max 1.0 - exp(-α IR * E(z)/µx,max )( ) (2.2.4)

and

O
2
T( ) = 0.4019T 2 − 4.0060T +14.7467 (2.2.5)

The first term in (2.2.3) represents nitrification, and β is the maximum rate of

nitrification.  This process is photo-inhibited (Guerrero and Jones, 1996), and hence it is

inversely dependent on PAR.  The second and third terms in (2.2.3) represents uptake of

nitrate by small and large phytoplankton, these terms are modeled by Michaelis-Menten

kinetics.  The growth rates for small and large phytoplankton (2.2.4),µ
P1

and µ
P 2

, are

dependent on irradiance E(z) and the maximum growth rates for small and large
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phytoplankton, µ
P1,max

and µ
P 2,max

.  The parameter α
IR

 is the initial slope of the

irradiance-photosynthesis curve (IP curve).  Generally, ecosystem models also include an

Arrhenius type dependence of the growth rate on temperature (Geider et al., 1998).  This

term is omitted because the model is applied to a tropical environment where temperature

only varies between 15° C and 30° C, and organisms can usually compensate for lower

temperature with higher concentration of enzymes (Behrenfeld et al., 2002).  Recent

findings also suggest that temperature only significantly inhibits primary productivity

below 5° C (Behrenfeld et al., 2002).  In (2.2.3) the expressions in the parentheses in the

terms for phytoplankton nitrate uptake represent ammonium inhibition of nitrate uptake.

The parameter K p,x  determines the strength of the ammonium inhibition.  When K p,x  is

large, ammonium inhibition is weak and is only important at large concentrations of

ammonium.  When ammonium concentration is equal to K p,x  the plankton uses 50%

ammonium and 50% nitrate for growth.  According to Armstrong (1999), ammonium

inhibition is more severe when the plankton is iron limited.  Because iron limitation is

usually more severe for large organisms, K p,x  is set to a smaller value for the large

phytoplankton group than for the small phytoplankton group.  A similar term appears in

the ammonium equation to ensure that phytoplankton growth cannot exceed the

maximum growth rate.

The second to last term in (2.2.3) represents denitrification (Oguz, 2002), this

term is very small above the thermocline.  Because oxygen is not carried in the model,

the process is parameterized, the oxygen concentration is calculated as a function of

temperature (equation 2.2.5), the relationship between temperature and oxygen is derived

from Levitus data (Conkright et al., 1998) and has a correlation coefficient of r2=0.98 and

a standard error of 16.25 mmol O2./m
3 (Figure 2.3).  There is also a loss of organic matter

(detritus) involved in the process of denitrification, but this has been neglected in the

model because the loss of organic material is much smaller than the loss of nitrate.  The

last term in equation (2.2.3) represents relaxation to the linear nitrate-temperature

relationship.  The relaxation timescale varies from 100 days at about 439 m to 88,000

days at the surface.
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Figure 2.3.  Levitus climatology of temperature plotted against Levitus climatology of
oxygen (open circles).  The data are taken from the northeast tropical pacific (4.5ºN to
19.5ºN and 109.5ºW to 75.5ºW) from the surface down to 600 meters.  The thick solid
line represents the relationship between the temperature and oxygen that is used in the
model (eq. 2.2.5).
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2.2.2  Ammonium

  

BioA = 0.5 1−εZ1( )G1
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Nitrification
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(2.2.6)

Here, G
1
 and G

2
 is the total ingestion by micro- and mesozooplankton, respectively, and

the fraction of the food that is not assimilated for growth by zooplankton is given by

1−ε
Z1( ).  Half of the unassimilated zooplankton ingestion is added to the ammonium

pool, the other half is added to the detritus pool (Moore et al., 2002).  The third and

fourth term in (2.2.6) represent uptake of ammonium by small and large phytoplankton.

K
A1

 and K
A 2

 are the half saturation constants for ammonium uptake for small and large

phytoplankton respectively.  Remineralization of detritus is linearly dependent on the

detritus concentration and is given in the next to last term of equation (2.2.6).

2.2.3 Small Phytoplankton
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P1
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mortality

1 2 4 4 4 3 4 4 4 

(2.2.7)

The first term in (2.2.7) represents growth of small phytoplankton and the second

term grazing on small phytoplankton by microzooplankton.  Microzooplankton feeding is
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modeled with the modified Ivlev grazing formulation (Gentleman et al., 2003).

Microzooplankton feed only on small phytoplankton, and the grazing is described by the

following equation:

G
1
P
1
,Z

1( ) =Gmax_1
(1− e

Λ
Z1P1 )P

1
Z
1

  (2.2.8)

This formulation has the advantage that it reduces the occurrences of limit cycles

between small phytoplankton and microzooplankton (Franks et al., 1986)

The mortality term in equation (2.2.7) is linear at low concentrations and

quadratic at high concentrations.  This is done to damp out extremely high concentrations

phytoplankton that can cause the nutrient concentration to become negative in some

places along the coast.  The same formulation is used in the mortality term of the large

phytoplankton.  The mortality term becomes quadratic when the concentrations of

phytoplankton exceed P quad , which is set to 4 mmol N/m3 for both size-classes of

phytoplankton.  This corresponds to approximately 2-8 mgChla /m3  dependent on the

Chla/N ratio, a concentration that is never attained by the small phytoplankton, but is not

uncommon along the coast for large phytoplankton.

2.2.4 Large Phytoplankton
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NP2

N + KN 2

K p,P 2

2

K p,P 2

2 + A
2

 

 
  

 

 
  +

AP2

A + KA1

A
2

K p,P 2

2 + A
2

 

 
  

 

 
  

 

 
 
 







Growth of large phytoplankton
from ingestion of nitrate and ammonium

1 2 4 4 4 4 4 4 4 4 4 3 4 4 4 4 4 4 4 4 4 

−  
φ1P2

φ1P2 + φ2Z1 + φ3D
G2(P2,Z2)

Grazing by
mesozooplankton

1 2 4 4 4 4 3 4 4 4 4 

−max mP 2P,
mP 2P2

2

P2

quad

 

 
 

 

 
 

mortality

1 2 4 4 4 3 4 4 4 

(2.2.9)

The biological sources and sinks for large phytoplankton are similar to those for small

phytoplankton.  The main difference is that large phytoplankton are grazed by

mesozooplankton rather than microzooplankton.  Mesozooplankton feed on large
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phytoplankton, microzooplankton, and detritus.  The feeding on a particular food source,

x, is described by the equation:

G
x+1 Fx,Z2( ) =

φ
x
F
x

φ
i
F
i

i=1

3

∑
G
max_ 2

(1− e
Λ
Z 2,xFx )           (2.2.10)

F
x
 is the type of food (i.e. plankton, zooplankton, or detritus) and φ

x
is a weight

prescribing the food preference.  It is assumed that mesozooplankton prefer to feed on

large phytoplankton over small zooplankton, and mainly feed on detritus when other food

is scarce (Goes et al., 1999: Kiorboe et al., 1996).

2.2.5 Microzooplankton

  

Bio
Z1 = εZ1G1(P1,Z1)

Ingestion of small
phytoplankton

1 2 4 3 4 
−

φ2Z1

φ1P2 + φ2Z1 + φ3D
G3(Z1,Z2)

Predation by
meso−zooplankton

1 2 4 4 4 4 3 4 4 4 4 

−M
Z1Z1

mortality

1 2 3 
             (2.2.11)

The first term represents grazing (eq. 2.2.8) and the second term represents predation by

mesozooplankton (eq. 2.2.10).  Microzooplankton mortality is modeled by a linear

mortality term.

2.2.6 Mesozooplankton

  

Bio
Z 2 =

ε
Z 2[φ1P2G2(P2,Z2) + φ2Z1G3(Z1,Z2) + φ3DG3(D,Z2)]
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−M1
Z 2Z2 + M2

Z 2Z2

2

mortality

1 2 4 4 4 3 4 4 4 

          (2.2.11)

 The first term represents mesozooplankton feeding.  Mesozooplankton feed on

phytoplankton, microzooplankton, and detritus.  The functional form of the function

Gprey(prey,Z2) is given in eq. 2.2.10.  The last term is a mortality term that is a

combination of a linear and a quadratic term.



22

2.2.7  Detritus

The detritus compartment in the model represents dead organic material such as

dead phytoplankton, dead zooplankton, and fecal pellets.
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          (2.2.13)

The sources of detritus are unassimilated feeding by zooplankton (first and second

terms), phytoplankton mortality (third and fourth terms), and microzooplankton mortality

(fifth term).  The sinks of detritus are remineralization back to ammonium (second to last

terms) and feeding by mesozooplankton (last term).

There are two loss terms in the model: The last term in the mesozooplankton

equation (2.2.9), which is the mortality term and represents loss to higher tropical levels,

and the second to last term in the nitrate equation (2.2.3), which represents

denitrification.  Denitrification is nearly zero close to the surface, but accounts for a small

loss of nitrate below the thermocline.  Because this model does not include nitrogen-

fixing bacteria, this nitrate is lost from the system.

2.2.8. Light

The irradiance at a certain depth is calculated as a function of attenuation by water itself

and the attenuation of light by phytoplankton.

E(z) = E0 exp((kw + k
P
(z))z)           (2.2.14)
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where z is negative downward, E
0
 is the irradiance at the surface, and k

W
= 0.0384  m

−1  is

the attenuation coefficient of water.  The attenuations coefficient for plankton is (Loukos

et al., 1997):

kchla =  0.0518 1.2
g  Chla

mol  N
P1(z) + P2(z)( )

 

  
 

  

0.428

 m
−1      (2.2.15)

The value 1.2 g Chla(mol N)-1 is the assumed ratio of chlorophyll a to nitrate (g Chla(mol

N)-1 ) in the phytoplankton.  The values usually range from 0.4 to 2.0 g Chla(mol N)-1 in

the tropical Pacific (Chavez, 1996); higher values are usually found close to the bottom

of the euphotic zone where autotrophs compensate for low levels of irradiance by

increasing their relative chlorophyll a content.
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Table 2.1.  The definitions and values of the parameters in the model.  Most parameters
have values close to those used in similar models, but have in some cases been tuned to a
different value to improve model performance.  Numbers and symbols in parenthesis
after parameter description (second column) refer to footnotes given on next page.  A
sensitivity analysis to the model parameters is given in Appendix A.

Parameter Description Value for

small

size-class

Value

for large

size-class

Units

w
D

Sinking speed of detritus (4,*) 15.00 15.00 m/day

w
P 2

Sinking speed of phytoplankton (4) 0.0 1.00 m/day

β Nitrification of ammonium (1,*) 0.10 0.10 day-1

K
N ,P1

,K
N ,P 2

Nitrate half-saturation for

phytoplankton (1)

0.8 2.0 mmol N/m3

K p,P1,K p,P 2
Ammonium inhibition coefficient

for phytoplankton (1)

0.50 0.30 mmol N/m3

δ Maximum denitrification rate (2,*) 0.15 0.15 day-1

k
O

Half-saturation constant for

denitrification (2,*)

5.00 5.00 mmol O2/m
3

µ
P1,max

,µ
P2,max

Maximum growth rate of

phytoplankton (1)

0.8 1.6 day-1

α
IR

Initial slope of the photosynthesis-
irradiance curve (4,*)

0.07 0.07 m
2
/E

ε
Z1

, ε
Z 2

Zooplankton assimilation
efficiency (3)

0.35 0.30 -

η Remineralization of detritus (3) 0.10 0.10 day-1

K
A ,P1

,K
A ,P 2

Ammonium half-saturation for
phytoplankton (1)

0.04 0.6 mmol N/m3

m
P1

,m
P 2

Phytoplankton mortality (4) 0.10 0.10 day-1

P
1

quad
,P

2

quad Phytoplankton concentration where

the mortality term becomes

quadratic (1)

4.00 4.00 mmol N/m3

Λ
Z1

,Λ
Z 2

Ivlev grazing constant for small

zooplankton (1)

5.00 4.50 m3/mmol N

G
max_1

,G
max_ 2

Maximum growth rate for

zooplankton (1)

2.50 0.20 day-1

φ
1

φ
2

φ
3

Mesozooplankton preference for

large phytoplankton, detritus, and

mesozooplankton (1)

- 0.70

0.20

0.10

M
Z1

,M1
Z 2

Linear zooplankton mortality (5) 0.05 0.02 day-1

M1
Z 2

Quadratic zooplankton mortality

(1)

- 0.02 m3

mmol N day
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*  This variable is not specific to a size-class and is given in both columns.

1.  This study.

2.  Oguz (2002).  Both the maximum denitrification rate and the half saturation constant

for denitrification were increased in order to previously estimated amount of

denitrification from Deutsch et al. (2001).

3. Moore et al., (2002).  The value for zooplankton assimilation efficiency is set to 0.3 by

Moore (2002), this value is used for mesozooplankton, whereas the assimilation

efficiency for microzooplankton is slightly higher.

4. Chai et al., (2002).  The initial slope of the photosynthesis-irradiance curve is

converted from m2/Wday to m2/E using a conversion rate of 2.79 Wday/E (Evans and

Garcon, 1997). The detritus sinking speed was increased from 10 m/day to 15 m/day,

values in literature vary between 10 m/day and 20 m/day e.g. (Friedrichs and Hofmann,

2001: Moore et al., 2002).

5. Christian et al., (2002).  The value for mesozooplankton was set to a lower value to

prevent this population from going extinct.
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3.  NUMERICAL EXPERIMENTS

This section discusses the setup used to run the model and the numerical

experiments performed.

3.1 Initial and Boundary Conditions

The model domain spans from 110° W to the coast of Central America in the east

and from 4° N to 20° N.  The area south of 4° N is not included in the ecosystem model

domain because extremely large vertical velocities close to Galapagos cause the model to

perform poorly.  Also, the ecosystem along the equator has different characteristics from

the one in the northeast tropical Pacific, because there is strong iron-limitation in this

region.

Determining the appropriate conditions for a model that is run in 'real-time' can be

challenging because neither constant nor climatological values are suitable.  The initial

value for all variables except nitrate is set to a constant low value (0.01 mmol N/m3).  The

initial condition for nitrate is calculated using a linear nitrate-temperature relationship

(Fiedler et al., 1991).  Above a certain temperature, this relationship will yield a negative

nutrient value, therefore, a value of 0.01 mmol N/m3 is chosen whenever the linear

relationship yields a value lower than 0.01 mmol N/m3.  The nitrate-temperature

relationship is:

N =
−2.04T + 58.78, T < 28.81

0.01, T ≥ 28.81

 
 
 

(3.1.1)

The model is run for four years from 1999 through 2002.  The year 1999 is regarded as a

spin-up year.  The results from December 31, 1999 were compared to a result from the

same date when the model was started with different initial conditions (the previous

result from the end of 1999 was used as initial conditions).  The results are almost
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identical, indicating that after one year of integration the model results are independent of

initial conditions, hence one year is sufficient spinup time.

The ecological model is active in the upper 26 levels of the physical model (the

deepest level is at 439 meters), and open boundary conditions are applied at the deepest

level as well as on the boundaries to the south, north, and west.  This means that the

ecosystem components are allowed to sink through the deepest layer.  The same

boundary conditions are applied at the bottom and where the bathymetry is shallower

than 439 m; this is equivalent to assuming that the organic sediments are instantly buried.

The condition of no flow through the boundary at the coast is handled by the semi-

Lagrangian advection scheme.  The values of the model components are determined

solely by the model, except nitrate, which is relaxed back to the observed linear

temperature relationship (3.1.1).

3.2 Sensitivity Analysis

  The one-dimensional model is used for sensitivity analysis, because using the

full three-dimensional model would have been too time consuming.  The sensitivity

analysis is performed by changing parameters and initial conditions from their standard

value (usually by 25%), and the resulting means and standard deviations were compared.

The effects of the formulation of ammonium inhibition, denitrification, and relaxation of

nitrate were also investigated.  These three formulations were chosen because they are the

ones that do not use standard expressions used in other models.  The results of the

sensitivity analysis are presented in Appendix A.  Usually, there is less than 10% change

in the mean and standard deviation of the ecosystem variables when a parameter is

altered.  This means that the model is not very sensitive to the model parameters.  The

exceptions are the parameters for mesozooplankton growth and mortality, the large

phytoplankton concentration is particularly sensitive to these parameters.
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3.3 Cross-Shelf Flux at the Coast

Horizontal fluxes of the ecosystem variables across a vertical section at the 500 m

isobath were calculated as an estimate for how much organic matter is transported across

the shelf break.  The continental shelf in this region is very narrow (20-50 km), and north

of the Gulf of Tehuantepec the 500-meter isobath is too close to the coast for the current

model resolution to adequately resolve the flux across this isobath (Figure 1.1).  At the

Gulf of Tehuantepec and southward, where eddy formation is frequent, the 500-meter

isobath is about 100 km from the coast.  The discussion of the results is focused on the

Gulf of Tehuantepec.  Results from the cross-shelf flux calculation are presented in

section 4.2.

3.4.  Processes at the Costa Rica Dome

The effect of upwelling and advection at the CRD is investigated by calculating

the mass-balance in a box surrounding the CRD.  The CRD is centered at about 9°N,

90°W and is usually 200-300 km in diameter, although it varies in both size and position.

During fall the dome can stretch out to 96ºW, whereas during spring it is close to the

coast and only reaches out to about 90ºW (Figure 1.2; Fiedler, 2002).  The box was

therefore chosen to have boundaries at 7°N, 11°N, 89°W, and 93°W.  The depth of the

bottom boundary is varied to investigate the impact of upwelling/downwelling at

different depths.  A simple mass balance calculation within the box revealed the

magnitude of the errors in the vertical velocity that stem from the vertical integration of

the continuity equation.  Results from this calculation are presented in section 4.3.

3.5 Model Validation

The model is validated using available SeaWiFS data and some data from the

STAR cruises of 2000 (project details and cruise reports can be obtained at

http://swfsc.nmfs.noaa.gov/prd/PROJECTS/star/default.htm). The SeaWiFS product from

the fourth SeaWiFS data reprocessing (Patt, et al., 2003) was used in this study.  From
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SeaWiFS, 8-day, level 3 integrated chlorophyll is used. This product is the ratio of

observed chlorophyll concentration to the diffuse attenuation coefficient at 490 nm.  The

model-derived chlorophyll a is integrated from the surface down to one optical depth,

then the mean of the corresponding 8-day period is calculated, and the two fields

compared.  Because of the position of the Inter-Tropical Convergence Zone (ITCZ), the

northeast tropical Pacific is typically more cloudy during the summer.  This causes the

comparison with ocean color data to be biased towards winter conditions.

The data from the STAR cruises consist of almost 2000 surface observations of

chlorophyll and several hundred profiles of chlorophyll and primary productivity.

Surface observations of chlorophyll were taken from water samples 4 times daily, while

water samples for the profiles of chlorophyll and primary productivity were collected

during CTD casts twice daily.  The cruises for the year 2000 took place between July and

December.  The dataset also includes temperature and salinity data, but the validation is

focused on the biological variables.  Because the observational points are never exactly at

a grid point, each observation is compared to the average of the four surrounding grid

points.  The model validation is presented in section 4.1.2.
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4.  RESULTS

4.1 General Model Results and Model Validation

4.1.1.  Model Results

In this section, some general results and comparisons with data are presented to

give a description of the model characteristics.  All results from the model are calculated

from the years 2000-2002.  A constant ratio of 1.2 g Chla (mol N)-1 is used when

converting simulated phytoplankton from units of nitrate to chlorophyll, except for the

surface chlorophyll comparison.  Note that this is an intermediate value, the measured

values range between 0.4 and 2.0 g Chla (mol N)-1 (using a ration of 6.6 mol C/mol N)

(Chavez et al., 1996) and is usually higher close to bottom of the euphotic zone

  Nitrate has high concentration, about 8 µmole N/m3, around the Gulf of

Tehuantepec and the Gulf of Panama.  There are also moderately high concentrations at

the CRD and along the thermocline ridge that stretches west along 8ºN (Figure 4.1 a).

From a vertical section of nitrate through 90˚ W, the existence of the CRD below the

thermocline is evident by elevated nutrient concentration at depth around 90ºW (Figure

4.1b).  This feature is less obvious in the zonal cross-section because the thermocline

ridge between the NEC and the NECC keeps the nutricline close to the surface along 9˚N

(Figure 4.1c).  There is also a region to the north of the Gulf of Tehuantepec that has

moderately high nitrate concentrations, which reflect unrealistic vertical velocities in this

region (Figure 4.2).  The highest concentration of nitrate (9 µmole N/m3) may seem

excessive, but it is consistent with observations from the World Ocean Database (WOD)

(Conkright et al., 2002) that show that this region normally has a very sharp and shallow

nutricline (Figure  4.3).

Ammonium and detritus (Figure 4.4) both have high concentration at the CRD.

The detritus distribution is similar to that of large phytoplankton (Figure 4.5 b), whereas

the ammonium distribution resembles that of mesozooplankton (Figure 4.6 b).  The mean

concentration of small phytoplankton is nearly spatially uniform, varying between 0.1

and 0.2 mg Chla/m3, with the highest concentrations west of the Gulf of Tehuantepec and
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Figure 4.1.  Nitrate temporally averaged over 3 years (2000-2002).  Horizontal section at
22.3 m (a), vertical section along 9˚ N (b), and vertical section along 90˚ W (c).  The
locations of the vertical sections are indicated by lines in (a).
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Figure 4.2.  Simulated mean vertical velocity at 50 m for 2000-2002.  The dipole of
upwelling and downwelling at the Gulf of Tehuantepec is very clear.  There is indication
of upwelling at the CRD, but it is not an outstanding feature.  There is a ridge of
downwelling around 5° N, coinciding with the deep thermocline between the South

Equatorial Current and the North Equatorial Counter Current.  There is also very noisy
vertical velocity close to the coast.
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Figure 4.3.  Profiles of nitrate from the WOD from the model region.  The profiles were
sorted by month.  Nitrate increases rapidly with depth in the upper 50 meters and reaches
values close to the maximum concentration (about 35 mmol/m3) around 100 meters
depth.
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Figure 4.4.  Three-year temporal average for (a) ammonium and (b) detritus at 22.3 m.
Both have fairly even distributions with higher values at the CRD and in the northern part
of the domain.  Detritus has higher concentration at the Gulf of Tehuantepec and Gulf of
Panama, ammonium also has a smaller relative maxima at the Gulf of Tehuantepec.
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Figure 4.5. Three-year temporal average for (a) small phytoplankton and (b) large
phytoplankton at 22.3 m.  The distribution of the two size classes are different.  Small
phytoplankton are evenly distributed, whereas large phytoplankton has large
concentrations in discrete places and very low concentrations in the open ocean.
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Figure 4.6.  Three-year temporal average for (a) microzooplankton and (b)
mesozooplankton at 22.3 m.  There is high concentration of mesozooplankton at the CRD
and the northwest part of the domain.  The distribution if microzooplankton is relatively
uniform, the highest concentrations are in the open ocean.
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in the northwest corner, and lowest concentrations in the Gulf of Panama (Figure 4.5 a).

Microzooplankton (Figure 4.6 a), like their prey small phytoplankton, also have a

spatially uniform, low values.  Both these variables have uniform low concentration, as

they are best adapted to low-nutrient regions, and never really reach large concentrations.

High concentrations of large phytoplankton (~1 mg Chla/m3) are found in the

Gulf of Tehuantepec and the Gulf of Panama.  A tongue of large phytoplankton stretches

from the Gulf of Papagayo into the CRD (Figure 4.5 b).  Although the concentration of

large phytoplankton is relatively low in the open ocean, this variable is overestimated by

the model.  Observations by SeaWiFS show that open ocean values are usually around

0.2 mg Chla/m3, whereas the modeled open ocean concentration of large phytoplankton

are between 0.2 and 0.4 mg Chla/m3.  The mesozooplankton distribution is similar to

large phytoplankton, which is their main food source, except that the maxima at the Gulfs

of Tehuantepec and Panama are not as prominent (Figure 4.6 b).  Mesozooplankton have

high concentrations at the CRD and in the northern part of the domain.

Microzooplankton population is the same order of magnitude as the small phytoplankton

population, whereas the mesozooplankton population is considerably smaller that the

large phytoplankton population.  The concentrations of all the variables are very low

close to the coast.  Sinking material in the model is instantly buried, this means that

recirculation of nutrients on the shelf is not included in the model.  This causes the model

to underestimate chlorophyll close to the coast.

The mean primary productivity in the model (Figure 4.7) varies between

650 mgCm-2day-1 at the Gulf of Tehuantepec and the Gulf of Panama to 400 mgCm-2day-1

in the open ocean.  There is also high primary productivity (600 mgCm-2day-1) at the

CRD and the East Pacific Warm Pool.  Previous estimates of the primary productivity in

this region in the period August to November 1990 (Fiedler et al., 1991) show that the

highest primary productivity was about 800 Cm-2day-1 to the south of the Gulf of

Tehuantepec and about 700 Cm-2day-1 in the CRD region.  Open ocean values are about

400-500 Cm-2day-1, whereas the lowest values (300 Cm-2day-1) are in the East Pacific

Warm Pool.  This means that the model overestimated the primary productivity by about

200% in the East Pacific Warm Pool, whereas it provides reasonable estimates in the

other parts of the model domain.
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Figure 4.7.  Model estimate of mean primary productivity (mg C m-2day-1).  The highest
primary productivity is in the Gulf of Tehuantepec, CRD, and Gulf of Panama.  There is
also high primary productivity in the East Pacific Warm Pool.
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The temporal mean of vertical velocity (Figure 4.2) is different from the obtained

temporal means of the ecosystem variables.  This indicates that in this very dynamic

region horizontal advection is a very important process in redistributing the ecosystem

components and forming the spatial patterns.  There are indications of upwelling in the

three gulfs and at the CRD, but the clearest signal is the dipole of upwelling and

downwelling at the Gulf of Tehuantepec.  Generally, the vertical velocity in the model is

very noisy, particularly close to the coast where alternating upwelling and downwelling

velocities along the shelf break are evident.  This is most likely caused by the change

from z-coordinate to sigma-coordinate along the shelf in the model.  There is a clear

signal of equatorial upwelling in the physical model, and even though the equator is

excluded from the ecosystem model domain, it serves to validate the vertical velocity

because we know there should be upwelling along the equator.  The vertical velocity is

noisier further away from the equator.  In the northwest part of the domain, vertical

velocity forms a banded pattern parallel to the coast, which appears to originate from

interaction with bathymetry along the coast of Mexico and around the tip of Baja

California.  When the model is run without advection (results not shown), the resulting

biological fields resemble the spatial pattern of the vertical velocity field, hence the

results are not very realistic.

4.1.2 Model Validation

Two datasets were used for validation of the ecosystem model.  One is the

SeaWiFS 8-day dataset, obtained as level 3 data, and the second dataset consists of ship

observations of chlorophyll and primary productivity from the STAR-cruises.

Unfortunately, no zooplankton measurements were available in the region of interest for

this time-period.  Extensive cloud cover over the CRD during summer, when the CRD is

most productive, made this region hard to validate.  SeaWiFS measures chlorophyll in the

upper water column down to one optical depth, so chlorophyll a integrated over one

optical depth (derived from SeaWiFS) is compared to the same product calculated from

the simulated data.  The optical depth used for the model data is obtained from the model

formulation for light attenuation and simulated chlorophyll concentration, so the satellite

and model optical depths are not always the same.
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 Comparisons between simulated and satellite observed data in the winter reveal

that the model reproduces the high concentration of chlorophyll in the Gulf of

Tehuantepec and the Gulf of Panama, but underestimates the chlorophyll concentration in

Gulf of Papagayo (Figure 4.8).  There are lower chlorophyll concentrations close to the

coast, which probably stems from the treatment of sinking material at the coast.  Eddies

can be identified by high chlorophyll concentration both in the model and satellite data,

but the chlorophyll concentration at the center of the eddy decays faster in the simulated

data compared to the satellite data.  In the open ocean, simulated eddies are recognized

by high chlorophyll concentration around the edge and very low concentration in the

middle.  In the satellite data on the other hand, the chlorophyll concentration within the

eddy is higher than in the surrounding water and is evenly distributed across the eddy.

The model reproduces the CRD in the spring and summer, but the maximum chlorophyll

concentration is slightly underestimated (Figure 4.9).  The dome also extends further west

in the model.

Comparison between annual mean values from the model and SeaWiFS show that

the general patter of chlorophyll distribution is reproduced.  However, the modeled open

ocean values range from 5 to10 mg Chla/m2 mg Chla/m2, whereas the open ocean range

between 4 and 8 mg Chla/m2 (Figure 4.10).   At the three gulfs the model gives

reasonable mean values, but the elevated chlorophyll concentration stretches further west.

The model underestimates the mean values close to the coast.  The measured values

sometimes exceed 20 mg Chla/m2, while the coastal chlorophyll concentration in the

model is only about 12 mg Chla/m2.  The model also overestimates the chlorophyll

concentration in the open ocean north of 15°N.  This region, the Eastern Pacific Warm

Pool, typically has low chlorophyll concentration (Figure 4.10), except close to the coast.

Comparison between  the annual standard deviation from the model and SeaWiFS

(Figure 4.11) show that in the open ocean the model estimate of the standard deviation

(~2.0 mg Chla/m2 ) is higher than that from SeaWiFS (~1.0 mg Chla/m2 ).  At the Gulf of

Tehuantepec and the Gulf of Panama model and data compare well, while at the Gulf of

Papagayo the standard deviation is underestimated by about 3 mg Chla/m2.  Overall, the

ecosystem model compares well with data for this time period.  The magnitudes of the
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Figure 4.8.  Upper panel:  Simulated chlorophyll a concentration integrated over one
optical depth, the mean of the 8-day period from January 25. to February 1. 2001.  Lower
panel: Mean chlorophyll a observed by SeaWiFS in the same period.  Because the model
overestimates chlorophyll in the open ocean, the spatial mean has been subtracted from
both datasets2.  During this time period, the model reproduces high chlorophyll
concentration in two out of the three Gulfs.  Note that the eddy at 98° W, 14° N, has low

concentration at the center in the model, while it has large concentration at the center
according to the SeaWiFS data.

                                                  
2 Because it is natural logarithm of the chlorophyll data that is plotted, the following

formula is used:Chl'= exp ln Chl( ) − ln Chl( )[ ] , where the bar denotes the spatial average.

This is why the spatial mean the variable plotted is different from zero, although the
spatial mean is subtracted
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Figure 4.9.  Same as figure 4.8, but for the time period June 1. to June 9. 2000.  The
CRD is visible in both data sets, but the magnitude is less in the model data.
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Figure 4.10.  Annual mean of chlorophyll (mg Chla/m2) for the model (left) and
SeaWiFS (right) for each of the model years.
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Figure 4.11.  Annual standard deviation of chlorophyll (mg Chla/m2) for the model (left)
and SeaWiFS (right) for each of the model years.
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chlorophyll concentrations are similar in the model and the data, although the model

overestimates the open ocean chlorophyll concentrations.

When comparing observed surface chlorophyll to the model results, a conversion

ratio of 0.6 g Chla/mol N is used because the plankton at the surface usually have low

Chla/N ratio (Chavez et al., 1996).  Surface values away from the equator vary between

50 and 150 mgC/mgChla (Chavez et al., 1996), which translates into a Chla/N ratio of

between 1.6 and 0.5 (using a C/N ratio of 6.6 molC/molN).  Data from the upper layer of

the model (0.5 meters) matches the observations with low chlorophyll a (0.1-0.2 mg

Chla/m3), but does not reproduce any of the high values (Table 4.1).  In the model, large

phytoplankton are responsible for the high chlorophyll a concentration because small

phytoplankton never attain high concentrations (Figure 4.5).  Because large

phytoplankton have a constant sinking speed, they sink out of the upper layer, hence this

variable has low concentration in the upper layer.  When comparison is done between

level 6 (8.5 meter) in the model and the observations, the model reproduces both low and

moderately high chlorophyll concentrations (Table 4.1, Figure 4.12).  Because the data

were so sparse, the observed data and the corresponding model data were binned into

2ºX2º cells, and means and standard deviations were compared (Figure 4.12).  The model

reproduces high concentrations in the Gulf of Tehuantepec, but very close to the coast the

model gives lower values than what is observed.  Also, extremely large concentrations of

plankton is inhibited by the model formulation, this is done to prevent plankton from

taking up so much nitrate or ammonia that the concentrations become negative.  The

comparison with in-situ data confirms the general trend noted in the comparison with

satellite data: The model overestimates chlorophyll concentration in the open ocean,

whereas close to the coast, the chlorophyll concentrations are underestimated.

Denitrification is parameterized as a function of temperature and detritus, rather

than including oxygen as a variable in the model.  The purpose of including a

parameterization for the denitrification process is to include its effect on the ecosystem.

However, the coupled model is not intended to be used to study the details of the

denitrification process.  The model estimates the total denitrification in the model domain

to be 12.74 TgN/year, this is comparable to the previous estimate from observations of

22±3.5 TgN/year for the eastern tropical North Pacific (Deutsch et al., 2001) (note: the
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Table 4.1.  Number of observations and model values at 0.5 and 8.5 that fall within
different ranges of chlorophyll concentration

Chlorophyll range

(mg Chla/m3)

Number of

observations

Number of model

values (8.5 m)

Number of model

values (0.5 m)

0-0.1 30 2 5

0.1-0.2 241 47 394

0.2-0.5 128 361 24

0.5-1.0 14 13 0

1.0-2.0 8 0 0

2.0-5.0 1 0 0

5.0-10.0 1 0 0
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Figure 4.12.  Comparison between, (a) and (b), observed surface chlorophyll from the
STAR-cruises of 2000, (c) and (d), simulated chlorophyll at 8.5 meters, and, (e) and (f),
the difference between the model data and the observations (model - observation).  The
observation and the corresponding model data have been collected into 2ºx2º bins.  The
model overestimates chlorophyll concentration in the open ocean, while it tends to
underestimate the chlorophyll concentration at the coast.
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Figure 4.13.  Horizontal and vertical sections of denitrification at (a) 150 m, (B) 90ºW,
and (c) 10ºN.  The maximum denitrification occurs at about 100 m and maximum values
are approximately 1.3 mmol/m3year.
model does not span the entire region, and only extends down to 439 m). Maximum
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denitrification in the model occurs between 100 and 200 m, and is about 1 mmol/m3year

(Figure 4.13).  Observations of N* (a quasi-conservative tracer derived from nitrate and

phosphate, used as an indicator for denitrification and nitrogen fixation in the ocean)

indicate that the maximum denitrification in the northeast Pacific is deeper than what the

model indicates, at about 400 m (Deutsch et al., 2001).  For an explanation of the concept

of N* see Deutsch (2001).  The effect on the ecosystem of including denitrification is

small, which is in agreement with the consensus that denitrification is most important for

the ecosystem at glacial/interglacial timescales (Deutsch et al., 2001).

4.2. Gulf of Tehuantepec

The cross-shelf flux of the ecosystem variables is calculated along the coast at a

vertical section at the 500 meter isobath.  The purpose of this calculation is to estimate

how much organic matter, plankton, and nutrients are transported across the shelf break

at the Gulf of Tehuantepec.

Cross-shelf volume transport along the coast shows that there are periods of high

(1000-2000 m3/day) cross-shelf transport close to all of the three gulfs (Figure 4.14).  At

the Gulf of Panama there is an offshore transport of about 1000 m3/day during fall and

winter and onshore transport of between 500 and 1000 m3/day during spring and summer.

At the Gulf of Papagayo there is offshore transport in discrete events during winter,

during these events maximum transport is range between 1500 and 3000 m3/day.  At the

Gulf of Tehuantepec there is offshore transport throughout the year with maximum of

about 2000 m3/day in the winter and minimum of around 500 m3/day in the summer.  To

the south of the Gulf of Tehuantepec there is a consistent onshore transport that is

comparable in magnitude to the offshore transport further north.  During wind events

there is an offshore transport induced by the offshore current forced by the wind stress.

The onshore recirculation is on the southern side of the gulf, hence there is an onshore

transport to the south/east of the Gulf of Tehuantepec.

 At the Gulf of Tehuantepec the ecosystem variables show a clear signature of

cross-shelf flux (Figure 4.15).  South of the Gulf of Tehuantepec there is a strong onshore

flux and at the gulf itself there is a strong offshore flux.  The cross-shelf volume transport
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and the flux of nitrate is in the same direction throughout the upper 400 m, indicating the

effect of the wind-stress is not only at the surface.  The other ecosystem variables have

low cross-shelf flux at depth because their concentration is low there.  A model estimate

indicates that about 167 Tg C/ year (in the form of detritus and plankton) is transported

offshore at the Gulf of Tehuantepec, while 704 Tg C/ year is transported onshore to the

south of the gulf.

The difference between the temperature at the surface and 60 m is used as an

indicator of strong wind events at the Gulf of Papagayo (Figure 4.16f).  Although we do

not have the wind data over the gulf, the effect of strong wind events can be detected by

identifying strong mixing in the model.  Only a few of the wind events, that are rather

frequent in the winter, generate an eddy.  By visually examining data of SST, eight eddies

generated by cold-surges were identified in the three-year period from 2000 to 2002.

One was in early 2000, three in the 2000-2001 winter, three in the 2001-2002 winter, and

one in late 2002.  The time period when these eddies were formed also corresponds to the

events of deep mixing identified by the vertical temperature gradient.  The highest export

values that occur during eddy formation are on the order of 10 MgC per day per meter of

coastline.

Around the date of the eddy generation there is a high offshore flux of detritus, nitrate,

and mesozooplankton in the Gulf of Tehuantepec (Figure 4.16).  Cross-shelf flux of the

ecosystem variable at the Gulf of Tehuantepec varies seasonally (Figure 4.16).  It is

mostly offshore and large during winter/spring and autumn, and small during late

spring/summer.  To the south of the gulf there is an onshore transport that is comparable

in magnitude to the offshore transport at the gulf (Figure 4.16e).  There is a negative

correlation between the cross-shelf transport at the gulf and the one to the south.  They

are both large in the same period, but have opposite sign.  Periods of strong mixing

correspond to periods with high offshore volume transport and high offshore flux of

detritus, nitrate, and mesozooplankton at the Gulf of Tehuantepec.  Large phytoplankton,

on the other hand, does not correlate to the volume transport.  In the winter of 2001/2002,

for example, there are three events of high offshore volume transport, but only the last

one leads to a high offshore flux of large phytoplankton.



51

Figure 4.14.  Mass flux through the 500 meter isobath.  (a) Yearly mass flux as a
function of distance along the coast and depth and (b) depth averaged mass flux as a
function of distance along the coast and time at the Gulf of Panama, Gulf of Papagayo
and the Gulf of Tehuantepec.  Offshore flux is defined as positive.  The Gulf of Panama
has offshore mass flux during the fall and winter, the Gulf Of Papagayo has offshore flux
during the winter, and Gulf of Tehuantepec has offshore flux throughout the year, with
larger flux during the winter.  There is onshore circulation to the south of the Gulf of
Tehuantepec.
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Figure 4.15.  Three year mean of flux at the 500 m isobath as a function of distance
along the coast of (a) detritus, (b) nitrate, (c) large phytoplankton, and (d)
mesozooplankton.  Offshore flux is defined as positive and onshore flux as negative.  The
Gulf of Panama, Gulf of Papagayo and Gulf of Tehuantepec are indicated by arrows.
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Figure 4.16.  Time series of cross-shelf flux from 2000 to 2002 for (a) detritus, (b)
nitrate, (c) large phytoplankton, (d) mesozooplankton, and (e) volume transport
integrated along the coast.  The upper line in each plot is the transport at the Gulf of
Tehuantepec, whereas the lower line is the transport to the south of the Gulf of
Tehuantepec.  The lower panel (f) shows the temperature difference between 0.5 m and
60 m at a point south of the Gulf of Tehuantepec (14ºN, 95.6ºW).  Periods when the
temperature difference is small indicate strong mixing events by the Tehuantepec jet.
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Figure 4.17.  The generation and detachment from the coast of an eddy in the Gulf of
Tehuantepec during November 2001.  In column 1 the currents are presented by curved
arrows and the color represents vertical velocity.  Columns 2 and 3 show how nitrate
concentration and the concentration of large phytoplankton change in response to the
eddy.  This eddy is the result of a wind event that occurred in October 2001, so the
upwelling to the south of the jet is not apparent in the figure of vertical velocity.
However, the result of the upwelling can be seen in the large concentration of nitrate
south of the gulf.
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During wind events in the Gulf of Tehuantepec, there is a plume with high

nutrients and plankton concentrations to the south of the gulf.  When an eddy is

generated, the upwelled nutrients and phytoplankton gets wrapped around the eddy,

creating a spiral-like pattern (Figure 4.17).  Also, there are vertical velocities associated

with the eddy itself.  There is upwelling in discrete patches around the rim of the eddy

(Figure 4.17), and downwelling at the center, which may help maintain high productivity

around the rim of the eddy.  After the eddy has detached from the coast, it propagates

westward.  In the model, the eddy maintains high concentration around the edge of the

eddy, caused partly by advection and partly by local upwelling around the edge.

4.3.  The Costa Rica Dome

The CRD is generally thought to be located at 9° N and 90° W because this is its

mean position.  In reality, the dome changes considerably both in location and size

throughout the year (Fiedler, 2002).  To estimate the vertical and horizontal flux at the

CRD, a physical location must be chosen.  In order to simplify the calculation, the

boundaries are aligned north-south and east-west.  The horizontal boundaries of the dome

are chosen to be along 7° N, 11° N, 89° W, and 93° W.  The bottom boundary is chosen

at either 50 or 100 m.  Fluctuations in the vertical transport are very intermittent, and

changes sign on time scales of a few days, so seasonal estimates are made in order to

extract some meaningful values.

The model shows that at 50 meters there is upwelling at the dome throughout the

year, but it is strongest in the fall and winter (Figure 4.18).  A noticeable feature, both for

volume transport and transport of nitrate (Figure 4.19), is the large flux into the CRD

from the west during summer and fall.  During summer about 1.4X102 Mmol N of the

total 1.8 X102 Mmol N supplied to the dome during this time is advected in from the

west.  During winter and spring there is outward flux through this west side of the CRD.

Observations show that the chlorophyll concentration is largest at the dome during spring

and summer (Figure 1.2).  When an eddy is generated at the Gulf of Papagayo,

observations often show a large patch of chlorophyll can be seen south of this eddy,

roughly at the location of the CRD.  During summer the high chlorophyll concentration at
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the CRD often stretches further west than in the spring both in the observations and in the

model.  The model results also show that during spring there is very little upwelling

(3.4X10-2 Sv) to the West of the dome.  The above results suggest that two different

mechanisms are responsible for the high productivity at the CRD.  During winter/spring

the Papagayo jets cause plankton to bloom at the CRD.  During summer/fall some

nutrients are brought up at the CRD, but most are upwelled to the west of the dome and

are advected eastward by the NECC.

Time series of the simulated ecosystem variables at the CRD show that nitrate

usually has high concentration during winter, which decreases during the spring when the

large phytoplankton peaks (Figure 4.20).  During summer, when the large phytoplankton

has been grazed down by mesozooplankton, the small phytoplankton has a maximum

concentration at the CRD.  There is a second peak of large phytoplankton in the fall.

There is also some interannual variability, shown by the plankton population in 2001

being larger than the other years.  The spring bloom of large phytoplankton is practically

absent in 2000, and there is a gradual decrease in mesozooplankton throughout the whole

three-year period.

The nitrogen budget calculated with the bottom of the box at 50 meters shows that

nitrate is not exactly conserved in the model.  Most of the nitrate that enters the box sinks

out as detritus (Figure 4.19), and some is lost to denitrification and higher trophic levels,

through the mesozooplankton mortality term.  At 100 m, less of the nitrate that enters the

box sinks out as detritus.  This is because denitrification is more important at depth, and

that part of the detritus is remineralized back to nutrients as it sinks.
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Figure 4.18.  Seasonal volume flux budgets in the box surrounding the CRD with the
bottom at 50 meter (right box) and a box to the west of the CRD.  All values are given in
Sverdrups (106 m3/s).
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Figure 4.19.  Flux of (a) nitrate and (b) detritus through a box (bottom at 50 m)
surrounding the CRD.  There is upwelling of nitrate throughout the year, but it is largest
in the fall and winter.  Over long time scales (3 years) the downward flux of detritus
nearly balances the upward flux of nitrate (note that detritus has been converted to units
of carbon using a ratio of 6.6 molC/molN).
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Figure 4.20.  Time series of ecosystem variables averaged over a box with bottom
boundary at 50 m and lateral boundaries at 7ºN,11ºN,93ºW,89ºW at the CRD.
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5.  DISCUSSION

5.1 Costa Rica Dome

From the climatology at the CRD (Figure 1.2) it is clear that the CRD has the

highest chlorophyll concentration in the spring and summer, and although the

thermocline is shallow in the fall, the high chlorophyll concentration is absent.  The CRD

is initiated in the spring by cyclonic vorticity generated by the cyclonic wind stress curl at

the Gulf of Papagayo (Umatani and Yamagata, 1991),  and it is maintained throughout

the summer by local Ekman pumping (Hofmann et al., 1981).   Vertical velocity

calculated from the model in a box around the CRD shows that there is upwelling at the

dome throughout the year (7.2X10-2 Sv), and that the upwelling is about twice as large

during winter and fall than spring and summer.  A previous estimate upwelling in this

region is 3.5 Sv (Kessler, 2002), this estimate was for a region containing the CRD, but

with an area about 40 times larger than the region defined as CRD in this study.  This

gives an estimate of 8.75X10-2 for the CRD (as defined in this study), which agrees well

with our estimate.  Volume transport calculations also show that to the west of the CRD,

there is upwelling in the summer and fall, and a large transport of nitrate into the dome

from the west (Figure 4.18 & 4.19).

From the above results, the production at the CRD can be divided in two stages:

In the spring, upwelling is generated by the cyclonic curl of the Papagayo winds and

chlorophyll is advected westwards.  In the summer and early fall, upwelling is along the

thermocline ridge between the NEC and the NECC, and nutrients and chlorophyll are

transported eastward by the NECC.  This is consistent with satellite observations (Figure

1.2) that show the patch of high chlorophyll concentration moving further offshore as the

season progresses.  The absence of chlorophyll in the fall may be attributed to either

zooplankton grazing or nutrient depletion.  The model shows that there is a temporary

drawdown of chlorophyll at the CRD in the summer that is caused by mesozooplankton,

while the decrease in the fall is caused by both reduced nutrients and zooplankton

grazing.
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From both the one-dimensional model runs at the CRD, and the full 3D model, it

appears that the CRD is more productive in the summers of 2001 and 2002 than in 2000.

There is upwelling in the summer of 2000, but it does not seem to penetrate as close to

the surface as during the two other years.  Around the CRD region there is a negative

correlation between sea-surface height and chlorophyll a (Wilson and Adamec, 2001),

and also some interannual variability that is connected to ENSO.  The NECC is weaker

during El Niño than during La Niña (Johnson et al., 2002), so that the thermocline ridge

along 10° N is deeper during El Niño and shallower during La Niña.  From this, one

expects the CRD to be more prominent during La Niña.  There was a strong La Niña in

late1998, and over the next couple of years there was a gradual change towards neutral

ENSO conditions.  Because the years 2000 and 2001 was La Niña years and the year

2002 was a neutral year, the model can not be used to investigate interannual variability.

Annual averages of chlorophyll a from SeaWiFS (not shown) show that there is large

chlorophyll a concentration (~1 mg/m3) at the CRD from 1999 to 2002.  In 1998 the

annual chlorophyll a concentration at the CRD is only 0.3 mg/m3, whereas in 2003 the

annual mean concentration was about 0.5 mg/m3.  The images also indicate that in the

years 1998 and 2003, when the chlorophyll concentration at the CRD is small, there is

also less chlorophyll at the Gulf of Papagayo.  This supports the conclusion that the CRD

is connected to the Papagayo winds.  Because the model does not reproduce the effect of

the Papagayo Jet well, this could also explain why the chlorophyll concentrations at the

CRD are underestimated.  The reason that the model underestimates chlorophyll

concentration at the Gulf of Papagayo is that the wind product used is not well resolved at

the relatively narrow mountain gap leading from the Gulf of Mexico into the Pacific.  The

width of the gap is approximately the same as the resolution of the wind product (~100

km).  Unfortunately, the model time period does not cover any of the years with an absent

CRD, but it would be interesting to see if the model could capture the ENSO signal.

If iron deposition through precipitation is an important process, as suggested by

Gao et al., (2003), then productivity at the CRD may also be enhanced by the increased

rainfall in the summer.  Nitrate profiles at the CRD from the World Ocean Database

(WOD; Conkright et al. (2002)) show extremely high surface concentrations during
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winter, and much lower values in the summer, which indicate that there may be iron

limitation in this region during winter.

5.2 Tehuantepec winds and eddies

The upwelling at the Gulf of Tehuantepec is driven by a wind-jet that comes

through a very narrow mountain gap (~40 km).  Because the resolution of the wind-

product used to force the physical model is 1º (~111 km) the wind-jet is not well resolved

very close to the coast at the Gulf of Tehuantepec.  Despite this, the effect of the wind-jet

is very clear in the model, although some of this may be attributed to assimilation of SST.

The wind-stress causes mixing below the axis of the jet and Ekman upwelling southeast

of the jet.  Both these processes are reproduced by the model, and are evident by a narrow

section of deep mixed layer to the west, and a broader section of upward doming

thermocline in the Gulf of Tehuantepec.  The biological effects of the Tehuantepec jet are

also apparent in the simulated data.  There are high concentrations of both nutrients and

plankton south of the gulf during the winter, although the model underestimates

concentrations very close to the coast.  The elevated chlorophyll concentration extends to

the surface directly below the axis of the jet, where there is deep mixing.  Further east,

where there is Ekman upwelling, the isotherms are squeezed together at the surface,

which creates a strong stratification that prevents nutrients from penetrating to the

surface.  In this region there is high concentration of chlorophyll in the subsurface layers.

The wind also forces a cross-shelf transport.  Results from the calculation of flux

through the 500 meter isobath show that the cross-shelf transport in the western part of

the Gulf of Tehuantepec is predominantly offshore, while there is an onshore

recirculation to the south of the gulf.  The offshore transport at the gulf is strongest

during wind events and eddy generation, with comparable onshore flux to the south of the

gulf.  This means that the winds lead to both a substantial onshore and offshore export of

organic material.  At the onset of the jet, the surface current generated by the wind will

not be in geostrophic equilibrium and thus the current will be directed offshore in the

same direction as the wind (Clarke, 1988).  This contributes to the offshore transport at

the gulf.  When an eddy is formed, nutrients and organic material are entrained in the
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eddy and transported offshore.  Note that most of the nutrients upwelled by the

Tehunatepec winds are offshore of the 500 m isobath.  Because the model underestimates

the plankton concentration close to the coast, the model estimate of offshore transport is

probably smaller than the actual value.

Because the Tehuantepec winds are connected to cold surges over the United

States, and the climate over the United States is closely linked to ENSO (Romero-

Centeno et al., 2003), interannual variability is expected in the frequency and intensity of

these events.  More cold fronts come through Mexico during El Niño years than La Niña

years.  The winds are also stronger in El Niño and neutral years, than in La Niña years,

particularly in fall and spring (Romero-Centeno et al., 2003).  The time period with

strong northerly winds last longer during El Niño years than La Niña years.  This would

imply that the Gulf of Tehuantepec should be less productive during La Niña years,

however satellite data show that the chlorophyll concentration at the Gulf of Tehuantepec

is lower during 1998, which was an El Niño year.  It is possible that the deeper

thermocline during El Niño prevents upwelling of nutrient-rich water.

When horizontal advection is not included in the model, the resulting fields from

the ecosystem model resemble more closely the pattern seen in vertical velocity.  In

model runs with advection, eddies can be identified by the offshore advection of matter

around the rim of the eddy, and a core of very low concentration.  It is also interesting to

note the composition of plankton within the eddy; large phytoplankton dominate along

the rim of the eddy, while small phytoplankton dominate at the center.  In the winter,

when there are vigorous eddies, some evidence of eddy propagation can also be seen in

the model without advection.  This indicates that some of the particularly energetic eddies

do have noticeable upwelling.  This upwelling is around the edges.

Because the physical model assimilates SSH, eddies can be identified in the same

location both in the model and in the ocean color data.  The model eddies have high

chlorophyll concentration along the edge while in the satellite data the chlorophyll

concentration is more evenly distributed across the eddy.  Generally, anticyclonic eddies

are expected to have an ageostrophic component of the current directed toward the center

of the eddy, and thus have convergence and downwelling at the center of the eddy.  The

numerical model may overestimate the downward vertical velocity at the center of the
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eddy, which would lead to a decay of the plankton population there.  However, this

explanation is not very likely because the vertical velocity at the center of the eddy is

only strong during the formation of the eddy and relatively weak once the eddy is formed

(Figure 4.17).  It is also possible that horizontal turbulent diffusivity causes the

chlorophyll to spread more evenly across the eddy, this process is neglected in the

ecosystem model.  Two important properties of plankton that have been neglected in this

study could also contribute to increase plankton concentration at the center of the eddy.

One is that certain plankton can be buoyant, e.g. diatoms observed close to the equator

(Yoder et al., 1994).  The other process is zooplankton diurnal vertical migration.

Zooplankton can swim vertically, and this may lead to an increased nutrient recirculation

within the eddy.  The high concentration of chlorophyll at the center of the eddy can have

been transported there by advection, but it is unlikely that it would persist for more than a

month without any nutrient input.  Another possibility is that strong convergence

concentrate floating organic material at the surface, this could be interpreted as

chlorophyll by the ocean color algorithm.  A similar mechanism has been suggested to

explain the Rossby wave signal in the ocean color data (Dandonneau et al., 2003) .

5.3 Discussion of the model

Overall, the model performs reasonably well compared to available observations.

Although the mean vertical velocity field is noisy, the resulting biological mean fields

resemble the observed fields.  The temporally averaged ecosystem components show

high concentrations of phytoplankton and zooplankton along the coast, south of the Gulf

of Tehuantepec, and in the CRD.  When nitrate profiles from the model are compared to

nitrate profiles from the World Ocean Database (WOD), they match reasonably well.  A

few nitrate-profiles from the WOD show a nitrate minimum at depth (Figure 4.3), an

indication of denitrification.  The mean simulated nitrate field shows no such minimum at

depth, but it is possible that it occurs occasionally in the model.  None of the nitrate

profiles from WOD were measured within the model period, so direct comparison is not

possible.
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The model performs very well compared to the available data, and contains the

necessary components to reproduce the large-scale ecosystem features in the northeast

Tropical Pacific.  The model results also show that a realistic circulation model is

necessary to successfully simulate the ecosystem in this very dynamic region.  When the

model is run without advection the results are unrealistic, so a simple depth resolved

model would not have been adequate.  Data assimilation in the physical model is

responsible for the model's realistic simulation of mesoscale variability.  Because of the

mesoscale variability impacts on primary productivity, this greatly improves the model

performance.

To keep the number of variables at a manageable level, some processes are left

out.  In addition, many processes are not well known, and including them in the model

would add uncertainty to the model rather than improving it.  Below is a discussion of

some of the omitted processes and the implications of excluding them from the model.

Silicic acid is a vital component of diatoms and necessary for diatom growth.

Excluding silicic acid implies the assumption that there is always sufficient silicic acid

available for diatom growth.  However, because silica-rich detritus tends to sink faster

than other detritus, the ecosystem can become silica-limited because nitrate is recycled

more efficiently than silica.  Some models include silicate and two classes of particular

organic matter (POM), one of which is silicate-rich and sinks faster and dissolves slower

than the nitrate-rich POM (Chai et al., 2002).   The results from this model indicate that

the ecosystem is silicate limited in the tropical pacific.  The silicate limitation may be

even more important in iron-limited region because iron stressed diatoms have a higher

silicate to nitrate ratio than iron sufficient diatoms.  It is not clear if this process is

important in the northeast tropical pacific.

The northeast tropical Pacific is thought to be nitrate-limited and iron-sufficient

(Fung et al., 2000).  However, this result depends on assumptions of the solubility of

iron, so the result is indicative rather than conclusive.  Results show that the northeast

tropical Pacific is iron-limited if a 1% dust iron solubility is assumed, and iron sufficient

if a 10% iron dust solubility is assumed.  Maintenance of relatively high surface nitrate

concentration in the area (Fiedler et al., 1991) and results from bottle iron enrichment

experiments indicate that the region is iron limited (Franck et al., 2003).  A coupled
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biogeochemical model that included iron showed that parts of this region is iron-limited,

and that the extent of the iron limitation varies with season (Christian et al., 2002).

Sources of iron include supply from deeper water by Ekman pumping and coastal

upwelling, and atmospheric dust deposition.  Recent studies indicate that wet-deposition

of iron by precipitation is an important mechanism for iron deposition over the ocean,

this may be a significant source during the wet season (summer) (Gao et al., 2003).

River input is very limited because most of the rivers in Central America discharge in the

Gulf of Mexico rather than the Pacific Ocean.

With contradicting evidence for iron limitation, it was decided not to include iron

in the model.  The effect of iron is implicitly included by using a high nitrate

half-saturation constant and a strong ammonium preference for large phytoplankton.  The

model also reproduces the observed high concentration of nitrate and relatively low

concentration of chlorophyll offshore.  It is possible that the inclusion of iron would

improve the model-estimated chlorophyll concentration, particularly in the open ocean

regions where this variable is overestimated.

The model also lacks sediment processes.  Most studies of sediments and their

influence on nutrient recycling have been done in bays and estuaries, and only a handful

are done on an open continental shelf (Farias et al., 2004).  A major difference between

the two is that the sediments are much more exposed to currents on the continental shelf,

and unless the bay in question is frequented by strong tidal currents, the sediments can

settle to the bottom.  Because a suboxic layer often develops a few centimeters down in

the sediments, much of the nitrate is denitrified in the sediment.  Studies from

Massachusettes Bay suggest that between 50% and 70% of the sediment nitrate is

denitrified (Hopkinson et al., 2001). In the model, everything that sinks to the bottom is

lost, when in reality some of it is suspended back to the water column and some is

processed by benthic organisms. The rest is recycled back to either nitrate or ammonia

and will re-enter the water column.  Because the shelf in the model domain is very

narrow and comprise very little of the total model area, the inclusion of sediment

processes would not improve the model performance much, except close to the coast

where the model underestimates the chlorophyll concentration.
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Phytoplankton are known to have a variable chla/C ratio, which is usually low

close to the surface where sunlight is abundant, and high at the bottom of the euphotic

zone.  This is often responsible for the deep chlorophyll maxima found in many ocean

regions.  The deep chlorophyll maximum is also evident in profiles of chlorophyll from

STAR.  The model cannot reproduce this because it does not have a variable Chla/C

ratio.  The model has a deep chlorophyll maximum, but it is much shallower than the

bottom of the euphotic zone and is caused by the large phytoplankton sinking velocity

rather than variable Chla/C ratio.  Including a variable ratio would alter the rate at which

light is attenuated with depth; light would be attenuated less rapidly close to the surface

and more rapidly close to the bottom of the euphotic zone.  Currently the model uses a

constant Chla/N ratio (based on a constant Redfield C/N ratio) of 1.2 g Chla/mol N when

calculating light attenuation, which is an intermediate value.

 The most important flaw in the physical model is the unrealistic vertical velocity

along the continental shelf break and in some regions of the open ocean.  Even after the

vertical velocity has been horizontally smoothed and averaged over time, the vertical

velocity field is noisy (Figure 4.2).  Some noisiness could stem from the fact that the

horizontal velocities from which the vertical velocities are calculated are snapshots,

rather than daily means.  Mean vertical velocity show some large values in the northwest

corner of the model.  These are probably model artifacts caused by interaction with

bathymetry around the tip of Baja California, which is located around 23° N.  Errors in

the vertical velocity could cause an overestimation of nutrient flux into the euphotic zone.

The model particularly overestimates chlorophyll along the thermocline ridge that

stretches along 8-9° N, and in the northwest corner of the domain.  The model

overestimates vertical velocities along the shelf-break, but although these vertical

velocities are large, they occur over a very small region and do not appear to affect the

ecosystem model much.  The method of calculating vertical advection accumulates errors

with depth.  Comparison of vertical and horizontal fluxes at the CRD gives an idea of the

errors that are associated with the calculation.  The errors in the vertical velocities are

larger close to the coast than in the open ocean.  In the box containing the CRD, vertical

velocites at 50 and 100 meters are overestimated by a factor of 1.23 and 1.25

respectively, while in the box to the west, the vertical velocity is overestimated by a
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factor of 1.06 at 50 meters and 1.15 at 100 m.  This indicates that on average the vertical

velocity calculation is good, except at certain known locations in the model domain.
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6. SUMMARY AND CONCLUSION

The northeast tropical Pacific is a very dynamic region were local winds, eddies,

and open ocean upwelling influence the upper ocean ecosystem.  An ecosystem model

representing the lower trophic levels of the ecosystem in this region is run using the

output from an advanced physical ocean model with data assimilation as input.  The

physical model assimilates temperature, salinity, and sea surface height and therefore has

a realistic representation of meso-scale variability.  The ecosystem model is nitrate based

and includes two size classes of phytoplankton and two size classes of zooplankton.

Comparison between the model and SeaWiFS satellite data and in-situ

chlorophyll data show that the model reproduces the general patterns of chlorophyll in

this region, but underestimates the chlorophyll at the coast and overestimates the value in

the open ocean. The model produces reasonable values of primary productivity compared

to measurements, except in the East Pacific Warm Pool where the model also

overestimates chlorophyll and nitrate.  The reason for this overestimation is unrealistic

vertical velocities in this region that stems from interaction with shelf topography along

the coast of Mexico and Baja California.  Another shortcoming of the model is the lack of

nutrient recycling on the shelf, this causes the model to underestimate plankton close to

the coast.

The model results were used to study two distinct processes in this region.  The

CRD is an offshore region of shallow thermocline that is clearly separated from the coast

during summer and fall and has high chlorophyll concentration in the spring and summer.

A biogeochemical budget was calculated in a box surrounding the CRD in order to

pinpoint the sources of nutrients at different seasons.  The second process that was

studied was the effect of wind events and eddy generation at the Gulf of Tehuantepec.

During winter, the Gulf of Tehuantepec is frequented by strong wind jets that are caused

by a pressure gradient created between the gulf of Mexico and the Pacific Ocean when

cold fronts penetrate far south through North America (Chelton et al., 2000).  These wind

jets cause deep mixing below the axis of the jet and Ekman upwelling to the east of the

jet.  The model was used to calculate the cross shelf flux of nutrients and organic matter

at the Gulf of Tehuantepec.  The cross-shelf flux at the 500-meter isobath was used as an
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estimate of the cross shelf flux.  The results were related to the wind events and eddy

generation at the Gulf.

Calculations show that there is upwelling at the CRD throughout the year.  The

annual upwelling at the CRD (7ºN-11ºN, 93ºW-89ºW) at 50 m is calculated to be

7.2X10-2 Sv.  It is about twice as large in the fall and winter than during spring and

summer.  However, during summer there is a large influx of nitrate through the western

boundary of the dome at 93ºW.  These nutrients are upwelled to the west of the dome,

where the upwelling is largest during summer, and advected to the dome by the NECC.

Contrary to observations the model shows two peaks of phytoplankton during the year;

one in spring and early summer and one in fall.   The drawdown of simulated chlorophyll

during the summer in the model is caused by zooplankton grazing, shown by an increase

in the zooplankton population during this time.  High chlorophyll concentrations in the

SeaWiFS observations indicate high concentrations of phytoplankton at the CRD during

spring and summer, but not in fall although the thermocline is still shallow.  Ship

observations are necessary to determine whether this drawdown is caused by grazers or

nutrient limitation.

At the Gulf of Tehuantepec it was found that there is a large export of carbon (167

Tg C/year) away from the shelf at the Gulf of Tehuantepec; the bulk of this export takes

place during boreal winter.  There is also a larger onshore transport of organic material

(704 Tg C/year) to the south of the Gulf of Tehuantepec.  The largest offshore volume

flux and offshore transport of organic material at the gulf of Tehuantepec coincide with

periods when there are eddies generated, but there is also offshore flux at other times of

the year.  Eddies contribute to the offshore transport of organic material because they

entrain nutrients and plankton before they propagate offshore.  The wind jets are also

responsible for offshore transport, as they generate surface currents that initially are not

in geostrophic balance, and therefore flow offshore.  Because chlorophyll is

underestimated close to the coast, the simulated offshore transport of organic material is

probably a conservative estimate.
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APPENDIX A.  SENSITIVITY ANALYSIS

 The sensitivity analysis is performed with the one-dimensional depth-resolved

version of the ecosystem model by changing the parameters from their standard value.  In

addition to testing the sensitivity to initial conditions and parameters, the sensitivity to

some of the process formulations is tested.  The closure terms, mesozooplankton

mortality and denitrification, are particularly important.  The formulation of ammonium

inhibition is new, so the impact of using this formulation, as opposed to more traditional

formulations, is tested.  The impact of nitrate relaxation on the model is tested by altering

the relaxation timescale.  When testing the sensitivity, the model parameters were altered

slightly, generally by increasing or decreasing them by 25%.  Ideally, each parameter

should be varied by its standard deviation, but because measurements of parameters are

very sparse 25% was chosen based on modeling work in the equatorial Pacific (Friedrichs

and Hofmann, 2001).  The changes in mean and standard deviation are calculated.

Because there are many parameters, only the ones to which the model showed particular

sensitivity are discussed, the rest are summarized in Table A.1.  The total sensitivity is

defined as the average of the absolute values of the percentage of change in the mean

concentration of each ecosystem variable and total nitrogen (sum of all the variables).

The one-dimensional model can be run at any point in the domain, so a location for the

model must be chosen.  It is reasonable to assume that the sensitivity of the model would

be different in a very productive area as opposed to a nutrient poor open ocean region.

The location of the CRD  (9ºN, 90ºW) is chosen for the sensitivity analysis, because it

has periods of both relatively high and low primary productivity. 

Note that the initial slope of the IP curve was different during the sensitivity

analysis (αIP =  0.09) than during the standard run (αIP = 0.07).  Most variables change by

less that 5% when αIP is changed from  0.09 to 0.07 (Table A.1).  Mesozooplankton

concentration is most sensitive, the mean mesozooplankton concentration changes by

12%.  There is less than 5% change in the growth rate for the normal range of PAR when

the parameter is changed (Figure A.1).  This indicated that this one parameter should not
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Table A.1.  The sensitivity of the model to the different parameters.  The sensitivity is
tested by running the one-dimensional model with the original and altered parameter
value.  The sensitivity is then calculated as the average of the percentage of change in the
mean concentration of total nitrogen (nutrients+biomass+detritus) and each individual
ecosystem compartment.  Note that the sensitivity analysis was performed before the
finalization of the model, so the initial slope of the IP curve had a different base-value
during the sensitivity analysis than that given in table 2.1.

Parameter Original

Value

± change

Sensitivity

 to

decreased

 value

Sensitivity

 to

increased

 value

Assimilation coefficient for mesozooplankton 0.3±0.75 24.1 14.4

Maximum growth rate for mesozooplankton (day-1) 0.2±0.05 23.4 14.8

Mesozooplankton mortality (linear) (day-1) 0.02±0.005 14.0 14.5

Large phytoplankton maximum growth rate (day-1) 1.6±0.4 13.6 9.3

Ivlev grazing constant for mesozooplankton (m3/mmol

N)

4.5±1.125 10.8 8.3

Small phytoplankton maximum growth rate (day-1) 0.8±0.2 6.5 6.7

Large phytoplankton mortality (day-1) 0.1±0.025 6.3 6.5

Assimilation coefficient for microzooplankton 0.35±0.0875 6.1 4.6

Maximum growth rate for microzooplankton (day-1) 2.5±0.5 5.7 4.0

Remineralization of ammonium (day-1) 0.1±0.025 5.6 4.7

Initial slope if the IP curve 0.09±0.02 5.5 3.7

Ivlev grazing constant for microzooplankton (m3/mmol

N)

5.0±1.25 4.5 3.0

Microzooplankton mortality (day-1) 0.05±0.0125 4.4 3.8

Half-saturation constant for ammonium inhibition for

large phytoplankton (mmol N/m3)

0.3±0.075 4.1 2.3

Mesozooplankton mortality (quadratic) 0.02±0.005 4.1 2.3
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Table A.1. -- continued

Mesozooplankton feeding preference

Large phytoplankton

Microzooplankton

Detritus

70±17.5

20±(-8.75)

10±(-8.75)

4.1 8.4

Small phytoplankton mortality (day-1) 0.1±0.025 3.6 3.3

Nitrate half-saturation constant for large phytoplankton

(mmol N/m3)

2.0±0.5 2.6 2.5

Fraction of unassimilated food that enters detritus pool 0.5±0.125 1.9 1.9

Ammonium half-saturation constant for large

phytoplankton (mmol N/m3)

0.6±0.15 1.4 1.2

Half-saturation constant for ammonium inhibition for

small phytoplankton (mmol N/m3)

0.5±0.125 0.9 0.8

Nitrate half-saturation constant for small phytoplankton

(mmol N/m3)

0.8±0.2 0.8 0.7

Half-saturation constant for denitrification (mmol

O2/m
3)

5.0±1.25 0.3 0.3

Maximum denitrification rate (day-1) 0.15±0.0375 0.3 0.3

Ammonium half-saturation constant for small

phytoplankton (mmol N/m3)

0.04±0.01 0.1 0.1
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affect the estimates of sensitivity significantly, and these estimates of sensitivity are still

applicable to the model run used in this study.

The parameters to which the model is particularly sensitive are given special

attention below.  The model has different sensitivity to an increase and decrease of some

parameters.  Some of this stems from non-linearity in the model, however some of this is

caused by the method of calculating the sensitivity.  Because the concentrations of the

ecosystem variables must have positive values, the concentration of a variable can only

decrease by 100%.  In theory, although this does not happen in the sensitivity analysis, a

variable can increase by more than 100%.  Generally, the model is most sensitive to the

parameters that determine the growth and mortality of mesozooplankton and large

phytoplankton (Figure A.2-A.4).  Unfortunately, the mesozooplankton parameters are not

well known because the processes of zooplankton feeding are hard to observe outside the

laboratory.

The model is most sensitive to the mesozooplankton feeding parameters,

maximum growth rate and assimilation efficiency (Figure A.2).  Previous model studies

also found that their model is sensitive to the parameters for the highest trophic level in

the model (Friedrichs and Hofmann, 2001: Chai et al., 2002).  The variable that is most

sensitive to both parameters is the population of large phytoplankton, but the

concentration of mesozooplankton and detritus also changes considerably.  Most

variables show a change of opposite sign when a parameter is increased or decreased, but

mesozooplankton concentration decreases both when their growth rate is decreased or

increased.  In the latter case the population probably decreases because the amount of

prey is less.

The sensitivity to the mesozooplankton mortality, the model closure term, is also

strong (Figure A.3).  A decrease in linear zooplankton mortality leads to a decrease in

large phytoplankton of over 40%.  The sensitivity to this term has also been found in

other models.  Models are usually sensitive both to parameters and the functional form of

the mortality term (Steele and Henderson, 1992).   Decreased nitrate gives small

phytoplankton a competitive edge, and there is an increase in both small phytoplankton

and microzooplankton.  The total nitrogen changes less than 10%, but the relative
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Figure A.1.  Plots of the IP curve (eq. 2.24) for two different values of αIP (solid curves).

The value 0.07 was used in the standard run, while the value 0.09 was used in the
sensitivity analysis.  The maximum growth rate was taken 1 day-1, a value between that
for small and large phytoplankton.  The dashed line is the difference between the two
curves.  The growth rate changes by less than 5% within the normal range of PAR.  This
plot indicates that the model is more sensitive to this parameter when the light level is
low.  When the maximum growth rate is higher (lower) the difference between the two
curves will be slightly higher (lower).
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(a) Sensitivity to the mesozooplankton growth rate
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(b) Sensitivity to the assimilation coefficient for mesozooplankton
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Figure A.2.  Model sensitivity to (a) mesozooplankton maximum ingestion rate and (b)
mesozooplankton assimilation coefficient.  Large phytoplankton, mesozooplankton, and
detritus are particularly sensitive to this variable.
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(a) Sensitivity to linear mesozooplankton mortality
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(b) Sensitivity to quadratic mesozooplankton mortality
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Figure A.3.  Model sensitivity for to (a) linear and (b) quadratic mesozooplankton
mortality.  Large phytoplankton and mesozooplankton are particularly sensitive to the
linear mesozooplankton mortality.
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magnitudes of the different model variables are altered.  Generally, the sensitivity of the

total nitrogen is much smaller than the sensitivity of the individual variables to most

parameters.  Mesozooplankton are sensitive to the parameter for maximum growth rate

for large phytoplankton (Figure A.4), because that is their main food source.  In this case

there is a larger decrease in the population when the parameter was decreased than there

is a population increase when the parameter is increased.

For some sets of parameters the model develops limit cycles.  The limit cycles are

either between microzooplankton and small phytoplankton or between nitrate and large

phytoplankton.  The limit cycles between microzooplankton and small phytoplankton

occur when microzooplankton grazing parameters are high.  This causes the

microzooplankton to graze small phytoplankton almost to extinction and thus eliminate

their food source.  There is then a delay before both populations recover and the cycle

start over again.  The use of modified Ivlev grazing formulation, rather than the regular

Ivlev grazing, greatly reduced the occurrence of limit cycles between these two

components.  This is the same result as found by Franks et al. (1986).  They also found

that the chance of developing oscillations in the model increases with increasing

maximum grazing rate.  Oscillations between large phytoplankton and nitrate occur when

mesozooplankton grazing parameters are low and the nutrient input is high.  This allows

large phytoplankton population to grow enough to deplete the nitrate and die of

starvation, thus requiring a certain time to recover.  These oscillations occur over a

smaller parameter range than the ones between small phytoplankton and

microzooplankton, probably because microzooplankton has only one food source while

large phytoplankton has two.

The sensitivity to denitrification is small.  When runs with and without

denitrification are compared, it reveals that the run with denitrification has smaller nitrate

content between 100 and 200 meters.  The difference in nitrate is less than 1 mg/m3,

which is about 5% of the nitrate concentration at this depth.  When denitrification is

quadratically, rather than linearly, dependent on detritus, the effect on including

denitrification is even smaller.  The quadratic formulation has the potential for large

denitrification in very productive areas, but the concentration of detritus rarely exceeded

1 mmol N /m3 in the model.  Although denitrification does not significantly affect the
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upper ocean ecosystem much, it sometimes switches the ecosystem from being

dominated by large phytoplankton to being dominated by small phytoplankton.  The rate

of denitrification may be drastically different close to the coast, since the amount of

detritus in this region is sometimes an order of magnitude larger there than in the open

ocean.
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Sensitivity to large phytoplankton growth rate

-50

-40

-30

-20

-10

0

10

20

30

A
m
m
onium

D
etritus

N
itrate

S
m
all phytoplankton

Large phytoplankton 

M
icrozooplankton

M
esozooplankton

Total

C
h

a
n

g
e
 i

n
 m

e
a
n

 (
%

)
 

Decreased

growth

rate

Increased

growth

rate

Figure A.4.  Model sensitivity to large phytoplankton maximum growth rate.
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