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ABSTRACT

The spring transition from the wintertime horizontal thermal stratification to the
summertime vertically stratified state on a wide, sloping mid-latitude continental shelf is
investigated. The Sigma Z-Level Model (SZM), a new three-dimensional primitive
equation numerical ocean model employing a hybrid sigma coordinate and z-level
coordinate in the vertical, simulates the continental shelf region. A simple analytical
model to describe the heating rate of a well-mixed water column is introduced and
applied to the problem to illustrate the importance of bottom slope in determining the
evolution of the horizontal thermal stratification. The applicability of this simple model
to continental shelf dynamics forced by realistic surface fluxes is verified by running a
“pseudo” two-dimensional (x-z) form of the SZM with daily heat and wind stress records
from the West Florida shelf. A term-by-term evaluation of the depth-averaged time-
integrated temperature equation quantifies the significance of the physical processes that
can alter the horizontal temperature gradient. The simple model used to describe the
heating rate of a homogeneous water column appears as the dominant balance in the
integrated temperature equation, and agrees to the SZM model results from the
simulation with realistic forcing to within 31% error over the shelf. Horizontal and
vertical advection during periods of downwelling result in faster heating over the inner
shelf than predicted by the simple model. It is shown that two processes describe the
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spring transition. The first is the erosion of the wintertime horizontal thermal gradient
and occurs on a time scale of about two to three months, dependent upon the heat input,
when the water column is being heated and mixed periodically. The second process is
the formation of the seasonal thermocline following the last strong mixing event. This
occurs on a time scale of less than a week under a stabilizing heat flux and light winds

completing the spring transition from horizontal to vertical thermal stratification.



1. INTRODUCTION

In temperate latitudes, wide continental shelf waters exhibit seasonal variability of
thermal stratification. In the winter, the water is well mixed vertically and is stratified
horizontally. The temperature gradient is consistently directed in the offshore direction.
That is, the water is colder near the coast and warmer offshore. Horizontal salinity
gradients are also directed offshore due to freshwater runoff near the coast. The
temperature and salinity gradients have compensatory effects on the horizontal density
stratification such that the horizontal density gradient can be directed in either the
onshore or offshore direction. In the summer, the horizontal thermal stratification is
relaxed and a thermocline develops resulting in vertically stratified water. A
consequence of the formation of the seasonal thermocline is a pycnocline due to the
dominating effect of the vertical temperature gradient on the density field. The salinity
field is in some instances consistent with vertical stratification, but at some locations is
characterized by year-round offshore gradients due to the local freshwater input.

The pycnocline formation is important from a dynamical perspective. During the
winter when the shelf waters are homogeneous with depth, the oceanic response to low
frequency forcing over the shelf is dominated by the barotropic mode. More specifically,

the barotropic mode dominates when the condition N2 f2 a? << 1 is satisfied, where N is

the shelf-average Brunt-Viisild frequency, fis the Coriolis parameter, and « is the
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average shelf bottom slope [Clarke and Brink, 1985]. When a pronounced pycnocline
develops, the shelf waters behave much like a two-layer system allowing for a first
baroclinic mode response [Millot, 1990]. Additional impacts of this stabilization of the
water column can include the enhancement of primary productivity and the onset of a
spring bloom {Mann and Lazier, 1991}, and the formation of acoustical “shadow zones”
[Caruthers, 1977].

The Middle Atlantic Bight has a shelf width of about 100 km. The existence of
two distinct regimes of stratification, the horizontally stratified wintertime regime and the
vertically stratified summertime regime, has been observed on this shelf [e.g., Bigelow,
1933; Bigelow and Sears, 1935; Beardsley et al., 1985; Burrage and Garvine, 1988;
Houghton et al., 1988; Chapman and Gawarkiewicz, 1993]. The wintertime stratification
is horizontal in salinity and temperature with an offshore density gradient, while the
summertime stratification is horizontal in salinity and vertical in temperature with a
vertical density gradient (Figure 1). That is, the salinity stratification does not show
strong seasonal variability and the temperature stratification is largely responsible for the
presence of a pycnocline. Hydrographic data from the West Florida shelf suggest similar
seasonal stratification states [Niiler, 1976; Clarke, 1994]. Winter and summer
temperature profiles show that the shelf water is strongly destratified in the winter with a
horizontal temperature gradient directed in the offshore direction, and strongly stratified
vertically in the summer (Figure 2).

Other examples of continental shelves on which similar seasonal variations of
stratification have been observed include the Gulf of Lions in the western Mediterranean
[Millot, 1990], the Sicilian Continental Shelf [Artale et al., 1988], Jervis Bay along the
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Figure 1. Schematic of typical winter and summer hydrography in the Middle Atlantic
Bight, showing temperature, salinity and density fields [Chapman and
Gawarkiewicz, 1993].
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Figure 2. Typical winter and late spring temperature profiles over the West Florida
Shelf.
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Figure 3. Temperature-salinity diagram showing typical properties of Middle Atlantic
Bight water at the surface on either side of the shelf break front for winter
(circles) and summer (squares). Curved lines are density contours in sigma-t
units. (After Chapman and Gawarkiewicz [1993]).



eastern Australian coast [Symonds and Gardiner-Garden, 1994], and the South Brazil
Bight [Stech and Lorenzzetti, 1992]. As a counterexample, the Oregon continental shelf
exhibits a spring transition from a vertically stratified winter regime to a horizontally
stratified summer regime. This is because the stratification on this very narrow shelf (the
200 m isobath is found only about 25 km offshore) is largely a result of summertime
coastal upwelling and wintertime coastal downwelling (Gilbert et al., 1976].

Chapman and Gawarkiewicz [1993] demonstrated that the change from horizontal
density stratification in the winter to the summertime vertical stratification could be a
result only of uniform surface heating. If a uniform surface density flux resulting from
solar heating were applied to a horizontally stratified ocean, then the horizontal density
gradients would remain. The authors proposed, however, that a surface heat flux could
reduce the horizontal density gradients across the shelf-break front if the nonlinearity of
the equation of state was considered (Figure 3). A one-dimensional diffusion model
initialized with temperature and salinity fields containing only horizontal gradients was
forced with a uniform constant heating at the surface. The model was run with constant
and depth-dependent vertical mixing and no other processes were allowed for in the
model. After 180 days, vertical density gradients were evident, and the remaining
horizontal density gradients were much weaker when density was calculated from a
nonlinear equation of state over a linear equation of state.

The classic argument to describe the spring transition from the wintertime
horizontal stratification to the summertime vertical stratification has been that the
relaxation of the winds during the spring combined with the increased solar heating
allows a thermocline, and thus a pycnocline, to form. Though the formation of a seasonal
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thermocline is a fairly well understood process, it is not obvious that this can reduce a
horizontal temperature gradient. Chapman and Gawarkiewicz [1993] have reasoned that
the nonlinearity of the equation of state can account for the elimination of horizontal
stratification by spatially uniform heating, but their argument is only valid for certain
salinity and temperature ranges. Consider the higher wintertime temperatures that exist
over the West Florida Shelf water, for example. Typical winter water temperatures range
from 18°C onshore to over 22°C offshore (Figure 2). The simple demonstration for the
Middle Atlantic Bight (Figure 3) no longer works because for reasonable salinity values,
the equation of state becomes nearly linear at these higher temperatures (the density
contours become nearly parallel on the T-S diagram). The angle between the @, contours
and a line connecting the onshore and offshore water parcel properties will not change
substantially if only the temperature is uniformly raised, indicating that there would be no
change in the horizontal density gradient. Thus, some other process or processes are
responsible for altering the density gradients.

The salinity characteristics of continental shelves are largely a product of local
freshwater runoff and can vary wildly from shelf to shelf, and even from year to year, but
the distinct winter and summer regimes of temperature stratification are a defining feature
of wide mid-latitude continental shelf dynamics. Additionally, the summertime vertical
thermal stratification has a dominating effect on the density field. The formation of the
wintertime horizontal temperature gradient by convective cooling has been examined in
detail [Symonds and Gardiner-Garden, 1994; Pringle 1998], but how this gradient is

eroded and reversed is not yet fully understood. The purpose of this investigation is



therefore to determine the processes responsible for the spring transition of the thermal
stratification on a mid-latitude continental shelf.

The paucity of observations with adequate spatial resolution and temporal
sampling concurrent with the spring transition in temperature stratification on a wide
mid-latitude continental shelf makes this an ideal subject for a numerical modeling study.
The problem will be investigated using a recently developed model with a hybrid sigma
and z-level vertical coordinate. The importance of surface momentum and heat fluxes
and shelf topography on the temperature stratification is examined. It is found that a
sloping bottom is crucial to the erosion of the horizontal temperature gradient. A simple
model for the temperature change of a well-mixed water column subject to a surface heat
flux is introduced. This model is applied to the problem of relaxing a horizontal
temperature gradient by application of a spatially uniform heat flux. A term-by-term
analysis of the depth-averaged time-integrated temperature equation demonstrates the
applicability of this simple model to a realistic ocean, but shows that horizontal and

vertical advection of temperature can significantly alter the horizontal temperature

gradient during a downwelling event.



2. THE MODEL

The spring transition of thermal stratification will be investigated using the Sigma
Z-Level Model (SZM) [Martin, 1998] to simulate the continental shelf dynamics. The
modeled region will consist of a continental shelf with a shelf break leading to an open
boundary toward the deep ocean. Sigma coordinates (SC), or terrain following
coordinates, are often employed in ocean models over coastal and shelf regions. SC are

defined such that a o surface is everywhere a constant fraction of the total water depth.

That is,

(D

where z = 0 at the resting surface and is positive upward, { is the elevation of the free
surface, and H is the undisturbed depth of the water column. Thus, o varies from 0 at the
free surface to -1 at the bottom. The use of a SC system is ideal over the shelf because it
provides for increased vertical resolution in shallow water and prevents the need for
exactly matching the model topography to fixed-depth grid cells. Near steep topography
such as the shelf break, however, computing the horizontal pressure gradients in SC can
produce large errors. The pressure gradient in SC is the sum of two terms. In the x-

direction (neglecting deviations in the free surface),






