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We use a high-resolution barotropic tidal model to predict tidal elevations
and currents in the Weddell Sea. The ocean cavity under the Filchner-Ronne Ice
Shelf is included in the model domain. Tidal elevations exceed 1 m at the back of
the Filchner-Ronne and Larsen Ice Shelves. Tidal velocities are small over the
deep basins but are generally greater than 10’cover the continental shelves.
Velocities occasionally reach 1 i 1 the shallow water near the General Bel-
grano Bank and under the Ronne Ice Shelf near the ice front. Model perform-
ance was evaluated through comparisons with TOPEX/Poseidon altimetry, bot-
tom pressure gauge records, and current meter data. The largest discrepancies
between the model results and measurements occur over the continental slope
and under the ice shelves. The principal error sources are believed to be inaccu-
rate bathymetry in our model, tidal analysis limitations associated with short data
record lengths, and omission of baroclinic tides. Model results indicate that tides
play a significant role in the circulation and heat flux in the Weddell Sea. We
discuss the influence of tides on mean flow through the modified effective bot-
tom drag, and the generation of baroclinic tides and other internal gravity waves
through interactions of the tide with topography.
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1. INTRODUCTION

Recent studies have greatly improved our under-
standing of the ways in which tides can influence
lower-frequency ocean variability [e.ddatayama et
al., 1996;Ffield and Gordon 1996]. These authors
focused on the potential for added vertical mixing in
the pycnocline caused by shear instabilities initiated
by baroclinic tides and other internal gravity waves,
that can be generated when barotropic tides encounter
steep or rough topography. This mixing can modify
sea surface temperatures and salinities and, where the
spatial gradient in the pycnocline mixing rate is large,
generate geostrophically-balanced flows. Tidal cur-
rent interactions with topography can also cause
“rectified mean flows” Robinson 1981], which are
Lagrangian circulations that may be an important
component of net advective transport in some regions
[e.g.,Loder, 1980;Kowalik and Proshutinskyl 995].

Studies of tides in high-latitude seas confirm
these general influences discussed above. For exam-
ple, Polyakov[1995] used a baroclinic tidal model to
demonstrate that mixing associated with tidal cur-
rents near the basin boundaries can explain much of
the spatial structure of the salinity field in the Arctic.
Parsons [1995] found, using a three-dimensional
model that included both tides and wind forcing, that
the hydrographic field over the shallow shelf seas of
the eastern Arctic is significantly modified by the
addition of the tide. When the response of sea ice to
the underlying oceanic tidal field is also considered,
the influence of tides in the Arctic becomes even
more profound. Tidal-frequency shear and strain
fracture the sea ice, while open-water formation by
periodic ice divergence greatly increases the mean
loss of heat from the ocean to the polar atmosphere,
with a subsequent increase in upper-ocean salinity as
additional ice forms in the leadKdwalik and Pro-
shutinsky 1994].

The present study explores the possibility that, as
in the Arctic, tides in the Weddell Sea affect the
lower-frequency oceanographic variability of the
region. The Weddell Sea is an important element of
the global “conveyor belt” Broecker and Peng
1982], being responsible for much (perhaps 50%) of
the world ocean’s Antarctic Bottom Water (AABW)
production [e.g.Carmack 1977]. For at least a dec-
ade, tides have been suspected of aiding this produc-
tion, which involves the formation and mixing of
distinct water types including cold, saline Western
Shelf Water (WSW) and Warm Deep Water (WDW).
Foster et al.[1987] suggested that mixing of WSW
and WDW at the shelf/slope front is increased by

energetic baroclinic tides and internal waves on the
upper slope.Foldvik and Gammelsrgfi988] noted

that the formation of high-salinity WSW was en-
hanced by increased open water near the Ronne ice
front due, in part, to tidal divergencd.evine et al.
[1997] suggested that the properties of the dense
plume that flows off the shelves to become Weddell
Sea Deep and Bottom Water and, ultimately AABW,
will be modified by the increased benthic stirring due
to tides. Increases in mean benthic stress due to tides
might also retard the general oceanic circulation,
which in this region consists of the wind- and ther-
mohaline-forced Weddell Gyre.

Several measurements of tidal elevations and ve-
locities have been made in the Weddell Sea [e.g.,
Lutjeharms et aJ 1985;Pedley et al 1986;Foldvik
et al, 1990; Levine et al 1997], but their spatial
coverage is far from completeData are particularly
sparse over the continental shelf and slope of the
southwestern Weddell Sea, where much of the water
mass formation and mixing responsible for AABW
production is expected to occur. Numerical models
provide the most effective method for improving our
knowledge of tides in this region. The tides under the
Filchner-Ronne Ice Shelves (FRIS) have been mod-
eled bySmithson et al[1996]; however, much of the
Weddell Sea and the entire Scotia Sea were excluded
from their domain. We have, therefore, constructed a
high-resolution, non-linear, finite-difference, baro-
tropic tidal model of the Weddell and Scotia Seas.
The model is described in section 2, and available
tidal measurements are reviewed in section 3. Output
tidal fields are described in section 4. Model per-
formance is evaluated with respect to observations,
and the output from three global tidal models. The
tidal energy budget is described in section 5. In sec-
tion 6, we review two mechanisms by which tides
might modify the Weddell Sea circulation and hydro-
graphic structure: the reduction of the mean flow by
the increase in the effective bottom friction; and gen-
eration of baroclinic tides. The influence of tides on
the sea-ice cover is addressed in a separate paper
[Padman et a) 1998]. A summary, including ideas
for future work, is provided in section 7.

2. MODELING APPROACH
2.1. Model Domain, Bathymetry, and Grid
Our model domain extends from °88’S to
55°00'S, and from 80O'W to 1000'E (Figure 1).

This region includes the ocean cavity under the FRIS,
and other ice shelves. Over most of the domain, we
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Fig. 1. (a) The model domain with important topographic features noted. Ice shelves are
shaded gray and the 3000 m isobath is indicated. (b) Water column height over the
model domain, which is water column thickness under the FRIS and bathymetry
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obtained bathymetry from the ETOPO-5 database,
which provides depths on a 1f1global grid Na-
tional Geophysical Data Cented992]. However,
modifications to the model bathymetry were made in

several regions where more recent data have become

available. Bathymetry based on satellite altimetry
and aircraft gravimetric surveys, as well as depth
measurements from Ice Station WeddekBrecque
and Ghidella 1993] was used in the western Weddell
Sea in the region 7S to 65S, and 60W to 44W.
Minor additional modifications were made along the
edges of this region to smooth the transition between
the two data setsUnder the FRIS, measurements of
water column thickness were used instead of bathy-
metry Maughan et a).1994]. Bathymetry in front of
the FRIS was modified to agree wiBammelsrad et
al. [1994]. Throughout the domain, depths less than
2 m have been converted to land to avoid the occur-
rence of negative water column thickness, which can
otherwise result as tidal elevation fluctuates.

An Arakawa-C grid was used. The grid spacing
is 1/6 in longitude and 1/F2n latitude, resulting in
a 565 x 339 array. This grid size provides acceptable
computational speed, and is also comparable to the
resolution of the depth databases. We note, however,
that ETOPO-5 is a gridded data set that has been in-
terpolated from available, irregularly spaced, ship
track data. In several parts of the model domain,
especially over the southwestern shelves and under
the ice shelves, no real depth data are available [see
Padman et a] 1998]. Additionally, Smith[1993]
cautioned that the ETOPO-5 bathymetry is generally
smoother than the actual topography. He also noted
that the interpolation scheme could add unrealistic
bathymetric structure in regions without ship tracks.

2.2. Equations and Boundary Conditions

Analyses of data from moorings with current
meters at more than one depth suggest that tidal ki-
netic energy in the Weddell Sea is generally domi-
nated by the barotropic (i.e., depth-independent)
component.Middleton and Fostef1977] found that
the barotropic tide accounted for 50% and 72% of the
tidal energy in the southern Weddell Sea, for the
semidiurnal and diurnal constituents, respectively.
Data from Ice Station Weddell, in the western Wed-
dell Sea, showed that there was only a very small
velocity difference between currents at 50 m and 200
m below the drifting ice camp&évine et al. 1997],
again consistent with a predominantly barotropic tide.
For this first modeling effort, therefore, we have cho-
sen a two-dimensional, depth-integrated barotropic

model and therefore ignore variations of currents
with depth.

The model uses the mass conservation and depth-
integrated shallow water momentum equations:

X + a_U + a_v = (1)
ox dy
UoJu Vou . on
=-——-——+2Qsin6V -BgH—
U " Hoax H ay Bg ox
Advection Coriolis  Pressure
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H2 +AH Daxz ayz 0 Fu ( )
Bottom Lateral Astronomical
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wheren is the height above mean sea lelglandV
are volume transports in the east-west and north-
south directions, respectively, atd (=Ui+ Vj) is
the volume transportvector. In the open ocean,
H(x,y) represents the water depth, while under the ice
shelves it represents the water column thickness. In
the Coriolis term,Q is the angular rotation of the
earth (=7.292x10s?) and0is the latitude. The pres-
sure term includeg, the gravitational acceleration
(9.8 m &), and a simplified scalar factor to correct
for tidal loading and ocean self-attractig £ 0.9)
[Schwiderski 1980]. Bottom frictional stress is rep-
resented by a quadratic drag formulation with a drag
coefficient, Cp, of 0.003. We chose this value be-
cause it was within the range of observed values,
0.001 to 0.003 Gallagher and Munk1971], and is
similar to those used in other numerical models, [e.qg.
Ramming and Kowaliky. 17, 1980MacAyea] 1984;
Parker, 1991; Kowalik and Proshutinsky1994; Le
Provost et al. 1994]. Sensitivity tests in whic8p
was varied between 0.0025 and 0.0035 indicate only
minor variations in tidal heights and currents. Under
the ice shelvesCp was doubled to account for the
additional drag at the ice/water interfaddacAyea)
1984]. The ice shelf edge location was obtained from
the Central Intelligence Agendy972] coastline data
set Figure 1a).

A lateral viscosity coefficient,A,) of 1000 ms*
is used. This value is at the top of the range of 50-
1000 nfs* used in the Arctic bjKowalik and Pro-
shutinsky[1994], and is an order of magnitude higher
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than that used in the Ross Sea (108%nby Ma-
cAyeal[1984]. It is, however, within the range of
estimated values and provides thecessary model
stability. The forcing functions for the velocitids,

and F, are determined from the astronomical tide-
generating potentials [e.gGartwright and Tayloy
1971] and corrected for solid earth tides in the stan-
dard way.

Four tidal constituents were modeled, two
semidiurnal (M and $), and two diurnal (@ and
K,). Although the relative strengths of tidal constitu-
ents vary with location, these four constituents gener-
ally account for about 70-80% of the total tidal ele-
vation [Pond and Pickard1978, p 260]. The avail-
able tidal elevation data in our model domain support
this estimate.

For land boundaries, both the no-normal flow and
no-slip conditions are used. At open boundaries,
setting either the elevation or the normal flow leads
to a mathematically well-posed problem. We used
tide height coefficients obtained from TPXO.3, an
updated version of the global inverse solution de-
scribed in Egbert, Bennett, and Forema(EBF)
[1994] based on assimilation of approximately three
years of TOPEX/Poseidon altimetry data. This
model was chosen due to its availability and its
known good performancé&pdersen et al1995].

The model was implemented on a Thinking Ma-
chines CM-5. A 12 s time step was used to satisfy
the Courant-Friedrichs-Levy stability condition
[Haltiner and Williams,1980]. The model simula-
tions were run for 105 days. For the parameters we
used, the model stabilized after approximately 50
days. After stabilization, the model elevation results
were harmonically analyzed for 45 days, producing
fields of the amplitude and phase for each tidal con-
stituent. The velocity components were also har-
monically analyzed for 45 days to obtain estimates of
the major and minor axes, inclination, and phase for
the tidal ellipses, following the definitions &ore-
man[1978].

2.3 Sources of Error in the Model

The primary sources of error for the model are
uncertainties in boundary conditions and bathymetry,
and the use of simplified shallow water equations
(including the barotropic assumption). The boundary
condition errors are dependent on the quality of the
TPXO.3 global solution. For our model domain, the
worst performance for TPXO.2 (the global model
that preceded TPXO.3) was in Drake Passage where
root mean square (rms) differences were 3.6, 1.3, 1.3,
and 1.0 cm for the M S,, O,, and K constituents,

respectively Andersen et al.1995]. These estimates
should be viewed as upper limits, however. They
were generated when only one year of altimetry data
was available for thEBF model. Presently, tHeBF
model incorporates three years of altimetry data and
its performance has improved significantly, particu-
larly in the region of Drake Passage and the Patago-
nian Shelf.

In the shallow water equations, the physics for
both the bottom stress term and the lateral viscosity
term have been parameterized and thus are potential
sources of error. Exclusion of processes such as
baroclinicity, and stress at the interface separating the
sea ice from the ocean, are additional error sources.
We believe, however, that poor bathymetric informa-
tion is likely to be most significant single error source
for our model. The bathymetry is poorly known in
several parts of the model domain, especially over the
southwestern shelves [sBadman et a) 1998], and
under the ice shelvesPadman et al[1998] demon-
strate that changing the model bathymetry based on
observations of iceberg groundinyig¢hoff and Li
1995] can change predicted currents in some regions
of our model by as much as a factor of four.

3. VALIDATION DATA
3.1. Elevation Measurements

Two types of elevation measurements, satellite
altimetry and tide gauges, were available for com-
parison with the model. The satellite data consist of
coefficients determined by harmonic analysis of sea
surface elevation at 356 crossover points from three
years of TOPEX/Poseidon data (1993-1996). The
southern limit for these data is about®®6 Tide
gauge data consist of elevation time series at a few
coastal stations on the Antarctic continent in the
Weddell Sea $mithson 1992; Genco et a] 1994],
and several records obtained from the “open” water
[Middleton and Fosterl977;Middleton et al, 1982,
1987; Lutjieharms et a).1985; Foldvik et al, 1990]
and under the FRISThiel et al, 1960;Pratt, 1960;
Hisdal, 1965;Stephenson et al1979;Eckstaller and
Miller, 1984;Smith 1991;Doake 1992]. Thirty-one
elevation observations were found within the model
domain Figure 28). These observations are summa-
rized inTable 1, using the first author of each refer-
ence as an identifier. (For ti@&enco et al[1994] and
Pratt [1960] observations, measurements were pub-
lished only for the M constituent.) Twenty-one ob-
servations were in open water and ten records were
obtained under, or at the edge of, an ice sikéfufe
2a). Five of the ice shelf observations were dis-
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Fig. 2. (a) The location of the tide gauge observations, with the locations shown as
triangles. Circled triangles indicate instruments that were ignored. The 500, 1000, and
3000 m isobaths (or water column thickness isolines under the FRIS) are shown. (b) The
locations of the current meter observations, with the locations shown as triangles.



TABLE 1. Tide Gauge Observations for the Weddell Sea

First Author  Year Latitude Longitude Depth  Depth Record Length  rms error Category

observation model

(m) (m) (days) (cm)

Smith 1991 7944'S 6721'W N/A 194 43 >12 Ice Shelf
Eckstaller 1984 787'S 558'W N/A 371 5to 10 N/A ignored
Stephenson 1979 783'S 82 58'W N/A 10 4 N/A Ice Shelf
Pratt 1960 7758'S 37 10w N/A 481 51 N/A Open Water
Eckstaller 1979 7753'S 52 45°'W N/A 178 5to 10 N/A ignored
Thiel 1960 7742.6'S 42 8.0W 792 591 30 2,484 Ice Shelf
Eckstaller 1984 778'S 50 30'W N/A 236 5to 10 N/A ignored
Foldvik 1982a 777'S 49 3W 260 252 4.2 3,2,2,% Ice Shelf
Doake 1992 7645'S 64 30W N/A 375 9 N/A Ice Shelf
Foldvik 1985b 7426'S 39 24'W 450 466 30 1 Open Water
Middleton 1982 72423'S 37 39w 470 521 180 4 Open Water
Potter 1985 738'S 72 32'W 583 100 357 N/A ignored
Smithson 1992 7253'S 19 37°W 461 1793 316 N/A Open Water
Smithson 1992 713's 11° 45°'W 430 416 367 N/A Open Water
Lutieharms 1985 7037'S g 32’wW N/A 107 27 N/A Open Water
Hisdal 1965 7630°S 232w N/A 27 3 N/A Open Water
Smithson 1992 7026'S g 18'W 468 407 324 N/A Open Water
Lutjeharms 1985 7012.5'S 2 43.5W 307 173 20 7 Open Water
Potter 1985 6%958'S 68 51'W 512 100 16 N/A ignored
Genco 1994 6317'S 56 55'W N/A 188 N/A N/A Open Water
Smithson 1992 628'S 60 41'W 500 369 358 3 Open Water
Smithson 1992 6128'S 6T 17'W 3946 4264 320 3 Open Water
Smithson 1992 6B1'S 54 43'W 1020 1736 378 4 Open Water
Genco 1994 6043'S 44 39'W N/A 136 N/A N/A Open Water
Smithson 1992 603'S 47 5W 2010 2272 408 3 Open Water
Smithson 1992 602'S 47 6'W 2180 2657 208 3 Open Water
Smithson 1992 5944'S 55 30.'W 3690 3565 377 8 Open Water
Smithson 1992 5642'S 52 32’W 3150 4943 349 5 Open Water
Smithson 1992 5640'S 52 29'W 2891 4218 375 5 Open Water
Smithson 1992 5632'S 67 O'W 500 1162 364 2 Open Water
Smithson 1992 5629'S 62 59'W 3925 3965 320 6 Open Water

T For these two records, rms errors are errors on individual constituent$, K, and K, respectively.

The first author and location for the tidal gauge observations. The depth of the observation and the depth used by the
model for that location are given along with the record length and rms error. N/A indicates that the quantity is
unknown. The category used for comparison against the model results is included. The designation ‘ignored’
indicates an observation was not included in the determination of the standard deviation of the differences between
model results and observations. Multiple values for the uncertainty indicated the uncertainties fofSh&ivland

K1 constituents, respectively.
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carded due either to the instrument type or inaccurate
bathymetry. These have been circletFigure 2a

Two types of instrument were used to obtain tidal
elevation under the ice shelves. Tiltmeters measure
the tilting of the ice shelf, and gravimeters, which
convert variations in gravity to tidal displacements as
described byrhiel et al.[1960]. Doake[1992] com-
pared a tiltmeter and a gravimeter located in close
proximity and observed that “the gravity amplitudes
were about 30% higher than the amplitudes from the
tilt records”. He postulated that the ice shelf tilt
measurements were erroneous due to the use of an
inadequate parameterization of the tidal flexure in
their calibration. Consequently, three tiltmeter ob-
servations [Eckstaller and Miller,1984] have been
excluded from the data comparisons with our model.
Because the ETOPO-5 bathymetry under the George
VI ice shelf is inconsistent with water depths reported
by Potter et al.[1985], two tide gauge observations
from under the George VI ice shePdtter et al,
1985; Pedley et al. 1986] were also excluded from
the comparisond={gure 2a).

Both the satellite and the tide gauge data are sub-
ject to measurement errors, which need to be consid-
ered when determining the quality of the tidal model
solution. In standard tidal analysis (see, &gre-
man[1978]), a set of sine and cosine waves with spe-
cific tidal frequencies is fit to the time series of
height (or velocity). The resultant coefficients then
describe both the amplitudes and the phases of the
best-fit tidal constituents. A time series of data re-
siduals can also be calculated, representing that part
of the signal that cannot be explained by the set of
tidal constituents that were generated by the multi-
variate fit. Data residuals include instrument errors,
as well as true oceanic signals at frequencies that
have not been included in the fitting scheme. The
latter signals include tidal energy at excluded fre-
quencies, doppler-shifted tidal energy (particularly
due to baroclinic currents), and non-tidal energy.

For the satellite data, the estimated error in the
amplitude of each tidal constituent was about 3-4 cm.
Errors for the tide gauge observations depend on the
instrument used to make the measurement. When
known, the estimated rms residual error for each
measurement is given ifiable 1 The amplitude
error for each tidal constituent in a multivariate fit is
provided by the fitting procedure, and is typically
much less than the rms residual error. When more
than one number is shown irable 1, the numbers
represent the reported errors for the %, O,, and
K, constituents, respectively. If the rms residual er-
ror was not reported, 4 cm was used for the open
water measurements and 10 cm for the ice shelf ones.

Errors are also larger when the record being analyzed
is too short to allow all the energetic tidal constitu-
ents to be resolved. At least 15 days of hourly data is
required to resolve Mfrom S, and Q from K;, and
errors in specific constituents will become much
larger as record lengths become shorter than this.
Many of the ice shelf observations suffer from short
record lengths.

3.2 Velocity Measurements

Sixty-four current meter records were found
within the model domainHjgure 2b). Observations
were not used if they were in the bottom boundary
layer, defined as within 50 m of the seabed: currents
in the boundary layer may not represent the mean
water column velocity, which is being simulated by
our barotropic model.Table 2 lists these observa-
tions using the first author of the reference as an
identifier.

Two of these measurements were made under, or
at the edge of, the Ronne Ice Shelf. Ninety-five days
of current meter measurements were obtained by de-
ploying a current meter through the ice shelf (K.
Nicholls, personal communication1996), and
Nygaard[1995] collected over a year of current me-
ter measurements at a site at the ice shelf edge. Two
current meter observations made under the George VI
ice shelf Potter et al, 1985; Pedley et al. 1986]
have been excluded in the comparisons because we
do not have any reliable bathymetric data in the re-
gion surrounding these measurement sites.

Of the sixty open-water locations, thirty observa-
tions were provided bifahrbach et al[1992, 1994],
who moored current meters at various locations be-
tween the tip of the Antarctic Peninsula and Kapp
Norvegia. Most of these moorings provided more
than one year of continuous data. At some sites, cur-
rents were measured at more than one depth. In these
cases we excluded data from within 200 m of the
ocean surface. The remaining mid-water column
measurements at one site usually agreed with each
other within the measurement uncertainty, consistent
with our barotropic assumption. For those cases
where the observations disagreed, the measurement
with the longer time series was used. For two sites,
we averaged the mid-water column current meters.
One of theFahrbach et al.sites was excluded from
the model evaluation because of a large discrepancy
between the reported water depth at the measurement
location, 415 m, and the model bathymetry, ~1800 m.
The velocity is known to be strongly dependent upon
bathymetry, therefore comparing modeled and meas-
ured currents at this location seemed inappropriate.



First Author Year Latitude Longitude Depth for Depth for Depth Record Length Category

observation model of instrument (Days)

(m) (m) (m)

Nicholls - 78 52.0S  7£20.3W 485 525 N/A 95 Ice Shelf
Nygaard 1995 7629'S 53 0W 431 414 411 435 Ice Shelf
Middletont 1982 74 40'S 33 56'W 475 437 375 410 C. Shelf
Middletont 1982 7426'S 39 24'W 475 466 375 630 C. Shelf
Middletont 1982 74 24'S 39 6'W 465 448 400 510 C. Shelf
Foldvik 1990 7423'S 37 39'W 475 521 450 31 C. Shelf
Foldvik 1990 748'S 39 19'W 650 655 627 460 C. Slope
Middletont 1982 746'S 39 22'W 720 763 620 600 C. Slope
Middletont 1982 7343'S 38 36'W 1915 1852 1815 420 C. Slope
Fahrbach 1994 7P3R7.6'S 26 7'W 3360 1658 3197 250 Deep
Fahrbach 1992 752.8S 1937.5W 415 1793 280 310 ignored
Potter 1985 7%9'S 72 49'W 720 100 249 25 ignored
Fahrbach 1992 7P17.7’S 12 11.9W 682 352 255 330 C. Slope
Fahrbach 1994 715.8S 2047.1'W 4440 4289 4277 370 Deep
Fahrbach 1992 713.3s 1P 44.1'wW 380 416 260 300 C. Shelf
Fahrbach 1994 713.0S 1P 46.0W 467 416 462 300 C. Shelf
Fahrbach 1994 7PR.7’S 1P 454w 425 416 325 30 C. Shelf
Fahrbach 1994 7P12.4Ss 1P 44.6'W 676 416 293 360 C. Slope
Fahrbach 1994 7P69.2’S 1249.4'W 2364 481 706 430 C. Slope
Fahrbach 1994 7P66.4'S 1257.7’W 1522 1029 320 420 C. Slope
Fahrbach 1994 7P®4.7S 1257.8W 1555 1029 760 380 C. Slope
Fahrbach 1994 7P042.6'S 1221.5W 2123 1760 978 310 C. Slope
Fahrbach 1994 7®@9.7’S 138.9W 2450 2726 340 400 C. Slope
Fahrbach 1994 7P®@9.5S 137.0W 2364 2726 856 430 C. Slope
Fahrbach 1992 7m®@6.0S 8 18.0W 408 407 330 310 C. Shelf
Fahrbach 1994 7®2.8S 1332.5W 2950 3988 940 400 C. Slope
Fahrbach 1994 7019.1'S 1339.6'W 4330 4392 1130 320 Deep
Potter 1985 6%8'S 6851'W 512 100 N/A N/A ignored
Fahrbach 1994 698B9.6'S 1542.9W 4728 A777 988 430 Deep
Levine 1997 6824.9S 5210.3W N/A 3217 200 15 Deep
Levine 1997 69819.0S 5337.8W 2700 2890 200 15 C. Slope
Levine 1997 696.8'S 5546.1'W N/A 1535 50 15 C. Slope
Fahrbach 1994 6849.7’S 17 54.5W 4740 4759 4240 700 Deep
Levine 1997 6827.7S 538.9W 2900 2584 200 19 C. Slope
Levine 1997 6750.2’S 5318.4'W 2900 2591 200 15 C. Slope
Levine 1997 6740.1'S 5443.0W N/A 2180 200 15 C. Slope
Levine 1997 6737.7S 5%18.8W N/A 1693 50 15 C. Slope
Fahrbach 1994 6B.6'S 2452.1'W 4840 4747 4340 400 Deep
Levine 1997 6659.4'S 5311.4'W 2900 2816 200 15 C. Slope
Bersch 1992 6659.2'S 4 59.4E 4158 4054 959 180 Deep
Levine 1997 6648.7’S 5426.9W N/A 2238 200 15 C. Slope
Levine 1997 6648.5S 551.0W N/A 1721 50 15 C. Slope
Fahrbach 1994 6837.4S 277.1W 4830 4788 293 430 Deep
Middleton 1977 6626.3'S 432 6'W 3540 4510 349 Deep
Fahrbach 1994 6616.6'S 30 17.8W 4750 4788 2840 370 Deep
Bersch 1992 663.2'S (G 47.1'W 4100 4594 1180 110 Deep
Fahrbach 1994 6%8.2’S 3320.3W 4800 4896 4300 390 Deep
Barber 1995 6%55.2’'S 3%549.4'W 4770 4696 4270 270 Deep
Fahrbach 1994 6539.9'S 3742.5W 4730 4650 4455 400 Deep
Fahrbach 1994 6338.1'S 36 30.2’W 4710 4701 2534 410/700 Deep
Bersch 1992 6%458.6'S 20.2’W 4331 5012 901 180 Deep
Fahrbach 1994 648.9S 42 29.3W 4650 4635 1000 400 Deep
Fahrbach 1994 64£5.1'S 4551.0W 4390 4434 220 430 Deep
Bersch 1992 6%424.5S (0 22.2E 5019 3624 1120 180 Deep
Bersch 1992 641.2'S 1 20.8'E 3721 2844 1043 180 Deep



Fahrbach 1994 6%7.0S 499.2’W 3480 3279 2970 420 Deep
First Author Year Latitude Longitude Depth for Depth for Depth Record Length Category
observation model of instrument (Days)
(m) (m) (m)
Barber 1995 6356.6'S 40 54.0W 4575 4554 4075 350 Deep
Fahrbach 1994 63%5.1'S 50 54.3'W 2460 2286 2410 430 C. Slope
Barber 1995 6331.0S 4245.9W 4580 4299 4030 350 Deep
Fahrbach 1994 639.6'S 526.3W 940 733 260 240 C. Slope
Barber 1995 6310.7’S 42 46.0W 3855 3660 3355 350 Deep
Barber 1995 624.5S 40 35.7’W 3375 3352 3365 340 Deep
Barber 1995 6011.3'S 388.6'W 2969 3133 2959 290 C. Slope
Barber 1995 5%8.8S 3757.6W 2870 2930 2070 160 C. Slope

T Foldvik et al.[1990] is a more useful reference for these observations.

The first author and location for the velocity observations. The depth of the observation and the depth used by the
model for that location are given along with the record length. C. = continental; other terms are as defined in Table 1.
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Ten observations were provided hgvine et al.
[1997], who analyzed current meters located at 50 m
and 200 m below the various camps of Ice Station
Weddell. Since the camps were moving, the current
meter data were broken into 15-day segments for
analysis. The average location for the camp during
each time segment was used for the observation lo-
cation. Eight observations were collected as part of a
Weddell Sea tidal studjFoldvik and Kvinge 1974;
Middleton and Fosterl1977;Foldvik et al.,1982a,b,
1985a,b;Middleton et al., 1982, 1987Foldvik et al.,
1990]. All but one of these observations were made
in the southwestern Weddell Sea near the shelf/slope
break, and record lengths were typically from one to
two years. A mid-basin observation described in
these studies was excluded because the current meter
was within 30 m of the bottonMiddleton and Fos-

ter, 1977]. Barber and Crang[1995] made seven
observations near the tip of the Antarctic Peninsula.
Finally, five observations with lengths of about a
half-year were collected tgersch et al[1992] near
Maud Rise. Foremarnis [1978] analysis software was
used to determine the tidal constituents for these ob-
servations.

As with the elevation data, estimates of velocity
errors are needed before measurements can be used
to evaluate model performance. Typical rms residual
errors for thelLevine et al.[1997] andBersch et al.
[1992] records were about 2-3 cn, swith the ex-
ception of the two northernmost Ice Station Weddell
camp locations, which had values of about 6 ¢m s
We attribute these higher residual errors to greater
motion of the camp during this time period. For lo-
cations for which error estimates were not available,
we used an rms residual error of 2 ¢y which is
consistent with the measurement error for Aanderaa
current metersAanderaa Instrumentsl979]. Rec-
ord length is also a significant factor in the accuracy
of the tidal constituents: errors increase with shorter
record length, and are particularly severe for records
of less than 30 days. As described in section 3.1, the
error on individual constituent velocities will be less
than the rms residual error. For comparison pur-
poses, the uncertainty in each constituent was there-
fore taken to be 1 cm™swhich represents a rela-
tively small percentage error for regions of strong
tidal flows in our model.

4. MODEL RESULTS
4.1 Tidal Elevations

The largest tidal elevations are due to the
semidiurnal constituents. The,Monstituent has a

tidal amplitude greater than 1.5 m at the southwestern
end of the Ronne Ice ShelPlate 19, and greater
than 1.0 m under the Larsen Ice Shelf. For tiere

are two amphidromic points, one in the northeastern
Weddell Sea and one near the edge of the Ronne Ice
Shelf. Phase generally propagates from east to west
along the Antarctic continent, and clockwise under
the FRIS. The Sconstituent RPlate 1b is structur-

ally similar to M, although it's amplitude is smaller
and there is an additional amphidromic point near the
tip of South America.

The tidal amplitude for the diurnal constituent,
K,, generally increases towards the Antarctic conti-
nent, except for an area along the outer southern shelf
including the General Belgrano Bariigte 19. The
structure of the © constituent Plate 1d is very
similar to K. No amphidromic points occur within
our model domain for the diurnal constituents, and
the phase propagates roughly from east to west, ex-
cept for a region of complex structure along the
southern slope, which can be ascribed to the presence
of diurnal shelf waves along the southern shelf and
slope. These shelf modes will be considered in more
detail in a future study.

4.2.Tidal Velocities

The lengthsof the major axes for the modeled
current ellipsesWy,) for the My and Q components
are shown irPlate 2 The value ofU,(M,) exceeds
5 cm §' over most of the shelf and upper slope. Val-
ues greater than 30 cm are found under the leading
edge of the Ronne Ice Shelf west of Berkner Island,
on the Patagonian Shelf, under the Brunt and Riiser-
Larsen Ice Shelf (near 20 on the Antarctic coast),
and in Bransfield Strait. Other regions of strong M
currents are: the General Belgrano Bank; a region
from 15W to 25W along the Antarctic coast; and
much of the western Weddell Sea shelf adjacent to,
and under, the Larsen Ice Shelf.

For the diurnal constituentd)y,(O,) is largest
over the General Belgrano Bank, exceeding 75tm s
in this region. Other regions of strong diurnal cur-
rents include: the entire outer shelf in the southern
Weddell Sea; the front of the Ronne Ice Shelf; and
near the northern tip of the Antarctic Peninsula, in-
cluding Bransfield Strait and the South Orkney Pla-
teau. Diurnal tides are expected to exist in these re-
gions as topographically-trapped shelf modes, and
thus tend to be strongest over the upper continental
slope where the bottom slope is steep and the water
depth is relatively shallowLpder, 1980; Middleton
et al, 1987;Padman et a) 1992]. Because of the
sensitivity of diurnal currents to topography, rela-
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Plate 1. The elevation amplitude and phase for the gaYty S, (c) Ky, and (d) Q
constituents, with the amplitude given by the color scale and the phase by the contour
lines. The contour interval is 22./ phase.
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constituents, with the amplitude given by the color scale and the phase by the contour
lines. The contour interval is 22.& phase.
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constituents. Isobaths (or water column thickness isolines under the FRIS) for 500, 1000,
and 3000 m are shown. Note that the color ranges are not evenly spaced.
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tively small errors in bathymetry can radically alter
the modeled currents. We have made several model
runs with varying bathymetry to investigate this sen-
sitivity, and some comparisons will be presented by
Padman et al[1998]. One sensitivity run involved
modifications of the southern shelf/slope between
50°W and 66W, in a region with very little available
bathymetric data. It is possible, with model bathy-
metry that is not inconsistent with available depth
data, to reducéJ,,(O,) over the General Belgrano
Bank to less than 20 cnit si.e., less than 25% of the
value shown inPlate 2h At present we favor the
lower value 0fUn,(Oy) for this region, based on ob-
served tidal-frequency ice motiolPdgdman et al.,
1998]. However, the results shown here are appro-
priate for the bathymetry given by GEBCO chart 5.18
with the revisions we have made based.aBrecque
and Ghidella[1993].

The relationship between tidal currents and
bathymetry can be seen in transect&Jgf(M,) and
Uma(O1) (Figure 3) along the lines A-A’, B-B’, and
C-C’ (Figure 1b). As we noted above, the strongest
M, currents tend to occur in shallow water, e.g., at
the front of the Ronne Ice Shelf (®%7in Figure 3b)
and over the broad southern shelf (south of°S74
Figure 3c¢). Diurnal currents are usually strong at the
upper continental slope and at other rapid changes in
bathymetry. One exception is over the narrow shelf
near Kapp NorvegiaFgure 3a): this is typical of
most of the Antarctic coastline east of aboutvan
our model Plate 2.

A useful measure of a typical tidal current mag-
nitude is given by

4

Wy = Z (#+19), )

where u; and v; are the amplitudes of the east and
north components of velocity for tidal constitueint *
Values ofuy, are usually small over the deep basin
but increase to over 5 cm' siear the shelf break
(Plate 3. Currents greater than 10 cm are com-
mon over the continental shelves and are significantly
larger than the mean boundary currents of 4-6 tm s
[Fahrbach et al 1994] associated with the Weddell
Gyre. The largest tidal currents occur in regions
where the bathymetry changes rapidly. Maximum
values ofu,, are greater than 1 rifand occur
near General Belgrano Bank, where diurnal constitu-
ents dominate the total tidal sign@ldte 2b and
Figure 3b). Velocities greater than 75 cnt siso
occur under the Ronne Ice Shelf near the ice front,
where semidiurnal constituents dominakate 2a
andFigure 3b).

4.3. Comparisons Between Model Results and

Measurements

4.3.1. Elevations For comparison purposes, the
model domain was broken into two categories: open
water; and under the ice shelf or at its editgble 1).

All of the satellite altimetry data lie in the open wa-
ter. Twenty-one non-satellite tidal elevation meas-
urements are in the open water category and five in
the ice shelf category. For each measurement loca-
tion and for each tidal constituent, we first calculate
the difference &) between the model-predicted ele-
vation amplitude &) and the amplitude based on
data @4;), where subscripti* identifies a specific
tidal constituent. Then, for each ocean category with
M comparison sites, we determine the standard de-
viation of . A similar calculation is made for phase.
These values are given Table 3 The equivalent
rms percentage errors, for amplitudes, were deter-
mined from M'Z[(1005/a4)°]}* where the rms
error is used foray;if a4; is less than the rms error.

Model results agree quite well with the satellite
data. The standard deviation of the differences be-
tween the model results and measurements, for all
four constituents, were 3 cm or less in amplitude and
9 to 32 in phase. Good agreement was found for tide
gauge data in the open water. The standard deviation
of the amplitude errors was 5 cm or less, and 8
phase. The percentage error for these standard de-
viations ranged from 8 to 19%, which is lower than
the percentages for the satellite data, 16 to 47%.
Since the percentages are based on the magnitude of
the elevation, and the elevations are typically larger
in the shallower water where the tidal gauges are
usually located, equivalent absolute differences for
the standard deviation result in smaller percentages.
Under the ice shelves, the agreement between model
results and measurements was poorer, with standard
deviation errors of 8-14 cm for amplitude and 12-70
for phase. The largest phase errors under the ice
shelves were associated with the diurnal constituents.
Due to the higher mean amplitudes, the percentages
of error for these standard deviations were still rea-
sonably low, less than 25% except for S

Comparisons of model elevation coefficients and
measurements are shownHigures 4a-dfor the M,

S, O, and K constituents, respectively. As we

noted above, there are a variety of reasons for mis-
matches between the model output and data. The two
error sources that are believed to be most important
are model response to errors in bathymetry and con-
stituent errors in the data due to short analysis record
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Plate 3. (a) The combined typical current speég:((eq. 3)) for the four principal tidal
constituents for the entire model domain. The 500, 1000, and 3000 m isobaths (or water
column thickness isolines under the FRIS) are shown. (b) As for (a), but for only the
central southern shelf region. The 200 m water column thickness line has been added.
Note that the color ranges are not evenly spaced.
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lengths as identified oRigure 4. Points where the
model amplitude estimates differ by more than 25%
from data are examined in Appendix A. The phases
agree well for most measurement locations and con-
stituents Figures 4e-1).

4.3.2 Velocities The model velocities were com-
pared with the sixty velocity measurements described
in Section 3.2. Except for the major axis, the tidal
ellipse descriptors are very unstable when velocities
are low. We therefore compared only the modeled
and measured major axes of the tidal ellipses, and
ignored the other three descriptors, the minor axis,
inclination, and phase. Model velocities at each lo-
cation were adjusted by the ratio of the model water
depth to the reported depth for the measurement site;
i.e., we actually compared the depth-integrated baro-
tropic transports. The domain was broken into three
water depth categories, the continental shelf, the con-
tinental slope, and deep water, and a fourth category
for the area under the ice shelf or at its edipble
2). Eight data points are located on the continental
shelf, which was defined as having a depth of less
than 500 m and not being under an ice shelf.
Twenty-five data points are located on the continental
slope, with depths ranging from 500 to 3000 m.
Twenty-five data points are located in deep water,
with depths greater than 3000 m. Two points are in
the ice shelf category.

The standard deviation of the differences between
the major axis from the model and that of the meas-
urement Table 4) was calculated in the same manner
as for the elevations (section 4.3.1, above). In deep
water, velocities were small and the standard devia-
tions of the differences were less than or equal to 1.5
cm s'. For the continental slope, the standard devia-
tions of the differences were larger 1.2-4.8 ¢ s
(57-131%). On the continental shelf, standard devia-
tions were as large as 1.9 cm' $55%) for
semidiurnal constituents, and 6.8 crh (266%) for
the diurnal constituents. The large errors for the di-
urnal constituents are probably associated with the
presence of topographically trapped, diurnal shelf
waves Middleton et al, 1987]. These waves are
sensitive to both the along-slope and cross-slope to-
pography. Our model predicts amplification for the
O, constituent that was not observedNbigldleton et
al. [1987]. For the ice shelf regions, the standard
deviations of the model misfits reached 3.5 &n s

The correlations between the model and measured
velocities are shown for the four constituents-ig-
ures 4i-l. The convention is the same as used for the
elevation comparisons. The primary error sources
are again inaccurate model bathymetry and meas-
urement errors, particularly due to short record

lengths. Baroclinicity is an additional error source
for the velocities. The largest discrepancies between
the model velocities and the measurements are dis-
cussed in Appendix B.

4.4 Comparison of Model Results with Three
Global Models

We evaluate the effect of increased resolution,
improved bathymetric data, and the explicit inclusion
in our model of the ocean cavity under the FRIS, by
comparing the results of our model with three global
tidal models: TPXO.3EBF|, FES95.2 [[e Provost et
al., 1994], and AG954ndersen1995]. These com-
parisons were only made for the open water regions.
The standard deviations of the elevation differences
were calculated for this model, following the proce-
dure described in section 4.3.1. Since the model do-
mains cover slightly different areas, some of the tidal
gauge locations are not included in all domains. The
number of locations used for each of the calculations
is given inTable 3. Our model reproduced measured
tidal elevations slightly better thanPXO.3 and
FES95.2 in the open water for the semidiurnal con-
stituents. The AG95 model has lower standard de-
viations for the differences, but higher percentage
errors. As its does not include some areas where sev-
eral of the shallower tide gauges were located, the
AG95 standard deviations are biased toward the
smaller elevations of deeper water, resulting in
smaller values with higher corresponding percent-
ages. Thus, the smaller standard deviations of the
differences for AG95, which does not include our
entire model domain, do not necessarily indicate im-
proved performance.

Velocities were not available for the FES95.2 and
AG95 models. Therefore, only the TPX0O.3 model
was used for a velocity comparison. Although the
elevations were similar, thePXO.3 model does not
generate the high velocities seen in our model. This
was particularly evident in the shallower water in the
southern portion of the domain and at the continental
shelf/slope break. The velocities at the southern
slope/shelf break, where short-wavelength, topo-
graphically trapped shelf waves occur, were under-
predicted by ~10 cm”sby EBF for K,, compared to
our overprediction of ~5 cm’s The higher currents
in our model can be attributed to improved bathyme-
try and higher grid resolution.



TABLE 4. Standard deviations of the differences between the
model velocity major axes and the observations for the four
categories shown, with the corresponding percentages.

Category M S O K1

Continental 1.9 0.8 6.8 5.2
Shelf (55 %) (21 %) (266 %) (84 %)

Continental 2.0 1.2 4.8 2.7
Slope (83 %) (57 %) (131%) (57 %)

Deep 0.7 0.5 1.5 0.9
(43%) (35%) (95%) (26 %)

Ice Shelf 1.4 2.8 2.7 3.5
(44%) (97 %) (32%) (45 %)
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5. TIDAL ENERGY BALANCE
5.1. Tidal Energy Flux

For any region of the model domain, the tidal
energy balance can be written as:

I( Endl>+Aﬂ <F(x, ;)I]J) dx dy- AH < i x » dx dy 0
(4)

where E, is the energy flux normal to the closed
boundary (), F(x,y) represents local astronomical
forcing corrected for solid earth tideB(x,y) repre-
sents the sum of local dissipation terms, and angle
brackets represent time averaging. The dissipation
term includes bottom friction and lateral friction,
which are both parameterized in our model. Recall
that the friction between the glacial ice shelves and
the ocean has been represented by douldingn
these regions. Other dissipative terms that we have
not modeled include stress at the interface between
sea ice and the ocean, “topographic drag” (i.e., en-
ergy input into baroclinic motion such as internal
tides), and ice shelf flexure.

The first term in (4) is the energy flux divergence,
which balances any energy productidf- (U] and
dissipation D) within the area enclosed hy For
each constituent, the components of energy flux at
any point in the model domain, averaged over a com-
plete tidal period, are

Eu=05pgB H A, A co48,-6,). (52)
and

Ev=05pgBH A, A coge, - 6,)- (5b)

In (5), H is the water depthd,, A, andA, are the
constituent amplitudes for the east/west velocity, the
north/south velocity, and the elevation respectively,
andg, 6,, andg, are the associated phases. As in (2),
the factor3=0.9 is applied as a simple correction for
ocean loading and self-attractidbgbert 1997]. The
factor of 0.5 arises from time averaging over a com-
plete tidal cycle.

On average, the energy flux is clockwise around
the Weddell Sea for all constituents. Fos (Rlate
43), the flux is westward along the Antarctic coast,
turning southward under the FRIS, primarily through
the Filchner Depression. This energy under the FRIS
propagates clockwise and emerges at the western end
of the Ronne Ice Shelf, then flows northwards along
the eastern side of the Antarctic Peninsula, across
Drake Passage and up the east coast of South Amer-

ica. Significant energy also flows around the Patago-
nian shelf from the South Pacific into the South At-
lantic. For the @constituent Rlate 4b), the energy
flux is generally westward. Most of the energy ap-
proaching the tip of the Antarctic Peninsula from the
southeast turns around the peninsula to continue
westward along the Antarctic coast in the Belling-
shausen SedPlate 4b. There is a small clockwise
energy flux under the FRIS. At the continental shelf
break in the southern Weddell Sea, thee@ergy flux

is very complicated. Diurnal energy on the southern
shelf break has been previously characterized as be-
ing due to the large wave number mode of energetic,
diurnally-forced, barotropic shelf waveMiddieton

et al., 1987]. There is, however, a strong correlation
between the flux direction and the sequence of
troughs along the southern slope (the gap between the
peninsula and the General Belgrano Bank; the Ronne
Depression; and the Filchner Depression). Our
model appears to overpredict currents along the
southern slope (see section 4.3.2, Badman et al.
[1998]). The diurnal tidal current along the southern
slope will be considered in more detail in future
model studies, but we believe that additional bathy-
metric information will be required before models
can adequately describe ocean currents in this region.

5.2. Energy Losses Due to Bottom Stress

Tidal energy in the real ocean is dissipated by
several mechanisms, including bottom friction, lateral
friction, friction between the pack ice and the water,
topographic drag, and flexure of the ice shelves. Our
model parameterizes the first two of these sinks,
however, the others are ignored. The time-averaged
dissipation of energy per unit area by bottom friction,
[Dg(t)0) was evaluated as

(De)= P, Co <|U|3> , (6)

where u is the barotropic velocity, and the angle
brackets denote time averaging over the 45-day tidal
analysis period of the model run.

Area-averaged and area-integrated valued®gf]
for 12 subregions of our model domaiRigure 5)
are presented imable 5. The highest average value,
0.067 W i, occurs under FRIS and large values are
also found for the slope in the southern Weddell Sea
and the continental shelf subregions, except in the
eastern Weddell Sea. Through th@ dlependence in
(6), the actual distribution diDglis clearly directly
related to the spatial structure wf, (Plate 3. For
example, most of the total energy loss for the FRIS
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Fig. 5. Subregions for which area-averaged values of energy dissipation by bottom
friction have been calculated (see Table 5). The 500 and 3000 m isobaths (or water
column thickness isolines under the FRIS) are indicated.



TABLE 5. Area, integrated dissipation rate due to bottom
friction, and mean dissipation rate per unit area, for specified
sub-regions of the model domain.

Region Area [[Ds(X,Y) Mg O
(1 kn?) (GW) (10°W m?
Shelf
S. Pacific (1) 0.34 6 18
W. Weddell (2) 0.21 2 9
S. Weddell (3) 0.51 32 63
E. Weddell (4) 0.18 3 17
Slope
S. Pacific (5) 0.29 0.29 1.0
W. Weddell (6) 0.13 0.48 3.7
S. Weddell (7) 0.17 5.1 29
E. Weddell (8) 0.22 0.14 0.6
Deep
S. Pacific (9) 1.17 0.05 0.04
Weddell (10) 2.74 0.10 0.03
Scotia (11) 3.49 10 2.8
FRIS (12) 0.40 27 67
Total 9.9 86 8.7
[Baroclinic tide — 33 3.0
generation]

T The domain-averaged energy loss from the barotropic tides to
the internal waves as determined followBjgberg and
Stigebrand{1992] is also given
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(27 GW) occurs at the front of the Ronne Ice Shelf,
and most of the energy loss for the continental shelf
regions occurs in the high velocity region over the
General Belgrano Bank. The energy lost to dissipa-
tion in the deep water of the Weddell Sea (region 10)
is small, since velocities are small throughout this
region. Although the deep basins (regions 9-11)
cover most of the domain (~75%), they account for
less than 12% of the total energy loss to bottom fric-
tion. Nearly all of this dissipation occurs in the Sco-
tia Sea near the tip of the Antarctic Peninsula, and
along the Scotia Ridge.

The total tidal energy lost to bottom friction in
our 4-constituent model is about 86 GW, giving a
domain-averaged value 8Ds/0.0087 W nt. The
flux divergence across the open boundaries of our
model domain is approximately -32 GW (i.e., a net
flux into the domain) for all 4 tidal constituents com-
bined. The 54 GW difference is primarily due to
local astronomical forcing (67 GW), with a small
additional term due to lateral viscosity.

6. SOME IMPLICATIONS OF MODEL
RESULTS

In this section we discuss two ways in which tidal
currents can modify the general circulation and hy-
drography of the Weddell Sea. These are: the influ-
ence of tides on the effective friction experienced by
the mean flow; and the generation of baroclinic tides
and other internal gravity waves that can then lead to
significantly higher effective diffusivities in the pyc-
nocline. We also briefly review the implications of
our model for estimates of the energy losses to ice
shelf flexure. One of the most significant effects of
tides in ice-covered seas, the distortion of the sea-ice
cover, is discussed Badman et al[1998].

6.1 Relationship Between Tides and Mean Cur-
rents

The general circulation in the Weddell Sea is
dominated by the Weddell Gyre, which flows clock-
wise [Orsi et al, 1993]. The total volume transport
of the gyre is about 30 Sv (1 Sv21@°s?), which is
concentrated in boundary currents on the southern
and western sides of the basiRahrbach et al
1994]. A maximum mean speed of 16 cth las
been reported in the Weddell coastal current, but 6
cm s* is a more typical value for the mean velocity
over the shelf, and speeds less than 1 tmars typi-
cal for the deep basinBdhrbach et al 1994].
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Various studies have demonstrated that the tides
can have a significant effect on the mean circulation,
by generating residual currents and increasing the
effective bottom friction felt by the mean flow. Gen-
eration of residual velocities has been described by
Loder [1980], Robinson [1981], Padman et al.
[1992], andKowalik and Proshutinskf1995], among
others. While most of the processes responsible for
residual currents will not be discussed here, we note
that the necessary conditions for significant residual
currents do exist within our model domain. Here, we
only consider the role of tides in modifying the ef-
fective friction felt by the non-tidally-forced mean
flow, which is driven primarily by wind stress and
thermohaline forcing (air/sea and ice/ocean salt and
heat exchanges). The increased effective friction due
to the mean flow also affects tidal velocities. How-
ever, since tidal currents are usually much stronger
(see below), they will have a more significant effect
on the mean flow than the mean flow has upon them.

Mean currents along the southern and western
margins of the Weddell Gyre were assumed to vary
with water depth, from a maximum of 6 cm at the
500 m isobath (i.e., the continental shelf) to a mini-
mum of 0.5 cm § at the 3500 m isobath (following
Fahrbach et al[1994]). The ratio of the model typi-
cal tidal speeduy,: (3)) to the mean currefiu|l] was
then determined at each location. Tidal currents gen-
erally exceed the mean currents in the Weddell Gyre.
At the Ronne Ice Shelf edge and over the General
Belgrano Banku,/fu|Cis about 5-10; over the con-
tinental shelf and slope, the ratio is 2-5.

The effect of the additional velocity variance
from the tidal flows on the effective benthic friction
felt by the subtidal, or “mean”, currents can be esti-
mated followingNoble et al[1983]. They noted that
the bottom stress experienced by the subtidal flow
can be written as

= CD(ulul)lowpass-ﬁltered= Ceugug|. (7)

Here,u is the total near-bottom current, angds the
subtidal current. When the tidal current amplitude,
|usgel, is much larger thang, the effective drag coef-
ficient, Cg, is related to the bottom drag coefficient,
Cbo, by

cEzwc ....(8)

ud ™

If the mean bottom velocity in the absence of tides
(Uno tided is the velocity required for the bottom stress
to balance the forcing (e.g., wind stress), then the
mean velocity with tides included will be given by
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UdUno tiges = (Co/Ce)*2  That is, for our case of
|Wigel/lud=2.5, the mean flow with tides added is
about 60-70% of the current in the absence of tides.
In our ideal ocean, this is equivalent to reducing the
gyre volume transport by the same fraction.

Gordon et al [1981] estimated the mean circula-
tion for the Weddell Basin to be 76 Sv, based on in-
tegrating the Sverdrup transport without bottom fric-
tion. A reduced estimate of 46 Sv was obtained by
applying the model dBye and Veroni§l979], where
linear friction and the gyre “aspect ratio” are taken
into account. This latter estimate is 1.5 times the 30
Sv obtained byrahrbach et al [1994] from current
meter measurements. From our crude estimate and
model (wind stress balances bottom friction), the
inclusion of the tides in a circulation model would
reduce the mean transport by a factor of about 1.5,
thereby reconciling the value based Bye and
Veronis[1979] with Fahrbach’smeasurements. This
simple approach cannot provide accurate Gyre trans-
port values, but it is clear that the potential exists for
tides to significantly modify the transport, and efforts
should be made to include this influence in general
circulation models. This could be easily achieved by
using a spatially-dependent drag coefficieb(x,y)
that has been evaluated following the analysis tech-
nique described above.

6.2.Baroclinic Tide Generation
Energy dissipation in our tidal model occurs pri-

marily through bottom friction, with a smaller contri-
bution from lateral viscosity. Other dissipative terms,

this baroclinic energy can be made available to tur-
bulent mixing in the pycnocline through non-linear
processes such as wave-wave interactions. We
would expect the strongest mixing to occur near re-
gions of strongest generation. This is consistent with
observations in the eastern Arcticcéan, where
higher kinetic energy dissipation in the pycnocline
was linked to energetic tidal currents over the Yer-
mak PlateauHFadman et al.1992; Padman 1995].

A baroclinic model of the Arctic Ocean that included
simple mixing parameterizationg®glyakoy 1995]
found enhanced mixing over continental slopes, with
resultant generation of near-surface mean geostrophic
currents. SimilarlyParsons[1995] found that tem-
perature differences over topographic features were
consistent with enhanced mixing due to internal tides.
In the Weddell Sea, baroclinic tides have been ob-
served near Maud RiseR@bertson et al. 1995b;
Stanton et al.1998] and in the northwestern Weddell
Sea byFoster[1994].

We used the formulation ddjéberg and Stige-
brandt[1992] to determine the energy loss to internal
tides for our model domairFigure 6). We assumed
that the maximum buoyancy frequency was 3 cycles
per hour, and that the scaling thickne8s for the
permanent pycnocline was 50 m when the water
depth was greater than 500 m. For water depths less
than 500 m,0 was taken to be 10% of the water
depth. Calculations were performed for both the M
and S constituents, with the energy loss being
summed for the first ten baroclinic modes. Since the
diurnal constituents have frequencies that are much
less tharf, only the semidiurnal constituents can gen-

such as stress at the base of the sea ice, have not been erate freely propagating baroclinic tides. The mod-

included in our model formulation. In a stratified
ocean energy can also be lost from the barotropic tide
by the generation of baroclinic tides and other inter-
nal gravity waves. While the baroclinic kinetic en-
ergy density may be small compared with the baro-
tropic component, the velocity shear associated with
baroclinic tides can be a major source of turbulent
mixing in the Weddell Sea pycnoclinStanton et aJ.
1998].

Bell [1975] studied the generation of internal
waves when currents flow over rough topography,
and estimated an average energy loss from the baro-
tropic tide of about 0.001 W ™(see alsoPolzin et
al. [1997]). Sjoberg and Stigebrandtl992] esti-
mated fluxes from the barotropic tide into the internal
tide, using a model that calculated the baroclinic
modes that are required to satisfy boundary condi-
tions at bathymetry represented by steps. Their mean
deep-ocean value was about 0.004 \& nSome of
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eled energy loss to baroclinic tides was greater than
0.01 W n¥ for parts of the continental shelf/slope
break, the front of the Ronne Ice Shelf, and much of
the Bransfield Strait and elsewhere over the rough
bathymetry of the Scotia Ridg€&iQure 6). Energy
losses exceeding 1 Ware predicted in some small
areas in the Bransfield Strait. Strong baroclinic tides
are not predicted to be locally generated at either the
AnzFlux (Antarctic Zone Flux Experiment) &oster
[1994] locations (marked “A” and “F” ofrigure 6)
where they have been observed. They could, how-
ever, be generated over nearby bathymetric features,
such as the shelf edge and Maud Rise, then propagate
to these locations. The domain-averaged energy loss
is about 0.003 W fhfor the M, and $ constituents
combined.

It is interesting to speculate on the amount of
mixing that might be generated in the pycnocline in
response to baroclinic tide generation. Assume that,
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through internal wave propagation, all the baroclinic
energy is uniformly distributed in the model, and is
also dissipated within the model domain at the same
rate at which it is generated. If the 0.003 V¥ mean
production is balanced by uniform dissipation in a
100 m thick pycnocline Hpy=29), then the mean
dissipation rate[z(is about 3x18 W kg™. Follow-

ing Osborn[1980], we then estimate the vertical tur-
bulent eddy diffusivity fromK,=I"e /N°, where[ is

the “mixing efficiency”, taken to be 0.2. F®=3
cph, we obtairk,=2x10* n? s*. If the mean tem-
perature difference across the pycnocline i@.5
i.e., @T/0z2#0.028C m?, then the heat flux is
Fry=pc,K,[8T/02/325 W ni* (c, is the specific heat
capacity of seawater). This heat flux is the same or-
der of magnitude as the average value required to
balance the heat budget for the Weddell Feshi-
bach et al, 1994] and an order of magnitude higher
than the diapycnal heat fluxes of 3 W mstimated
from observations in the western Weddell Seab-
ertson et al. 1995a]. There are many caveats to the
above calculation, including the possibility that much
of the generated baroclinic energy is actually dissi-
pated close to the seabdeb|zin et al, 1997] rather
than in the strongly-stratified pycnocline. Neverthe-
less, we believe that generation of baroclinic tides
may play a significant role in the upward flux of
WDW heat towards the ocean surface. Furthermore,
Figure 6 identifies the regions where baroclinic tide
generation is expected to be strongest: many of these
areas are also important for larger-scale processes
occurring in the Weddell Sea. For example, genera-
tion is high along the shelf break, where mixing at the
shelf/slope front between shelf water types and
WDW can lead to bottom water formatidfrofster et

al., 1987]. Generation is large in the Bransfield Strait
and along the Scotia Ridge, where the water of the
Antarctic Circumpolar Current interacts with Wed-
dell Gyre water in the Weddell-Scotia Confluence.
Generation is also strong at the FRIS front, suggest-
ing a mechanism for mixing between the open shelf
circulation and the dynamically isolated circulation
under the ice shelvessfosfeld et al 1997]. From
their model of circulation under ice shelv@sosfeld

et al suggest that very little advective transport oc-
curs across the ice front (because of the strong cross-
frontal gradient inf/H), thus isolating the ice-shelf
circulation from the adjacent continental shelf. The
energetic tides along the ice front suggest that strong
cross-frontal mixing could occur in this region, re-
ducing the isolation of these two flow regimes.

6.3. Ice Shelf Energy Losses
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Early studies suggested that the interaction of
tides with the glacial ice shelves surrounding Antarc-
tica might be a major component of the total global
tidal power dissipation of about 2500 GWdake
1978]. The proposed dissipation mechanism, flexing
of the glacial ice by spatial gradients in tidal eleva-
tion, is not included in our model. As we have shown
above, however, our model predicts the tidal eleva-
tion field of the non-ice-shelf portion of the model
domain quite well. Tidal energy fluxes must also,
therefore, be reasonably well represented. In our
model, a total of 66 GW of tidal energy enters the ice
shelf cavity, and this is, therefore, approximately the
maximum that can be lost by all dissipative processes
under FRIS. Benthic and ice/water friction in our
model accounts for about 27 GWRay and Egbert
[1997] noted that most energy dissipated by the Ant-
arctic ice shelves must first cross°80 since very
little forcing of the dominant Mtide occurs south of
this latitude. They used two different global tidal
models to estimate an energy flior the M, con-
stituent of 1 and 42 GW northwards across tht$60
latitude line for all longitudes. In our regional model
we find a total flux of about 63 GW northward across
60°S between 84V and 16E, with a similar pattern
to Ray and Egberf1997]. Hence, neither the global
models nor our regional tidal model support the hy-
pothesis of significant (in global terms) dissipation
through ice shelf flexure.Ray and Egber{1997]
attributedDoakés overestimation to the use of a few
poor tidal observations and an incorrect model for the
tidal energy absorbed by ice shelf flexuréaughan
[1995] investigated the flexure of the ice shelves due
to tides and reached a similar conclusion. Despite
this result, the interaction of tides with ice shelves
remains a potentially significant proceddakinson
and Nicholls 1996;Smithson et gl 1996].

7. CONCLUSIONS

We have developed a high-resolution barotropic
model of tides in the Weddell Sea. The ocean cavity
under the Filchner-Ronne Ice Shelf was explicitly
included in the model domain. Four constituents
were modeled, M S,, O;, and K. Modeled tidal
elevation amplitudes ered 1 m at the back of the
FRIS and the Larsen Ice Shelf. Modeled typical tidal
speeds are greater than 0.1 fower most of the
continental shelves. The highest speeds, greater than
75 cm &, occur in the shallow water over the Gen-
eral Belgrano Bank and near the front of the Ronne
Ice Shelf. Typical tidal currents over most of the
Weddell Sea are 2-10 times greater than mean flows
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associated with wind and thermohaline forcing.
Tides therefore provide a significant fraction of the
total oceanic kinetic energy, with a commensurately
important influence on the oceanography of the re-
gion.

Most of the modeled tidal elevations agreed very
well with available measurements, which include
both tide gauges and satellite altimetry. Agreement
between model predictions of major-axis currents and
available measurements is less satisfactory, although
still reasonable given the large potential errors that
can be ascribed to inadequate bathymetric data. For
the open ocean areas, standard deviations for the dif-
ferences between modeled and measured tidal con-
stituent elevations ranged from 2-5 cm in amplitude
and up to 8in phase. Similar comparisons against
satellite altimetry data gave rms differences of 1-3
cm in amplitude. The major axis for the tidal veloc-
ity ellipses showed standard deviations of about 1 cm
s* for deep-water regions, where tidal currents are
small. Larger differences were seen for measure-
ments under and near the Filchner/Ronne Ice Shelf.
The elevation coefficients in this region had standard
deviations of 8-14 cm in amplitude and 12-70
phase when compared with tidal gauge data. For
velocities under the ice shelf, the standard deviations
of the major axis of the velocity ellipses ranged from
1.4t03.5cms

The tidal energy budget for our model is domi-
nated by an energy influx through the eastern bound-
ary, efflux through the northern and western bounda-
ries, local astronomical forcing, and dissipation by
bottom stress within the domain. The highest energy
loss to bottom stress occurs in shallow regions with
rapidly changing bathymetry, particularly under the
ice shelves and on the continental slope. Mean en-
ergy losses in these areas are 0.009-0.067 3\me
energy loss over the entire domain is 86 GW. We
used the formulation ofSjoberg and Stigebrandt
[1992] to estimate the potential in the real, stratified
ocean for an additional loss of about 0.003 Moy
generation of baroclinic tides (33 GW for the total
model domain). This term is significantly smaller
than the domain-integrated bottom frictional losses.
Nevertheless, it may represent the largest single
source of energy available to drive diapycnal mixing
within the pycnocline. Spatial variability of pycno-
cline mixing rates could lead to significant geostro-
phic velocities in some areas.

Rough estimates for the increase in mean effec-
tive bottom stress due to the addition of tides with a
quadratic bottom stress formulation4Co|uf’) sug-
gest that the mean gyre transport could be reduced by
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about 30% by incorporating tidal motion into general
circulation models.

In the future, additional tidal constituents will be
included in an effort to raise the total explained tidal
variance. A dynamic/thermodynamic coupled ice
model could be added to explore the influence of the
ocean tides on the ice cover, and vice versa. With a
realistic ice model, seasonal effects of the ice cover
on the tides can then be investigated. For a similar
model for the Arctic OcearKowalik and Proshutin-
sky [1994] found that ocean tides can have a pro-
found effect on the ice cover and the heat and salt
exchanges at the air/ice/water interface, although the
addition of sea ice to their tidal model had little influ-
ence on the ocean tides. The dissipation of energy
due to the flexure of the ice shelves could also be
parameterized in our model. While we have shown
that the ice shelves are not a major sink of global
tidal energy, there is a potential for significant modi-
fication to tidal predictions for the western Weddell
Sea, since much of the tidal energy in this region has
previously circulated under the Filchner/Ronne Ice
Shelf. Baroclinic effects could be incorporated into
the model by adding another dimension and including
stratification. Additionally, as more data become
available, "data assimilation" methods could be used
to improve the model results.

These modifications should improve our under-
standing of the relationships between tides and other
processes that have a direct bearing on topics of both
regional and global significance. These processes
include stability of the sea ice cover (therefore, the
regional mean albedo and oceanic heat loss to the
atmosphere), and stability of the ice shelves, which
contribute to the global freshwater budget. However,
the most fundamental limitation to our tidal model is
the paucity of good bathymetric data, especially in
the southwestern Weddell Sea. This limitation,
which is highlighted by model sensitivity studies
[Padman et al1998], is likely to apply also to re-
gional, non-tidal models such as might be used to
estimate Warm Deep Water and Ice Shelf Water pro-
duction and their influence on AABW formation.



Tides in the Weddell Sea

Robertson et al., 1998

Appendix A: Review of Large Discrepancies Be-
tween the Model Elevations and the Measure-
ments

The differences for the model elevation estimates
greater than a cutoff of 25% will be examined below
for each of the constituents. The largest discrepan-
cies occurred with th&hiel et al.[1960] observations
(77°42'S , 428'W). The model overestimates the M
and $ constituents by 20 cm (46%) and 23 cm
(100%), respectively, and underestimateshiy 15
cm (-37%) (circled points irFigures 4a, b & 0.

The differences at this location are believed to be due
to errors in the bathymetry or the location of the ice
shelf. Although this location was on an ice shelf
when the measurement was obtained, the present
estimates do not show an ice shelf at this location. A
significant difference was found Bioake[1992] site
under the Ronne Ice Shelf (A%’S, 6430'W). Here

the model underpredicts ;y 16 cm (-31%) (de-
noted with a square iRigure 4c). This measurement
has a short record length (9 days). The short record
length (20 days) at theutjeharms et al[1985] site
(70°12'S, 244'W) is probably the cause of the un-
derestimates of 10 cm

(-26%) and 13 cm (-36%) for the 8nd K constitu-
ents at this site (denoted with squaregigures 4b

and d). The difference of 6 cm (26%) for, &t the
Hisdal [1965] site (7680'S, 232'W) is also due to

its short record length of 3 days (denoted with a
square inFigure 4b). The Middleton et al.site
(74°28'S,3739'W) was underestimated by the model
by 13 cm (-36%) for the Kconstituent. This under-
estimate may be measurement error or a result of
continental shelf waves. The continental shelf/slope
edge in this area generates continental shelf waves
that amplify the diurnal constituents. The overesti-
mate of 6 cm (50%) for Kat the Smithson[1992]

site (6051'S, 5443'W) may result from the same
mechanism.

Appendix B: Review of Large Discrepancies Be-
tween the Model Velocity Ellipse Major Axes and
the Measurements

The largest differences occur at theldvik et al
[1982a] site with a short record length (4.2 days),
where all constituents had large differences, 7.7
(351%), 4.2 (248%), 12.8 (152%), and 7.3 cth s
(47%) for the M, S, O, and K constituents, re-
spectively (denoted with squares kigures 4i-I).
Short record lengths may be responsible for the un-
der-predictions at four of theevine et al.[1997]
sites (15 days). These points also have squares
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around them inFigures 4j-l. Bathymetric error
probably accounts for errors in the, $;, and K
constituents at one of theFahrbach et al.
[1992;1994] sites near 7S, 1P45'W. Bathymet-

ric errors are also believed to be the source of the
differences at theNygaard [1995] site, where the
model underpredicted the diurnal constituents by 4.6
(-55%) and 5.8 cm™s  (-62%) for the @and K
constituents, respectively (circled Figures 4k and

). For this site, however, baroclinic effects are an-
other possibility, since the base of the ice shelf is near
200 m depth and some differences were observed
between the two meters on this mooring. This loca-
tion is near the ice shelf edge and in an area where
the bathymetry is not well known. One of the three
long record lengthahrbach et al.[1992;1994] sites
located near 7B'S, 11°45'W shows a difference
exceeding 25% for .S which has been attributed to
bathymetric errors (circled iRigure 4j). However,
measurement errors are also a possible cause since
the differences are less than the uncertainties for two
of the three locations. Bathymetric errors are the
probable source for the differences in, @, and K

at theMiddleton et al[1982] site near the edge of the
Filchner Depression (740'S, 3356'W) (circled in
Figures 4i, k, and ) and theFahrbach et al[1992,
1994] site in a region of complicated bathymetry
(63°30’S, 526'W) (circled inFigure 4Kk).

Of the remaining differences, the largest foy M
occur for a group of sites near°®4(the group of
points below the uncertainty bandfigure 4i). The
critical latitude, where the Mtidal frequency equals
the inertial frequency, occurs at°28'30’ S. Two of
the four Middleton et al [1987, 1982] and thEold-
vik et al [1990] locations near this critical latitude
show differences greater than 2.0 crh (sanging
from 40 to 111%). These discrepancies between the
model predictions and the measurements may be a
result of effects of the critical latitudeFurevik and
Foldvik [1996] found that both the benthic boundary
layer and water column turbulence were significantly
increased near the critical latitude. These changes are
neglected in the model where the drag parameteriza-
tion is independent of the latitude and tidal fre-
quency.

Five other points for the diurnal constituents lie
significantly below the uncertainty banBigures 4k
and l). These are theMiddleton et al [1982, 1987]
and Foldvik et al [1990] measurements near°34
and 37-3W. These discrepancies, along with those
for four Fahrbach[1992, 1994] observations near
71°3'S, 1P45'W and aFahrbach et al[1992, 1994]
observation further east on the continental shelf
(70°26'S, 818'W), are believed to be associated with
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inadequate model representation of continental shelf
waves.
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