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Abstract. Near the continental shelf break in the southern Weddell Sea, Warm Deep Water and
Western Shelf Water meet. Mixing mechanisms, such as internal tides, have the potential to mix these
water masses and form Antarctic Bottom Water. A modified version of the Princeton Ocean Model
was utilized to investigate the internal tidal fields generated by the interaction of the M, barotropic
tide with topography for transects across the continental shelf and slope in the southern Weddell Sea.
Internal tides were generated over the upper continental slope as predicted by linear internal wave
theory. Although the essentially two-dimensional domain resulted in differences between the model
elevations and the observations exceeding the observational uncertainties, the cross-slope velocities
agreed well with differences less than the uncertainties for 78% of the existing observations.

1. Introduction

The Weddell Sea is the major single source of Antarctic Bottom Water (AABW), providing most of the deep
and bottom water for the Southern Ocean [Weppernig et al., 1996]. Weddell Sea Deep Water (WSDW), a
subclass of AABW [Carmack, 1977], is formed through several different combinations of water masses
[Gordon, 1998]. The two most commonly occurring combinations mix Warm Deep Water (WDW) with either
Western Shelf Water (WSW) or Ice Shelf Water (ISW) [Gordon, 1998]. Modified versions of these two mixing
schemes also incorporate Winter
Water (WW) and/or Modified Warm Deep Water (MWDW) [Foldvik et al., 1985; Foster and Carmack, 1976;
Gordon, 1998]. The potential for AABW formation increases at locations where these water masses lie in close
proximity, for example, the upper continental slope in the southern Weddell Sea (Figure 1a). Figure la shows
typical locations of these water masses in a transect across the continental slope in the southern Weddell Sea
taken from observations. Because of the potential for AABW formation, processes that cause mixing of WDW
with either WSW or ISW are of significant interest to large-scale modeling efforts.

Tides are recognized as a significant factor in ocean mixing [see Munk and Wunsch, 1998]. They have been
observed to increase mixing in regions as diverse as the Indonesian seas [Ffield and Gordon, 1996; Hatayama et
al., 1996], the deep ocean [Polzin et al., 1997], and the Arctic Ocean [Padman et al., 1992; Polyakov, 1995].
Ocean mixing is affected by tides through several mechanisms. Interactions between the barotropic tide and
topography, such as ridges or the continental slope, generate baroclinic tides, internal waves, and continental
shelf waves. Munk and Wunsch [1998] postulate that ~200-600 GW (1 GW = 10° W) or 22-67% of the 900 GW
of worldwide barotropic tidal energy loss occurs over deep sea ridges. A larger amount of energy is likewise lost
over continental boundaries. Baroclinic tides set up the conditions for shear or advective instabilities, which can
increase mixing between the WDW and the surface waters and contribute to the heat transfer through the upper
ocean [Robertson, 1999].

Do internal tides occur in the Weddell Sea? If so, are they energetic enough to significantly influence other
oceanic processes such as AABW formation, upper ocean heat fluxes to the sea ice, or upper ocean tidal
currents? A few observations indicate the presence of internal tides. Their locations are shown by stars in Figure
2a. Analyses of mooring data from the southern shelf and slope by Middleton and Foster [1977] showed that
semidiurnal tidal currents in a benthic layer extending to 100 m above the seabed were strongly depth-dependent.
They described these tides as “baroclinic”; however, in a later paper [Foldvik et al., 1990] they noted that the
vertical structure was consistent with the ocean’s barotropic response when tidal constituents were close to their
critical latitude, i.e., the latitude at which the tidal frequency equals the Coriolis frequency f. There are two
issues here that are relevant to later discussions. First, throughout most of the Weddell Sea, f is close to the
frequency of the dominant semidiurnal M, tidal constituent, and thus short data records cannot distinguish
between near-inertial motion and tidal motion. Thus the tidal observations, particularly those with short records,
may include inertial oscillations in their estimates for the tidal signal. Second, vertical structure of tidal currents
can exist under certain circumstances because of frictional considerations, even without any density stratification



[Sverdrup, 1927; Lamb, 1945; Furevik and Foldvik, 1996]. Regardless of whether friction or internal tides or
some combination of both are responsible for the vertical structure of the velocity fields, vertical shear in the
water column can lead to mixing. Therefore, for this investigation, tidal mixing will include both mixing due to
internal tides and due to increased benthic boundary effects resulting from the tidal velocities.

Other observations of semidiurnal-band ocean variability in the Weddell Sea have been reported by Foldvik et
al. [1990], Foster [1994], Robertson et al. [1995], and Levine et al. [1997]. Foster [1994] saw large vertical
displacements of the pycnocline in 1 day of conductivity-temperature-depth (CTD) data in the northwestern
Weddell Sea, while Robertson et al. [1995] found strong semidiurnal-band velocity shear across the pycnocline
in the eastern Weddell Sea near Maud Rise. Levine et al. [1997] found an increase in internal wave energy levels
in shallower water further up the continental slope, which they attributed to internal wave activity. Recently
recovered current meter moorings from the northern Filchner Trough [Woodgate et al., 1998] show similar
semidiurnal-band velocity structure to that described as due to frictional effects by Foldvik et al. [1990];
however, their sites are in a location where no M, internal wave generation is expected according to linear
internal wave theory (see section 3.1).

The available database (stars in Figure 2a and stars and triangles in Figure 2b) is clearly inadequate for
evaluating the overall relevance of baroclinic tides to Weddell Sea oceanography. Robertson et al. [1998]
(hereinafter referred to as RPE) developed a high-resolution, depth-integrated ocean tidal model to improve our
understanding of the distribution of barotropic tidal kinetic energy in the Weddell Sea. Using these tidal velocity
fields, a parameterization of the energy flux going from the barotropic to the baroclinic tide suggested that
baroclinic tides may be strong enough to play a role in water mass modification near the shelf break (Figure 3a).

Motivated by these previous studies, the primary goal of this study was to improve the understanding of
internal tide generation and propagation beyond the simple parameterization of baroclinic tides described by
RPE. The area of focus is the southern shelf and slope of the Weddell Sea since this is the region in which tidal
kinetic energy is known to be strong and simple models suggest that the baroclinic tide should be significant
(Figure 3a). For this investigation a numerical model (a modified version of the Princeton Ocean Model) was
used in an attempt to simulate internal tide generation for conditions that are typical of the southern Weddell Sea
shelf and slope.

The numerical model is described in section 2. The Princeton Ocean Model (POM) and other models have
been successfully used to determine the internal tidal fields in midlatitude regions such as the Hudson-Raritan
Basin [Oey, 1985a; 1985b], the Hebrides Sea [Xing and Davies, 1996], Monterey Bay [Petruncio, 1996], the
Australian Northwest Shelf [Holloway, 1996], and Georges Bank [Chen and Beardsley, 1998]. Theoretical
considerations for different wave types, including internal waves, and their generation and propagation are
discussed in section 3. Section 4 evaluates the model results, including comparisons with existing observations.
A summary is provided in section 5. In the companion paper [Robertson, this issue] the sensitivity of the tidal
dynamics to the effects of the critical latitude and stratification are investigated.

2. Modeling Approach

2.1. Model Description

A modified version of POM was utilized to simulate the generation and propagation of internal tides for two-
dimensional cross sections over the continental shelf and slope. POM has been previously applied for this
purpose in midlatitude regions by Holloway [1996] and Chen and Beardsley [1998]. Only the major points and
the modifications of POM will be covered here; a full description of POM is given by Mellor [1993]. The two
major modifications to POM were an adjustment of the density determination and the inclusion of an ice shelf
(for a full description, see Robertson et al. [2001]).

POM is a three-dimensional, nonlinear, primitive equation model developed by Blumberg and Mellor [1987].
The model has a free surface and makes both the Bousinessq and hydrostatic approximations. It uses the Mellor-
Yamada level 2.5 turbulence closure scheme for vertical mixing of momentum, heat, and salt. The Smagorinsky
diffusivity scheme was used to determine the horizontal momentum viscosity and horizontal temperature and
salinity diffusivity coefficients. In this scheme, diffusivity is dependent on grid size and horizontal velocity
shear as well as an adjustable constant. This constant was set to 0.2 as suggested by the model developers,
although smaller values have been used [Oey, 1985a]. Typical values for the horizontal viscosity ranged from 0
to 12 m?s™. Normalized density o’ (dimensionless) is determined from the potential temperature #and salinity S
fields using the United Nations Educational, Scientific, and Cultural Organization (UNESCO) equation of state
and normalized by a mean density p, (kg m®) [Mellor, 1993]. In this modification of POM, density was not
adjusted for pressure in order to avoid an error, which results near the critical latitude [Robertson et al., 2001].
POM was also modified to accommodate the existence of an ice shelf as a frictional stress surface by adding a



surface stress term. This surface stress term reflects the friction against the ice shelf and is handled in a similar
manner as the bottom frictional stress. The ice shelf was assumed to float. Melting of the ice shelf was not
included since even high melt values of ~7 m yr* [Makinson and Nicholls, 1999] result in a melt of < 1 m over
the duration of a run. This change is negligible with the topography of the model, especially when considering its
accuracy [Padman et al., 1999]. Density changes due to melting were ignored. The hydrography in this
application did not include ISW and was not realistic under the ice shelf. Consequently, the flow under the ice
shelf was not expected to be realistic and was not evaluated in the results section. Sea ice was not included in the
model. A quadratic stress formulation was used for both the sea bed and the ice shelf with the drag coefficient
Cp = 0.0025. Because of the existence of an ice shelf over part of the domain, boundary layers were used at both
the surface and bottom. The leapfrog scheme is used for time stepping. The model utilizes the "barotropic-
baroclinic mode" splitting technique to reduce the time step required for stability. A “barotropic” time step of 2 s
was used, which was within the stability requirement of the Courant-Friedrichs-Lewy condition for the grid size
and domain bathymetry [Haltiner and Williams, 1980, p. 119]. A “baroclinic” time step of 72 s was used. The
simulations were run for 46 days, which was sufficient for the domain-integrated energy in the baroclinic mode
of the model to stabilize, ~40 days.

2.2. Model Domain, Grid, Bathymetry, and Initial Hydrography

Two transects across the continental shelf-slope break were selected as the model domains. The transect
locations are shown as dashed lines in Figure 2b and represent different slope steepnesses, transect B being
steeper than transect A. They were also selected to be aligned with the direction of tidal propagation at the
continental shelf-slope break and to pass in the vicinity of existing tidal observations (triangles and stars in
Figure 2b). Because of the curving coastline of this region, however, the direction of tidal propagation varies
over the transects and only is aligned with the transects at the continental shelf-slope break. The transects are
also roughly perpendicular to the continental shelf-slope break.

The model uses an Arakawa C grid in the horizontal dimensions. Although the model was operated in a three-
dimensional mode, this was essentially a two-dimensional application, using the cross-slope y and vertical z
directions. The grid was composed of five cells in the along-slope direction x and 600 in the cross-slope
direction y. The horizontal grid spacing was 2 km in both the along-slope and cross-slope directions. The model
utilizes a sigma coordinate system with o scaled to the sum of the water column thickness H(y) and the surface
elevation n(y,t). This quantity is also defined as the effective water depth D(y,t) (D(y,t) = H(y) + n(y,t)). Under
the ice shelf the coordinate system is offset from the surface by the ice shelf thickness in order to account for the
pressure head associated with the ice shelf. Sixty-six sigma levels were used, of which 60 were spaced evenly
through the water column between the numerical boundary layers, which consisted of three sigma layers each.
These three sigma layers occupy the equivalent of one of the midwater column sigma layers, and their
thicknesses decreased as 0.5, 0.25, and 0.25 of one of the midwater column layer heights, respectively, with the
smaller sigma layers near the surface and the bottom.

Modified ETOPO5 bathymetry was used for the model depth [Natonal Geophysical Data Center, 1992], with
the modifications described by RPE. Estimates of the bathymetry under the Filchner-Ronne Ice Shelf and ice
shelf thickness came from the map of Vaughan et al. [1994]. The topography was modified to have open
boundaries at both ends by limiting the ice shelf depth to 340 m for transect A and the bottom to 550 m for
transect B. Since the real three-dimensional flow is not blocked by Berkner Island but flows under the ice
shelves at the southern end, an open boundary is required in the two-dimensional application to simulate
equivalent topographic conditions, i.e., an open basin. With a wall at the southern boundary this two-
dimensional application would be that of a closed basin, and a standing wave would be set up by the wave
reflecting from the southern end.

Austral winter conditions were used for the initial potential temperature 8and salinity S fields. As seen in the
observed summer @ field near the transect (Figure 1a), a shelf break front exists. In order to simulate the shelf
break front, different hydrographic profiles were used over the deep basin and the continental shelf, with a
transition zone occurring over the upper continental slope. The deep water hydrography was primarily taken
from the observations of Ice Station Weddell [Huber et al., 1994] and verified against the observations of Foster
and Carmack [1976]. Over the shelf, profiles were estimated from the observations of Gammelsrad et al.
[1994], Foster et al. [1987], and Foster and Carmack [1976]. The observed fields were smoothed below the
permanent pycnocline to remove apparent instabilities. The resulting deep water profiles of & S, potential
density gy and the Brunt-Vaisala frequency N are shown as solid lines in Figures 4a-4d, respectively, and the
corresponding shelf profiles are shown as shaded lines. The Brunt-Vaisala frequency N (s*) was determined
from the stratification according to
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where p, is the nonnormalized in situ density (kg m®). The mean density o, was 1027.8 kg m?, and the
gravitational acceleration g was 9.8 m s . Despite the smoothing of the @and S fields, some irregularities are
present in N below 3000 m (Figure 4d).

The resulting initial and S fields are shown in Figures 1b and 1c, respectively. The model hydrography was
both simplified and smoothed compared to the observed hydrography (8 shown in Figure 1a) but reproduced the
major features. Unfortunately, much of the observational data did not extend to the bottom, and the water depth
in Figure 1a represents the extent of the observations. The upper 100 m of the observations disagree with the
model fields since the model represents winter conditions and most of the observations were collected in
summer. Smoothing and the use of only two profiles to characterize the deep and shallow water columns
resulted in other differences between the model and observational fields, which included a surface layer, no
downwelling of the water masses from ~1000 to 1100 m along the transect, slightly shallower WSDW than in the
observations, and absence of WSBW in the observations because of their shallower depth. Despite these
differences the idealized model hydrography faithfully represented the major features such as the water masses
and the shelf break front. The same hydrography was used for both transects.

2.3. Boundary Conditions and Forcing

Since land was not included in the model domain, four open boundaries were present. The cross-slope
running open boundaries, had periodic boundary conditions for all variables, i.e., the variables are identical on
these boundaries. In this application this condition along with the geometry of the domain resulted in all
variables being constant in the along-slope direction (d/dx = 0). At both the deep basin and continental shelf
open boundaries, tidal forcing was implemented by setting the elevations 77 using coefficients taken from a
barotropic model of the Weddell Sea (RPE). Only the most energetic constituent, M,, was used for tidal forcing.
The tidal forcing was modified by a ramp over the first day to reduce the high-frequency noise generated by an
initial impulse [Holloway, 1996].

After consideration of several alternative open boundary conditions [Palma and Matano, 1998], the Lewis et
al. [1994] partially clamped radiative boundary condition was chosen for the depth-independent cross-slope
velocity V, and an advective scheme was chosen for depth-independent along-slope velocities U, on the shelf
(southern) and deep basin (northern) boundaries [Petruncio, 1996]. The boundary conditions for V, were tuned
as suggested by Lewis et al. [1994] in order to achieve elevation amplitudes comparable to the specified
elevation. Martinsen and Engedahl's [1987] flow relaxation scheme was used over five cells for the depth-
dependent horizontal velocities, U and V, at both the shelf and deep basin boundaries. A detailed description of
Martinsen and Engedahl's boundary scheme is given by Holloway [1996]. The boundary conditions for the
vertical velocity W were no flow through the surface and bottom sigma layers and zero at the open continental
shelf and deep basin boundaries. The open continental shelf and deep basin boundary conditions for 8and S also
used Martinsen and Engedahl's [1987] flow relaxation scheme.

3. Theoretical Considerations

3.1. Wave Types and Wave Generation

In the Southern Ocean the M, tide consists primarily of a barotropic Kelvin wave propagating westward
around Antarctica. Even without stratification, interaction of the tide with topography may cause the excitation
of inertial oscillations, gyroscopic waves, and/or barotropic Poincaré waves [LeBlond and Mysak, 1978;
Huthnance, 1981; Middleton and Denniss, 1993; LeTareau and Maze, 1996]. Where stratification exists,
variations in topography may convert some of the barotropic Kelvin wave energy to baroclinic Kelvin waves
[Baines, 1986], baroclinic Poincaré waves, or higher-frequency internal gravity waves [Gill, 1982, p. 142].
Higher-frequency internal waves may also be generated through nonlinear interactions and result in energy being
transferred to harmonics of the original frequency.

Generation of internal waves is primarily dependent on the steepness of the topography, the strength of the
barotropic current, and the stratification. Baines [1986] developed a parameter for determining the necessary
conditions for internal wave generation. This parameter yis the ratio of the bottom slope, dH/dYy, to the slope of
the internal wave characteristica, i.e.,



) @

where

_f2)?
a:[(’\‘l’z_:‘;] . 3)

Here wis the wave frequency (s™) and /is the Coriolis parameter (s™), determined from f = 2 Q sin s, where Q
is the Earth's angular rotation (7.292 x 10®° s™) and  is the latitude. For internal tides, cwis the tidal frequency
(1.40518 x 10™* s for M,). The value of N near the seabed is used for this calculation.

When y=1.0, the slope is critical, and resonant phenomena cause the generation of internal waves to be the
greatest. Internal waves generated on a critical slope propagate along the slope since their ray paths follow the
slope. Where yis < 1.0, the slope is called subcritical, and fewer internal waves are generated. Waves which are
formed may propagate either onshore or offshore. Where yis > 1.0, the slope is supercritical, and internal waves
may be generated but only propagate offshore [Sherwin, 1991]. Note thatas w — /, a - 0; consequently, even
for weakly stratified conditions (small N), gentle bottom slopes can lead to a critical or supercritical values for y
Since internal wave generation occurs not only exactly at = 1 but also in a band around this value, a range
between 0.5 and 2.0 was defined as the range of critical ), with values below this range being subcritical and
values above being supercritical.

The value of y for the M, frequency was estimated for the southern Weddell Sea (Figure 3b). For this
calculation a generalized N was used that was dependent on the water depth, with N equal to 2.0 cph for depths <
500 m, varying linearly from 2.0 to 0.2 cph for depths between 500 and 1000 m, and equal to 0.2 cph for depths
below 1000 m. This estimate predicts that internal tides can be generated in localized areas along the continental
shelf break with water depths of ~500 to 800 m and that a critical slope region exists within transect A and a
supercritical region exists within transect B.

The value of y(M,) was also determined for transect A using N at the bottom as determined from the model’s
initial hydrography. The value of y(M,) (solid line in Figure 5a) is critical over the upper continental slope from
roughly 525 to 600 km distance from the transect origin (See Figure 5c for the topography). The generally
subcritical values of yare due to the weak stratification.

The latitude where the tidal frequency w equals the inertial frequency /s referred to as the critical latitude
Werie. The Wi for M, is at 74°28.5'S, which is near the continental shelf break, 522 km from the origin of the
transects (Figures 2b and 5b). Since at Y, /= -w (Southern Hemisphere), a becomes zero, and y goes to
infinity. Obviously, the linear theory used to determine yfails at this point, and y(M,) is not shown poleward of
Weri in Figure 5a.

If the domain is shifted northward 10° so that (. is no longer in the domain, y never reaches the critical
level (dashed line in Figure 5a). With the steeper topography of transect B (Figure 5f), y(M,) is critical over a
narrow region of the continental slope (Figure 5d).

3.2. Wave Propagation

While the regions for wave generation may be highly localized, the resultant waves may be observed over a
broader area, dependent on their propagation characteristics. Wave propagation is characterized by the
dispersion relation and the horizontal group speed c,. These relations are shown in Table 1 for Kelvin waves,
Poincaré waves, gyroscopic waves, and internal waves, where k, 1, and m are the along-slope, cross-slope, and
vertical wave numbers (m™), respectively. Most of the tidal energy in the Weddell Sea propagates as a
barotropic Kelvin wave, independently of changes in latitude, with c, dependent only on the water column
thickness (Table 1). However, in some areas tidal energy propagates as Poincaré waves and is dependent on
latitude W through f. Since |w| > | f | for M, Poincaré waves, they do not develop poleward of Y. Furthermore,
Weir acts as a turning latitude, Ym, for poleward propagating Poincaré waves and prevents them from
propagating farther poleward. Middleton and Denniss [1993] note the turning latitude y,, does not always
coincide with Qg; however, using their evaluation for the transect resulted in Qym = Werie (~ 5 km south). It
should be noted that owing to the long barotropic wavelengths (Table 1), Y. does not act as a complete wall, but
some energy to propagates through. This also holds for reflection from the slope since the wavelengths are long



in comparison to the shelf width (~150 km). The propagation of gyroscopic waves is latitude-dependent through
f, and they do not develop equatorward of ;. Their internal wave dispersion relation and group speed are also
dependent on latitude (Table 1).

To investigate the propagation rate of internal waves, the cross-slope component of the internal horizontal
group speed ¢, was determined using
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[Gill, 1982, pp. 261]. This formulation is equivalent to that in Table 1 when the Wentzel-Kramer-Brillouin
(WKB) approximation (N(z) varies slowly) is used and
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For the purpose of calculating typical values the internal waves were assumed to be of mode one (i.e., m=mH™),
where H is the water column thickness. The estimated values of ¢, for both transects A and B are low, roughly 1-
6 cm s, for the M, internal tides over the upper continental slope and decrease to zero at Yy, as seen by the
solid lines in Figures 5b and 5e, respectively. Owing to low ¢ values resulting from weak stratification and the
proximity to Y, propagation of internal tides away from the generation site is extremely slow. When the
domain is moved north 10° so that Y is no longer in the domain, c, increased (dashed line in Figure 5b).

Another way to examine internal waves is through internal wave ray theory, which says locally generated
internal tidal energy should propagate along internal wave ray paths. Characteristic ray paths for the M, internal
tides for the latitude, stratification, and topography of the model domain are shown in Figure 6a. The weak
stratification results in steep ray paths. Internal wave rays are absent poleward of the critical latitude. Over the
upper slope where vy is critical, the angle of the internal wave rays is nearly parallel to the bottom slope. Figure
6b shows the corresponding ray paths for the stratification and domain if the latitude was shifted 10° to the north,
S0 Ygir Was not in the domain. Internal wave rays exist throughout the domain but are not parallel to the bottom
slope since y (M,) is subcritical. Any internal tides, which are generated, will propagate away from the
generation site faster since values of ¢, for this scenario are larger (dashed line in Figure 5b) than those at the
original latitude.

The foregoing discussion has been based on linear theory, and there is a question of how well this theory
approximates reality. Eriksen [1998] investigated internal wave reflection and mixing at Fieberling Guyot and
found that the linear theory for generation and reflection of internal waves off a sloping bottom predicted the
enhanced peak at the frequency of the critical slope quite well. However, he noted that the linear wave theory
failed to predict either the amplitude of the peak or the off-slope decay scale. Linear wave theory neglects
advection, frictional stress, and other nonlinear effects that POM includes. Consequently, differences are
expected between POM results and linear theory predictions.

3.3. Boundary Layer Effects

Frictional stress induces boundary layers both at the seabed and at the surface under the ice shelf. Both the
boundary layers and the vertical structure of the horizontal velocities can be affected by proximity to the critical
latitude. To evaluate this effect, it is useful to decompose the tidal velocity into two rotary components,
clockwise and counterclockwise. These components respond differently to proximity to Y. The amplitude of
the positive rotary current (counterclockwise) should be depth-dependent, and the amplitude of the negative
rotary current (clockwise) should be depth-independent in the Southern Hemisphere [Prinsenberg and Bennett,
1989; Foldvik et al., 1990]. Furevik and Foldvik [1996] used a formulation for the boundary layer thickness
scale for the two rotary components (A, and A, respectively). The boundary layer thickness is defined as the
distance that the velocity magnitude is reduced by e, and the scales can be approximated by

Km po= KM (6)
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where Ky, is a constant vertical eddy viscosity (m” s™). Over the upper continental slope at the latitude for the
model domain, this theory predicts a A, of 17 m at 70°S and 55 m at 74°S using Ky = 0.001 m* s, At Y, 0= -
f (Southern Hemisphere), these equations reduce to
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that is the boundary layer for the positive rotary current becomes infinite. Again, the theory breaks down at ;
nevertheless, good agreement was found between theory and observations in both the Arctic [Furevik and
Foldvik, 1996] and Weddell Sea [Foldvik et al., 1990]. Thus observations support use of the theory except at
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4. Results

4.1. Model Result Considerations

4.1.1. Model outputs. The model output includes cross-slope transects of elevation n7 and the depth-

independent horizontal velocities (U, and V,) from the “barotropic mode” and two-dimensional fields of the
depth-dependent velocities (U, V, and W), potential temperature & and salinity S in the cross-slope (y) and
vertical (z) directions from the “baroclinic mode”. The vertical velocity W was transformed from sigma
coordinates into standard orthogonal coordinates. Hourly fields from the last 2 days for 77, Us, Va, U, V, and W
were analyzed using Foreman's [1977, 1978] tidal analysis routines to obtain the tidal elevation and phases,
major axes of the tidal ellipses for both the depth-independent and depth-dependent velocities, and the tidal
vertical velocity amplitudes for the M, constituent. Additionally, the baroclinic velocities, Ug and Vg, were
defined as the difference between the depth-dependent velocity and the depth-independent velocity, Ug= U — U,
and Vg =V -V, for the along-slope and cross-slope directions, respectively.
4.1.2. Sigma coordinate effects. One drawback of working in sigma coordinates is that false depth-dependent
velocities can be generated by the model due to the choice of coordinate system in areas of rapidly changing
water depth [Blumberg and Mellor, 1987; Mellor, 1993]. To determine the magnitude of this false velocity, the
model was run without any forcing. Horizontal density gradients induce geostrophic velocities. In order to
evaluate the false velocities generated by the topography alone the deep water @and S profiles (no shelf break
front) were used over the entire domain. The maximum false velocities generated were ~0.03 cm s™ in the cross-
slope direction and ~0.004 cm s™ in the vertical direction with the largest cross-slope velocities located under the
ice shelf and the largest vertical velocities over the continental slope. Over most of the domain these cross-slope
velocities were an order of magnitude smaller. With the standard stratification scheme a shelf break front exists
in @and S between the continental shelf and deep basin. In the idealized hydrography used here the changes in 8
and S generally compensate for each other with the result that the horizontal potential density gradient across the
front is negligible, although a slight gradient exists near the bottom over the upper continental slope. The false
velocities resulting from combination of topography and the standard hydrography (shelf break front) were
~0.04 and ~0.005 cm s™ in the cross-slope and vertical directions, respectively. Therefore the false cross-slope
velocities associated with the along-slope geostrophic velocities generated by the stratification were roughly
equivalent to the false velocities generated by the topography in the sigma coordinate system. These velocity
errors are acceptable for our investigation.

4.2. Model Results

Simulations run for transect A showed the amplitudes of the elevation to be constant over nearly the entire
transect (Figure 7a), whereas the major axes of the depth-independent velocities vary over the transect increasing
with decreasing water column thickness over the continental slope and shelf (Figure 7b). Significant vertical
variation occurs in the horizontal depth-dependent velocities for this simulation and is apparent both in the
profiles of the cross-slope depth-dependent velocities (Figure 8) at a time near the peak onshore flow and in the
major axes of the tidal ellipses for the depth-dependent velocities (Figure 9). Most of the variation occurs in the
critical y region where internal tides are predicted by linear internal wave theory. In this scenario, much of the
critical y region also coincides with the location of the front. The convergence and divergence of the cross-slope
velocity profiles near the surface (Figure 8) indicates equatorward propagation of internal tides. Although, the
profiles are just a snapshot in time and cannot verify that these motions are internal tides, the major axes for the
tidal ellipses confirm that the amplitude of the tidal oscillations is depth-dependent (Figure 9).



4.3. Comparison with Observations

Tidal observations in this region consist of four observations of tidal elevations (stars in Figure 2b) and 19
current meter records measured at nine different moorings (triangles in Figure 2b). Because of the paucity of
observations for this region, all nearby tidal observations have been included. The locations of the elevation
observations are listed in Table 2, and those of the velocity observations with their depths are listed in Table 3. A
fuller discussion of the observations and their uncertainties is given by RPE.

The model results from the simulation with the critical latitude in the domain and with idealized stratification
were compared with existing observational data in the region. The elevations predicted by POM disagree
slightly with the observations (Table 2) but agree within 0.01 m with the elevation amplitude at the open
boundaries. The disagreement between POM and the observations can be attributed to the neglect of the along-
slope direction in this application and is discussed more fully in section 4.4.

The major axes predicted by POM for the depth-dependent velocities agree within the uncertainty of the
observations for fifteen of the nineteen observations (Table 3). It should be noted that the Woodgate et al. [1998]
observations were not compared at the distance along the transect corresponding to their latitude but instead to a
location along the transect with a similar depth. As a result, these observations, which were made at a location
poleward of Y., were compared to model results from a location equatorward of Y;; where the dynamics differ.
The depths for these observations at the corresponding latitude are shown in Table 3, with the depth for the
altered location used for the comparison in parentheses. Three of the four velocities which do not agree were
within the benthic boundary layer. The mismatch for these points may be due to differences in water depth
between the model and observations. At two of the mismatch locations the model and observations have
different locations with respect to Y, and the mismatch could be due to differences in the boundary layer
thickness. As discussed in section 3.3, the boundary layer thickness is affected by the Y. The fourth mismatch
is an overprediction in the midwater column.

From their observations, Middleton and Foster [1977] estimated the M, tide to be 50% “baroclinic” over the
upper continental slope in this region. These observations consisted of a pair of instruments at each of two
locations (74°26°S and 74°24°S). Both locations had one instrument that was clearly in the benthic boundary
layer, either 15 or 25 m from the bottom, and another instrument either 60 or 100 m from the bottom. POM
predicts a reduction of velocity of ~67% at the 74°26° location and 84% at the other (74°24’), which is closer to
the bottom and farther into the benthic boundary layer (Table 3).

4.4. Limitations of the Two-Dimensional Approach

In the Weddell Sea the tides are considered as Kelvin waves propagating along the Antarctic coast [e.g.,
MacAyeal, 1984] and are believed to generally propagate along the slope. Owing to the geometry of the southern
Weddell Sea, however, the Kelvin wave splits with a portion of its energy propagating westward along the
continental slope and another portion propagating southward across the continental slope following the coast
(RPE). A similar situation occurs in the Ross Sea [MacAyeal, 1984]. The model domain lies in the region where
the coast-following Kelvin wave propagates across the continental slope. However, the two-dimensional transect
approach is unable to simulate a Kelvin wave propagating along the coast for this region because a wall does not
exist along the eastern boundary of the model domain setting up the elevation gradient and the accompanying
pressure gradient necessary for a Kelvin wave. Likewise, the lack of a southern barrier precludes the existence
of an along-slope propagating Kelvin wave. The boundary conditions and forcing result in a Poincaré wave at
the M, frequency propagating along-slope instead. The existence of this Poincaré wave propagating through the
domain is supported both by the relative size of the Coriolis force in the terms of the momentum equation and by
the ratio of the tidal ellipse axes agreeing with the ratio predicted by linear theory (not shown). Theoretically,
Poincaré waves cannot propagate past Y. Therefore, when the critical latitude is in the domain, any north-
south portion of the forcing wave is blocked and turned around. As a result, the elevation phase will not increase
as it would for a cross-slope propagating wave, and both it and the amplitude remain nearly constant over the
domain. Shallow water, flat bottom simulations without i in the domain and with a large phase difference
corresponding to the smaller phase speed for shallow water showed the elevation phase to vary as it would for a
propagating wave. An equivalent simulation with . in the domain showed the elevation phase to be relatively
constant but with a maximum at Y, reflecting the blockage of a portion of the Poincaré wave. It should be
noted that owing to the long wavelength, not all of the wave energy will be blocked.

5. Summary

A modified version of the Princeton Ocean Model (POM) was used to investigate the generation of internal
tides at the M, frequency over the outer continental shelf and slope in the southern Weddell Sea. The model was



run as a two-dimensional transect, assuming that bathymetry and tidal forcing were constant in the along-slope
direction. Elevations from a barotropic regional model for the northern and southern boundaries were used for
boundary conditions.

Linear theory predicts that 10° equatorward of the M, critical latitude (Y(M,) = 74°28.5"), stratification is
too weak to support significant generation of internal tides. Near Ygi(M,), however, the slope of the internal
tidal wave characteristics become flat, and internal tide generation can occur. This latitude is close to the shelf
break in the southern Weddell Sea, in a region where much of the interaction occurs between shelf resident water
types and the intermediate water types of the deep basin. Thus any mixing associated with the internal tides along
the southern shelf would contribute to the water mass mixing that ultimately generates WSDW, which then
contributes to the global production of AABW.

The model results agreed well with existing observations. The two-dimensional applications resulted in
differences for the elevation amplitudes. However, the amplitudes for the major axes of the tidal ellipses agreed
within observational uncertainties for 15 of 19 observation sites, 78%. Most of the sites with disagreements
between the model and observational velocities were attributed to differences in location between the locations of
the model transect and the observations.
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Figure 1. (a) The observed potential temperature € along the transect estimated using a Gaussian weighted
average and the initial (b) potential temperature &and (c) salinity S conditions used for the simulations. The ice
shelf is indicated by shading and the bottom is indicated by black. Several water masses have been identified in
Figures 1a and 1b. These include Western Shelf Water (WSW), Modified Warm Deep Water (MWDW), Warm
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Figure 2. (a) The water column thickness for the Weddell Sea, contoured at 200, 500 (thick line), 1000 (dashed
line), and 3000 m. The Filchner-Ronne Ice Shelf area is indicated by hatching. Stars indicate the location of
observations of internal tides. (b) The water column thickness for the boxed region in Figure 2a with identical
contouring intervals. The location of the transects used for the model domain are shown as dashed lines. The
location of observations of tidal elevations are indicated by stars, those of tidal currents are indicated by
triangles, and those of the Ropex profiles are indicated by crosses. The location of the M, critical latitude is
indicated by Y on the right axis.
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Figure 3. (a) The energy loss from the barotropic tide to the baroclinic tide as determined by Robertson et al.
[1998] following the method of Sjéberg and Stigebrandt [1992]. (b) The internal wave generation criteria
parameter y(M,) for the Weddell Sea. The locations of the transects are shown as dashed lines. The subcritical,
critical, and supercritical regimes of y(M,) are indicated. Water column thickness is contoured at 200, 500 (thick
line), 1000, and 3000 m in both Figures 3a and 3b. In Figure 3b, the area poleward of the critical latitude where
the linear theory is no longer applicable is indicated by hatching. Here y(M,) is defined as zero for flat slopes.
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Figure 5. (a) The internal wave generation criterion parameter y(M,), (b) the internal wave horizontal group
speed c,, and (c) the water depth D and ice shelf thickness for transect A with the hypothetical winter
stratification. In Figures 5a and 5b the values when transect A is in the actual location are indicated by black
lines and by dashed lines when the transect A is shifted 10° north so the critical latitude is not present in the
domain. The critical, subcritical, and supercritical ranges are denoted in Figure 5a. The location of the M,
critical latitude is denoted with a dashed line and ;. (d-f) The corresponding fields for a transect B with the
same stratification as in Figures 5a-5c.
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Figure 8. (a) Elevation along the transect from a simulation with stratification for transect A (at t = 45.625 days).
(b) Cross-slope velocity profiles over the continental slope from the same simulation. The locations of . and
the front and critical y ranges are indicated in Figure 8b. Dashed lines representing zero velocity are included for
each profile.
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