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abstract
Plankton population dynamics in the upper layer of the ocean depends on upwelling processes that bring
nutrients from deeper waters. In turn, these depend on the structure of the vertical velocity field. In coastal
areas and in oceanic regions characterized by the presence of strong submarine topographic features, the
variable bottom topography induces significant effects on vertical velocities and upwelling/downwelling
patterns. As a consequence, large plankton and fish abundances are frequently observed above seamounts,
canyons and steep continental shelves. In this work, the dynamics of an NPZ (nutrient-phytoplanktonzooplankton) system is numerically studied by coupling the ecosystem model with a quasi twodimensional (2D) fluid model with topography. At variance with classical 2D approaches, this formulation
allows for an explicit expression of the vertical motions produced when fluid columns are squeezed
and stretched as they experience changes of depth. Thus, input or output of nutrients at the surface are
associated with fluid motion over the bottom topography. We examine the dynamics of a cyclonic vortex
over two basic topographies: a steep escarpment and a submarine mountain. We show that plankton
abundance over the escarpment is modulated by the passing of topographic Rossby waves, generated
by the vortex-topography interaction. In such configuration, advection effects driven by the flow over the
escarpment are of limited relevance for the dynamics of biological fields. By contrast, we find that the flow
resulting from the interaction of a vortex with a seamount is sufficiently strong and persistent to allow for
a remarkable increase of nutrients, and a corresponding enhancement of phytoplankton and zooplankton
concentrations. Over the seamount, advection effects associated with trapped flow perturbations around
the summit play an essential role.
© 2009 Elsevier Inc. All rights reserved.

1. Introduction
Plankton dynamics at the ocean surface is a key aspect of marine
life, as well as in the global carbon cycle. Planktonic populations
depend on light cycles and nutrient availability in the euphotic
layer of the ocean, where phytoplankton fix carbon through
photosynthesis and are consumed by zooplankton and higher
trophic levels (Mann and Lazier, 2006; Lévy, 2008). There is a
wide range of additional biogeochemical, dynamical and radiative
mechanisms that determine the evolution of plankton abundance.
These complex interactions give rise to the development of
numerous theoretical approximations that couple one or more of
such mechanisms. A basic physical process is the injection and
extraction of nutrients into and from the surface ocean, which play
a major role in the dynamics of plankton populations.
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There might be several mechanisms introducing or extracting
nutrients into/from the upper ocean surface, depending on the
temporal and spatial scales of sea motion. For instance, it has
been suggested that the propagation of planetary, large scale
Rossby waves is associated with the introduction of nutrients
to surface waters (Uz et al., 2001). On smaller scales of motion,
mesoscale mechanisms play a major role in the exchange
between the euphotic layer and the deeper waters. Some of
these processes are due to mesoscale vortices, which are able to
pump up or down nutrients during intensification (McGillicuddy
and Robinson, 1997); another mechanism is associated with the
horizontal transport of fluid columns across density fronts, which
induces cyclonic (anticyclonic) structures as they are stretched
(compressed) (Lévy, 2003). In addition, the submesoscale motion
of oceanic filaments can be responsible for intense vertical
advection of nutrients and biological material (Lévy et al., 2001).
In this paper we focus on the supply of deep water nutrients
to the ocean surface by the influence of bottom topography, and
on the consequences of this process for plankton ecosystems. The
scientific and economic relevance of this topic is evident when
considering that large plankton and fish abundances are frequently

Author's personal copy

L. Zavala Sansón, A. Provenzale / Theoretical Population Biology 76 (2009) 258–267

observed above topographic features, as widely reviewed by Genin
(2004). A number of biological and physical mechanisms has been
proposed to explain these observations, which are mainly related
to the interaction of oceanic currents with abrupt topographic
features, as well as the behavioral response of plankton to vertical
currents. The main physical mechanism considered here is the
upwelling of deep nutrient-rich water associated with stretching
and squeezing effects as an oceanic flow impinges the topography
(see e.g. Huppert and Bryan, 1976). This effect is determined by
potential vorticity conservation, and, ultimately, by the rotation
of the Earth. This mechanism has been invoked by a number
of researchers to explain aggregations of plankton and fish on
a wide variety of topographies (see e.g. Genin and Boehlert,
1985; Beckman and Mohn, 2002), although some other studies
have questioned its role to explain enhanced primary production,
especially over seamounts (Comeau et al., 1995; Genin, 2004).
Here we investigate the influence of bottom topography on the
temporal and spatial dynamics of biological fields at the ocean
surface, by coupling simple, yet highly nonlinear, physical and
biological models. Such relatively simplified models are often
a useful tool for gaining a better understanding of complex
processes in the ocean, and therefore this approach is adopted
throughout the paper. More specifically, these formulations are
used to examine the interaction of an oceanic flow with a given
topographic feature (a steep slope or a seamount), and examine
the consequences on plankton dynamics. The link between the
physical and biological components is the horizontal divergence
of the flow resulting from its interaction with the topography.
Among the wide variety of topographic features, we focus
our study on a mesoscale escarpment and a seamount. Steep
escarpments are frequently situated at the edge of continental
shelves, where aggregations of fish and cetaceans have been
registered (presumably due to plankton abundance, e.g. Moulins
et al., 2008). Furthermore, along these locations topographic
Rossby waves are easily generated by the influence of mesoscale
vortices or currents (Oey and Lee, 2002). Our aim is to explore
the potential of these oceanic oscillations to affect plankton
ecosystems at the ocean surface. Afterwards, we analyze the
corresponding role of a seamount, since several studies have
documented the remarkable abundance of biological species on
and around these features (Genin and Boehlert, 1985; Beckman
and Mohn, 2002; Trasviña-Castro et al., 2003). We first consider
the case of the steep escarpment, where it is easier to understand
the effects of topography on nutrient and plankton dynamics,
and then we proceed to the case of the seamount, where
the biological and physical fields show a more complicated
behavior.
In recent studies, the basic properties of plankton ecosystems have often been simulated by means of simple nutrientphytoplankton-zooplankton (NPZ) models coupled with a
hydrodynamical model in a single, surface oceanic layer (e.g. Martin et al., 2002; Pasquero et al., 2005). In some cases, horizontal
advection has been simulated by considering two-dimensional
models, which lack an explicit expression for vertical velocity.
When using these approaches, input and output of nutrients are
parameterized by prescribing a vertical flux from a nutrient-rich
lower layer. In the present study, the use of a shallow water model
with variable topography (see Grimshaw et al., 1994) allows for an
explicit non-zero horizontal divergence that can be related to vertical displacements, and then used as a source/sink term of nutrients
in the NPZ model.
The organization of the paper is as follows. The NPZ approach
and the flow model are described in Section 2, together with the
biological and physical parameters used in the simulations. In
Sections 3 and 4, the evolution of the ecological model is studied
under the influence of a cyclonic vortex over an escarpment and a
submarine mountain, respectively. In Section 5 we give a summary
and a discussion of the main results.
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2. NPZ and hydrodynamical models
2.1. Biological model
The ecological model is a standard NPZ formulation applied to
the surface layer, equivalent to that used by Pasquero et al. (2005).
The evolution equations of nutrients (N), phytoplankton (P) and
zooplankton (Z ) are expressed as follows:
dN
dt

= (Sb + Sn )(N0 − N ) − β

NP

κN + N



a P 2 Z
2
+ µN (1 − γ )
+
µ
P
+
µ
Z
P
Z
a + P 2
dP
dt
dZ
dt

=β
=γ

NP

κN + N
a P 2 Z
a + P 2

−

a P 2 Z
a + P 2

− µZ Z 2 .

− µP P

(1)

(2)

(3)

The vertical nutrient supply is given by the first term on the
right-hand side of the first equation, representing the nutrient
input/output from/to a deeper layer with constant nutrient
concentration N0 . The rate Sb + Sn has a component Sb proportional
to the vertical velocity of the flow, and a weak, constant positive
input Sn that maintains a small, non-zero level of the NPZ fields
in absence of fluid motion; the subscript n indicates ‘‘normal’’
conditions. The rate Sb can be positive or negative, depending
on how the flow evolves over the bottom topography (hence
the subscript b). This rate is a variable function of time and
space, Sb (t , x, y), and is obtained by coupling the physical model
described in next subsection. This term is the key mechanism for
up- and downwelling of nutrients in the surface layer and it is
further discussed below.
The second and third terms on the right-hand side of the
first equation represent nutrient consumption by phytoplankton,
characterized by the maximum rate β , and regeneration from
dead phytoplankton and zooplankton through remineralization, an
implicit parameterization of the bacterial loop. The regeneration
term is weighted by µN , 0 ≤ µN ≤ 1, which measures the
efficiency with which organic material is regenerated into
nutrients. Phytoplankton population dynamics is described by the
second equation: it grows by consuming nutrients, it is grazed
by zooplankton, and it is affected by the mortality rate µP . The
zooplankton population is governed by the third equation: it grows
due to phytoplankton consumption and it has a quadratic mortality
term with coefficient µZ .
An additional sink term of phytoplankton can be included. This
term could be added in the second equation with the form Sb− P,
where the rate Sb− refers to negative values of Sb . It represents
the loss of phytoplankton due to sinking into deep waters during
downwelling events. However, additional simulations indicated
that the effect of this sink term is small enough and it can be
neglected.
Despite the apparent simplicity of a standard NPZ formulation,
its solutions often show rather complicated behavior, as shown
by several authors (see e.g. Koszalka et al., 2007). This assertion
remains valid even when the model assumes homogeneous
conditions, i.e. when it is not coupled with a physical model that
solves horizontal motion. In order to gain a clear interpretation
of the results, therefore, some effects that are usually relevant for
plankton dynamics, such as phytoplankton response to light or the
dynamics of detritus, are not included. Here, attention is mainly
focused on the general response of NPZ fields to flow-topography
interaction, rather than on proposing explanations of specific field
observations.
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Table 1
Numerical parameters.

2.2. Quasi 2D model with topography
The dynamical model used here is a quasi two-dimensional
formulation described by several authors (e.g. Grimshaw et al.,
1994; Zavala Sansón and van Heijst, 2002), which is an extended
version of classical 2D models. In this approximation, the
dynamical equation for the vertical component of relative vorticity,
ω, has the form:

∂ω
+ J (q, ψ) = A∇ 2 ω,
(4)
∂t
where ∇ 2 = ∂ 2 /∂ x2 + ∂ 2 /∂ y2 is the horizontal Laplacian, J =
∂ q/∂ x∂ψ/∂ y − ∂ q/∂ y∂ψ/∂ x the Jacobian operator, and A is the

Coriolis parameter
Eddy viscosity
Domain
Gridsize
Timestep

Symbol

Value

f0
A

10−4 s−1
50 m2 s−1
256 × 256 km2
1.0 km
3600 s

1x
1t

Vortex parameters
Radius
Maximum vorticity
Initial position

R

ω0
(x 0 , y 0 )

20 km
3.68 ×10−5 s−1
(156 km, 100 km)

horizontal eddy viscosity. The potential vorticity is
q=

ω + f0

(5)

h
where f0 is the Coriolis parameter at a given latitude, and h(x, y) is
the total fluid depth, which in general depends on the horizontal
coordinate (x, y) due to topographic variations, and it is time
independent when using the rigid-lid approximation (Grimshaw
et al., 1994). Relative vorticity can be written in terms of the
transport function ψ as
1

1
∇ h · ∇ψ.
(6)
h
h2
It is important to emphasize the effect of vertical motions for
this model. Using (u, v) as the horizontal velocity, the continuity
equation reads

ω = − ∇ 2ψ +

∂(hu) ∂(hv)
+
= 0,
∂x
∂y

(7)

which can be rewritten as

∂ u ∂v
1 Dh
+
=−
,
(8)
∂x
∂y
h Dt
where D/Dt = ∂/∂ t + u∂/∂ x + v∂/∂ y is the material derivative.
This expression states that the horizontal divergence is determined
by changes in the height of fluid columns as they are advected
over the topography. Vertical motion is associated with horizontal
divergence: flow divergence is due to upwelling as a fluid column
is squeezed when moving uphill, and flow convergence is due
to downwelling as columns are stretched when a fluid moves
downhill. Therefore, the vertical transport of nutrients in the NPZ
model due to the flow is proportional to the horizontal divergence:
Sb (t , x, y) =

∂ u ∂v
+
.
∂x
∂y

(9)

Negative values of Sb might induce local nutrient depletion in
some regions of the surface layer, while positive values of Sb are
associated with local nutrient injection. Clearly, the value of Sb
integrated over the whole domain is zero. In addition, at any given
location and time it cannot be decided a priori what is the relative
weight of Sb compared to Sn , since it depends on how the flow
evolves over the topography.
2.3. Physical and biological parameters
The simulations are based on a finite differences code that
solves Eqs. (4) and (6) [originally developed by R. Verzicco and P.
Orlandi and subsequently modified to include topography effects
by Zavala Sansón and van Heijst (2000)]. Time advance in (4)
is performed by using a third order Runge–Kutta scheme. The
relation between relative vorticity and the transport function, Eq.
(6), is solved by using a multigrid method. The numerical domain
is discretized with a 256 × 256 square grid with size 1x = 1 km,
so the simulations represent a 256 km × 256 km square area. The
timestep is 1t = 3600 s. No-slip boundary conditions are imposed

at the vertical walls. However, the main results described here are
located far enough from the boundaries, so that their effect is not
relevant; additional simulations using free-slip conditions show
equivalent results.
In all simulations, the Coriolis parameter is chosen as f0 =
10−4 s−1 , and the horizontal eddy viscosity is A = 50 m2 s−1 .
The initial condition is a Bessel monopolar vortex with horizontal
length scale R = 20 km and maximum vorticity ω0 = 3.68 ×
10−5 s−1 , which gives a rotation period of approximately 4 days,
and a Rossby number of Ro = ω0 /f0 ≈ 0.3. In all cases, the
vortex is initially located in the south-eastern region of the domain,
(x0 , y0 ) = (156 km, 100 km), far enough from the walls, but
relatively close to the topographic features. The duration of the
simulations is one month (30 days), during which the flow
experiences the influence of topography. Table 1 shows a summary
of the numerical parameters used in all simulations. Two particular
topographies, the steep escarpment and the seamount shown in
Fig. 1, are adopted and described separately in Sections 3 and 4.
In order to solve the NPZ model, the semi-lagrangian approach
used by Pasquero et al. (2005) is adopted. Here 2562 particles are
initially uniformly distributed in the whole domain. It is assumed
that each particle represents a water parcel characterized by its
own biological fields, which are varying in time according to the
NPZ formulation. This means that derivatives at the left-hand
side of the NPZ equations are actually material derivatives at the
surface of the ocean, that is, they denote the time evolution of the
biological fields following a fluid parcel. Therefore, advection of
particles by the flow accounts for advection of NPZ concentrations.
These fields are assumed to be independent of concentrations at
neighboring particles, i.e. there is no mixing among nearby parcels
(Pasquero et al., 2005). Besides, the biological fields are passive,
i.e. they do not exert any influence on the flow motion. Of course,
there must be enough particles to cover the whole domain (that
is, there must always exist at least 4 to 5 particles near every
gridpoint) in order to interpolate the NPZ fields onto the regular
grid. This condition is ensured by the relative weakness of the
divergence field (or, in other words, by the smallness of vertical
displacements compared with horizontal motions). The NPZ fields
are not allowed to have negative values, so they are forced to be
zero when necessary.
The biological parameters used in the simulations are presented
in Table 2 and lead to the presence of a single, globally stable
fixed point of the homogeneous system. The parameter values
are essentially the same as those in Pasquero et al. (2005), with
the main difference that in that study the nutrient input is
prescribed with fixed values, while here it is determined by the
flow via Sb (t , x, y). Another important point is that in this work
the ecological fields are initialized to constant values Nn , Pn and
Zn all over the domain (Table 2). These values correspond to the
equilibrium solution of the NPZ system, that is, those obtained as
the system relaxes towards an equilibrium state when the only
input of nutrients is given by Sn (i.e. setting Sb = 0). Thus, in
absence of additional sources or sinks of nutrients, the system
evolves towards these constant, ’’normal’’ conditions.
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Fig. 1. Surfaces and lateral profiles of the two bottom topographies adopted in this study [Eqs. (10) and (12)]: (Left) escarpment, (Right) submarine mountain. Gray (white)
surfaces correspond with shallow (deep) regions. In both cases, the maximum (minimum) depth is 500 m (400 m). Time series of the NPZ fields are calculated at points A,
B, L and R, as discussed in Sections 3 and 4.

Table 2
Parameters used in the NPZ model.
Symbol

Value

β
γ


0.66 mmol N m−3
0.75
1.0 (mmol N m−3 )−2 d−1
2.0 d−1
0.5 mmol N m−3
0.2
0.03 d−1
0.2 (mmol N m−3 )−1
0.0065 d−1
0.2308 mmol N m−3
0.3796 mmol N m−3
0.5040 mmol N m−3

a
kN

µN
µP
µZ
Sn
Nn
Pn
Zn

3. Escarpment
Before discussing the dynamics of the vortex and of the NPZ
fields on the escarpment, it is necessary to briefly describe the basic
vortex behavior in the presence of a topographic slope. It is also
important to emphasize the difference between the flow evolution
when the scale of the vortex is smaller than the horizontal scale of
the topography, and the behavior when these two scales are of the
same order.
Consider first an f plane in which the topography is a weakly
sloping bottom. A cyclonic vortex on this plane drifts uphill with
a leftward inclination (looking upslope), due to relative vorticity
redistribution at the right (left) flank of the vortex as fluid moves

uphill (downhill) (see e.g. Carnevale et al., 1991). This behavior
is dynamically equivalent to the northwest drift of cyclones on a
β -plane, with the shallow (deep) regions dynamically equivalent
to the geographical north (south). Such a configuration is usually
called a topographic β -plane, and it is often used in laboratory
experiments to simulate the drift of geophysical vortices (see a
recent review by van Heijst and Clercx (2009)). The topographic
parameter βb , which plays a role that is equivalent to the latitudinal
variation of the Coriolis parameter in large-scale geophysical flows,
is given by βb = α f0 /H, where α is the bottom slope and H the
mean flow depth. The motion of a vortex in this system implies the
generation of topographic Rossby waves. These oscillations have a
scale that is larger than that of the vortex, and are characterized by
a series of opposite-sign circulation cells behind the cyclone path,
that rapidly occupy the whole domain (of course, a similar pattern
occurs with an anticyclone).
On the other hand, a topographic escarpment refers to a much
steeper sloping bottom. The evolution of a vortex over this type
of topography is characterized by a fast decomposition of the flow
into topographic waves due to the much stronger βb (Grimshaw
et al., 1994; Zavala Sansón and van Heijst, 2000). The aim in this
section is to examine the evolution of the ecological NPZ fields
affected by the presence of topographic waves generated over a
steep escarpment. It must be emphasized that the vertical motion
associated with up and downhill displacements of fluid columns
represents a source or sink of nutrients in the NPZ model, and
therefore plankton populations will be eventually affected.
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Fig. 2. Contours of a cyclonic vortex in presence of an escarpment at t = 0. Left: Relative vorticity (contour interval is ω0 /10 = 3.68 × 10−6 s−1 ). Right: Corresponding
contours of the divergence field with an interval of 0.0077 d−1 . Positive (negative) contours are plotted with black (gray) lines. The topography is represented by the
gray-scale surface, where white indicates the deeper part.

In order to represent the escarpment, a slope oriented in the y
direction is adopted
h(y) = Hs − hs tanh[(y − yc )/W ],

(10)

where W = 20 km is the horizontal scale of the escarpment, the
mean depth is Hs = 450 m, hs = 50 m, yc = 128 km. Note that
h = 500 m at the southern side of the domain, whilst h = 400 m at
the other side of the escarpment. The corresponding topographic
parameter is βb = hs f0 /Hs W ≈ 5 × 10−10 (ms)−1 ; the slope in this
case is α = hs /W . The dispersion relation for topographic waves
along the x direction is

σ =

−βb k
W −2 + k2

(11)

where σ is the frequency and k the wavenumber. This relation
indicates that a perturbation with wavelength 100 km has a period
of about 10 days, i.e. a phase speed of about 10 km/day.
The flow is set in motion by the cyclonic vortex located at
the deeper side of the slope. Fig. 2 shows the initial vorticity
distribution and the corresponding divergence field produced by
the vortex. Note that the divergence has non-zero values only over
the slope because fluid columns are stretched and squeezed only
over this region. There are two regions of opposite sign: at the right
side of the vortex divergence is positive because there is upwelling
as fluid columns move towards shallower waters. In contrast,
divergence is negative at the left side of the cyclone, where fluid
columns are stretched as they move downhill. Of course, this will
imply an input (output) of nutrients at the right (left) flank of the
vortex.
From its initial position, the vortex drifts towards the topography and to the left, according to the topographic β effect, and it
is rapidly decomposed into alternate cells of positive and negative
vorticity traveling ‘‘westward’’, that is, with shallow water to the
right. The important point to illustrate here is the evolution of the
NPZ fields over the slope, associated with the generation of topographic waves. Fig. 3 shows the divergence and the NPZ fields at
day 8, when the trail of topographic Rossby cells is well developed.
These structures can be observed from the divergence field, where
the regions of upwelling and downwelling are clearly formed (first
panel). A similar wave pattern, although with a more complicated
structure, is observed for phytoplankton and zooplankton abundance, as shown in the lower panels. A first conclusion is, therefore, that the characteristic behavior of the ecological model over
an escarpment is the development of regions with alternate rich
and poor amounts of nutrients and plankton biomass.

The biological fields and the horizontal divergence do not have
exactly the same structure and, more importantly, the same phase
(their maxima do not coincide). A useful way to observe this is by
considering the time series of NPZ and divergence fields at specific
points over the escarpment. This is done for the two points marked
with a cross in Fig. 1: one is at the right side of the domain (A) while
the other is at the center (B). Both locations are situated exactly in
the middle of the escarpment (in the y direction) and their depth
is 450 m. Fig. 4 shows the corresponding 30-days time series of
the NPZ fields (upper panels) and the calculated divergence (lower
panels).
Consider first the time series of horizontal divergence (Sb ) and
nutrients at point A. The time evolution of local divergence shows
a very clear co-sinusoidal pattern with period of about 11 days.
This value corresponds quite well to a topographic perturbation
with a wavelength of about 100 km or slightly less, as obtained by
the dispersion relation. The maximum values of Sb are of the order
of 0.035 d−1 , which is about 20 times larger than the ‘‘normal’’
relaxation rate (Sn = 0.0065 d−1 ). The amount of nutrients shows
a rapid response, increasing when there is positive divergence
and decreasing when the flow converges. Note that nutrients
in the surface layer can be completely depleted during periods
of strong negative divergence (say, between days 5–8 and days
17–19, approximately). The oscillatory character is also observed
in the phytoplankton and zooplankton series.
The available nutrients, and therefore the concentrations of
plankton populations, are determined by the oscillatory behavior
of the horizontal divergence at this point. Advection effects turn
out to be of limited relevance or, in other words, the NPZ fields
are not swept away by the flow. This can be proven by solving the
NPZ system in homogeneous conditions, using a time-dependent
prescribed rate Sb (t ) = S cos(2π t /T ). Values for the amplitude
and period of this periodic input are S = 0.035 d−1 and T =
11 d, respectively. Even with this crude approximation of the
topographic wave signal, the resulting time series (not shown here)
are very similar to those in Fig. 4: the values obtained in this way
differ by at most 10% from those provided by the coupled model.
The main factor in the dynamics of the NPZ fields is therefore the
oscillatory character of the topographic waves. Direct advection of
ecological fields is of limited importance here, as the waves do not
transport water masses. In next section we show that advection
effects play a more important role in the dynamics of biological
fields over a topographic seamount.
The shape of the signal at point A is quite persistent when different biological parameters are used (see Table 2). Simulations
using larger values of β and  , for instance, have shown similar
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Fig. 3. Contours of horizontal divergence and NPZ fields over an escarpment at t = 8 days (two vortex rotation periods): (a) Divergence (contour interval as in Fig. 2);
(b) N − Nn (Nn /10 = 0.02308 mmol N m−3 ); (c) P − Pn (Pn /10 = 0.03796 mmol N m−3 ); (d) Z − Zn (Zn /10 = 0.05040 mmol N m−3 ). Positive (negative) contours are
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escarpment (at a local depth of 450 m). N: solid line, P: dashed line, Z: dashed dotted line.
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Fig. 5. Contours of a cyclonic vortex over a submarine mountain at t = 4, 8, 12 days. First row: relative vorticity. Second row: divergence field. Contour intervals as in Fig. 2.

trends of the time series. Both cases correspond to higher consumption rates for phytoplankton and zooplankton, respectively.
The main point is that plankton abundance is affected only in amplitude but not in relative phase.
Time series at point B have a less coherent shape, as shown
in the corresponding panels of Fig. 4. This is due to the nonlinear
evolution and dispersive character of the waves over the slope.
However, the response of nutrients to the horizontal divergence remains similar: positive (negative) divergence increases (decreases)
the amount of nutrients. Phytoplankton and zooplankton abundances also show a similar lag as at point A.
4. Submarine mountain
In this section we explore the behavior of the NPZ system
under the influence of a cyclonic vortex moving over a submarine
mountain. The fluid depth associated with the seamount has the
following form:
h(x, y) = Hm − hm exp(r 2 /M 2 ),

p

(12)

where r = x2 + y2 is the radial distance from the center of the
domain, Hm = 500 m is the maximum depth, M = 20 km and
hm = 100 m are the horizontal scale and the mountain height,
respectively. The shallowest point on top of the mountain is 400 m.
The physical dimensions of the topography selected here resemble
those in a relatively shallow system as the ‘El Bajo de Espiritu
Santo’ seamount in the southern Gulf of California (Trasviña-Castro
et al., 2003) or the upper active layer of the ocean at the Great
Meteor seamount (Beckman and Mohn, 2002) and the Minamikasuga seamount studied by Genin and Boehlert (1985).
The initial condition is the same cyclone as for the case of the
escarpment, starting at the same position. The evolution of cyclonic
vortices over a conical bottom has been studied by Carnevale et al.

(1991). Initially, the vortex moves uphill and to the left, according
to the associated topographic β -effect due to the nearest slope; as
the vortex impinges over the topography it turns anticyclonically
around the top of the mountain. This behavior is explained by
the fact that the local orientation of the slope (responsible for the
topographic β ) is continuously changing as the vortex drifts.
Fig. 5 shows the calculated relative vorticity contours during 3
turnover periods of the vortex, after which it makes about half a
revolution around the mountain. During the whole simulation (30
days) the cyclone makes approximately 1.5 clockwise revolutions.
However, the shape of the vortex is not circular, but elongated. In
fact, the deformed contours show two relative maxima at day 8.
Another important feature is the creation of anticyclonic vorticity
over the top of the mountain that remains there during the whole
simulation. This well-known behavior is expected as the flow tends
to acquire negative vorticity over shallow regions (where fluid
columns are squeezed). The divergence field, shown in Fig. 5 for the
same times (lower panels), is characterized by a dipolar structure
as in the case of a bottom slope, but in this case it is always centered
on top of the mountain, even when the vortex is initially separated
from it. It is important to notice that these up- and downwelling
areas rotate as a whole in clockwise sense, according to the motion
of the vortex. Note the coherence of the divergence field over the
top of the mountain, that contrasts with the strong distortion of the
vortex. The dipolar structure of the divergence is a manifestation
of the so-called trapped waves (e.g. Beckman and Mohn, 2002).
The NPZ fields are shown in Fig. 6 for the same times.
Nutrient concentration is strongly increased over the mountain,
while maintaining a low-value zone around it. This nutrientrich area remains over the top of the seamount during most of
the simulation, despite the fact that the divergence field shows
positive and negative values around this region. In other words,
as long as the vortex remains around the topographic feature,
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nutrients are abundant on top of it. This in turn implies a
favorable environment for phytoplankton and zooplankton, whose
populations are also increased over the seamount.
Time series of divergence and NPZ fields at two specific points
are shown in Fig. 7. The two points L and R are located 18 km to the
left and right from the summit of the mountain, respectively (see
Fig. 1). The divergence field induces a very clear signal: at point
R, divergence is positive during about 10 days, then it becomes
negative and at the end it turns positive again. This behavior
corresponds to the clockwise motion of the dipolar structure of the
divergence field. A similar trend is found at point L, but shifted in
time of about 10 days.
At a first glance, it seems that nutrients in the surface layer
are increased or decreased according to horizontal divergence,
as in the case of the escarpment. The behavior, however, as
well as the temporal evolution of plankton concentrations, is
more complicated. This can be illustrated when considering the
following two observations for point L: (a) during days 4 to 10
there is an increase of nutrients, while divergence is negative,
and (b) phytoplankton and zooplankton are suddenly increased

simultaneously, from day 4 to 5, approximately. The reason for
these two behaviors is the advection of biological fields as the flow
turns around the mountain, influencing the local values. Similar
arguments can be applied to almost the whole series at points L and
R. To demonstrate that advection is responsible for this behavior,
we have solved the NPZ system in homogeneous conditions
with an appropriate time-varying nutrient input (obtained by
imposing a time-dependent rate Sb (t ) of the same form of the
divergence curve in lower panels of Fig. 7), as done for the case
of the escarpment. We have verified that the result is completely
different from that shown in upper panels of Fig. 7. This indicates
that the dynamical evolution of the flow over the mountain is a
fundamental factor or, in other words, that the NPZ system must
be coupled with a dynamical model.
5. Discussion and conclusions
The dynamics of nutrients, phytoplankton and zooplankton
at the ocean surface has been analyzed by coupling an NPZ
formulation with a physical quasi two-dimensional flow model
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Fig. 7. Time series of NPZ fields (upper panels) and horizontal divergence (lower panels) at points L = (110 km, 128 km) and R = (146 km, 128 km), located at the leftand right-hand sides of the seamount, respectively. N: solid line, P: dashed line, Z: dashed dotted line.

with topography. The main goal has been to examine the evolution
of the ecological fields as a mesoscale flow (namely a cyclonic
vortex) encounters two specific topographic features: a steep
escarpment and a submarine mountain. Coupling of physical and
biological models is made by using the horizontal divergence
of the flow calculated in the dynamical model, resulting from
the interaction with the topography, as a source/sink term in
the equation for nutrients in the NPZ formulation. The results
show the potential of mesoscale phenomena related with bottom
topography to affect the behavior of plankton ecosystems.
The main dynamical response of the flow over the escarpment
is the generation of topographic Rossby waves, which travel along
the topographic contours with shallow water to the right. These
waves are characterized by alternate cells of relative vorticity
with opposite sign. The resulting horizontal divergence field Sb
has a similar form, as the flow moves up and downhill, stretching
and squeezing fluid columns. The response of the nutrient field
N shows a similar pattern, since horizontal divergence adds or
subtracts nutrients according to its sign and magnitude (see
Fig. 3). This was also clearly shown in Fig. 4, where time series
of Sb and N are measured at single points over the escarpment.
Phytoplankton and zooplankton fields have a different spatial
structure due to their different temporal response to available
resources; phytoplankton have a growth timescale of about 3 days,
while for zooplankton the characteristic growth time is about 8
days, which is reflected in the phase shift observed in the time
series of these fields. Another important result is that the main
structure of the biological time series remains the same (except in
amplitude) when varying the main parameters of the NPZ system.
These observations suggest that point measurements of ecological fields over steep slopes, such as shelf breaks, could reflect the
characteristics of topographic submesoscale and mesoscale oscillations. In other words, the time series of such measurements should
take into account the expected periods of topographic waves. Recall that, in the present case, an escarpment that is 20 km wide
implies a topographic wave with a period of about 11 days and

horizontal length scale of about 100 km. Of course, in realistic situations such a signal can be expected to be highly reduced or contaminated by the presence of other relevant effects ignored here:
stratification effects, additional currents and/or biological mechanisms not explicitly considered in the present model. Nevertheless,
the results presented here are quite robust and remain as an open
subject to be further investigated with in-situ data.
The results observed for the topographic seamount are very
different. Close to a seamount, cyclonic vortices perform clockwise
revolutions around the top, where an anticyclonic structure is
generated. The divergence field displays a clockwise-rotating
dipolar structure centered at the summit of the mountain, while
the nutrient field shows a remarkable increase at this position
(about 5 to 7 times the original value, Nn ). Phytoplankton and
zooplankton populations are also enhanced but their maxima are
off the center of the seamount, and the magnitude of this increment
is much less dramatic (about twice their original reference values,
Pn and Zn ). Note that nutrients are accumulated over the top
of the seamount already in the early stages of the simulation,
when the vortex approaches and impinges on the mountain. As
the flow evolves, the amount of these injected nutrients remains
approximately stable.
Some authors (e.g. Beckman and Mohn, 2002; Genin, 2004)
have pointed out two important conditions that upwelled nutrients due to a topographic feature must satisfy in order to increase
phytoplankton and zooplankton at the sea surface: (1) upwelling
must be strong enough to reach the surface layer, and (2) it must
have a sufficiently long duration, in order to allow phytoplankton
and zooplankton to grow. Some field studies on seamounts in the
Pacific ocean indicated that there is only sparse and not conclusive
evidence supporting the relevance of upwelling on biological aggregations over these topographic features (Genin, 2004). Indeed,
upwelled nutrient-rich waters might be advected away from the
mountain on very short timescales (of a few hours or days), not
allowing for the development of phytoplankton, and hence of zooplankton. The present study, however, albeit limited to idealized
conditions, shows that the upwelling mechanism is sufficiently
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strong and persistent, so that the NPZ fields are significantly enhanced over the top of a submarine mountain during periods of
several days.
An important difference between the two topographies examined here is related to the role of advection. The dynamics of
biological fields over an escarpment is only weakly affected by
advection, while horizontal transport effects play a major role over
a seamount. The dynamics of the NPZ fields at one point on the escarpment is governed by the passage of topographic waves, which
do not transport water masses. In the case of the mountain, by
contrast, perturbations triggered by the vortex interfere with each
other as they propagate around the summit. In this case, the vortex, a strongly nonlinear feature with closed streamlines, can transport water and biological fields over significant distances. This
provides an indication on the complexity of the NPZ fields over
seamounts, even in the simplified configuration used here. It also
emphasizes a similar conclusion by Beckmann and Mohn (2002),
who pointed out that interpretations of biological data based on
Eulerian time series might be inadequate. Thus, one can expect
even greater uncertainties when interpreting biological data for
non circular topographies or more irregular seamounts, as underlined by Trasviña-Castro et al. (2003).
Before closing, we stress some of the assumptions and
drawbacks implicit in our formulation of phytoplankton dynamics.
In our approach, the biological fields are governed by one of the
simplest versions of the NPZ model, which has sometimes been
criticized for its over-simplifying assumptions (see the comments
by Franks (2002)). Besides, the phytoplankton’s response to light
is ignored. These choices have been made for keeping the system
as simple as possible, in order to elucidate the basic effects of
the interaction between topography-induced vertical velocity and
marine ecosystem dynamics. Future works will have to consider
a more realistic and complex marine ecosystem model. Note, also,
that we have chosen to work only with reaction-advection terms in
the NPZ model, neglecting the diffusion of biological fields. Given
the spatial scale of the fluid parcels (of the order of kilometers), and
the temporal size of the time steps (hours), the effects of smallscale turbulent diffusion are largely insignificant, as discussed
in detail in Pasquero et al. (2005). On these spatial scales the
diffusive time scale is much longer than the time scales associated
with both the advection and the reactions affecting the plankton
concentrations. On the other hand, a significant advantage of the
formulation used here is the method that we use to couple the
biological and physical models, based on using the value of the
horizontal divergence that is directly computed from the flowtopography interaction. This procedure is different from what is
usually done when using a two-dimensional or a quasigeostrophic
model. In contrast with those formulations, the shallow water
approximation adopted here allows for an explicit expression of
the horizontal divergence and hence of the vertical velocity field, at
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any time and spatial position of the flow. This fact allows for a more
natural description of the input/output of nutrients in the upper
layer of the ocean, avoiding artificial parameterizations of the
spatial and temporal variations of the upwelling and downwelling
processes.
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