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ABSTRACT

The formation of cold core filaments on an idealized continental shelf is investigated

using a numerical model to simulate the ocean’s response to surface cooling.  A

horizontal density gradient forms because of uneven buoyancy loss due to the sloping

bottom, and this gradient induces an alongshelf current in thermal wind balance, that in

time becomes unstable.  As the instabilities grow, filaments, and later eddies, are

generated so that dense water near the coast is mixed offshore.  Scaling arguments of the

filament wavelength indicate that the current is baroclinically unstable, and an analytical

model of the frontal expansion with time is in very good agreement with the simulations.

This study was inspired by satellite observations of sea surface temperature on the

West Florida Shelf during the winter months, in which it is clearly seen that cold core

filaments extend from a thermal front.  Numerical experiments are therefore designed to

allow for reliable comparisons with conditions in this region.
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1.  INTRODUCTION.

The large scale circulation in the Gulf of Mexico (GoM) has been

comprehensively studied, including the dominating Loop Current and the eddies it

periodically generates. Less known are the details of smaller scale coastal processes,

where topography, atmospheric conditions and river influxes are important components

to consider. One such process is the formation of cold water filaments on the West

Florida Shelf (WFS).

Cold water filaments are defined here as elongated water masses rooted in a

density front and extending into ambient, less dense fluid.  They are usually observed in

coastal regions, where topography, surface heat fluxes, winds and to some extent rivers

promote the formation of density fronts.  There are in general two processes that can

cause fronts and subsequent filaments to form in coastal regions: (i) upwelling and

offshore transport of cold water due to favorable winds, or (ii) uneven buoyancy loss due

to surface cooling over a sloping continental shelf, alternatively uneven cooling over a

flat bottom.  Common for both processes seems to be the onset of baroclinic instability,

leading to cross-isobath heat transport of great consequence to mixing on the shelf.  A

fully developed system will incorporate a complex velocity field, sharp cross- and

alongshore density gradients, and in many instances the presence of detached eddies

whose dynamics are governed by changes in topography, eddy-eddy interactions and

interactions with the velocity field.

Numerical experiments and observations from the California Current System

(Haidvogel et al., 1991; McCreary et al., 1991) and off the Iberian Peninsula (Røed &

Shi, 1999, and references therein) show that filament formation in these regions is closely

related to coastal upwelling.  Haidvogel et al.  (1991) used a numerical model to simulate

a forced eastern boundary current, and reproduced filaments extending 400-500 km

offshore.  The filaments then pinched off, forming eddies.  Relatively large velocities

within the filaments were responsible for a substantial amount of cross-shelf heat

transport.  The authors found it necessary to include irregularities in the topography in

order for filaments to exist and exhibit realistic behavior.
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McCreary et al.  (1991) also successfully reproduced a convincing representation

of filaments and eddies along an eastern boundary from numerical experiments.  Once

again, the California Current System was used for comparison.  Their conclusion was that

frontal instabilities were the cause of initial, small amplitude disturbances, while larger

scale meanders were the result of baroclinic instability.  The small-scale features were,

however, essentially eliminated when cooling due to entrainment from the lower layer

was neglected.

This study will neglect the dynamical effects of wind (stirring, mixing and

upwelling), and focus on how such a system can be generated from mechanism (ii),

surface heat loss over a sloping shelf.  During wintertime cooling on the WFS, satellite

observations of sea surface temperature (SST) reveal the existence of a strong

temperature front, with frequent occurrences of organized filament formations extending

40-80 km from their points of origin on the front (figure 1).  The filaments also appear in

images of chlorophyll concentration (figure 2), indicating their importance for cross-shelf

mixing.  Morey et al. (2003) have recently performed numerical experiments in the GoM

with realistic forcing and topography, and the filaments were well represented in their

results (figure 3).

Morey & O’Brien (2002) describe the spring transition from near vertical to

horizontal isotherms that takes place on a shelf comparable to the WFS.  As winter

approaches, this process is reversed, isotherms respond to surface heat loss by orienting

themselves vertically.  However, the sloping bottom ensures that this happens first in the

shallow areas closest to shore.  Consequently a thermal front is generated, and as the

cooling continues its cross-shelf extent increases.  The bottom slope introduces a

gravitational component that facilitates offshore movement of dense water near the

bottom, balanced by an influx of less dense fluid at the surface.  This balance is

inherently unstable, potential energy is constantly added to the system through surface

cooling so that instabilities have a lasting source of energy to draw from.  Until late

winter / early spring, when the cooling subsides, the frontal zone continues to expand.

Instabilities on the edge of the front are seen throughout this period.

Formation of dense water masses in polar regions may produce qualitatively

similar features as those observed on the WFS.  Gawarkiewicz & Chapman (1995) used a
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a    b             c

Figure 1.  Daily satellite images of SST on the WFS during November 1996 (a),

December 1996 (b) and January 1997 (c) showing the development of a thermal front and

subsequent filament formation.  Warm water is represented by yellow and green colors,

colder water is successively colored blue, purple and pink.  From Institute for Marine

Remote Sensing, University of South Florida.
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Figure 2.  Satellite image of chlorophyll concentration on the WFS in November, 2000,

from Terra MODIS.  Instability patterns are clearly visible, indicating transport pathways

of chlorophyll via the filament structures.
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numerical model to simulate a coastal polynya, where a constant buoyancy loss was

applied over a semi-circular surface area above a shallow, sloping bottom.  Three distinct

phases were identified in the resulting flow field; geostrophic adjustment, instabilities and

finally offshore eddy transport.  After a certain time, dense water was in this manner

effectively transported away from the cooling region.  Eventually, the offshore transport

balanced the buoyancy loss so that the system was in equilibrium.  A more recent study

by Pringle (2001) included the effect of bottom friction in an otherwise similar

environment.  In this case, the offshore transport was too weak to balance the surface

cooling as the bottom friction retarded the eddy propagation, and thus the density

continuously decreased throughout the experiment.  However, the horizontal density

gradient, and therefore the velocities it generated, reached a statistical equilibrium that

compared well with relevant observations.

In the following, the hypotheses that surface cooling is responsible for generating

filaments is tested by relating results from numerical experiments to conditions on the

WFS during November to January.  Section 2 describes the numerical model, and the

specific numerical choices and parameterizations for the experiments are outlined in

section 3.  Results are given in section 4 and discussed in section 5.  Section 6 contains a

brief summary and conclusions.
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Figure 3.  SST and surface currents on the WFS in December of a climatologically forced

model year, simulated with the NCOM (Morey et al., 2003).
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2.  METHOD OF RESEARCH.

Satellite images of SST show the formation and life cycle of the instabilities,

filaments and eddies over the temperate continental shelves (figure 1).  These images are

used to define the length- and time scales, and the characteristic behavior of the filaments

and eddies.  The observations can be valuable for validating results of numerical

simulations.  In this study, numerical experiments using an idealized shelf model are

performed to explore the dynamics of this system

Simulations are performed with the Navy Coastal Ocean Model (NCOM), a three-

dimensional, hydrostatic, primitive equation numerical ocean model developed at the

U.S. Naval Research Laboratory (Martin, 2000).  The Boussinesq approximation and the

incompressibility condition are included in the model.  Its physics and numerics are

similar to the Princeton Ocean Model (POM; Blumberg and Mellor, 1987), although it is

more flexible with regard to user-specifiable options.  One also has a choice of vertical

coordinate; the NCOM uses a hybrid sigma / z-level coordinate system that is

advantageous when simulating a domain encompassing both shallow and deep

bathymetry, and steep topography.  Experiments can be conducted with a full sigma-level

grid, a full z-level grid (with one sigma level at the free surface) or a combination of the

two.  Typically, best results are experienced when shallow areas are treated with sigma

layers and the deeper ocean with z-levels, so that sigma coordinates need not be used

over the shelf slope and continental rise (Morey and O’Brien, 2002).

The governing equations in Cartesian coordinates are:

∂u

∂t
+ — ⋅ (v

Æ

u) - fv = -
1

r0

∂p

∂x
- Qu + Fu +

∂

∂z
Km

∂u

∂z

Ê 

Ë 
Á 

ˆ 

¯ 
˜ (1)

∂v

∂t
+ — ⋅ (v

Æ

v) + fu = -
1

r0

∂p

∂y
- Qv + Fv +

∂

∂z
Km

∂v

∂z

Ê 

Ë 
Á 

ˆ 

¯ 
˜ (2)
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∂p

∂z
= -rg (3)

— ⋅ v
Æ

=
∂u

∂x
+

∂v

∂y
+

∂w

∂z
= Q (4)

∂T

∂t
+ — ⋅ (v

Æ

T) = QT + —h (Ah—hT) +
∂

∂z
K H

∂T

∂z

Ê 

Ë 
Á 

ˆ 

¯ 
˜ + Qr

∂g

∂z
(5)

∂S

∂t
+ — ⋅ (v

Æ

S) = QS + —h (Ah—hS) +
∂

∂z
K H

∂S

∂z

Ê 

Ë 
Á 

ˆ 

¯ 
˜ (6)

r = r(T,S,z) (7)

Surface boundary conditions are:

r0KM

∂u

∂z
= t x (8)

r0KM

∂v

∂z
= t y (9)

r0K H

∂T

∂z
=

Qr + Qb + Qe + Qs

c p

=
Q

c p

(10)

K H

∂S

∂z
= S

z= 0
(Ev - Pr ). (11)

At the bottom, the boundary conditions are:

  

KM

∂u

∂z
= cbu

r 
v (12)
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KM

∂v

∂z
= cbv

r 
v (13)

K H

∂T

∂z
= 0 (14)

K H

∂S

∂z
= 0 (15)

Symbols are explained in Table 1, however most have their usual meanings.

Bottom stress is included in the model as a quadratic drag law parameterization,

where the drag coefficient cb  is calculated from

cb = max
k 2

log2 Dzb

2z0

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

,cb min

È 

Î 

Í 
Í 
Í 
Í 

˘ 

˚ 

˙ 
˙ 
˙ 
˙ 

. (16)

The bottom layer thickness is Dzb , z0 denotes the bottom roughness, cb min  is a minimum

value for cb  and k = 0.4  is von Karman’s constant.  The drag coefficient enters the

bottom boundary conditions for horizontal velocity:

  

KM

∂(u,v)

∂z
= cb (u,v)

r 
v . (17)

A more detailed description of the model can be found in Martin (2000).
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Table 1. List of symbols.

x, y,z Cartesian coordinates

t Time

v
Æ

3-D velocity vector

Qr Net downward short wave heat flux

Qb Net downward long wave heat flux

Qe Net downward latent heat flux

Qs Net downward sensible heat flux

Q Net surface heat flux

Ev,Pr Surface evaporation and precipitation rates

T Potential temperature

S Salinity

—h Gradient operator (horizontal)

f Coriolis parameter

p Pressure

r Density

r0 Reference density

g Acceleration of gravity

Fu,Fv Horizontal momentum mixing terms

Ah Horizontal scalar mixing coefficient

Km Vertical eddy coefficient for momentum

K H Vertical eddy coefficient for scalars

Qr Solar radiation

g Solar radiation extinction with depth

cb Bottom drag coefficient
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3.  NCOM SETUP, AND CHOICE OF PARAMETERS.

A wide spectrum of parameters can be modified between numerical simulations,

for instance the Coriolis parameter, the magnitude of bottom friction, the cooling rate and

bottom slope, so as to get an idea of their individual impact on solutions. Given that the

WFS is an excellent site for filament formation, most of the parameters are chosen to

reflect this area. This will also be of use later when comparisons are made between

numerical results and observations.

The WFS is broad, on average about 200 km, with a maximum depth of 150 m at

the outer edge.  This yields a slope of only 7.5 ⋅10-4 , but the topographical beta effect

still dominates over the planetary beta, O(10-11
m

-1
s

-1), by two orders of magnitude.  The

main features occur were the depth is approximately 50 m, which gives an estimated

bslope :

bslope =
f0

H

∂h

∂x
ª

10-4
s

-1

50m

150m

200km
=1.5 ⋅10-9

m
-1

s
-1. (18)

Experiments are therefore performed on the f -plane, with the Coriolis parameter taking

the value corresponding to 27°N.  The model domain is a square basin, 320 km x 320 km

with a coastline to the right, and is shown in figure 4b.  Directions are defined as north,

south and so forth; terms that will be made use of from now on.  The process of filament

formation is of course not restricted to a coast with this particular orientation, rather these

terms are introduced to simplify the following description (one can think of “north” as

being “downcoast” in a Kelvin wave propagation sense).  Periodic boundary conditions

are applied at the northern and southern edges of the domain, and at the western boundary

the model uses Orlanski radiation (Orlanski, 1976).  Experiments are run with 4 km and 2

km horizontal grid spacing, but only results from the 2 km grid are shown.  Both

resolutions produced filaments of comparable size and wavelength, although the initial

small-scale instabilities that developed were naturally less detailed in the course-

resolution model.  2 km grid spacing should therefore be sufficient to adequately resolve
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the baroclinic radius of deformation, and both numerical experiments and scaling

arguments give radii well above this length.

The topography (figure 4a) is an idealization of the WFS, uniform in the north-

south direction and with a constant slope of 7.3 ⋅10-4 over 200 km before the shelf break.

Then the bottom angles steeply down to 1500 m over 60 km, before flattening out for

another 60 km.  This creates a buffer zone, so that any shelf processes are not affected by

the western boundary.  There are 40 vertical layers; the upper 20 are terrain-following

sigma levels while the bottom 20, below the shelf break at 140 m, are z-levels (or

geopotential levels).

Initially, the surface mixed layer is 60 m deep and has a potential temperature

(hereafter referred to only as temperature) of 22°C.  Deeper than this, the temperature

decreases linearly toward the bottom.  Starting from a system at rest, the only forcing

applied is a uniform surface heat loss, which varies between 40 and 70 Wm-2 in different

experiments.  There are certainly more realistic ways one could force the model, but

because the objective is to investigate filaments and eddies resulting from a horizontal

density gradient, not the formation of the gradient itself, this “shortcut” may be justified.

This is further illustrated later by experiments with episodic cooling.

The fact that the NCOM uses the hydrostatic approximation is a weakness

considering that surface cooling usually results in convection.  However, the aspect ratio

between horizontal and vertical length scales is large, O(102) , and numerical results

reveal an equivalent or larger ratio between horizontal and vertical velocities.  This

indicates that although the hydrostatic approximation does not hold in the strictest sense,

non-hydrostatic effects are small enough to be neglected, a result shown by Jones &

Marshall (1993).  The NCOM handles a positive vertical density gradient by increasing

the mixing, which in some aspects may reflect reality on a shallow shelf subjected to

wind stirring and convective mixing.

Both Mellor-Yamada Level 2 (Mellor and Yamada, 1974) or Level 2 1
2 (Mellor

and Yamada, 1982)  turbulent mixing parameterizations are supported by the NCOM.

Here, experiments are performed using the Level 2 scheme.  Martin et al. (1998)

demonstrated that both parameterizations gave comparable turbulent layer depths, while

the Level 2 scheme was computationally less expensive.



13

          a   b

Figure 4.  The idealized shelf topography (a) and a plane view of the domain (b) used in

the numerical experiments.  The dashed line in (b) denotes the shelf break.
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The model ocean is forced with a constant and uniform surface heat loss that is

representative of wintertime cooling over the WFS.  Net daily surface heat fluxes from

September 15 to December 25, 1972 are plotted in figure 5, along with the linear cooling

tendency and the value used in the primary experiment.  The fact that large fluctuations

are replaced by a single constant value in the model,  and the impact this has on

simulations will be discussed later.  For now, let it be sufficient to acknowledge that the

chosen value is a reasonable estimate of the average cooling rate.
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Figure 5.  Reanalysis of daily net surface heat flux (black line) from October through

December, 1972, from the National Centers for Environmental Prediction.  The red line

indicates the constant heat flux used in the primary experiment, while the blue line shows

the linear tendency of increased cooling with time.
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4.  RESULTS.

4.1.  Information from satellite images.

The satellite images of SST presented in figure 1 clearly shows that a density

front develops along the Florida coast and rapidly expands offshore during November

and December.  The offshore migration continues in January, but at a slower rate.  During

this time, instabilities that formed in December in the frontal zone have grown as

filaments approximately 50–80 km offshore.  By inspection, the typical instability

wavelength at this time is 30-40 km.

4.2.  Initial scaling arguments.

The experiment described in the following was performed using a constant and

uniform surface heat flux of –60 Wm-2, starting with a stratified ocean at rest.  Salinity

was held constant throughout the run, so that density was determined exclusively by

temperature.

Figure 6 shows simulated surface density fields from days 15, 20, 35 and 60, and

illustrates the model ocean’s progress from a state of rest to a situation closely resembling

that which is seen in satellite images.  The fact that such a simple model can capture the

essential features is encouraging.  It is the first indication that the observed processes on

the WFS are mainly caused by surface heat loss, and that winds and river run-off play a

secondary role.

The evolution of the temperature front can be described mathematically by the

following equation, assuming no horizontal mixing or advection:

∂T

∂t
=

Q

r0c ph(x)
, (19)
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Figure 6.  Sea surface density, in 
kg

m 3 -1000 , at 15, 20, 35 and 60 days into the primary

model experiment.  Contour lines are drawn every 0.3
kg

m 3 , and color codes are the same in

all images.
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where T  is the mean temperature of a water column, Q is the net surface heat flux, r0 is

a reference density and c p  is the specific heat of water.  h(x) is the depth of the water

column, which on a linear, sloping bottom can be written h(x) = sx , where s is the

constant bottom slope.  By integrating in time,

dTÚ =
Q

r0c psx
dtÚ , (20)

we get

T(t, x) =
Qt

r0c psx
+ T(0) . (21)

Now, to find the horizontal extent of the front at some time t , differentiate with respect

to x  to get

∂T

∂x
= -

Qt

r0c psx
2

. (22)

Solving for x  gives an expression for the front width at any time t :

x =
Qt

r0c ps
∂T

∂x

. (23)

The horizontal temperature gradient reaches some critical value where the front ends.

Based on numerical experiments, this value is set to 2⋅10-5 °C m-1, and by choosing

appropriate values for the remaining parameters, the front width can be plotted with time

(figure 7).

It is reasonable to assume that the instabilities of a fully developed system are

baroclinic in nature, due to the horizontal density gradient (Gawarkiewicz & Chapman,
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Figure 7.  Horizontal extent of a temperature front with time, according to equation (23).
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1995).  Therefore, the instability wavelength L  is related to the deformation radius RD  as

follows (Pedlosky, 1987):

R
2

D

L
2

£ O(1), (24)

meaning that the instability wavelength is an O(1)  multiplicative of the deformation

radius.  To get a rough estimate of this scale before the model results are described in

detail, a simple scaling analysis is performed.  The deformation radius is defined as:

RD =
Nh

f0

, (25)

where N  is the buoyancy frequency, h  is the local depth and f0  is a reference Coriolis

parameter.  The dependence on h  means that the deformation radius increases with

offshore distance.  We anticipate that dense water will form along the coast and sink

down slope underneath the lighter surface water.  Assuming a two layer system with such

a structure, the buoyancy frequency may be written:

N
2 = -

g

r0

∂r

∂z
ª

g

r0

Dr

h
=

g'

h
. (26)

Here, g'  is the reduced gravity, r0 is a reference density and Dr  is the difference in

density between the lower and upper layer.  Density is a function of temperature only,

and we assume a linear dependency:

r ª r0(1-aT) , (27)

where a  is the thermal expansion coefficient.  Now, the buoyancy frequency can be

written:
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g'

h
=

g

r0h
r0(1-aT2) - r0(1-aT1)( ) =

g

h
a(T1 - T2). (28)

Substitution into equation (25) gives the following expression for the deformation scale:

RD ª C1 ⋅ h(T1 - T2) , (29)

where  C1 =
ga

f0

  is a constant.

The deformation scale is in this manner linked directly to the local depth and the

temperature difference between the surface and bottom.  However, this scale does not

incorporate the inverse cascade to larger scales that may occur in complex vorticity fields

(Pringle, 2001; Haine & Marshall, 1998), nor does it relate to the velocity except what

can be inferred implicitly from the density gradient.  It is therefore expected that the

dominant wavelength will be of a somewhat larger scale, namely the Rhines arrest scale

(Rhines, 1977).  This scale gives the wavelength at a time when the topographic beta

effect and the advective terms are of equal strength, and is defined as:

LRh

2
=

2V

bslope

=
2Vf0

h

∂h

∂x

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

-1

, (30)

where bslope  is the topographic beta effect defined in equation (18) and V  is a typical

velocity.  Assuming the circulation is governed by a thermal wind balance, the velocity

scales as (Pringle, 2001):

V =
gh

r0 f0

∂r

∂x
. (31)

Substituting (31) into (30) yields:
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LRh

2
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2gh
2

r0 f0

2

Dr

Dx

Dh

Dx
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¯ 
˜ 

-1

, (32)

where we again assume a two layer system and write derivatives as differences between

the layers.  The x-dependence vanishes explicitly, but is still retained in the scale since

h = h(x) .  Equation (32) may be written:

LRh

2
=

2gh

r0 f0

2
r2 - r1( ) . (33)

As before, letting r ª r0(1-aT)  gives:

LRh = C2 ⋅ h(T1 - T2) . (34)

where C2 =
2ga

f0

= 2 ⋅ C1.

It is interesting to note that the Rhines arrest scale differs from the deformation

radius only by a factor of 2 .  The fact that the two scales are nearly identical lends

further support to the initial expectation that the instability wavelength is O(RD ) .  By

assuming a temperature difference of 2°C, a value that is consistent with numerical

experiments, and using suitable values for g , a  and f0 , the theoretical minimum

instability wavelength and the Rhines arrest scale can be plotted against offshore distance

(figure 8).

4.3.  Primary experiment.

From figure 6, it is clear that the dynamics of the system undergo different stages;

frontogenesis, small-scale instabilities and later mature filaments with eddy generation.

Cross-sections of alongshore velocity (figure 9) shows how the thermal wind current

develops with time.  On day 15, the current is weak, and restricted to a narrow band right
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along the coast.  By day 35, it spans a distance approximately 20 km offshore, and in

addition, a weaker northward undercurrent has appeared.  By day 60, the circulation has

grown to cover an even larger area, but the velocity has reached a maximum of about 0.2

ms-1.

Time series showing the evolution of front width, instability wavelength,

deformation radius, the total number of filaments and the ratio between deformation

radius and instability wavelength are plotted in figure 10.  The front width is calculated

by defining a minimum temperature gradient Tx  marking the end of the frontal zone.  The

number of filaments is a representation of sign changes of relative vorticity in a section

along the coast.  This section is moved offshore in relation to the migration of the front,

so that the number of filaments is always evaluated at the leading edge.  By assuming that

filaments are evenly spaced, the instability wavelength is simply the number of filaments

divided by the total length, 320 km.  The deformation radius is calculated from equation

(25), and is an average along a section parallel to the coast, crossing the filaments.

Simulated front width is compared with its theoretical scale in figure 11, showing a very

good agreement between the two.

The most notable feature in figure 10 is the sharp decrease in the number of

filaments, starting at day 16. Until this time, the instability wavelength is more or less

identical to the deformation radius, while after day 20 the wavelength exceeds RD  by a

factor of three. This sudden transition is not reflected in the time series of frontal width,

which shows a fairly steady offshore migration throughout the experiment.  Note also the

high correlation between the simulated value and the front width scale.  In the following,

the evolution will be divided into separate stages, and each stage is discussed

individually.
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Figure 8.  Scaled values for the deformation radius (solid line) and the Rhines arrest scale

(dotted line).  The scales increase with offshore distance because the depth increases.
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Figure 9.  Cross-sections of modeled alongshelf velocity (positive northward) at days 15,

20, 35 and 60.  Contour intervals are 0.05 ms-1, and colors represent the same values in all

images.
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Figure 10.  Time series of various properties for the duration of the primary experiment.

Front width (km)

Wavelength (km)

RD  (km)

Number of
filaments

RD / Wavelength

Time (days)
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Figure 11. Simulated front width (dashed line) and the theoretical value from equation

(23) (solid line) plotted with time.
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4.3.1.  Frontogenesis and gravitational instabilities.

Within the first few days of cooling, a density front is generated along the

coastline.  As heat is constantly extracted from the ocean surface, the front width

increases while the offshore temperature gradient Tx , initially zero, persistently

decreases.  It does not take long for isotherms to adjust, and after approximately 15 days

there is a thin alongshore region with vertically homogeneous dense water upon which

gravity acts.  The result is a series of small gravitational instabilities on the horizontal

grid scale (figure 6, day 15), ubiquitous features in studies of this kind, and in accordance

with Haine & Marshall (1998) who state that such a response to surface cooling is

preferred over basin-scale overturning.

Also associated with the front is the onset of a southward current attributable to

thermal wind.  At day 15 this current is fairly weak, O(10-3
ms

-1) , but it is closely aligned

with the density contours, meaning that vorticity dynamics become important.  Relative

vorticity changes sign twice every time the north-south current meanders, and the scale is

small enough to ensure that anomalies of opposite sign are able to interact.  An anti-

cyclone situated north of a cyclone will cause a general offshore transport of dense water,

while the coast effectively hinders inshore movement.  This mechanism will work in

conjunction with the ongoing cooling to push the instabilities toward larger scales.

4.3.2.  Regime shift.

As time progresses and the cooling continues, the offshore extent of the density

front increases and the cross-shelf density difference becomes larger.  The circulation

predictably gains strength, and by day 20 horizontal velocities are of O(10-2
ms

-1) .

Instabilities on a larger scale become discernible; filaments with 10 km separation

distance and extending 15 km from the coast are spaced regularly along the coastline

(figure 6, day 20).  The water is no longer vertically homogeneous, a layer of dense fluid

flows offshore and down along the bottom slope at a faster rate than water at the surface.

Isotherms therefore become tilted, causing a density difference between upper and lower

layers.  Gravitational instability is no longer the foremost cause of filament formation, the
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tilted isopycnals point toward a mechanism that is baroclinic in nature (Gawarkiewicz &

Chapman, 1995).

Filaments are not aligned directly westward as the gravitational instabilities were,

but rather toward the south-west.  The topographic beta has taken effect and subjected the

filaments to vertical stretching.  Because potential vorticity is a conserved quantity, the

depth increase must be compensated by increased relative vorticity, so that cyclones grow

stronger while anti-cyclones weaken.  This effect also pertains to conditions within an

individual filament, the outer part will maintain the most intense cyclonic circulation,

causing the filament to veer southward.  On the southern side of a filament, then, the

current moves north-east toward the coast, hinting that the filaments may eventually

pinch off and generate eddies.

Unlike surface water, the flow along the bottom does not experience much

vertical stretching due to the topographic beta effect.  Figure 12, cross-sections of density

at days 15, 20, 35 and 60, clearly shows that lower layer water moves offshore as a slope

current with relatively constant thickness, and it is able to maintain its potential vorticity

without having to generate a cyclonic circulation.  Lower layer filaments will therefore be

directed offshore almost perpendicular to the coastline, causing a discrepancy between

upper and lower layer flows.  The discrepancy causes peripheral parts of filaments to

develop a conical and tilted structure, resembling that of hetons (Hogg & Stommel, 1985;

Gawarkiewicz & Chapman, 1995).  This adjustment can be recognized by comparing

surface and bottom relative vorticity.  During the first 15 days, alongshore relative

vorticity profiles are completely in phase, the curves are nearly indistinguishable.

However, profiles from days 16 through 20 show that the two layers frequently have

opposite relative vorticity, i.e. that a positive anomaly resides above a negative and v.v.

(figure 13).  It is at this point that the system undergoes a marked change.  The number of

filaments present suddenly drops from 50 to about 20 in a few days, naturally

accompanied by a corresponding increase in wavelength.
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Figure 12.  Cross sections of modeled density 
kg

m 3 -1000( )  at days 15, 20, 35 and 60.

Both contour intervals (0.1) and color coding is identical in all four images: dark blue

represents a density lower than or equal to 1024.8 
kg

m 3 , while red denotes a density higher

than 1025.3 
kg

m 3 .
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Figure 13.  The product of relative vorticity in the surface and bottom layers at model

days 15 and 20, for a section along the coast.  Positive values indicate that relative

vorticity is of the same sign in both layers, while negative values indicate opposite signs

in the two layers.  At day 15, no negative values exist, hence the layers are completely

phase locked.  Five days later, several locations show a sign change between the surface

and bottom.
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4.3.3.  Baroclinic instability and eddies.

35 days into the simulation, the system has reached a statistical equilibrium.  The

overall density continues to decrease, but the horizontal density gradient is relatively

stable, and velocities remain of O(10-1
ms

-1) .  Although the front width increases further,

the instability wavelength seems to have reached its maximum value of about 30 km.

This is three times the deformation radius, a value that could be expected from the

previous scaling argument, and consistent with baroclinic instability.  The offshore extent

of the surface filaments continues to increase for another 10-15 days, after which they

arrive at an average equilibrium value of about 50 km (figure 6, day 60).  The lower layer

manifestation protrudes further offshore, about 70 km, thus maintaining the overall

slanting isotherms that are characteristic for baroclinicity.

The current still follows the density contours closely, and it is strongest when

rounding the outer part of a filament.  At day 40, the tips of filaments start to detach from

the main flow field as cyclonic eddies, retaining the conical shape they inherited from the

filament structure (figure 14). The velocity field is shown in figure 15; both the

meandering southward current and detached eddies are clearly visible.  Further eddy

movement is in a southward direction, parallel to the coast, and is most likely a result of

interactions with the main flow field.  Nof (1983) found that an isolated anti-cyclonic

eddy on a sloping bottom will propagate with shallow water to its right, but it is unclear

whether a similar effect pertains to the cyclonic case.  Either way, the rapid deformation

and short life span of the cyclones that appear in the model suggest that the alongshore

current is of far greater importance to the eddy field than the topographic beta effect.

The circulation in a detached eddy will be of comparable strength to the

southward current for the first few days after it is formed.  However, it is the eastern part

of the eddies that interacts most intensely with the main flow, and here the flow is

northward, opposing the alongshore current.  The two processes will therefore decelerate

each other, at least for the first few days when the eddies are coherent and relatively

strong.  Eddies die as they transfer momentum back into the main flow, but while doing

so they restructure the main flow and the horizontal density field.  This development is

responsible for the statistical equilibrium described earlier, as baroclinic instabilities and
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Figure 14.  The r =1025
kg

m
3  isosurface after 60 days.  The vertical axis represents the 20

sigma layers, which have been scaled by the local depth between layers.  Colors represent

layer numbers, i.e. red is the surface and blue is layer 20, the lowest sigma level.  Both

filaments and isolated eddies have a wide lower layer base compared to the surface

density expression, giving the structures a conical shape.
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Figure 15.  Sea surface velocity after 60 days.  The red scale arrow at the bottom left

represents 0.1 ms-1.  The southward thermal wind current is clearly unstable as it

meanders around density contours.  A few isolated eddies are present further offshore.
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eddies counteract the constant cooling by sufficient offshore transport of dense water.

The instability mechanism has produced its own restraint in the eddies; the offshore heat

transport ensures that the density gradient is kept constant, meaning that the thermal wind

current is unable to further accelerate and strengthen.  Also, through eddies separating

from filaments, and the subsequent momentum transfer between the eddies and the main

flow, the front continues to migrate offshore.  From the model results, this process is

easily distinguishable.  Circular eddies become increasingly elongated and stretched into

s-shapes as they lose momentum and weaken, while at the same time the thermal front

expands correspondingly.

4.3.4.  Further evidence for baroclinic instability.

Apart from the slanting isopycnals and the instability wavelength, the filaments

possess another quality that is characteristic of baroclinicity.  While the average current is

southward along the coastline, the filaments themselves have a northward phase speed of

about 2 km per day, or O(10-2
ms

-1) .  This is an intrinsic feature of the instability process,

and a full analogy to the translation mechanism that governs topographic or planetary

waves.  Consider a water parcel situated between two vortex tubes of opposite sign, close

enough to interact.  With a cyclone north of an anti-cyclone, the water parcel between the

two will be transported eastward, onto shallower water, and must therefore develop anti-

cyclonic rotation in response to the vertical squeezing.  In contrast, a parcel placed

between an anti-cyclone north of a cyclone will be moved offshore into deeper water and

develop cyclonic circulation.  Thus, overall it appears that the wave pattern has shifted

northward.  The alongshore thermal wind current sets an upper bound on the phase speed,

i.e. the phase speed cannot exceed the absolute value of the current velocity (Pedlosky,

1987).  The phase speed observed in the primary experiment is well within this limit.

4.4. Sensitivity to changes in topography and forcing.

The WFS is fairly well represented by the idealized topography used in the

previously described experiment, as is indicated, as one example, by the good agreement
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between model results and satellite observations.  However, the sloping bottom is an

important element due to the realization of a gravitational force.  It is thus expected that a

change in bottom topography will yield at least quantitative differences in the model

output.  To test the slope’s influence on the density field, a number of experiments were

performed where moderate changes in topography were introduced.  Similarly, because

the surface heat flux is directly responsible for feeding the energetic dynamics of the

system, any change in cooling rate must affect the results.  This is investigated by again

performing several model runs, now with heat fluxes that vary within reasonable

threshold values.

Results show that the development of the features is basically unchanged with

respect to the intrinsic scales and appearance.  Rather, differences occur in a temporal

frame; a higher cooling rate and/or a steeper slope accelerates the process of filament

formation and cross-shelf heat flux.  Conversely, weak cooling and/or a gentle slope

retards the progression from gravitational instabilities through eddy propagation.  Based

on the scaling arguments presented above, this result is unsurprising.  The deformation

radius and the Rhines arrest scale are both functions of only two variables, the local depth

and the temperature (i.e. density) difference.  Because the wavelength of baroclinic

instabilities is an O(1)  multiplicative of these scales, it will also depend only on h  and

DT , regardless of the cooling rate.  Variations in bottom slope will, strictly speaking,

alter h , but this change is negligible for the moderate range of values used here.

 4.5.  The role of Coriolis.

The constants C1 and C2 in the scales for RD  and LRh  both depend on the Coriolis

parameter f0 , and it is therefore plausible that numerical experiments at different

latitudes will diverge from the primary experiment (at 27°N).  Specifically, the

deformation radius decreases with increasing latitude, thus so should the instability

wavelength.  Likewise, approaching the equator, in the limit where f0 Æ 0, the

wavelength should tend to infinity.
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Two numerical experiments have been performed, the first at 60°N, the second at

the equator, and the corresponding surface density fields are shown in figure 16.  As

predicted, they differ greatly from each other and from the primary experiment.  A large

number of filaments with short separation distances, about 20 km or less, appear at 60°N,

and their offshore extent is roughly 100 km, double of what was observed in the primary

experiment.  The density expression is manifest in the whole water column, again with

the filament tips and eddies exhibiting a conical shape that indicates baroclinicity.  There

is a strong relative vorticity component associated with the velocity field, and cyclonic

eddies frequently form.  Interactions between eddies and the southward current, and

between the eddies themselves, seem to have a larger impact on the overall circulation

than what was seen in the primary experiment.  For instance, the southward veer of

filaments due to the topographic beta effect is far less pronounced with increased Coriolis

parameter.  The close proximity between neighboring filaments does not allow for

significant alongshore movement; rather a series of mergers takes place and contributes

to the average offshore frontal migration.

At the equator, on the other hand, the dense surface water is fixed to the coastline,

unable to escape offshore except for a couple of small protrusions.  Currents driven by

thermal wind are impossible due to the absence of the Coriolis effect, so the few

filaments that do occur are probably generated as a result of sporadic mass conservation.

In the bottom layer, rapid down-slope currents transport the dense coastal water offshore.

After 60 days of cooling, two currents exist as discrete phenomena: close to shore the

flow is narrow and fairly weak, but further down-slope, the current builds speed and

width by entraining ambient water.  Again, there is no rotational force, so the currents

move in a straight line.  Consequently, velocities in the upper water column are directed

in-shore to balance the mass transport of the slope currents.

The most obvious conclusion is that, at least in the absence of wind, cross-shelf

mixing due to surface heat loss is to a high degree dependent on latitude.  This was

briefly mentioned in Eldevik and Dysthe (1999) as speculative, but consistent with the
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Figure 16.  Sea surface density (in 
kg

m
3 -1000) after 60 days, from model domains located

at the equator (left panel) and at 60°N (right panel). Contour intervals (0.3 
kg

m 3 -1000) and

color coding are the same in both panels.
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Coriolis effect.  It is, however, unrealistic to imagine this to be clearly observable in

nature, where wind forcing and topography will shape any system’s advancement toward

mixing.

4.6.  Influence of bottom friction.

Recent papers by Chapman & Gawarkiewicz (1997), Chapman (2003) and

Pringle (2001, 2003) have addressed and disputed the effects of bottom friction in

numerical simulations of cases comparable to this study.  Pringle (2001) claims that

results “fundamentally change” when bottom friction is included, while Chapman (2003)

reviews the results of their 1997 study and maintains that this is not the case.  Rather, it is

the difference in horizontal length scales and the presence of a slope that leads to

contrasting scaling results.

Here, an opportunity presents itself to run an experiment with resolution, forcing,

and topography identical to the primary experiment, but with bottom friction set to its

minimum value, effectively zero.  The surface density field from day 60 is shown in

figure 17, and although the initial development follows the primary experiment closely, it

is clear that drastic changes occur in the later stages.  The reason lies with the velocity

field; on day 12, the familiar image of gravitational instabilities is prominent, as is a weak

southward current following from thermal wind and consistent with previous

experiments.  However, an additional current moving northward is starting to form along

the coastline, which by day 20 becomes the stronger of the two, reaching velocities of 0.6

ms-1 at day 60 (figure 18).  The presence of a northward jet has considerable implications

for the further progression of smaller instabilities toward larger scales.

Filaments and eddies are now mainly generated in the zone between the two

opposing currents, and are then rapidly stretched and distorted due to the large velocity

shear.  Because of this, filaments are poorly organized, and the situation is generally

much more chaotic than what both satellite observations and the primary experiment

dictates.  The rich eddy-field is highly transient, with cyclones evolving and collapsing

within a few days.  Once again, the eddies are in a position to affect the overall
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Figure 17.  The sea surface density field (in 
kg

m
3 -1000) after 60 days, when bottom

friction is not included in the model.  Contour lines are drawn every 0.3
kg

m 3 .  Note the

stretched appearance of the filaments compared to the primary experiment (figure 6).
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Figure 18.  Surface velocity field at day 60, when bottom friction is absent in the model.

The red scale arrow represents 0.1 ms-1.
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circulation, only in this case they work in conjunction with the currents, rather than in

opposition.

Subsurface conditions are closely correlated to the surface features, as should be

expected due to the lack of a retarding force at the bottom.  The bottom density

expression still reaches further offshore than that of the surface, giving isopycnals a tilted

appearance, but the related baroclinicity is inferior to the shear induced by the opposing

currents, and any structured formations quickly break down and are absorbed back into

the flow field.

4.7. Ideal vs. realistic forcing.

The ideal forcing that was used in the numerical experiments is a broad

simplification of the real conditions, and represents an average wintertime value.

Typically on the WFS, the cooling depends on the passing of cold fronts, and the real

ocean is in this manner forced by irregular periods of high and low surface heat fluxes.

However, as long as the intervals are not too long, the inertia of the system should

prevent any major dissimilarities between results from a model forced by constant or

pulsing cooling.  To test this, an experiment was set up where the surface heat flux varied

between 0 and –200 Wm-2 within 7-day periods, but was otherwise identical to the

primary experiment.  The resulting surface density fields are shown in figure 19.

As expected, there are no large differences between model runs with pulsing or

continuous cooling.  The instabilities, filaments and eddies develop in the same manner

and over a similar time period in both cases, with identical length scales and current

velocities.  The cooling frequency can be identified in time series of frontal width,

meaning that there are periods of higher and lower activity, but this periodicity does not

have a significant impact on the overall circulation or the end state.
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Figure 19.  Surface density fields from the model run with fluctuating cooling.  The unit

is 
kg

m
3 -1000 , and contour lines are drawn every 0.3 

kg

m 3 .  Colors represent the same

intervals in all four images.
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5.  DISCUSSION.

The experiments performed in this study have shown that processes on the WFS

during wintertime cooling can be adequately reproduced by an idealized numerical model

with no other forcing than constant and uniform surface heat loss.  The initial assumption

that observed instabilities and cold water filaments on the WFS arise mainly from cooling

effects therefore seems to be accurate.  Variation of cooling rates and bottom slope within

tolerable levels modify the results only in a temporal sense.  The chronological order of

events from small gravitational instabilities toward large scale filaments and eddies

remains unchanged.

The scaled values for front width and instability wavelength that was presented in

section 3.1 are in very good agreement with both simulations and observations, which is

encouraging for two reasons: First of all, it confirms that baroclinic instability of the

thermal wind current is responsible for the filament formation.  Secondly, because the

scales were not specifically designed for the WFS, they are likely applicable to other

continental shelves as well.  For instance, by substituting appropriate parameters such as

slope and cooling rate, equation (23) will predict the horizontal extent of a temperature

front after a certain time.

After a few days of cooling, a situation is achieved that is inherently unstable; a

horizontal density front over a sloping bottom with dense water close to the coast.  In

nature, perturbations that further destabilize conditions are ubiquitous, be it wind,

topography, river input etc.  No explicit perturbations are introduced in the numerical

experiment, yet it does not take long before the linear front breaks up into small scale

instabilities.  Most probably, this stems from truncation errors, i.e. they are created

initially by the model, which would also explain why they occur on the grid scale.  Once

the instabilities exist, however, the system irreversibly evolves toward a truly unstable

state, which is baroclinic in nature for the following reasons: isopycnals are tilted, there is

a northward phase speed within the limits set by Pedlosky’s (1987) analysis, and the

wavelength is approximately three times the radius of deformation.  According to
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Cushman-Roisin (1994), the wavelength of the fastest growing baroclinic mode in an

ideal two-layer system is 2.619RD .

Dynamics of the filaments and eddies can be explained by considering the

conservation of potential vorticity in the system.  The bottom slope causes water

columns, moving cross-shelf due to undulations in the southward current, to be stretched

and squeezed, thus relative vorticity must compensate and generate cyclonic and anti-

cyclonic circulation.  Interactions between vorticity anomalies may both accommodate

and suppress later development.  A cyclone – anti-cyclone pair may act to elongate the

filaments, thereby strengthening the cyclone to the point where it detaches from the main

flow as an eddy.  The eddy itself can retard the overall motion, by interacting with the

cyclonic tip of a filament to oppose the thermal wind current.

It was mentioned previously that heton dynamics could be responsible for the

regime shift from gravitational to baroclinic instability.  Hetons are, simply put, a

particular tilted configuration of upper and lower layer vorticity anomalies that is self

propagating and efficient at transporting heat in the ocean (Hogg & Stommel, 1985).

Dewar (2002) found that a sloping bottom suppressed heton formation, because the

topographic effect on lower layer potential vorticity prevented the formation of opposite

sign vortices.  Pringle (2001) argues that a lower layer anomaly subjected to bottom

friction will vanish after just a few days, and that heton dynamics therefore are

unimportant.  In the present study, there is a window of a few days, between days 15 and

20 in the WFS experiment, where heton dynamics can exist.  This time span coincides

with the abrupt increase of the filament wavelength, so it is plausible that hetons are

responsible for the regime shift.

Previous work by Haidvogel et al. (1991), concerning the formation of filaments

in the California coastal zone by wind forcing, has argued the importance of irregularities

in the bottom topography.  There are several differences between their study and the

present one.  Their model ocean was forced by winds, the California shelf is very narrow

compared to the WFS, and upwelling seems to be the dominant process responsible for

frontogenesis.  Nonetheless, any irregularities in the bottom topography would have the

same function in both cases, namely to provide a means by which a filament may form.

Haynes et al (1993), focusing on filament formation off the Iberian Peninsula, suggested
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that the spacing between filaments was governed by the placement of trenches, canyons

etc.  Røed & Shi (1999) have since shown that the spacing depends more on the

underlying mechanism that generates the instabilities, and that irregularities play a role

by modifying this development.  Specifically, an irregularity (such as a trench) will not

expressly generate a filament, but a filament formed by the instability mechanism will be

semi-attached to the trench.  In this study no such irregularities were introduced, but

filaments still formed, supporting the results of Røed & Shi.  It is likely that a bottom

trench or a similar feature in the model topography would somewhat alter the density and

velocity fields of the final state, but the instability wavelength and the various length

scales would remain unchanged.

There is no doubt that the absence of bottom friction significantly affects the

model simulation, and given the shallow depth close to shore, the whole water column

responds.  The formation of a northward jet is now the main cause for instabilities due to

the horizontal velocity shear through interactions with the southward thermal wind

current.  It is therefore surprising that Chapman (2003) found no large differences in

comparable models run with (Pringle, 2001) and without (Chapman & Gawarkiewicz,

1997) bottom friction.  The reason may be due to different topography; Pringle uses a

sloping bottom with a minimum depth of 10 m, while Chapman & Gawarkiewicz use a

constant depth of 50 m.  Not only will a bottom boundary layer constitute a smaller part

of the water column in the latter study, the gravitational component associated with a

sloping bottom vanishes.

Momentum transfer from atmosphere to ocean due to wind forcing is probably the

most important factor that was neglected in the experiments, but there are strong

indications that this effect is less influential than surface heat loss.  First of all, satellite

observations and numerical experiments performed by Morey et al. (2003) show that

filaments are present only during winter and are anchored in a density front.  Second, the

length scale of the instabilities is comparable to other studies of convectively formed

filaments (Pringle, 2001), and considerably shorter than wind-generated ones (McCreary,

1991).  During winter, the winds over the WFS are mostly northerly, and therefore

benefit the formation of filaments due to the offshore Ekman transport.  On the other

hand, it is during winter that the winds exhibit the most erratic behavior.  Thus, the role
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of the wind is twofold since southerly bursts will prevent the formation of horizontal

structures by inducing increased mixing, disrupting and breaking down existing small

scale features.  Still, if the instability mechanism is strong enough, which seems to be the

case based on the satellite images in figure 1, it is able to maintain the larger structures.
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6.  SUMMARY.

The generation of cold water filaments on the WFS during wintertime cooling has

been successfully reproduced by the NCOM using an ideal broad shelf topography and a

constant, uniform, negative surface heat flux as the only forcing.  Simulated density fields

closely resemble daily satellite SST images during November through January with

respect to both length and time scales.  Also, a good correspondence exists between the

idealized experiment and advanced numerical simulations of the GoM with realistic

topography and forcing.

Through scaling arguments, the dominating mechanism of filament formation was

shown to be consistent with baroclinic instability on a southward current in thermal wind

balance, which is supported by characteristically slanting isopycnals and a slow phase

shift associated with the horizontal wave motions.  The sloping bottom introduces both a

topographic beta effect and a gravitational component that cause the instabilities to

elongate offshore and veer southward, until eddies separate from the main flow field.

The system reaches a statistical equilibrium after approximately 35 days; the overall

density continues to decrease, but the cross-shelf density gradient stagnates.  At this

stage, the instability wavelength is 3 times the deformation radius.

Effects of wind forcing have not been considered experimentally in this study.

An interesting topic for future work would be to include realistic wind forcing in

experiments, together with surface cooling, to see if it is possible to get an even better

coherence between satellite observations and numerical experiments.
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